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IMPROVED EXPERIMENTAL METHOD FOR HALF-LIFE 

MEASUREMENTS BY ELECTRON — ELECTRON 

DELAYED COINCIDENCES 

M. C. Apreu, J. P. RrBemo and F. B, Gi 
Centro de Fisica Nuclear da Universidade de Lisboa, 

Av. Gama Pinto 2, 1699 Lisboa Codex, Portugal 

( Received 25 September 1979) 

ABSTRACT—A new method for accurate determination of instrumental 
time delays in measurements of half-lives using an electron magnetic spectrometer 

is presented. Lifetimes of the order of 100 ps can be obtained from curves of the 

centroid vs energy. For the 3/2+ level in 203 TI, the remeasured period value is 
266 + 13 ps. 

1— INTRODUCTION 

The measurement of lifetimes of nuclear excited states is of 

great importance in experimental nuclear spectroscopy to test the 

nuclear models. 

In the low energy region (< 1 MeV) the unstudied decays are 

complex and the lifetimes expected to be less than a few hundred 

picosecond. Therefore, the delayed coincidence method by centroid 

shift (between the radiation that creates the excited state and the 

radiation that annihilates it) is the best experimental method, pro- 

vided it obeys the following three conditions: 

i) good resolution in energy; 

ii) time resolution as short as possible; 

iii) use of theoretical and experimental methods which allow 

the correct calculation of the inevitable shifts in time, connected with 

the process of measurement and the energy difference between the 

radiations in study. ; 
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M. C. AsrEu e¢ al. — Half-life measurements by e-e delayed coincidences 

A compromise between conditions i) and ii) can be achieved 
by the delayed coincidence methods in electron - electron cascades 
using a double lens magnetic spectrometer equiped with plastic crys- 
tals associated with photomultipliers and fast electronics. 

When the experiments are performed with such a magnetic 
spectrometer two main methods have been proposed to minimize 
the error in iii): a) pre —acceleration of the electron emitted by 
the source in such a way that the coincidences in time are measured 
between radiations of equal energy [1]; b) theoretical corrections of 
the shifts in time when the relative difference of the energies (AE/E) 
of the radiations is small. However this method is quite restrictive. 
For example, for electron energies around 200. keV and differences 
of AE=30 keV the error introduced is approximately 30 pico- 
second [2]. 

We have developed an experimental method to correct those 

shifts in time, making them independent of AE/E. Our method is 
applicable for electron-electron coincidences and we have made 

beta—conversion electron coincidences. The energies are in the range 
50-600 keV. A similar, though more restrictive method, was used by 
Lindskog and Svensson [3]. 

The purpose of this paper is to present our method and the 

results obtained in the determination of a well known lifetime. 

2— EXPERIMENTAL PROCEDURE 

The experimental arrangement is formed by a double lens 
Gerholm magnetic spectrometer equipped with plastic crystals NE 111 
and photomultipliers RCA 8850. Constant fraction time discrimina- 
tors Ortec 463 and conventional fast-slow coincidences installation 
with a time-to-amplitude converter Ortec 437 A are used. This 
allows the determination of the centroid of the fast-slow coincidence 
curve, by selecting one region of the continuous beta spectrum in 
coincidence with the -internal conversion electron. By systematic 
selections of successive regions of the continuous beta in one of the 
lenses and tocusing the conversion electrons in the other lens we 

can measure the shift of the centroid of the fast-slow coincidence 

curve as a function of the selected beta energy. Reversing the selec- 

2 Portgal. Phys. — Vol. 11, fasc. 1-2, pp. 1-7, 1980
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tion of the energies in the lenses can, then, construct the f-e, and 

e.-8 curves of the centroid shift as functions of the selected beta 

energies. By f-e curves we mean that the start and stop input of the 
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Fig. 1 — Prompt resolution curve obtained with a 198Au source. 
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TAC are triggered respectively by the 8-radiation and the conversion 
electron beam. In this way we have experimentaly determined the 
systematic errors introduced in the lifetime measurements discussed 
by Lindskog et al [2], i.e., 1) the energy dependence of the scintillator, 
2) the time of flight of the electrons in the spectrometer, 3) the transit 
time variations due to small changes in either the electron momentum 
or in the magnetic field strength, 4) the electron transit time in the 
photomultiplier due to changes in the magnetic field. 

3   MEASUREMENTS 

The experimental correction curves of the centroid shift in func- 
tion of the energy were obtained with the cascades beta-conversion 
electron from the nuclides 203Hg and 198Au. The resolution time of 
the experimental arrangement was determined from 198Au prompt 
beta-electron conversion curve (Fig. 1). The resolution time measured 
is 518 ps and the slope is 100 ps. Fig. 2 shows the results of 
coincidence experiments between continuous beta and K or L 
conversion electrons using a source of 198Au. An identical beha- 
viour for the e, and e;, coincidences in the selected range of energies 
was obtained. 

To cover the mentioned range of energies the cascades of two 
different nuclides, 198Au and 203Hg, were used. These results (Fig. 3) 
show the same systematic behaviour as the curve in Fig. 2. 

Curves of second order could be well fitted by our experimental 
values. However to obtain small dispersion in the results of lifetime 
measurements it is necessary to start the fits with different sets of 
experimental values. We used four sets and obtained a dispersion of 
the order of 3%. 

Using this correction methods we measured the lifetime of the 
3/2 + state of 203TI by centroid shift. In this case the self-comparison 
technique is not adequate since the beta end point (208 keV) is 
quite near the electron conversion energy (193 keV). Experimentally 

we measured the beta (140 keV)—ex (193 keV) and ex (193 keV)— 
— beta (140 keV) coincidences. The difference of the centroid posi- 
tions should give twice the value of the lifetime (t), if there were no 
systematic errors due to the differences of the electron energies 
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focused in each lens on reversing the selected energies. In fact 

we have 

It = Gy— Ct +e,+é9 

where C, and C7 are the centroid positions mentioned above and 

¢; and ¢, the values given by the curves of Fig. 3, taking into 

account the difference of the electron energies selected in each lens. 

So, ¢1 corresponds to the value determined from the curve B-ex and 

é, to the value determined from the curve ex - 8. 
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Fig. 2—JInstrumental centroid shift of the fast-slow delayed coincidence curves 

vs. beta energy. The curves correspond to 8-L and f)-K conversion electron coincidences. 

The average lifetime obtained from the three sets of measure- 
ments with different sources is 

t = 88418 ps 
and thus 

Tie = 266 + 13 ps ; 
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the overall error includes the error in the calibration with a time 
calibrator Ortec 462 (1.2 ps), the statistical error and the uncer- 
tainty from the determination of the systematic shifts (3% ). 
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Fig. 3 — Instrumental centroid shift of the fast-slow delayed coincidence curves vs. beta 

energy. The sources ?°3Hg and 1°8Au were used. The curve obtained with 2°2Hg was 

normalised to the curve with 1°8Au, thus covering the range 50-600 keV. 

4— CONCLUSION 

The result obtained for the half-life of the 3/2 +level in 203T] is 

in good agreement with the adopted value (278+ 2 ps) [4], which we 

have remeasured by $-; delay coincidences with NE 111 plastic 

erystals. The curve of the B-; coincidences in 198Au was used as 

reference source. Both the moments and the convolution methods 

were applied. 

The value obtained through the moments method was: 

Tye = 275 + 8 ps 
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The convolution of the curves led us to 

Tie = 27426 ps 

This measurement was performed without the use of the magnetic 

spectrometer but with the same experimental equipment. It should 

be noted that it was possible to use such methods and detection 

processes due to the simplicity of the 203Hg decay scheme; the 

greater complexity of the majority of the decays requires an accurate 

energy resolution, which can only be achieved by means of the magne- 

tic spectrometer. We adopted the convolution model discussed in 

reference [5] though the results were identical if we carried out 

the calculations according to the Hutcheon model [6] The model 

proposed by Kim [7] led us to a higher value (29526 ps). This 

seems to be in accordance with the remarks of Lima et al [8]. 

The above described process of measuring the instrumental shifts 

makes it possible to measure half-lives even when the self-comparison 

method is not applicable. Moreover it does not require theoretical 

corrections such as Lindskog’s, which have proved inadequate in many 

cases. 
The authors wish to thank Dr. J. C. Soares for many helpful 

discussions in the course of this work. Financial assistance given 

by Instituto Nacional de lavestigagéo Cientifica (INIC) is acknow- 

edged. 
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THE L, SUBSHELL FLUORESCENCE YIELD OF TI (*) 

M. I. Marques, M. C. Martins and J. G. FERREIRA 

Laboratory of Physics, Faculty of Science 

University of Lisbon, Portugal 

(Received 9 July 1980) 

ABSTRACT —L, fluorescence yield of Tl has been measured by compa- 

ring the relative intensities of the K and L,-X-ray spectra. The experimental 

result is w, == 0.109 + 0.016 

1— INTRODUCTION 

Experimental information of atomic fluorescence yields for 

L, subshell, »;, is scarce mostly for elements in the atomic num- 

ber region Z > 70. Particularly, the three experimental values [1, 2,3] 

reported for thallium (Z=81) do not agree very well. 

The purpose of this note is to find 4 for Tl by comparison 

of the K and L,; X-ray spectra of this element, which is a different 

method. 

We denote by wx, 21, Fx, Fr, the numbers of primary vacan- 

cies in K and L, shells respectively and the correspondent number 

of L X-ray photons; x, 1 represent the atomic fluorescence yields 

of the K and L, shells and fr, the probability of ionization transfer 

from the level K to the L, level. 

The following equations are valid 

Fe=x 4x Fry=1 (tit frm %K) 

or 

01=0xK Boy t (1) 

Fe (#1/ 2x) + frm 
  

(*) This work has been supported by INIC (Portugal); results presented at the 

Conference of the Portuguese Physics Society (Porto, April 80). 
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A result for ; of Tl can be obtained from expression (1) as 
OK, 21/m_ and Su, are well known and F,,/Fx has been measured 
in the present work. 

2— EXPERIMENTAL PROCEDURE 

KK and L X-ray spectra of TI were obtained, following B— decay 
of 203 Hg, using a Si(Li) X-ray detector, 10mm in diameter and 5mm 
deep, fitted with a 0.025mm Be window and having a resolution of 
210 eV FWHM at 6.4 keV. 
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Fig. 1——L X-ray spectrum of Tl 

The source preparation and the method used to obtain the 
efficiency-absorption curve were previously described [4]. 

The L; X ray spectrum is due to the lines LBa, LBs, Lys, Lys; 
Ly4 and the contribution of these lines in all the L-X spectrum 
(Fig. 1) is evaluated by decomposing the Ly group in the L, and 
(Ly2+Ly6-+Lys+Lya4) lines. Theoretical L radiative rates of Scofield 
[5] and experimental values of Salem et al. [6] were used in this 
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evaluation. La of Np (15.9 keV) and 7 (14.4 keV) of 57 Fe, which 

have energies very close to Ly: of Tl (14.29) keV were used to 

obtain the shape of this line. 

3-—— RESULTS 

In table I we present the values of ox, fxi,, and 21/x adopted 

to determine », by expression (1); transition rates from Scofield (a) 

and Salem et al. (2) were used in evaluating Fy, / Fx 

TABLE I 

  

0, [7] Fity [8] n, [nx [9] Fy / Fx 

  

0.966 0.0190 0.155 0.0217 (a) 

0.0176 (b)         
Table II shows our result »,;=0.109+0.016 together with 

values obtained in previous experimental work. 

  

  

      

TABLE II 

Sujkowski et al. [1] Wood et al. [2] Auler et al.2[3] Present work 

0.114+0.025 0.07 +0.02 0.10 0.109+0.016 
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PROTON-INDUCED K-SHELL HOLE PRODUCTION 

ON Ar AND Kr (*) 

J. S. Lopes (**), K. KRIEN (***), J. C. SOARES CORED) 

and FE: By Gru (****) 

(Received 30 May 1980) 

ABSTRACT —Proton-induced K-shell X-ray production cross sections for 

Ar and Kr are measured in the incident energy ranges 0.185 —2 MeV and 0.5 — 

2 MeV, respectively, using ion implanted targets. The corresponding ionisation 

cross sections are compared to other experimental results, when available, and to 

theoretical cross sections calculated in accordance with the PWBA, SCA and BEA 

models, taking into account effects due to retardation of the projectile by the 

nuclear Coulomb field of the target, electronic binding energy and polarisation 

effects and, for Kr, to electronic relativistic effects. Best overall agreement is found 

with the PWBA corrected values; the agreement is poor for Kr at the lowest 

energies used, the theoretical cross sections being roughly 50% above the experi- 

mental ones. 

1— INTRODUCTION 

There is only scant experimental information on the proton- 

-induced K-shell ionisation cross sections of argon and krypton; the 

published results [1-6] are summarised in the tables of Rutledge 

and Watson [7] and Gardner and Gray [8]. The measurements have 

been made on gas targets under single collision conditions with the 

exception of the work of Lennard and Mitchell [3] who used Kr 

implanted on Si for their measurements of the Kr cross sections. 

(*) Results presented at the Second Conference of the Portuguese Physics 

Society (Porto, April 1980). 

(**)  Laboratério de Fisica e Engenharia Nucleares, 2685 Sacavém, Portugal. 

(*#*) Institut fiir Strahlen-und Kernphysik, Universitat Bonn, Federal Republic 

of Germany. Present address: Department of Physics, Princeton University, USA. 

(****) Centro de Fisica Nuclear da Universidade de Lisboa, Av. Gama 

Pinto 2, 1699 Lisboa Codex, Portugal. 
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In this paper we report on measurements of the Ar and Kr 
K-shell hole production cross sections using targets made by ion 
implantation on Be and compare our results to the PWBA [9-11] 
and SCA [12-13] theories corrected for electron binding and pola- 
rization effects, projectile Coulomb retardation and detlection and 
electronic relativistic effects; a comparison to the Coulomb effect 
corrected BEA theory [14-15] is also made. 

2— EXPERIMENTAL PROCEDURE   

Proton beams from 0.135 to 2 MeV were produced by the 
2 MV. Van de Graaff accelerator at Sacavem; the He beam was used 
to obtain the 0.135 MeV incident energy while the other energies 
below 0.4 MeV were obtained with the H; beam. The experimental 
set up has been described previously [16] and only a few specific 
points are referred here. 

The Ar X-rays were detected in a Si(Li) detector with a resolu- 
tion of 200 eV for Ar and the Kr X-rays in a HP Ge detector with 
a resolution of 250 eV for Kr. The X-ray detector was placed at an 
angle of 105° to the beam and accepted radiation within a solid 
angle of 0.548 msr. X-ray background with a pure Be fvil in the 
target position was negligible for the integrated currents used in 

each run. The count rate was kept low but where appropriate dead 

time corrections have been made. X-ray absorption corrections have 

been made as described previously [16]. The efficiency of the 

Si(Li) detector for the Ar X-rays has been found following the 

method proposed by Rosner et al. [17] and using Ca SO,. 

A silicon surface barrier detector of 13 keV resolution for 1 MeV 

protons was used to detect backscattered protons within a solid angle 

of 2.12 msr at 165° degrees to the beam axis. Proton spectra were 

taken in a multichannel analyser and the peak corresponding to the 

element under study was integrated to be used in the X-ray production 

cross section determination. Background counts, coming mainly from 

the Be (p,a) reaction were at each incident energy subtracted from 

the proton scattering spectra; at high incident energies an aluminium 

foil 0.025 mm thick was used in front of the particle detector to stop 
the alpha particles. A particle spectrum of the Ar target is shown 

superimposed on a background spectrum (taken with a Be foil with 

an equal amount of deposited carbon) in Figure 1, where the corres- 
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ponding difference spectrum, giving a well defined peak, is also 

displayed; these spectra were taken at 0.2 MeV, thus representing the 

worst case situation. (The Ar X-ray production cross section at 0.135 

MeV was obtained assuming the target thickness determined at an 

higher energy and measuring the incident charge.) Dead time correc- 

tions had to be made but generally did not exceed 10%; they were 

based on the simultaneous measurement of a peak produced by pulses 

fed by a mains triggered pulse generator into the particle preamplifier. 
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Fig. 1— Spectra of backscattered protons at 0.2 MeV incident energy. 2) Spectrum 

given by the Ar implanted on Be target superimposed on the background spectrum 

given by a Be foil with the same amount of deposited carbon. b) Difference spectrum 

showing clearly the peak due to the Ar atoms. 
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Except for Ar at 0,135 MeV, the X-ray production cross sections 
were determined using the formula 

o,(E;)=420,(E;, 9). (2, Q | 2, 2x) 

where og(E; ,9) is the Rutherford cross section at energy E; and 
detection angle 9, nx and ny, are the corrected numbers (see below) 
of simultaneously detected X-rays and protons, and Q, and Qx are 
the solid angles subtended by the proton and X-ray detectors, respe- 
ctively. The number nx has been corrected for the detection system 

overall efficiency and for dead time, The number n, has been correc- 

ted for dead time and for the E* dependence of the Rutherford- 

scattering law at incident energies where the fact that the implanted 

ions are below the Be foil surface makes this correction significant. 

The targets were implanted in flat Be foils at 80 keV bombarding 
energy at ISKP, University of Bonn. We used the work of Santry and 
Werner [18] to obtain the ranges of the implanted ions, finding the 

values 17 pgcem™ for Ar and 8 pgcm” for Kr, with an error estimate 

of + 25%. The targets were positioned at 45° to the beam; thus, 

assuming negligible range straggling, the proton beam had to pass 

through Be layers 24 pgcm™ and 11.3 » gem thick before hitting the 

Ar and Kr atoms, respectively. At low energies the results have to be 

corrected for the significant beam energy loss thus produced. The 

proton stopping power has been obtained from the tables of North- 

cliffe and Shilling [19]; the energy loss for a 24 pgcm~ Be layer at 

0.135 MeV bombarding energy is calculated to be 16.2 keV, and at 

1 MeV, 5.5 keV. To obtain the X-ray production cross sections at the 

stated bombarding energy we assumed that the cross section varied 

as the a power of the energy, 

o,(E)=(E/(E-AE))a*?.¢ ,(E—AE) 

where E is the bombarding energy and AE the energy loss; the term 

2 in the exponent comes from the Rutherford scatering law. The 

value of a has been derived from the corrected theoretical PWBA 

cross sections. Thus to obtain the cross section value for Ar at 

0.135 MeV, the measured value has to be multiplied by 2.04; at 
0.2 MeV by 1,54; at 0.5 MeV by 1.09. The corresponding factor 

for Kr at 0.5 MeV is 1.04. The error in the cross section coming 
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from a 25% error on the assumed thickness of the Be layer in front 

of the implanted Ar decreases with increasing incident energy and is 

roughly 30% at 0.135 MeV, 12% at 0.2 MeV and 6% at 0.3 MeV. 

The Ar and Kr layers were, of course, very thin, with a density of 

roughly 5107 atoms cm ~. 

3— RESULTS AND DISCUSSION 

The results obtained in the present work are shown in Table I 

together with other available experimental values. For Kr it is seen 

that our results are almost a factor of 2 smaller than the gas target 

results of Winters et al [2] while being in agreement to within 10-20% 

with those obtained with a Kr implanted on Si target by Lennard and 

Mitchel [3]. For Ar all the previous results have been obtained with 

gas targets and it is seen that there is agreement with the present 

values to within roughly 10%, except for the value at 2 MeV which 

is about 25 % lower than some of the previous results [5,6]. 

A comparison of the present data with theoretical values derived 

from the PWBA, SCA and BEA theories is now made. The PWBA 

values were calculated following the procedures and using the tables 

of Basbas et al. [11]. Corrections for electron binding and polarisation 

effects, and for retardation and deflection of the projectile in the 

Coulomb field of the nucleus are included in the calculated values ; 

electronic relativistic corrections made according to formula 4 of 

Amundsen et al [20] were also included in the theoretical values for 

kr. In Figure 2 is plotted the ratio o4,/9.x) for both Ar and Kr 

against the logarithm of the proton incident energy represented in 

terms of the scaled energy variable y=, /(€, 6,)? defined by Basbas 

et al [11], where 7, =(v,/v,,)® is the square of the projectile velo- 

city in units of the K-shell electron velocity, 0x; is the screening para- 

meter given by the ratio of the binding energy to that of a pure 

hydrogenic system and €, is a v, -dependent function related to the 

binding and polarisation effects. For Ar, our incident energy range 

corresponds to values 0.024 <y < 0.45; for Kr, to values 

0.020 < y < 0.085. It is seen that over their common y-range the 

ratios om/@exp for Ar and Kr have their main differences for low 

values of y, say y <0.03, the calculated PWBA cross sections 

being, relatively to the experimental ones, larger for Kr than for Ar. 

In this low energy range use of the Kocbach Coulomb correction 
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TABLE I 

K-shell ionisation cross sections (in barn), The integers in brackets indicate powers of 10. 
Estimated absolute errors are + 10 % above 0.3 MeV, = 15 % below 0.3 MeV and 
+= 35% at 0.135 MeV; corresponding estimated relative errors are = 5%, = 10% 
and + 20%, respectively. Fluorescence coefficients are taken to be 0.122 and 0.660 

for Ar and Kr, respectively. 

  

  

  

Argon Krypton 

Kj 

This work Previous work This work Previous work 

2.0 3.41 (3) | 3.75%,4,29°,4.00(3)° | 1.20 (1) | 2.00%,1.00(1)/ 
1.9 3.57 (8) 1.03 (1) 
1.8 3.33 (3) 9.28 (0) 
1.7 3.00 (3) 8.02 (0) 
1.6 2.77 (8) 6.80 (0) | 6.20 (0)9 

1.5 2.87 (8)..| 2361, (8)% 5,18 (0) | 9.44 (0)¢ 
1.4 2.11 (3) 4.58 (0) 
1.3 1.89 (3) 8.22 (0) | 3.41 (0)9 
142 1,65 (3) 2.43 (0) 
1.1 1.39 (3) 1.78 (0) 

1,0 1,21 (8) 2 1515>(8)4 1.45 (0) | 1.51 (0)9 
0.9 1.04 (3) 9.67 (2)4 1.03 (0) | 9.48 (=L)g 
0.8 8.16 (2) | 7.66 (2)4 6.68 (-1) | 7.86 (-1)9 
0.7 5.78 (2) 5.61 (2)4 3.77 (<1) 
0.6 8.94-(2), |" 8.98 (2)4 1.72 (-1) 

0.50 2:46.(2) | 2.46 (2)4 9.08 (-2) | 1.00 (-1)/ 
0.45 1.84 (2) 
0.40 1,26:(2)\- |1530'(2)% 
0.35 7.63 (1) 
0.30 4,75 (1) | 5.84 (1)4 

0.25 2.64 (1) | 2.98 (1)4 
0.20 1.29 (1) | 1.80 (1)4 
0.135 3.41 (0) | 8.49 (0)°         
  

a@: Ref. (23 -b; Ref..5:3: es Ref,6s di Refi.4 ses Ref." 1... fr ‘Refs. 8, 3. 

g: Interpolated from the data of Refs. 8, 3. 
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factor [21] for Kr would slightly improve the agreement with expe- 

riment. For Ar the introduction of the polarisation correction [11], 

an additive correction increasing with energy in this scaled energy 

range, made a significant improvement in the theory by increasing 

the calculated value at 2 MeV by about 20% relatively to the low 

energy values. Thus the more recent paper of Basbas et al [11] gives 

an appreciably better agreement with experiment than the older 

one [10]. 
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Fig. 2—Ratio of theoretical to experimental proton-induced ionisation cross sections, 

Oth/O exp? for a) krypton and 4) argon. The theoretical cross sections correspond to the 

PWBA, SCA and BEA models and are calculated as described in the text. The abcissa 

is the logarithm of the scaled energy variable y = 7gV/ (Cx Ox)? referred to in the text. 

The formulae and procedures presented by Laegsgaard et al [13] 

were used to obtain the SCA cross sections taking into account the 

effects due to electron binding, Coulomb retardation and, in the case 

of Kr, the relativistic form of the electron wavefunctions at small dis- 

tances from the nucleus. The SCA cross sections thus calculated do 

not allow for polarisation effects which, in the present case, are most 

important for Ar at the higher end of the incident energy range; 
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thus one would expect the SCA cross sections for Ar to become 
significantly smaller than the experimental ones at those energies, as 
Figure 2 indeed shows. For Kr, the SCA cross sections, like the 
PWBA ones, are above the experimental values; this is especially so 
at low scaled incident energies, say y <0.03, where the Coulomb 
and relativistic corrections are large. One may note here that there 
is fair agreent between the present results for Kr and those obtained 
by Lennard and Mitchell [3,8]. 

In summary, one may say that the corrected PWBA theory gives 
the best overall fit to the present results (within about + 10% of the 
average value of the ratio o4, /¢..) for Ar) and that the inclusion of 
the polarisation effect provided a significant improvement in the case 
of Ar. For low values of the scaled energy variable y the fit is better 
for Ar than for Kr, The binding energy correction procedure gives, 
of course, similar correction factors for Ar and Kr and, indeed, seems 
very accurate if a comparison is made between the results of Ford et 
al [22] using self consistent electron wavefunctions in a second order 
Born calculation and those obtained following Basbas et al [11]. 
Thus, the fact that at low energies the Ar results are better fitted 
than those of Kr possibly indicates that the procedures to take into 
account nuclear Coulomb effects and electronic relativistic effects 
(which are much smaller for Ar than for Kr) still need to be impro- 
ved with the net effect of reducing the calculated cross section at 
low values of the scaled energy variable. 

The ratio 4g/k, for Kr was measured at 1.8 MeV incident pro- 
ton energy with the results kg /k,=0.178 £0.005. This ratio has 
been determined in proton-induced ionisation by other authors with 
the results 0.189+ 0.010 [2] and 0.167 +0.009 [3]. Multiple ionisa- 
tion induced by proton impact is expected to be small in this 

Z-region [23] and this is reflected in the good agreement of the 
present experimental result with the value kg/k, = 0.173 calculated 
by Scofield [24] under the assumption that the excited atom is 
singly ionised. 

We would like tothank E. M. Ataide and M. Langa e Silva for their 
help in running the accelerator and A.P. Jesus and S.C. Ramos for 
their assistance in the data analysis. Special thanks are due to 

Dr. K. Freitag, ISKP, University of Bonn, who kindly prepared the 
ion implanted targets. 

One of us (K. K.) acknowledges the financial support from DAAD, 
Bonn, and INIC, Lisbon. 
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ULTRASONIC STUDY OF ANTIFERROMAGNETIC 
DOMAINS IN DYSPROSIUM 

G. N. BLAckiz and S. B. PALMER 

Department of Applied Physics, University of Hull 

HU6 7RX, United Kingdom 

(Received 7 February 1980 ) 

ABSTRACT — Measurements of thermal hysteresis in the elastic constant 

Cs, and its associated ultrasonic attenuation %gg for single crystal dysprosium 

have been carried out using CdS thin film transducers. The results are very 
similar to earlier ones using quartz transducers. bonded whith epoxy resin. The 

anomalous behaviour is interpreted in terms of antiferromagnetic spiral spin 

domains and this view is supported by thermal cycling studies. 

INTRODUCTION 

The heavy rare earth metals display a wide range of magnetic 

spin structures, one of the most fascinating being the antiferroma- 

gnetic spiral spin or helical structure. The magnetic moments are 

confined to the basal planes of the hexagonal structure and in a 

particular plane all the moments are ferromagnetically aligned. As one 

moves along the hexagonal c-axis, however, the moments rotate from 

basal plane to basal plane by a constant angle, 6, the turn angle. Among 

the elements, Tb, Dy and Ho have a spiral spin state as do the intra- 

-rare earth alloys Tb-Ho and Gd-Y. The antiferromagnetic order 

commences at the Néel Temperature Ty and disappears at the Curie 

Temperature T,. Values of T, and T, for the elements and for selec- 

ted alloys are shown in Table I. 
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TABLE I 

Material Ty Te 

Tb 226 Kk 219K 

Dy 180K ~ 8hK 
Ho 139 K 20 K 

Tb-50% Ho 185 K ~ 8K 

Gd-40% Y 183 K ~ 95K       

The spiral spin structure has attracted a great deal of interest in 

recent years and it was soon realised that a single crystal sample 

containing a continuous spiral of magnetic moments would act as a 

polarizer of an incident neutron flux. However, no such preferential 
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Dysprosium [using quartz transducers] 

o Temperature decreasing 

e Temperature increasing 
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polarization was observed and it was therefore assumed that a parti- 

cular sample is divided into regions where the spiral twists either 

clockwise or anticlockwise with respect to the c-axis. 

Further evidence for the presence of these two types of region 
or domain was provided by studies of the ultrasonic propagation in 
the heavy rare earths. The elastic constant Css, measured by propa- 

gating compressional waves down the hexagonal axis, and its asso- 
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Fig. 2— Temperature dependence of the ultrasonic attenuation a3, (db/cm) for 
Dysprosium [using quartz transducers] 

o Temperature decreasing 

e Temperature increasing 

ciated ultrasonic attenuation a3; display marked thermal hysteresis in 
the spiral spin regime of Dy, Tb-50% Ho and Gd-40%Y [1]. The 
measurements reported in [1] show an anomalous drop in C33 and a 
sharp rise in a3; when the sample is warmed from below T,. Figures 
1 and 2 show the results obtained for Dy. The ultrasound was gene- 
rated and detected with quartz transducers which were bonded to the 
sample with Araldite epoxy resin. The epoxy resin bond was neces- 
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sary because the large differential thermal expansion between the rare 
earth sample and the quartz transducer was sufficient to break weaker 

bonding agents. 

It is possible, however, that the use of quartz transducers and 

Araldite bonds will clamp the relatively soft rare earth sample preven- 

ting it from developing its full strain. This clamping could affect the 

c-axis lattice parameter and hence the inter-layer turn angle of the 

magnetic spiral. To check the reliability of the measuring technique 

we have replaced the quartz transducers with CdS thin film transdu- 

cers [2]. These have been shown to adhere to rare earth metals over 

wide ranges of temperature and sample strain [3]. The thin film puts 

very little constraint on the sample and simply breaks into «island» 

areas at high states of strain. Dysprosium was chosen for the expe- 

riment since it had a wide antiferromagnetic region and the sam- 

ple available was of higher purity than the intra-rare earth alloy 

samples. 

EXPERIMENTAL DETAILS AND RESULTS 

The elastic constant C33 was calculated from measurements of 

the velocity of longitudinal waves, propagating down the c-axis, 

using a standard pulse echo overlap technique [5,6]. Temperature 

variation was achieved with a standard gas flow cryostat and the 

temperature was measured by a 0.03% Fe in Au versus chromel 

thermocouple to an absolute accuracy of +0.5K, while the relative 

accuracy was + 0.1K. 
The single crystal of Dy was in the form of a cylinder, 5mm in 

diameter and 35 mm long, cut with its faces perpendicular to the 

c-axis. It was grown by zone flotation at Metals Research Ltd. and 

had a purity of better than 99 atomic %. The CdS transducers were 

vacuum evaporated onto the surface of the sample with a sufficient 

thickness to allow operation at 15 MHz. Since this was the resonant 

frequency of the quartz transducers it allowed direct comparison with 

the earlier measurements [1]. 

The measurements of Css and as3 for Dy taken while the tempe- 

rature was reduced to 4.2K and while it was increased from 4.2K, 

i.e., from the ferromagnetic region, to room temperature are shown 

in Figs. 3 and 4. The results obtained for C33 are very similar to the 

previous measurements and exhibit a nearly identical hysteresis when 

26 Portgal. Phys. — Vol. 11, fasc. 1-2, pp. 23-32, 1980



G.N. Bracke et al. — Ultrasonic study of antiferromagnetic domains in dysprosium 

  

    
  

8.5 

w 
a 

2 
2 

” 
” 

O-. .§.0 1 

| 
| 

a8 i | | 

» 50 100 150 200 250 

T (K) 

Fig. 3— Temperature dependence of the elastic constant C,, (in units of 101°Pa) 
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warming from below T,. The results for a,, are again similar except 
that the phase change at T, is not seen when cooling and the 
anomalous attenuation peak is much higher with CdS transducers. 

Figure 5 shows the ultrasonic attenuation close to Ty. The hys- 
teresis of 1.5K in Ty is of interest since it is well outside the expe- 
rimental error associated with thermal equilibrium of the sample. 
However, more important in the present context is the presence of 
thermal hysteresis in «33 below Ty which tends to zero as Ty is 
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Fig. 5 — Temperature dependence of the ultrasonic attenuation @3, (db/cm) for Dyspro- 

sium in the vicinity of Ty. The arrows indicate the direction of temperature change. 

approached. It should be noted (Fig. 6) that the thermal hysteresis 
in C33 does not extend above 160K. 

Figure 7 shows in more detail the sharp rise in ass close to 

T., associated with the onset of the spiral spin state. Figure 8 (a) 

shows the effect of thermal cycling in the region of T.. The sample 

is first cooled below T, into the ferromagnetic phase and then war- 

med into the spiral spin phase where C33 drops as expected. The 

warming of the sample was then halted at three separate tempera- 

tures, 100K, 109K and 123K and the sample cooled below T, while 
the behaviour of Css; was monitored (Fig. 8(a, b)). 
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DISCUSSION 

It can be confirmed that the anomalous behaviour of C33 and 

ass in the spiral spin state of the rare earth metals is not due to 

strains induced in the sample by the measuring process. To ensure 

that this was indeed the case the sample was annealed at 60°C for 

an hour before beginning the experiments [7]. The rise in a3; and 

the fall in Cs3 can be attributed to spiral spin antiferromagnetic 

domains (SSD) of the form described previously [1]. This analy- 

sis is supported by measurements of low field (a.c.) susceptibility 

and thermal modulation studies in Tb and Dy by Wilson et al [8, 9]. 

There will be SSD present when the sample is cooled down into 

the antiferromagnetic state but they will be far less numerous than 

those present when the sample is heated from below T,. Extra SSD 

will be nucleated from the ferromagnetic Bloch walls in a manner 

described earlier [1]. The domain boundaries between SSD will be 

ferromagnetic and the lowering of the elastic constant Css will be 

caused by the well known «AE» effect. The applied stress of the 

acoustic wave produces rotation of the magnetisation in the domain 

wall developing a magnetostrictive strain that adds to the elastic 

strain reducing the elastic constant below its non-magnetic value. 

The ferromagnetic domain walls will be pinned to impurities 

and imperfections in the crystal and the ultrasonic wave will cause 

the walls to move in the potential well of the pinning site. This 

phenomenon will obviously lead to ultrasonic attenuation and the atte- 

nuation will be proportional, at a particular frequency, to the number 

of domains. Hence the attenuation measurements in Fig. 4 infer that 

there are always more domains present in a sample warmed from 

below T, than would normally be the case, although close to Ty the 

numbers of domains are very similar. A comparison of Figs. 2 and 4, 

with quartz and CdS transducers respectively, indicate that the clam- 

ping of the sample produced by the former reduces the number of 

domains nucleated. This comment must, however, be treated with 

caution as the attenuation peak itself varies from run to run. 

Finally one would expect from the «AE» effect that the drop in 

Css is proportional to the number of domains present. Hence in Fig. 8 

the maximum number of domains are nucleated close to T, and this 

number decreases as Ty is approached. However, when the tempera- 

ture is lowered from an intermediate value the number of domains 
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remains essentially constant, with all four curves being very nearly 
parallel, until the Curie temperature is reached. 

We have available, therefore, a technique for increasing the 
number of SSD, whereas the requirement for a neutron polarizer is 
to reduce the number of domains present. It is probable that fewer 
domains can only be produced by improving the purity and crys- 
talline quality of the single crystal samples available. This improve- 
ment will reduce the number of pinning sites for domain walls and 
hence the number of domains, especially when the sample is cooled 
from above Ty. 

The hysteresis in T,, (Figs. 5,6) probably arises from the diffe- 
rent strain levels present in the Dy crystal when cooling from room 
temperature and warming from below 100K. It was reported previ- 
ously [7] that the ordering temperatures of the rare earth metals are 
strongly dependent on the state of strain in the sample. It should be 
noted that the measurement of ultrasonic attenuation associated with 
spin fluctuation scattering at the phase change is a remarkably sensi- 
tive tecnhique for defining the transition temperature and therefore 
studying any hysteresis. 

The authors would like to thank Mr. Stuart Lawson of the 
Physics Department, University of Lancaster, for evaporating the CdS 
transducer. The financial support of SRC is also acknowledged as is 
the provision of a studentship to one of us (N. B.). 
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MAGNETIC PHASE TRANSITIONS IN TERBIUM 

SINGLE CRYSTALS (*) 

M. M. Amapo, J. B. Sousa, M. F. PINHEIRO, R. P. PINTO, 
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D. HukIn, G. GARTON, P. WALKER 

Clarendon Laboratory, Univ. Oxford, 0X1 3PU, United Kingdom 

(Received 13 June 1980) 

ABSTRACT—New high precision measurements of the electrical resisti- 

vity and its thermal derivative for a high quality terbium single crystal along a 

basal direction are presented and discussed in connection with the para-antiferro- 

magnetic and anti-ferromagnetic transitions. 

In terbium, the charge distribution of 4f-electrons is toroidal in 

character, originating a number of interesting effects and a succession 

of two magnetic transitions. As the temperature is monotonically 

decreased Tb goes from the para- to the antiferromagnetic phase 

at T,= 229K (2nd order), the localized ionic spins 6; site R) pre- 

senting then an helicoidal arrangement: 

a >> >> 
Si =S.cos (q.R,) , S{=S.sin (q.R,) , S{/=0 (1) 

q characterizes the helix period along the c-axis (2x/q) and qce/2 
gives the rotation angle of S, from an atomic plane to the next 

along c (=20°). 

A second transition, of the order-order type, takes place at 

T,= 221K, where Tb goes into a simple ferromagnetic state (q=0 

(*) Work supported by INIC and NATO Research Grant 1481; results 

presented at the Conference of the Portuguese Physics Society (Porto, April 1980). 

Portgal. Phys. — Vol. 11, fasc. 1-2, pp. 33-39, 1980 33



  

M. M. Amano et al. — Magnetic Phase Transitions in Terbium Single Crystals 

in eq. 1). Spins os are still in the basal plane, but they now point 
everywhere in the same direction. 

These magnetic transitions received considerable attention in the 
past [1], through extended measurements of thermodynamic (specific 
heat, magnetization, susceptibility; ~o latent heat measurements) and 
transport properties, namely electrical and thermal resistivity, thermo- 
power, ultrasonic attenuation. 

In spite of this, most properties did not reveal clearly the order- 
-order transition at T,. Electrical resistivity studies have been most 
informative, and for that reason we restrict ourselves here to this 
type of measurements. 

The temperature dependence of the electrical resistivity o(T) has 
been studied by Hegland et al [2] along a- and c-crystallographic 
directions and from 4 — 300K. The considerable anisotropy is appa- 
rently enhanced in the paramagnetic phase which is a rather surpri- 
sing result. 

(i) Along the c-axis, the onset of the antiferromagnetic phase 
at T, originates a sharp rise in p, as shown in Fig. 1 (from ref. 2): 
The increase in p is due to the formation of magnetic superzones 
caused by the new periodicity in the system (helix structure; wave 

> 

vector q along c); this produces new gaps, reducing the effective 

  

C-axIS 

   
   

i 

H=11.36KOe 

  z 200 220 240 ; T(K) 
i i I i J     

Fig. 1— Temperature dependence of p for Terbium along the c-axis in transverse 

(along b) external magnetic field (from ref. [2]). 

Portgal. Phys. Vol. 11, fasc. 1-2, pp. 33-39, 1980  



M. M. Amabo et al. — Magnetic Phase Transitions in Terbium Single Crystals 

number of electrons to carry the current along the c-axis. Since T, 

is close to the temperature at which magnetic order is suppressed 

(T,), such gaps are relatively small and the anomaly Ap/p at T, 

becomes correspondingly small (~0.04). Part of the jump at T, may 

also come from a change in magnon dispersion. Superzone effects in 

the antiferromagnetic phase naturally produce the well develloped 

hump observed in. e (Fig..1). This hump can be suppressed if the 

helical phase is destroyed by application of an external magnetic field 

along a basal direction, as shown in the same figure (H >11k Oe; 

interlayer rotation supressed; spins > frozen along H). 

A clear identification of the-Néel temperature is difficult from 

simple p(T) measurements. A better insight can be gained with mea- 

surements of the temperature derivative (dp/dT), as performed by 

Meaden et al [3] in the vicinity of T,. 

  

  

    224 292.) TK) ae 
pies Hie 
  

Fig. 2—~ Tetperature dependence of de /dT for Terbium along the c-axis (from ref. [3]). 

As shown in Fig. 2, a sharp minimum occurs in do/dT at 

T,y= 227.2 K. The critical behaviour reveals a log—divergence for 

0.6<T—T, <3 K, whereas tor T—T, 23 K one has a (T—T,)-1/? 

dependence. For T—T, <3 K the specific heat also diverges pratically 

in a logarithmic way [3]. As will be seen later, this result has interes- 
ting consequences regarding the critical behaviour. 
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(ii) Along a basal direction, previous measurements [2] revealed 
a rather uninteresting behaviour in p: a simple knee in the curve at 
the Néel point and no obvious anomaly around T,. Besides that, 
no experimental data seem available for dp/dT, neither attempts to 
analyze the critical behaviour near T, and T,. 

In view of this we decided to perform very accurate measurements 
of p and de/dT along a basal direction (a-axis). For the first time, we 
believe, a sharp anomaly has been detected in p, and (dp/dT), near 
T, and new information obtained for the critical behaviour of the 
basal-resistivity of Tb near T,. The anomalously large (dp/dT) , 

values in the ferromagnetic phase are also analyzed here. 

Fig. 3 shows our results for p, and (dp/dT) 
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Fig. 3— Temperature dependence of p and dp/dT for Terbium along the a-axis. 
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The usual knee in pe, at the Néel point is confirmed in Fig. 3, 

but our data also reveal a neat kink in p, at T,. While in previous 

investigations the latter anomaly is hardly observed (see e.g. the 

specific heat C, in ref. 4), it is exhuberantly present in our de/dT 

curve, where a very sharp peak appears just at the ferro-antiferro- 

magnetic transition (T,). The Néel temperature is also well defined, 

by the sudden and sharp decrease in dp/dT. Above T,, dp/dT rapi- 

dly reaches a constant value of ~0.13 »}Q.cm.K"", attributable to 

electron-phonon scattering. 
The critical behaviour of (dp/dT), near T, has been analyzed in 

detail for T>T,. Our data closely follow a logarithmic dependence: 

(dp/aT), = A.In (T—T,) +B (2) 

with A=—0.078, B=0.2884 (»@.cm.K * units), T,=226.9K; the 
fit is valid down to reduced temperatures ~ 10° (i.e. T—T,=0.3K). 

This result confirms that (de/dT), and (dp/dT), have the same functio- 

nal (log) dependence near T,, as expected within the universality 

hypothesis. Since the specific heat practically diverges as In (T—T,) 

near the Néel point it also follows that: 

(dp/dT), ~C,, (T) (3) 

This relation is expected to hold when short-range fluctuations domi- 

nate the electrical resistivity near T, [5]: large-momentum transfer to 

the electrons. 

A brief comment is now in order on the qualitative shapes of 

(dp/dT), and (dp/dT), near T, (Figs. 2 and 3): whereas along c the 

shape is characteristic of typical antiferromagnets (e.g. cromium; 

de/dT <0), for the a-axis it rather looks like usual ferromagnetic 

systems (dp/dT > 0; see Fig. 4). 
In physical terms, what really happens is that electrons flowing 

along a basal plane in Tb always ‘see’ the corresponding spins in 

the same direction. This is exactly a ferromagnetic-like situation, 

which, of course, appears reflected in the shape of the (dp/dT), curve 

for terbium. As an illustration, Fig. 4 shows the similarities between 

dp/dT anomalies for Tb near T, (a-axis) and for gadolinium near the 

Curie temperature [6]. 
A striking feature in terbium is the anomalously high (dp/dT), 

derivative in the ferromagnetic phase, even for eta T,- In simple 

ferromagnets like Ni, Fe (de/dT) decreases rather fast below T,, due 

Portgal. Phys. — Vol. 11, fasc. 1-2, pp. 33-39, 1980 37 

 



  

M. M. AmaDo et al. — Magnesic Phase Transitions in Terbium Single Crystals 

  

     
  

  

I T T 273 286 Tk) 299 a 
(J 

ait 
0.44 

de/at 
‘y Y 

; [Bom c Th-a axis b §=Gd i 
%, 

0.4 
0.3 

k- O.3 

kK O.2 

° oo 
: 225 230 j 1 1   235 Tk) | 

Fig. 4 — Comparison between the qualitive shape of de /dT along th a-axis for Terbium 
and de/dT for Gadolinium. 

  

to the increasing magnetic order in the system. In Tb, we believe 
that the high (dp/dT), values are due to the unusually rapid variation 
of the magnetization with temperature: 

M(0)—M(T)=A.T??, @4/*" (4) 

with M(0)=325 emu.g ', A=0.03595 emu.g *.K°”, ayk=20K [7]. 
For order of magnitude calculations, let us use a mean fiel model 
for the magnetic resistivity: 

p,, (T) =e, [1 —(M (T)/M (0) )'] (5) 

where p, ~p(Ty)= 123 pQ.cm. We then find dp, /dT =0.37 »O.cm.K * 
at T=120K, and dp, /dT=0.39 pQ.cm.K’ for T=150K. If one 
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adds the phonon contribution to the resistivity sacs ecabl (dp, /dT ~ 

~0.13 pQ.cm.K *) we get de/dT=0.50; 0.52 pQ.cm.K™ tT = 120 

and 150K, respectively, whereas experiment gives correspondingly : 

do/dT=0.58 and 0.59 pQ.cm.K*. In view of the approximate 

nature of our calculations, the results are indeed quite good. 

The high-quality terbium single crystal used in this work has 

been purified by solid state electron transport, and our high accuracy 

data on do/dT were obtained with a quasistatic method previously 

described in the literature [8]. 

Work is now in progress to investigate the critical behaviour of 

the thermoelectric power and thermal conductivity in the same Tb 

single crystal. 

The financial support of INIC and NATO (Res. Grant 1481) is 

gratefully acknowledged. The technical assistance of Eng. Jaime Bessa 

is also deeply appreciated. 
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THERMOPOWER IN RARE EARTH INTERMETALLIC 

COMPOUNDS AND THE VALIDITY OF s-f 
SCATTERING MODELS (*) 
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ABSTRACT — The ef scattering models of Kasuya and Abel’skii—Irkhin 
are tested against experimental data on the thermopower of several rare-earth 

intermetallic compounds (Gd Zn, Gd Cd, Tb Zn). Good agreement is obtained 

for Gd Zn but not for Tb Zn; for Gd Cd the present data are inconclusive. 

The s-f interaction of strength G between conduction electrons 
= > 

(spin s) and localized ionic spins (S;) in rare earth systems, 

> 

G 8(T-Ri) 8.8; (1) 

changes sign for conduction electrons with spin up or down, making 

the corresponding relaxation times different when a net magnetic 

polarization M exists in the system (T<T,.; T.=Curie point). 

Pronounced anomalies then arise in the thermopower Q, as was 

first shown by Kasuya [1]. For temperatures not too low compared 

to T., Kasuya expression can be written: 

Q (T)=(k? x2/8eEr) T+ 
4+(2k(g—1)G/eEr) G<J,>-(1-e7*)/(1 +e") , (2) 

(*) Work supported by INIC, NATO Res. G. 1481 (Porto), and CNRS 

(Grenoble); results presented at the Conference of the Portuguese Physics Society 

(Porto, April 1980). 
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<Jy > being the z-axis expectation value of the total angular momen- 

tum 7, & the Landé factor, x =3[J(J+1)]-!.(T./T).<J.>, © the 
fraction of magnetic ions in the system, Ep the Fermi level, and k the 
Boltzmann constant. The first term in Q(T) is the normal diffusion 
electronic contribution, and the second term characterizes the magne- 
tic anomaly, with a magnitude controlled by the parameter (G/Ee). 

The shape of the anomaly depends on the sign of G, which 
rises (or lowers) the energy of each electron group (+ or |), 
making electrons to flow preferentially to one (or the other) of the 
thermoelectric junctions. The thermopower measurements can be 
used to obtain the sign of G, in contrast to the case of the electrical 
resistivity p [1] which depends on the square of G. 

Fig. 1 summarizes the different types of Q-anomalies expected 
in ferromagnetic systems near T,, according to the possible signs 
of e and G: 

         

Q(T) A(T) 9 
“N 

yy 
“N 

i 1 

| 1 
| i 
' t 

ra { G>0 

a i. Oe" ' Te T iTe T 
  

Fig. 1— Different types of thermoelectric power (Q) anomalies expected in  ferro- 
magnetic systems near T , according to the possible signs of e and G. 

c 
‘ 

Kasuya model has been improved by Abel’skii-Irkhin [2], through 
inclusion of electron-phonon scattering and more accurate calcula- 
tions. The following mean-field expression for Q(T) near or above 
T. is obtained: 

O(T) = oe Es eae el 8 I) (3) 

where A, =const(kT/Er), Az =const(G/Ey )€J, t=T/T,., z= M(T)/M(0) 
and I*;, F, are simple functions of t, z, J, 7, with ;=(p,/8T.)[JJJ+)]}, 
where p,, 8 T are the total spin and phonon resistivities, respectively. 
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The second term in (3), which vanishes above T., becomes the domi- 

nant magnetic contribution below T,. The first term is ‘a diffusion- 

-like contribution. which entirely determines Q(T). in the parama- 

gnetic phase. ‘ 

Expressions (2) and (3) describe reasonably well the shape of 

Q(T) in ferromagnets, but quantitative tests in rare earth systems 

are rather scarce, and practically limited to the case of Gd[1,3]. 

For this reason we report now on a detailed investigation of the 

validity of the s-f model to describe the Q-anomalies in rare earth 

ferromagnets. To avoid the complexities of uniaxial crystals, we have 

chosen a series of intermetallic compounds with the simple CsCl 

structure, of the type RM, where R=heavy rare earth, M=Zn, Cd. 

Here’ we select. three of these compounds (GdZn, TbZn, GdCd), one 

presenting a very large Q-anomaly (TbZn), the other a moderate one 

(GdZn) and the last one presenting only. a small Q-anomaly near 

T. (GdCd). a 

Fig. 2 shows Q(T) for TbZn and GdZn: 

  

Q(t) — 

(aV.K") ~ 
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| amt v4 i 
  

Fig. 2 — Temperature dependence of thermoelectric power (Q (T)) for TbZn and GdZn. 
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~~ 

approaching gradually a quasi-linear behaviour (a small quadratic 
term is present), as expected from (3) in terms of a diffusion-like 
electronic contribution to Q: 

In the paramagnetic phase Q has a negative slope (e<0), 

Qpara = (k? 2?/3eEp)T(3/2+r1BT/p+re Ps/P) (4) 

where ri, re characterize the energy dependence of the electron rela- 
xation times for phonon and spin scattering + « E*!, E"2 respectively. 
Of course, the experimental curve bends progressively as T approa- 
ches T, from above, due to the increasing role of the critical tluctua- 

tions, which are not accounted for in the above (mean-field) models. 

For numerical calculations we use the standard values r1=3/2, ro= 
—1/2; J=7/2, g=2 (Gd); J=6, g=3/2 (Tb); €=1/2. From accurate 
electrical resistivity studies we obtained B=0.136 pQ. cm. K+, p,=52.5 
pQ. cm, T.,=265 K for GdZn, and B=0.119 pQ, cm K+, p,=36.3 pQ cm, 
T,.=199.6 K for TbZn. [4]. 

From eq(4)we then obtain Ey=4.4, 6.9 eV for GdZn and TbZn 

respectively. Since Q gets more negative below T, (and e<0, we also 
conclude that G is positive both in TbZn and GdZn. 

We are now in a position to test eq. (3) in the ferromagnetic 

phase. For GdZn, a good fit to our experimental data can be obtai- 
ned if one assumes G=0,18 eV, as shown in Fig. 3 (heavy line; the 
broken line shows the paramagnetic-like line, as given by eq. (2). 

The G value obtained appears quite reasonable and fairly close 
to the quoted values for pure Gd (0.17—0.20 eV) [5]. It gives a ratio 
G/Ey ~ 0.04, which is of the same order of magnitude as previously 
obtained for Gd from Q(T) measurements [3]. 

For TbZn, however, it is not possible to fit our Q(T) data 

using ‘reasonable’ values for G (~10-' eV); they would lead to a 

much smaller anomaly than found experimentally. Within the assum- 
ption that Q-anomalies below T, are entirely due to the s-f exchange 

interactions [1,2] one would require G~ TeV to match the steep 
decrease of Q in TbZn below T, (G/Er ~ 1). 

An alternative approach is, of course, to admit the possible domi- 

nance of, factors which are not considered in Kasuya and Abel’ 

skii-Irkhin models. In fact, other mechanisms besides phonon and 
normal spin scattering might be operative in TbZn, causing Qex, to 

decrease more sharply below T,.. An interesting case is the possible 
effect of quadrupole ordering below T. [6] and of the tetragonal 
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lattice distorsion which arises at the onset of the ferromagnetic 

phase in TbZn [7]. Both features are absent in GdZn, which might 

justify the good agreement between experiment and theory found in 

this compound. Effects due to the possible non-s character of the 

conduction band in TbZn should also be carefully investigated. 
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ee . <100> 

L -3 

e 

a 
° 

200 250 300 T(K) 
  

Fig. 3 — Fitting of the experimental data of thermoelectric power (Q) for GdZn 

<100 >to equation (2), assuming G=0.18 eV. 

Finally we show in Fig. 4 the temperature dependence of the 

thermoelectric power for GdCd. 
The anomaly is now much smaller than in previous samples, 

although with the same qualitative features as in GdZn and TbZn, 

since dQ/dT <0 in the paramagnetic state, and below T, we have Q 

depressed with respect to the linear extrapolation from the para- 

magnetic state [8]. However, due to the smallness of the anomaly in 
this sample and the existence of a second transition below T, [8] 

work is still in progress for the detailed analysis in this sample. 
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Fig. 4— Temperature dependence of thermoelectric power Q (T) for GdCd near T ; 
c 
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ABSTRACT — We compare experimental data on the low-frequency dielec 

tric relaxation time +!) with data on the twist viscosity y, for the nematic phase 

of the elements with n=4 to 7 in the homologous series of 4,4'- di-n-alkoxyazo- 

xybenzenes, using the relation 

a) = 1 fvo= (a? V9/kT) wae 

which was proposed by us in a previous paper; here, V* is a molecular volume 

and T is the temperature. 
This relation is verified to within the experimental uncertainties in all 

cases studied. 

1— INTRODUCTION 

In previous papers [1], we proposed a molecular statistical 

theory of the twist viscosity in nematic liquid crystals which invol- 

ves the frequency »v of the rotational jumps performed by the 

nematic molecules about an axis normal to their preferred orientation 

n, between two equilibrium positions separated by x radians. This 

quantity was related to the twist viscosity coefficient 7, by the follo- 

wing expression [1]: 

    = a (1) 

(*) Presented at the Second Conference of the Portuguese Physics Society 

(Porto, April 16-18, 1980). 
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where V* is the molecular volume at the temperature T, as extrapo- 
lated from the isotropic phase, and k is the Boltzmann constant. 
It was suggested in ref. [1] that 

  

or 

  
et ; 

aaah : an Te Ve 

which is a relation between twist viscosity and dielectric relaxation 

since on is the low-frequency dielectric relaxation time, measured 

when the electric field E is parallel to the nematic director n. This 
low frequency relaxation observed in nematics, was attributed [2] to 
the reorientation of the component of the molecular dipole parallel 

to the long molecular axis, which is hindered by the nematic mean- 

-field potential. Therefore, a check of relation (3) may provide infor- 

mation about the molecular processes that contribute both to the 

low frequency dielectric relaxation and to the twist viscosity. 

The validity of relation (3) was demonstrated in ref. [1] for the 

case of p-azoxyanisol, which is the first element in the homologous 

series of 4, 4’— di-n-alkoxyazoxybenzenes (nOAB). Here, the result 

of [1] is extended to the elements of this series with aliphatic 

chains ranging from n=4 (butoxy) to n=7 (heptyloxy). In the next 

section we compare the values of 1/», computed from our experi- 

mental data on the twist viscosity [3] with the dielectric relaxation 
times sare quoted from refs [4-6], and discuss the results. Section 3 

displays our main conclusion together with a suggestion for fur- 
ther work. 

2— EXPERIMENTAL DATA AND DISCUSSION 

Figures 1 to 4 show the plots of log ny and log (1/¥,) versus 

1/T, respectively for the homologues 4O0AB, 50AB, 6OAB, and 

7OAB. The dielectric data are quoted from refs.![5] and [6], and 

v, was computed from our data on twist viscosity [3], using expres- 

sion (1), In computing v, we used the actual molecular volume in 

the nematic phase Vy [7], instead of V*, due to the lack of enough 

data on the density of these materials in the isotropic phase. This 
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approximation seems to be not very important due to the smallness 

of the density jump at the nematic-isotropic phase transition. 

Looking at figs. 1 to 4, one sees that the simple expression (2) 
is in reasonably good agreement with experience along the full 

nematic range of these materials. In the low temperature region of 

the nematic phase of these materials, a appears to increase slightly 

faster than 1/v, as the temperature decreases. This effect may be 

partly due to the use of the nematic molecular volume Vy(T) instead 

of V*(T) in the computation of v,, because the thermal expansion 
coefficient of the isotropic phase is usually less than that of the nema- 
tic phase. Most probably, however, this will not explain completely 

the observed discrepancy, and a sounder explanation should inciude 

some differences between twist viscosity and dielectric relaxation. One 

such difference may stand on the distinct sensitivities of both experi- 

mental methods to the short range molecular order, which is expected 

to increase with decreasing temperature. On the other hand, the 

calculation of a from the observables in dielectric relaxation is 

always based on some model and is subject to a number of appro- 

ximations that are difficult to control. The values obtained are 

model-dependent to an extent that could be used to explain the 

observed discrepancy [8]. 

The agreement between 1/v, and bats shown by figs. 1 to 4 

supports our view [J] that a simple model of molecular jumps 

between the-two minima of the nematic mean-field potential can 

account for the essential features of both the twist viscosity and the 

dielectric relaxation, although it may be somewhat surprising due to 
the complexity of the microscopic behaviour involved in these two 

processes. This is specially true in the high temperature region of the 

nematic phase, near the nematic-isotropic transition temperature, 

where 1/v, and a have nearly the same value. 

3 — CONCLUSION 

We conclude that the available dielectric relaxation data about ra 

in the nematic materials 4OAB, 50AB, 6OAB and 7 OAB is compa- 

tible with eq. (3) which is based on a molecular statistical theory 

of 7,(T) proposed by us [1, 3]. Our viscosity measurements discussed 

here are the first set of data on j, obtained from one homologous 

series of nematic liquid crystals. In order to test more closely the 
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relations (2) and (3) it should be interesting to have systematic 
measurements on both dielectric relaxation and twist viscosity, as 
well as measurements of the density, as a function of temperature, 
for other homologous series of nematic liquid crystals. 
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1 — INTRODUCTION 

The passage of an ionizing radiation through a material medium 
gives rise to the ionization and excitation of its atoms or molecules. 

The electronic energy of excitation is then dissipated non radiatively 

through collisional processes or internal extinction, or is radiatively 

emitted as photons. This luminescence excited by an intense flux of 

ionizing radiation, or radioluminescence, is a well known phenome- 

non since the early days of radioactivity. However it was not until 

the fifties that the radioluminescence of gases, particularly that of 

rare gases, started being used on a new particle detector— the scin- 

tillation counter—a system essentially formed by the association of a 

cell containing the gaseous scintillator and a photomultiplier. Its deve- 

lopment was extremely fast due to the considerable progresses achie- 

ved in the construction of new photomultiplier tubes: higher gain, 

spectral sensitivity of the photocathode enlarged towards UV and IR, 

lower noise, etc. [1]. 

In the last few years, much work was devoted to the develop- 

ment of these detectors and to the improvement of its performance, 

leading to detectors with excellent characteristics from the point of 

view of linearity, time and energy resolution and count rate capabili- 

ties. However, most of the published works in this area have an 

essentially technological nature and it was not until recently that some 

more detailed spectroscopic studies have been performed trying to 

elucidate the fundamental mechanisms involved in the radiolumines- 
cence of rare gases. 

A clear understanding of the processes occuring when the ioni- 

zing radiation interacts with the matter is essential for the develop- 
ment of the scintillation gas counters or for any other devices making 

use of the same effect. The knowledge of the’spectral distribution of 

the emitted luminescence, of its mechanism, the influence of pressure 

and of electric and magnetic fields is fundamental to optimize the 
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response from those systems. In the last few years, due to the large 

increase in the range of applications of radioluminescence of rare 

gases, such as, among others, the use of the scintillation gas coun- 

ters as particle detectors in several fields of physics, the development 

of new gaseous lasers [2], particularly nuclear pumped rare gas 

lasers, the detection of ultratraces of atmospheric materials and 

harmful heavy metals through radioluminescence [3], the study of 

the mechanism and kinetics of the processes involved became an 

urgent task to be performed [4]. 

Considerable progresses were obtained in the last few years in 

this field, and although the mechanism and kinetics are not yet fully 

established [5]-[8] one thinks that the physics of the processes 

involved is now understood, at least qualitatively. 

The main purpose of the present work is to briefly review the 

elementary processes occurring when rare gases are submitted to an 

ionizing radiation, and to consider the evolution of the atomic states 

directely excited, that is, the path of the excitation energy. From a 

review of the literature, a probable mechanism for the radiolumines- 

cence of rare gases is established. This review covers the most rele- 

vant works published in this field, though in no way trying to be 

exhaustive. 

2—INTERACTION OF IONIZING PARTICLES 
WITH MATTER, WITH PARTICULAR 

REFERENCE TO RARE GASES 

Light emission in a medium submitted to the action of a charged 

particle is the last stage of a complex set of elementary phenomena, 

that can be analised considering three main steps: 

—in the first one, very brief (~ 10s in a gas at atmospheric 

pressure), the primary particle and the secondary electrons released 

from the material by ionization are slowed down and they create 

primary states of activation having a large energy 

—in the second stage, the directly excited and ionized states 

either go into the emitting states (radiative states) or deexcite through 

other channels 

—finally the decay of the radiative states. 
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When a particle moves through a gaseous medium its energy is 

lost essentially by elastic and inelastic collisions with the atoms 
and/or molecules of the medium and by radiative losses (bremstrah- 
lung). Elastic collisions are efficient only for heavy particles at the 
end of their paths (cross section varies with Vo, Vp being the par- 
ticle velocity), while bremstrahlung emission is significant only when 
the kinetic energy of the particle is very much larger than its energy 
at rest. The interaction of charged particles with matter takes place 

mainly with atomic electrons, so that the primary products are atoms 
or molecules excited or ionized and electrons liberated in the ioniza- 
tion process [9] [10]. These electrons, on the other hand, can also 
ionize and excite the medium until they become sub-ionization or 
sub-excitation electrons, respectively. The energy of the sub-excitation 
electrons is finally lost in elastic collisions (or even in inelastic colli- 
sions others than those involving electronic excitations, such as 

vibrational and rotational excitations in molecules) until they are 
thermalized and eventually recombine in the medium or at the cell 
walls. It is a well known fact that the kinetic energy of the electrons 

liberated in the ionization processes directly induced by the primary 

particle constitutes the largest part of the energy dissipated in the 

medium. Usually there is no distinction between the effects of the 

incident particle and those of the secondary electrons, and a conside- 

rable amount of the final effects (specially electronic excitations) are 

due to the secondary electrons [11]. 

The knowledge of the excitation and ionization cross sections as 

a function of the nature and kinetic energy of the incident particles 

would allow the determination of the species formed and their rela- 

tive proportions [12]. Unfortunately, this detailed and explicit infor- 

mation is scanty [12]-[18]. Calculated values come usually from the 

Born-Bethe approximation [15]; according to this approximation, 

cross sections tor the electronic transitions under swift particles colli- 

sion are proportional to f/E, f being the optical oscillator strength for 

the transition under consideration and E its energy. This cross section 

varies with the velocity of the incident particle as Vo? log Vo. In the 

rare gases, most of the oscillator strength lies in the ionization conti- 

nuum, so ionized atoms are expected to largely exceed excited atoms. 

For Ar, for example, the Kuhn-Thomas rule gives a theoretical total 

oscillator strength of 18, and according to Samson and Kelly [19] 

83% lies in the ionization continuum. 
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The knowledge of the oscillator strengths for several energy 

levels would allow the population of these states to be determined. 
Oscillator strengths are not at all easy to calculate theoretically, and 

the values presently known for some levels of a few rare gases (for 

others there are no calculated values at all) are currently being impro- 

ved by the introduction of new techniques of calculation and more 

correct approximations for the wave functions of the states concerned, 

The role of the secondary electrons in the production of primary 
states of activation is essential, particularly in the creation of excited 

states. The energy spectra of these electrons (degradation spectra) is 

generally not well known though Platzman’s calculations for He [17], 

[20]- [24] emphasize the large range of energies involved; so the 

calculation of the primary states of activation is a very complicated 

task [25] [26] inasmuch as electrons can also induce (through elec- 

tron exchange) optically forbidden transitions, although these are 
significant only for slow electrons. Detailed calculations involving an 

energy bookkeeping from the incident particles and the secondary 

electrons would be of extreme utility, but to our knowledge it has 

been tried only for He [17] [20] [24]. In fig. 1 and table I [27] are 

    

    

                

    

                    

    

eed lem PATH 3.99 -MeV 
IN 400 Torr 

PROTON OF HELIUM BR OTON 

5120 eV ¥550° “ev 861 eV 600 eV 
Level Waeine ponte a rere 39.5 67.3 SUBEX CITATION 

ELECTRONS EXCITED ATOMS ELECTRONS 

i ae 1910 eV 1050 eV 
88.5 129 SUBEXCITATION 

9:3..3)" LONS EXCITED ATOMS ELECTRONS                 

Fig. 1— Calculated energy degradation when a 4-MeV proton loses a fraction of its 

energy in helium. The energies given are the portions of the 9101 eV lost by the 

proton that appear in the species indicated. The numbers of those species produced are 

also indicated (taken from ref. [27}). 
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represented, as an illustration, the number of ions and excited states 

obtained when a 4 MeV proton traverses 1 cm in He at 400 torr. 

The dominant role of secondary electrons is well underlined. 

TABLE I— Average populations resulting when a 1 MeV-proton has a 1-cm path 

in 400 torr of helium (from ref. [27]}). 

  

  

Products Primary proton Secondary electrons 

24s 1.40 8.82 
8 1s 0.31 1.71 
2 1p 25.30 27.60 
3 Jp 6.24 6.32 
3 ID 0.07 1.03 
9.95 = 16.00 
2 3p ss 1.56 
3 3p = 8.67 
3 3D _ 1.77 

Other atomic levels 6.08 1.85 

Total 39.40 88.53 

Ions 103 93.3       

Experimental values of cross sections for ionization and excita- 

tion come, in general, from measurements of energy losses by electron 

impact [12]. The strong and detailed correlation of the results at 

high energies with the optical absorption coefficients for a given gas 

confirmates that the observed peaks of the high energy spectra corres- 

pond to optically allowed transitions; at low energies, some additio- 

nal peaks appear due to forbidden transitions [12] [28]. For argon, 

for example, excited under 50 KeV electrons impact, the levels prefe- 

rentially reached are those represented in table II [28] [29]. Agree- 

ment between relative values of peak intensities and f/E relative 

values is quite good [16] if uncertainties in oscillator strengths are 

kept in mind. 

In fig. 2 [80] observed cross-sections for excitation of the 3 *P 

state of helium by electron impact are compared with the ones cal- 

culated from the Born-Bethe approximation: agreement is good for 

high energies (usually for energies > 200 eV) but poor for low ener- 
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gies. We must stress, however, the fact that for low energies 

cross sections are poorly known and there are no satisfactory 

theories [80]. 
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Fig. 2— Comparison of cross sections for excitation of the 3 1P state of helium by 

electron impact 

--———- calculated 

—--~---- observed 

(taken from ref. [30]}). 

In fig. 8 [31] curves for the variation of ionization cross section 

for single, double and total ionization as a function of the energy of 

the incident electrons are represented for the lighter rare gases. For 

He and Ne, the usual approximation of neglecting the formation of 

multiple charge ions is justifiable, but not so much for Ar: recent 

measurements under 2 KeV electron impact [32] indicate a relation 

Artt/Art=5%. The effect is still more pronounced for Kr and Xe 

[32]. In fig. 4 are indicated cross sections of excitation and ionization 

60 Portgal. Phys. —Vol. 11, fasc. 1-2, pp. 53-100, 1980



  

M. SaLeTE S. C. P. Lerre — Radioluminescence of rare gases 

of He by a particles [33]. It is clear that the amount of energy spent 

in the formation of ions is larger than the one used for the exci- 

tation of several levels, and that the level preferentially excited is 

the state 2 ‘P, bound to the ground state by the largest oscillator 

strength. 
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Fig. 3 —Cross sections for single and multiple ionization of helium, neon and argos 

by electron impact (taken from ref. [31}). 

Portgal. Phys. — Vol. 11, fasc. 1-2, pp. 53-100, 1980 61



M. SaLeTE S. C. P. Lerre — Radioluminescence of rare gases 

  

4p IPQ total 
ex 

ti toftp 3'5 als slp dae er ont otal 

Ae ea 

AY 
Z 

En
er
gy
 

of
 

« 
pa

rt
ic

le
s 

in
 
Me
V 

  
  

el eis 
10 10 10 10 

Q (units of ma2- 8.806.10 cm?) 
Fig. 4— Cross sections for excitation and ionization of helium by q-particles (Born 

approximation) (taken from ref. [33}). 

3—EVOLUTION OF THE PRIMARY STATES 

3.1 — Spectra observed 

After the first stage, during which the primary activated states are 

created, the medium contains: 

— ions, excited or not, mostly singly charged 
— excited atoms in several levels 

— electrons 

— neutral atoms. 

In the absence of atomic collisions (gas at very low pressure) 

excited atoms would deexcite radiatively with a probability inversely 

proportional to the lifetime of the excited state; but in a gas under 

pressure, collisions due to thermal agitation become very important. 

The primary activated atoms participate then in binary and ternary 
reactions, that compete with the emission of atomic lines, reducing 

the natural lifetime of the excited states; other species may then be 

created whose radiative deactivation contributes to the observed radio- 
luminescence [10], [33] - [35]. 
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For the rare gases excited by swift charged particles, most of the 

irradiated energy lies in the VUV [836]. The specific luminescence 

d<e/dx, defined as the energy radiated per unit distance along the 

particle track, is taken very often as a measure of the luminescent 

yield, as well as the luminescence yield de/dE, defined as the energy 

radiated per unit of energy lost in the medium by the ionizing particle. 

According to Hurst [86], de/dx for the noble gases is an appreciable 

fraction of the total stopping power dE/dx. For argon at 400 torr, for 

instance, under excitation by impact with 4 MeV protons, 29 % of the 
energy lost by the protons appears as emission in the VUV, though 

this value tends to be lower for the other rare gases. 

Recent measurements [37] under 5.5 MeV a- particles impact tend 

to corroborate this high efficiency for argon. However, if we keep in 

mind that the number of excited atoms formed on passage of a char- 

ged particle through argon is 40 % of the number of ions created [20], 

and taking 26.2 eV as the energy required to form an ion~—pair in 

argon [36], a scintillation efficiency of 29% would require ion — elec- 

tron recombination as an additional source of excited atoms [36] [37]. 

Dissociative recombination (see section 3.3.3) can indeed be impor- 

tant and increase significantly the intensity luminescence at high pres- 

sures, particularly for the heavier rare gases [38] [39]. At pressures 

lower than 1 atm, however, particularly for the lighter rare gases, the 

effect does not seem to be so important [34] [35] [40] though experi- 

mental evidence of recombination does exist [41]. Experimental work 

in this field is scanty. Preliminary work in this Department tends to 

show that recombination at pressures lower than 1 atm is observable 

for Kr and Xe but unimportant for Ar, but further work on this 

subject is to be carried on. 

The emission spectrum of a gas observed on the sequence of 

excitation is characteristic of the gas used, of its pressure and of the 

excitation process. The emission spectrum of the rare gases (except He) 

in the VUV presents two reasonably sharp lines in the wavelength 

region of their first excited states that are resonance radiation and two 

continua emissions at longer wavelengths, known as the first and the 
second continuum. The relative amount of those spectral components 

depends on the pressure as well as on the excitation conditions. 

In fig. 5 [42] are represented the VUV spectra for the rare gases 

under proton impact. The first continuum, that (at very low pressure) 

exhibits structure, follows immediately the resonance radiation, 

and the second continuum lies at longer 4. At higher pressure 
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(a few hundred torr) the second continuum dominates the whole 
spectrum. 

It is now well known that these continua are due to transitions 
taking place from the lowest excited diatomic levels (excimers) to the 
repulsive molecular ground state [43]. 

  

      

  

    
          
   

  

  

  

    

  

  

    

    

  

    
  

  

      

      

  

      
  

  

120 

9.0 ere irra 10 T T T T T T 
© “ 

BOF yk Ba & 4 N 8 vi = e 
to bk : He a 8 0.8 200 torr 

it 5 i & e! 
6oFé ‘ "6 oj 4 Ps ot id oo e 2 a ' ¢ e & ue Os = 0.6./- 

o 5OFO nN cE Ee y 4 ° 2 once 0 uw) { £ 
a eu oe Nh A we 
e4OF, nH MK EG re & 4 € 

alti teas} fs g 04} 8 B0ry b/s ele eT i 2 mu ay Sigh Ng 
20-8 It baa rere te Ni Al 

tot elated ry 0.2 
toa whee bd 

Ori wie - 
ut i 

oO i 1 L 1 1 od oO 

100 90 60 70 60 

(a) Wavelength, nam (b) Wavelength, nm 

1.0 T T T T T i pee 

Ar 

el a 50 torr 7 

Ne fa Ixl0*F.S. 
x Lg SN 

506 4 = 
= 

€ 
3 04k 
ao 7 

0.2 4 

° 1 ~—-- --+ 

150 140 100 

(c) Wavelength , nm 

Lo T T T T 1.0 T T T T T T 
Kr (2-400 torr xe 

Hoy into Fs. 50 torr oe A 0.8 A AnF ES. a 
1 

! 300 torr 
Loeb i Zoet 1107 FS 0/4 4 2 I 2 re 
© § rr 5 ' s 20.4 | 304 4 cs) 1 ° 

I 
U 

0.2 |- 0.2 - 4 

‘WN ° 0 r i 
160 190 140 130 

(a) Wavelength ,nm (e) Wavelength , nm 

Fig. 5 — Samples of the emission spectra of various noble gases. Note the effect of 
smpurities in He. Data taken at various fractions of full-scale (F. S.) count rates as 
indicated. (taken from ref. [36]}). Reprinted by permission of John Wiley & Sons, Inc. 

64 

  
Portgal. Phys. — Vol. 11, -fasc. 1-2, pp. 53-100, 1980



  

M. SaLeTeE S. C. P. LerrE — Radioluminescence of rare gases 

It was also observed experimentally that the spectra obtained 

under excitation by charged particles (a, p, e) are identical, irrespec- 

tive of the kind of particle used, but they differ from the ones obtai- 

ned on gas discharges [41]. 
In the visible and infrared, the emission observed so far is atomic 

in nature and attributed to cascade transitions ending at the Is levels 

(Paschen), the most important being the transitions 2p—1s [3], 

[43] - [47]. 
Very few results regarding this spectral region have been publi- 

shed, and the present paper is concerned only with the VUV region, 

partly for the above mentioned reason but mainly because the VUV 

is the region potentially more interesting as most of the emission lies 

on this region. However, a detailed study of the visible and IR regi- 

ons is essential for a complete understanding of the mechanism of 

radioluminescence [3]. 
The physical processes leading to the continuous emission are 

thought to be understood today, at least qualitatively; however, quan- 

titatively they are not yet fully established and they are the subject 

of current investigation. 

3.2 — Electronic structure and potential curves of diatomic 

molecules of rare gases 

The knowledge of the electronic structure of the rare gas dimers 

is the clue to the understanding of most of the relaxation processes 

that lead the atomic ions and excited atoms to the lowest bound state 

of the excimers. 
Although the ground state of these species is repulsive (except 

for a weak Van der Waals binding) [48], all rare gases form positive 

molecular diatomic ions reasonably stable, and by addition of one 

electron in a Rydberg molecular orbital, they should originate nume- 

rous molecular excited states, bound and unbound in correspondence 

to the molecular ion. 
Potential curves for the rare gases are more or less known from 

the work of Mulliken, though more qualitatively than quantitatively ; 

lately, better theoretical approximations and more experimental data 

have contributed to a better understanding of them [18], [25], [26], 

[49] - [55]. 
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Except for He, electronic structure of rare gases is rather uniform, 

the main difference being the value of the principal quantum number, 

n, from the electrons belonging to the outer shell. Most of the syste- 

matic differences observed between the atomic spectra of these ele- 

ments arise from the monotonic increase of the spin-orbital coupling 

as one goes from Ne to Xe (table III [31] and fig. 6 [56]) [57]; 

a similar behaviour is expected for the molecular states, so that 

potential curves for any one should be representative (qualitatively) 

of the ones for the other gases. 

TABLE III — Some energy levels of the rare gases (eV) (from. ref, [56}). 

  

  

SP» “Fy 3Po {Py ?P si "Pap Re 

Xe 8.31 8.43 9.44 9.57 12.13 13,43 11.16 

Kr 9.91 10.03 10.56 10.64 14,00 14,66 13.00 

Ar 11.56 11.62 11.72 11,82 15.75 15,93 14.71 

Ne 16,61 16.67 16.71 16,84 21.56 21.66 20.9 

(2 35) | (24S) (ap); (83S) 
He 19.81 20.61 21.21 24,58 23,3                 

To a given pair of rare gas atoms in contact in the electronic 
configuration of the ground state ...ns° np° (atomic term *Ss)s cor- 

responds the electronic molecular configuration ... (¢, ns)” (c, ns)* 
(e, np)” (x, np)* (a, np)* (Oy np)’. This configuration should lead 

to a repulsive molecular state gt, that represents the ground state 

of the rare gas molecules. 

In fig. 7 [48], due to its relevance to the present work, are 

represented the potential curves of some excited molecular states of 

Mey, precisely those curves corresponding to the electronic molecular 

states that dissociate to the four Is states of Paschen. They are the 

most relevant to the processes originating the radioluminescence of 

rare gases [8]. 

A few points deserve a comment: 

1) An important characteristic of the structure of the molecular 

state of rare gases is the existence of two strongly attractive states 
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of the excimer, ®t and ‘pt lying very close together and dissociating 

respectively to ®P, 47S» and °P,+'Sy. They are the lowest excited 

molecular states. They are practically Rydberg states originating 

from the R¢ ion core [48] [58]. The excited electron in Se etl Sy 

is loosely bound and has little effect on the molecular binding 
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energy. Thus the general features of Rf systems are expected to be 
repeated in various states of R> with respect to binding energy, 
shape of the potential surface and location of the energy minimum 
[57]. Theoretical calculations as well as experimental results from 
scattering measurements [49] [52] [59] tend to confirm this expecta- 
tion [50] [53] [60]. 

2) The molecular states oT and ‘S* have potential curves 
showing small bumps or potential barriers that may eventually pre- 
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vent its population by thermal collisions. They are weakly bound 

states, having small potential wells. 

3) In every 1s state of Paschen, sxeept at °P), converge both 

attractive and repulsive potential curves; the *P, state does not form 

attractive molecular states through collision with *S, [48]. 

4) Both *St and *E have two substates, respectively (1a, Ou) 

and (1,°0,): 

5) *P, can form, through collisions with S; a strongly attrac- 

tive state, OF and another less attractive state, 0y, among others. 

It is a well known fact that from the interaction of excited 

atoms with identical atoms on the ground state, continua spectra 

can be obtained. These are the result of a Franck Condon transition 

in the diatomic collision complex and are classified as recombination 

spectra or dissociative spectra according to the stability of the final 

molecular state. The VUV continua of the rare gases are dissociative 

continua corresponding to transitions from the excited states of the 

excimers to the ground state, but the transitions involved occur at 

internuclear distances very small, where the potential curve is purely 

repulsive. 

According to the selection rules, the transition ar (Of) > 

* (Of) is fully allowed, Boyan a large eeeitinine strength and a 

a lifetime. The transition “5% (1,) > ga (0%) is also allowed, 

although with a smaller probability, then longer radiative lifetime. 

The transition “3% (0,) ~ ‘st (Of) is forbidden by the selection 

rules. 

The states iat and oa are so close in energy and the ground 

state potential curve is so steep that the radiation originating in the 

transition from those states to the ground state appears as a unique 

band that cannot be spectroscopically resolved in two components. 

In argon, for example, according to the last thearetieas calculations [52] 

to estimate the spin- orbital effect, the excimer tnt lies 600—800 cm 

(0.075—0.1 eV) above °»t . Experimental work on the luminescence 

of gaseous argon following an electrical discharge Let ane excitation 

by a-particles [62] indicate for the separation int. Fa value of 

0.04 eV and 0.052 eV, respectively, while experimental work on 

solid argon [63] indicates a value of 0.03 eV. According to Jortner et 

al. [58] the emission spectra of argon is practically identical in the 

Ay 
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gaseous, liquid and solid phase. For xenon, Mulliken [48] [64] esti- 
mated for the energy gap 's* —*y* a value of 2000 cm (0.24 eV), 
while Lorents [52] [65] calculated a value of 0.2 eV. However, recen- 
tly Keto [66] estimated from experimental work a value of 0.04—0.08 
eV for a temperature range of 200-300 K, in good agreement with 
the experimental values of 0.03 eV determined by Collier on solid 
xenon [67] and 0.04+0.02 eV by Zimmerer also on solid xenon [63]. 
Though not exactly known, the energy difference of those levels is 
surely a small value that should not vary too much among the heaviest 
rare gases [65], and contributes less to the bandwidth of the emis- 
sion than the slope of the repulsive potential curve. Still according 
to theoretical calculations, for small internuclear distances the energy 
difference between the 0, and 1, sublevels of the a state must be 
very small: Ney <1 cm™, Ar¥ <3 cm“, Kr¥ <25 cm+, Xe¥ <80 cm" 
[65]. The value in Xe¥ agrees with other reports [68]. So, the two 
emissions 2 =o and ob ie cannot be distinguished on an 
energy base, but they should be distinguishable on a time base, as 
the radiative lifetimes of both transitions are very different (ns and ps) 
and this leads to two components in the time decay curves, as experi- 
mentally observed. 

3.3 — lon recombination. 

Creation and evolution of molecular ions 

The ions formed upon the passage of the ionizing radiation 
through a material [20] [35] [69] have a certain probability of being 
neutralized by recombination from various processes, from which 
we stress: 

3.3.1 — Radiative recombination 

It is a reaction of the kind 

e+Xt + X! + hy 

The recombination process is described by a recombination coeffi- 
cient a, , defined from the equation 

dn,/dt =— a, n, ny 

where n, is the ion density and n, is the electron density. 
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BLUR AN 
When the state reached is the ground state, the process is just 

the reverse of photoionization and the value of a, can then be dedu- 

ced. Theoretical calculations (mainly for H) show that cross sections 

are small, about 10-!%cm?, leading to recombination coefficients 

a, — 10-2 cm* s+ [34] [85], so that this process is negligible under 

the usual experimental conditions (n, ~ 10" cm~*). It is however 

very important under special conditions, for example in gas nebulae. 

3.3.2 — Recombination ion-electron with participation of 

a neutral atom 

It is a reaction of the kind 

Ma 6 4 Reece ee 
or 

Tek ee MAS ee Xe 
or 

Kt yea VS eae yY 

In this process, the excess of internal energy of the recombination 

collision is removed by a neutral atom or by a molecule of the same 

or of other kind. At very high pressures, the probability of the 

presence of a neutral atom in the vicinity of the ion-electron system 

is large enough so as to make this process important, and its recom- 

bination coefficient is larger than the preceeding one. This collision is 
treated in detail in ref. [69]. Defining the recombination coefficient a 

for this process from the equation 

dn, /dt=—an, n, 

a is now a function of the pressure p. Representative values of « are 

of the order of 10"! p cm*s for He [85] reaching a saturation 

value at a pressure of ~ 10‘ torr [69]. For argon at 1 atm, a ~ 10° 

cm’ s [34]. If we calculate the fraction of ions neutralized after a 

period of 10°°s, a value of ~ 10°° is obtained [34]. So, the number 

of excited atoms formed from the recombination ion-electron upon 

ternary collisions is also negligible for argon and similarly for the 

other rare gases except at very high pressures and electronic densities. 
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3.3.3 — Dissociative recombination 

It is a perfectly well known fact that at very low pressures the 

ions present in a gas are monoatomic, but at high and even moderate 

pressures the ions that recombine are mostly from the molecular type 

XT, formed upon a three-body collision of the type 

KY. OM KE eX, 

On the other hand, photoexcitation of rare gases for atomic 

levels above a threshold result in formation of the diatomic ion (sec- 

tion 3.4.5) and the appearance potential of the molecular ion is lower 

by about 1—2 eV than the one of the corresponding atomic ions 

(table III [56]). These molecular ions participate then in recombi- 
nation reactions of the kind 

Xi+et+e+Xs+e ina strongly ionized plasma 

Xp, 464K 44k in a dense gas 

Xi} +6 Gy unstable + X*+X_ dissociative recombination 

The excited atoms produced by dissociative recombination can also 

form excited molecules. The emission of these molecules is the cause 

of the recombination component of the scintillation light experimen- 

tally observed [41] (section 3.1). The dissociative recombination has 

been recognized since several years as being capable of taking place 

at a much higher speed than the recombination processes considered 

so far. It represents probably the main contribution for the recom- 

bination rates measured in weakly ionized gases and in the upper 

atmosphere. The rate equation for this process is 

1 ny 

ny “Gt 

K being the rate constant, n, the density of X* and N the density 

of atoms X. 

Values of K for the various rare gases have been obtained by 

several processes. With a typical value of 10° cms” [70] a posi- 
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tive atomic ion is converted to a molecular ion within a time of ~ 

10° s at a pressure of 1 atm. For argon, K= 210° cm’ s” [71], 

and the reaction is efficient even at low pressures (p> 10 torr) [45]. 

The fast conversion of atomic ions to molecular ions is followed by 

the process of dissociative recombination [72]. The rate equation for 

this process is 

1 dNy 

Ay! at 
  =— a4Ne 

Ny being the density of Xf, a the recombination coefficient and n, 

the eléctronic density. References [35] and [72] contain tables of 

experimental values of a for the rare gases. For a typical value of 

10‘ cm’ s” and an electronic density of 10°" cm’, the rate of recom- 

bination for a molecular positive ion is 10° s* [86]. An experimental 

value of ~ 10° s is indicated [38] for the recombination of a therma- 

lized electron and an ion in xenon for a range of pressures of 

5—650 atm. From the exposed, it is to be expected that when a 

heavy charged particle creates a large density of ion-pairs in a noble 

gas at 1 atm pressure, the ions X* are converted to X} in about 

10° s. A much longer time (10° — 10° s) is necessary for the mole- 

cular ion to recombine with an electron in a process of dissociative 

recombination. This process becomes very important at high values 

of pressure and n,, but it is probably unimportant at low pressure 

(<1 atm) (section 3.1). 

The mechanism of dissociative recombination 

Xt+e> (X?) unstable + X* + X + kinetic energy 

is well illustrated in the work of Bardsley and Biondi [72]. This pro- 

cess is fast only if the final potential curve crosses the one of the 

diatomic ion near its minimum. This is the case for the rare gases 

other than He [86]. Fig. 8 shows some relevant potential curves for 

Ar, [52] that illustrate the proposed mechanism [72]. The excited 

atomic states preferentially populated are the 2p states (Paschen) 

that in Ar correspond to the 3p® 4p states [73] [74]. 

The dissociation can be followed by emission of atomic and/or 

delayed molecular radiation. For He, according to Mulliken, the mole- 
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cular potential curves resulting from the combination of a ground 

state atom and an excited atom lie bellow the ones belonging to the 

diatomic ion He}, so that they do not provide a dissociative pathway. 

The excited molecules formed upon radiative combination can after- 

wards emit radiation for lower states. This cascade radiation has 

indeed been observed experimentally [36]. 
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83.4 — Deexcitation of excited atomic states 

The primary activated states created in the sequence of the pas- 

sage of a charged particle through a gas evolve to the excitation levels 

responsible for the light emission following pathways that depend on 

the nature of the radiative and collisional processes that take place. 

It should be stressed that the levels involved in these processes can 

be obtained through direct excitation, or as a result of cascades or in 

the sequence of collisions, or through ion-electron recombination, and 

this makes the kinetics of the process and its dependence on tempe- 

rature and pressure very complicated. 

The main pathways for deexcitation of excited atomic states are 

summarized below. Numerical values are indicated for argon that is 

representative of the remaining heavy rare gases. 

3.4.1— Radiative deexcitation 

For optical and resonant states emission can take place respecti- 

vely through cascading or directly to the ground state: 

Co 3.4 

x* > xX” + hy! 

Ke X + he! 

The resonant emission occurs both from ‘P,, and *P, to So, but 
it is strongly reabsorved and reemitted [75] (radiation retention) lea- 

ding to an increase in the duration of these excited states that may 
last a few ps (as the metastables °P, and *Py) though its radiative 

lifetime is of a few nanoseconds [76]. They are then able to partici- 

pate in collisional deactivation processes. 

Radiation retention has been treated by Holstein [75]. It depends 

both on pressure and geometry of the medium. For argon, for exam- 

ple, for a 1-2 cm diameter cell, radiation retention is already well 

noticeable at pressures < 10 torr [36]. For pressures ~ 400 torr, the 

transmitted resonance radiation is already negligible due both to 

radiation retention and collisional competition [77]. 
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The most important cascade transitions for the rare gases are the 

2p—1s. Some of these are tabulated for Ar in ref. [45] together with 

its wavelength and oscillator strength, when known. Lifetimes for these 

transitions are of the order of 20—380 ns [78] and they lie, as for the 

other rare gases, in the infrared, their extreme values of A being 6677 

and 10470 A. They are easily observed at low pressures, but they 

are inhibited even at medium pressures through competition with 

collisional processes. Arai and Firestone [46] still observe the 2p—1s 

emission in argon at 1031 torr, though atomic emission in the visible, 

IR and UV represents a negligible fraction of the total excitation [33]. 

According to Bennett et al [79] for argon at 1 atm 90% of the total 

emission is centered in the second continuum. 

The 3p—1s transitions, with lifetimes of 100—200 ns [45], lie in 

the visible, but they are observed only at low pressures. For Ar, 

situates between 3900 and 4700 A. They are clearly observed [43] 

at 200 torr. 

Above 10 torr all atomic emission from states higher than the 

appearance potential of the diatomic ion disappear [8], [45]-[47] due 

to the inhibition of the process by the known Hornbeck- Molnar effect 

[44] [80] (section 3.4.5). 

3.4.2 — Deexcitation by diffusion and collision with the 

container's walls 

x, 7 

This is the dominant process for metastable states at low pressu- 

res. For p > 100 torr, collisional processes are already dominant [81]. 

3.4.3— Collisional transfer of electronic energy 

It is a reaction of the kind 

Ky tye ee j 

X, and X, being the same atomic species. 

This process is also called a second kind collision. Its cross 

section ¢ depends on the energy difference AE between 5 Og and 

76 Portgal. Phys. — Vol. 11, fasc. 1-2, pp. 53-100, 1980



  

M. SateTe S. C. P. Lerre — Radioluminescence of rare gases 

X,”. For the 1s states of Ar, AE~0.1 eV, ¢~ 10° —10~! cm2?, so 

for p=1 atm the frequency of collisions taking place (per particle) 

is ~ 10'—104s~+ [30]. These collisions tend to redistribute the energy 

of the primary levels among the electronic levels of identical energy, 

so that the most populated tend to be those of lower energy. However, 

this coefticient of ‘collisional mixture’ is small. 

For higher levels, for example the 2s levels, AE ~ kT (0.025 eV 

at room temperature), ¢~ 10-'° cm?[380], so for p=1 atm the number 

of collisions per second is 2. 10° and the mixture is efficient [34]. 

3.4.4— Formation of excimers through three-body collisions 

<4 Oe +k 

Xx, > X4+ K+ bw 

This process is the dominant one even at relatively low pressures 

(~ 50 torr), and is more important than second kind collision. Typical 

values of rate constants for these reactions are ~ 10° cm®.s-! [84] 

so that at 1 atm the frequency of collision is~7x10°® s“!, rather 

higher than for binary processes. 

3.4.5 — Hornbeck-Molnar reactions — Associative tonization 

processes 

x9 k= ey 

Any excited atom whose energy lies between the appearance 

potential of the molecular ions and the ionization potential of the 

atom is susceptible of creating, through binary collisions with neutral 

atoms, a molecular ion [80]. For every atom there is a threshold state; 

for argon it is the state 3 p>4d, and it is observed that every excited 

state of higher energy can originate the molecular ion [82]. The thre- 

shold states for the rare gases are summarized in reference [36] toge- 

ther with the threshold energies. A very recent determination of the 

appearance potential of Arg via associative ionization indicates the 

value 14.6 + 0.2 eV [88]. 
The mechanism of the Hornbeck- Motan: reactions is well under- 

stood from the potential curves. However, it should be noted that the 
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efficiency of Hornbeck-Molnar processes is not unity, as there is 
experimental evidence [82] that it competes with a reaction of the type 

Oe a ae Ae 

Fig. 9 summarizes all the deexcitation processes mentioned above 
in a kinetic scheme. Their relative importance depends on the pressure 

and electronic density conditions, but the origin of the atomic lines 

and of the continua of the rare gases emission in the VUV is qualita- 
tively understood. 

Of course, additional processes of deexcitation occur in the pre- 
sence of impurities or mixtures of rare gases. These include energy 
transfer processes [36] [43] [84] [85], formation of mixed excimers or 

mixed diatomic ions [83], [85]-[88] but this field is out of the scope 
of the present work. 

4— MECHANISM OF LUMINESCENCE 

In the establishment of the mechanisms of luminescence it is parti- 

cularly relevant the study of the time dependence of the emission 

spectrum in a large range of pressure. This study, individually made 

for every line and band of the emission spectrum, would give valua- 

ble information for the establishment of the atomic precursors of the 

continua emission, as well as for the pathways of deexcitation and 

cross sections for these processes. 

Of course, the evolution of the atomic states initially excited will 

depend strongly on the pressure through the collisional processes 

taking place. It is common practice to divide kinetic studies into two 

classes: the low pressure region (< 1 atm) and the high pressure 

region (> 1 atm). The last one, where collisional processes are very 

fast, is the region of potential interest for lasers. Besides, two further 

classes can be distinguished, according to the density of deposition 

of energy or the density of excitation and the resulting electronic 

density. For low electronic densities (n, < 10' cm-) the ion-electron 

recombination processes are slow relative to the rates of formation 

and relaxation of the excimers, and as a result only processes origi- 

nating at neutral excited atoms are interesting. For high electronic 

densities (n, S 10’ cm-*) not only is recombination a fast process 

but the thermalized electrons play an important role in the relaxation 
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of the excitation of the excimers levels; electronic collisions are an 

important process of mixture of excited states. 

For pressures up to 10° torr, excitation by electrons, protons and 

alpha particles is usually under conditions of low electronic density. 
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This is the situation we shall deal with firstly. At high pressures, there 

are measurements made in conditions of both high and low electronic 
density, which we shall consider afterwards. 

For low pressures, there is information for every rare gas, though 

a detailed and exact mechanism for the formation and decay of a large 

variety of atomic and molecular excited species is still to be esta- 

blished. The behaviour of the heavier rare gases is identical, so we 

shall take argon as representative of all the others. 

Argon presents in the VUV region a sharp resonance line at 1048 

A, the first continuum originating apparently at the other resonance 

line at 1067 A, and a second continuum, broad, roughly gaussian, 

centered at 1270 A. 

At very low pressures (< 10 torr) oniy the two resonance lines 

are observed, but at about 25 torr the two continua emissions are well 

noticeable [8] [89]. As the pressure increases, the second continuum 

tends to dominate the whole spectrum, this being the situation at a 
few hundred torr. 

Work done by Michaelson and Smith [53] at very low pressures 

(4-20 torr) and low temperatures (125 K < T < 200 K), showed 

that the first continuum has structure and begins at 1074 A, the 

energy of the forbidden transition *P, - So. Recently, Tanaka et al 

[54] [55] studied the emission spectra of the argon dimer in the pres- 
sure range 0.1 - 70 torr. They observed, in addition to the second 

continuum, four emission band systems. According to them, the so 

called first continuum could be a combination of these. 

4.1—The origin of the two continua 

It has been generally accepted, according to a proposition by 

Mulliken based on theoretical considerations, that the fist continuum 

corresponds to transitions taking place from the higher vibrational 

levels of a and of ih , the molecular states related to the lowest atomic 

states °P, and °P,, while the second continuum takes place from the 

vibrationally relaxed level (v=0) of those molecular states to the 

same repulsive ground state pei] [43]. The transitions from the upper 

vibrational levels occur mainly near the classical turning point on the 

attractive branch of the potential curve [54]. However, according to 

Tanaka et al [54] [55], three of the four observed emission band 

systems in the region of the first continuum could be attributed to 
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transitions from ‘yt ,*st and B5 pe (0%) to the repulsive ground 

state, while the origin of the fourth one is still unknown. This being 

so, the origin of the first continuum is not clear at this time [54]. 
Table IV lists some experimental values of lifetimes for both 

st and *ES [52]. 

TABLE IV — Radiative lifetimes of excimer states (mainly taken from ref. [52]) 

  

  

Excimer Ty (ns) 3 Da (ps) Ref. 

Neg * — 5.1 [7] 
2.8 119 [107] 

—— 1256 [65 | 

6.62 ({8] 

Ar, * a 2.8 [41] 
— ey [92] 

4,.2+0.1 3.2+0.3 (98 ] 

4.0+2.0 [65] 

— 3.22 [8] 

Kr, * a le? [92] 

= 0.3 [108] 

— 0.36 + 0.16 [65] 

— 0.35 [8] 

Xe,” 5.5 + 1.0 0.096 + 0.005 [98] 

— 0.140 + 0.05 [ 65 ] 

6.22 + 0.80 0.100 + 0.002 [ 66 ]       
  

4.2— Atomic precursors of the excimers 

4.2.1— Low pressure conditions (<1 atm) 

Although it is generally accepted today that both continua have 
their origin at ‘St and *p% , and experimental values of the radiative 

lifetimes of these states are known with a reasonable degree of agree- 

ment, there are still some doubts as to the mechanism of their forma- 

tion, i.e., on their atomic precursors and its evolution to those 

molecular states. There are nevertheless a set of experimental obser- 

vations that, together with theoretical considerations, allow a few 

conclusions to be drawn, forming a good support for the elaboration 
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of a plausible mechanism of evolution of the atomic precursors of the 

radiative excimers, as summarized in fig. 10. This table deserves a few 

comments regarding the participation of the four Is levels: 
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1) Participation of *P, 

a) Theoretical considerations show that *P, is the direct atomic 

precursor of *»t | whose dissociation limit is ‘Py + ‘Sy *yt can be 

formed upon ternary collisions Pet 27S): 

Experimental observations show that the evolution of the metas- 

table state °P. takes place indeed by a mechanism involving binary 

and ternary collisions. Every experimental observation agrees in this 

point, although the values of the rate constants are widely different 

as shown in table V. Ternary collisions are dominant even at low 

pressures. 

b) Time dependent measurements made in the sequence of 

electrical discharges that populate preferentially *P. point to this state 

as being the main precursor of the radiative excimers, as the decay 

rate of the continua is consistent with the rate of disappearance of 

°P., i.e., the rate of production of ont agrees well with the rate 

of disappearance of *Ps at low pressures (up to 50 torr) [41], [66], 

[90]-[93]. According to Michaelson and Smith [53] the first conti- 

nuum decays at a rate comparable to that of °P., For p> 50 torr, 

three body collisions involving the other atomic states feeding the 

excimer levels become increasingly important [93], and that relation- 

ship is blurred. 

c) On excitation under fast heavy charged particles, *P, is not 

directly excited. Its importance under these conditions is certainly 

much lower than under discharges, where it is the most populated 

of the 1s states due to the high proportion of slow electrons, but its 

population cannot nevertheless be ignored as *P, can be populated 

by three main processes : 
—on the sequence of radiative cascades from the excited states 2p 

(and in a less extent from 3p), 

—collisions of the second kind, 

—collisions with slow electrons 

2) Participation of °P; 

Theoretical considerations show that °P; is the direct atomic 

precursor of 7 whose dissociation limit is °P;+*S,; ‘st can be 
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formed upon ternary collisions *P,+2 ‘S,, that compete with the 

resonance emission for the deexcitation of °P,. Experimental obser- 

vations confirm that the deexcitation of °P; occurs indeed by radia- 

tive emission and by ternary collisions [41] [93] [94]. 

3) Participation of *P, 

According to Mulliken, °P, does not form, upon collision, stable 

molecular states, as it forms only 0, and 0,. However, its destruc- 

tion, occurs also partly by two- and three-body collisions [91]. Its 

eventual participation in the process is not clear and it has not been 

included in a kinetic scheme so far, as under swift charged particle 

excitation its importance is much less than that of *P. due to its much 

smaller population, although recent work [95] tends to show that *P, 

is more populated than it is generally supposed to be. 

4) Participation of ‘P, 

The excited states *P,, bound to the ground state by the largest 

oscillator strength are the most populated under fast charged particle 

excitation. Its deexcitation must include some form of emission. The 

intensity of its resonant emission decreases strongly with increasing 

pressure, and this decrease is accompanied by an increase of the 

continuum intensity [36]. There is a qualitative relation between 

the intensities of both emissions, well revealed in the spectra of fig. 5. 

Though ‘Py does not form directly i 2 upon collision with ground 

state atoms, there are several reasons that point out to considering 

*P, as an important precursor of the continuous emission: 

a) Fig. 11 [41] shows the time evolution of the second continuum 
of argon at several pressures, as well as the resonant radiation of P, 

under excitation with charged particles. Regarding the continuum it 

is interesting to remark that its intensity goes on increasing after the 

excitation pulse has ended and the peak is reached only about 0.3-10 

ws after the end of the excitation pulse. This time delay decreases 

with increasing pressure. It can be seen as well that.the decay of the 

resonance radiation takes place within the rising time of the second 

continuum, suggesting [41] the possibility of that atomic state being 
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one of the contributors to the formation of the continuum. This sug- 
gestion is corroborated by the observation that the time interval 
necessary to reach the peak of the 1250 A continuum decreases 
with increasing pressure, and this may relate to the decreasing lifetime 
of ‘P, at high pressures. However, the time delay of the peak emission 
seems to suggest that this does not occur only through Franck-Condon 
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excitation (from ref. [41}). 

emission, but it also depends on a process of collision that transfers 

energy from a State initially excited to an intermediate state [86]. For 

p > 3 atm the rising time of the second continuum cannot be deter- 
mined as it is of the same order of the excitation pulse. 

b) ‘P, does not form, upon direct collision with Se. the radia- 

tive states '’»{ of the excimer [48]. However, it can form a 0% state, 
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almost unstable, having a small potential well [86]. This state could 

radiate to the ground state pr through an allowed transition whose 

wavelength should be shorter than *P, - ‘Sy. Emission band system III 

from Tanaka et al [54] [55] beginning as 1048 A could possibly account 

for it. However, most of the VUV continuous emission comes from 

the '’yt radiative states [36]. This means that, if the O* state is for- 

med upon collision, it must also decay in another way. Two channels 

have been suggested to account for the participation of ‘P; in the 

formation of radiative excimers, as shown schematically in fig. 10: 

channel a) proposed by Hurst et al [36] consists in the formation of a 

metastable molecule that further collisions would convert to a radia- 

tive molecule. This scheme does not seem to be corroborated from 

the potential curves. Besides, the rising time of the second continuum 

is too fast to occur via a metastable molecule. Scheme b) [36] [96], 

consistent with the potential curves, is more likely to describe the 

correct mechanism. The 07 state formed from ‘P, can predissociate 

through potential curve crossing to the atomic levels *P ia: this pre- 

dissociation being followed by the formation of a new molecule. This 

mechanism could explain (at least qualitatively) the observed beha- 

viour in the time evolution of the continua and of P, and its depen- 

dence on pressure, but it still awaits experimental confirmation. 

Besides the channels indicated in fig. 10, that must contain the 

main modes of formation of radiative excimers, others have been 

suggested starting from °P, and 'P;. Some of these are indicated in 

fig. 12. However, it must be stressed that they all await experi- 

mental confirmation, that must include measurements in the infrared 

region that, to our knowledge, have not been tried so far. 

These mechanisms deserve a few comments: 

1) Measurements made under certain conditions following elec- 
trical discharges in rare gases seem to suggest that °P, could be 

related to the continuous emission originating from ‘Dt: if this 

suggestion is correct, mechanism 1 in fig. 12 could explain it; °P, 

does not form a upon direct collision but it could form this state 

from an intermediate state. Through the collision, a molecular state 

dissociating to ®P;+4Sqg could be formed and upon potential curve 

crossing it’ could go to a high vibrational level of ne the radia- 

tive state [53]. This intermediate state could be the °Z; state. The 
presence of a third body could remove symmetry restrictions. Tanaka 

and Yoshino [10] studied the higher vibrational levels of °St and 
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"St and their results indicate that there is a vibrational level of 's* only 
14 cm™ above the dissociation limit 2 a <n 

2) The second channel in fig. 12 suggests another way of par- 

ticipation of ‘P, that still needs experimental confirmation. To our 

knowledge, the infrared studies that it involves have not been 

done so far. 
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Fig. 12 — Additional pathways of formation of the 1st radiative level. 

It must be emphasized that the analysis of the experimental results 

including all possible precursors, or at least °P,, *Py, ‘P, has not been 

attempted so far, and it is a task calling for urgent realization. The 

analysis done by Hurst et al [41] (including only °P, and 1P, via 

channel a)) and that of Mortier et al [92] [97] (including ®P, and °P,) 

cannot be considered conclusive. 
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4.2.2— High pressure conditions (>1 atm) 

At high pressure, the high collision frequency establishes a vibra- 

tional relaxation in a short time relative to the radiative lifetime of 

the excited states. The only emission to be observed is the second 

continuum, as expected. Formation of excimers through ternary 

collisions is also very fast relatively to the radiative decay of the 

excited atoms. 

4.2.2.1— Low electronic density (ne < 10" cm~*) 

Fig. 18 summarizes the dominant reactions in the system under 

these conditions. The kinetics of the second continuum emission is 

simple and well represented by the equations 

K*4+OX SXE EX 

Xf > 2X+ hv 

Relevant work is due to Keto et al [66] [98] under electron 

impact, for 1 atm < p < 32 atm. From the analysis of the rising and 

decay of the radiation following an excitation pulse, the rate cons- 

tants were obtained. For argon they are displayed on fig. 13. The 

two excimers radiate independently, so their collisional mixture is 

negligible. An upper limit for the cross section of the reaction 

thd Ae se "ET + Ar 

was established as 6.10°*° cm” 

4.2.2.2. — High electronic density (n.> 10" cm” *) 

This situation has been treated in great detail by Lorents [52] 

[65]. The main processes taking place are summarized in fig. 14. 

The electronic density is high and the recombination ion-electron 

takes place at a rate comparable to the kinetics of neutral species 

and is an important source of excited atoms. Under the conditions 
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stated, all initial ionization and excitation decay very rapidly to the 
levels of the excimers and the system can radiate most of the avai- 
lable energy in a very short time. 

As Lorents points out, reactions involving collision of two exci- 
ted species (either dimeric or monoatomic) or absorption of the 
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excimer radiation by an excited atom or excimer resulting in ion- pair 

formation may be significant. Rate constants estimated for some of 

these reactions are indicated in table VI. 
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Another kind of peculiar reactions, that may become very impor- 
tant are inelastic and superelastic collisions with excited species. 
Reactions such as 

e+.XC*P;) So 4X (Py) 

-_ 

e+ X C2) i Out Xe Pr 

yo te 2 X*+e 

originate a mixing of states and have rate constants of the order of 

10°°-10°‘ cm’ s~". Electronic states with energy differences of the 

order of 0.1 eV are completely mixed up and can be regarded as a 
unique state relaxing through the fastest way available for any one 

[52]. The excimer can be formed from *'P:19 but only the highest 
rate of formation is observed. 

Experimental data for xenon and argon [52] [66] [99] [100] 

show that there is only a radiative lifetime that goes to a constant 

value as the pressure increases: a similar behaviour is expected for 

the other rare gases [52] and this is a result of the effect of the 
mixing reactions just mentioned. 

The rate constants corresponding to the various reactions for 

this kinetic model for Xe and Ar are listed in table VI. This table 

was mainly taken from ref. [52] [65]. For some rate parameters, 

there are experimental values. For others, the values indicated are 

computed from the kinetic scheme displayed on fig. 14. Of course, 

cross sections of interaction of electrons with excited atoms or 

molecules are not known, and so there is still a lot of work to do in 

order to establish reliable rate constants for many reactions. Neverthe- 

less, a reasonable understanding of the processes concerned is now 

believed to have been achieved. 

5 — CONCLUDING REMARKS 

As a conclusion, it must be emphasized as it comes out from 

the exposed, that the physical processes involved in the main mecha- 

nisms of production of both continua emission are thought to be 

known; however, their atomic precursors are not inequivocally establis- 

hed nor are the specific rate constants and/or cross sections of the 
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reactions concerned, and for this reason a detailed and safe mecha- 

nism is still to be established. Very little spectroscopic information 

exists on the higher atomic excited states of the rare gases, the 

same being true for the higher excited states of the excimers. Mulli- 

ken has suggested [48] that radiative transitions could occur from 

higher excited molecular states (formed upon collision from the exci- 

ted levels 2p or even 3p) to the levels *3{ and ‘st. Experimental 

observations of these transitions do not practically exist [52] [99] 

except for the work of Firestone [46]. We must also remark that 

two other continua emission have been reported for argon by seve- 

ral authors, at 1900 A and 2200 A, weaker than those in the 

VUV [33], [57], [101]- [104]. 

While the first one is believed to belong to some impurity emit- 

ting in that region [99], the second one seems to have in fact a 

molecular origin, but conclusive studies are still lacking [101] [105]. It 

could be a recombination continuum [99] [105]. Huffman et al [106] 

observed a weak continuum emission at 850 A which could corres- 

pond to direct emission from Ar,” to the repulsive ground state. To a 

clear understanding of the full process is essential more experimental 

work in a wider spectral region, including the 2p-1s and 3p-1s 

spectral lines. 
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ABSTRACT 

A set of inuclear Stopping correction factors to be used in the analysis of D.S.A. 

experiments by means of the LSS theory is presented. The results are derived from 

experimental determinations of the slowing down of 28Si ions in several backings, 

ranging from carbon to uranium. 

1— INTRODUCTION 

The problem of extracting nuclear lifetimes from Doppler shifted 

y-rays has been haunting experimentalists for more than a decade, 

especially when no measured stopping powers are avaiable and in 

consequence (some) theoretical estimates have to be used in the 

analysis. The question assumes further importance at low recoil 
energies due to: (i) the difficulty of measuring stopping powers in 

this range, and (ii) the complexity of the energy transfer mechanism 

which leads to the stopping of the recoiling ions. 

Usually this has been handled by means of a distinction bet- 

ween two different stopping processes, namely a nuclear (or atomic) 

(*). Permanent address: Instituto Superior Técnico, Lisboa, PORTUGAL. 

(**) Present address: Companhia Nacional de Petroquimica, Lisboa, POR- 

TUGAL. 

(##**) Present address: Junta Nacional de Investigacao Cientifica e Tecnoldégica, 

Lisboa, PORTUGAL. 
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process and an electronic process, both concurring to the actual 
stopping. Nuclear (or atomic) stopping contributes appreciably to the 
total energy loss at low recoil velocities (v/ce <0.5%), whereas for 

recoils of higher energy electronic stopping is the dominant slowing 

down mechanism. The stopping cross sections employed in the 

analysis are usually taken from the theory of Lindhard, Scharff 

and Schigtt (LSS) [1] which is based upon the Thomas-Fermi 

statistical model of the atom. The mathematical treatment developed 

by Blaugrund [2] has also been widely used, as a straightforward 

means of deducing lifetime values from experimentally measured 
energy shifts. 

However, the reliability of this method has been questioned 

practically since its inception [3]. To overcome this situation, which 

assumed particular relevance when no measured stopping powers 

were available for the actual experimental conditions, different 

approaches have been introduced [4]. 

Neither of them can be said to have been successful in the 

attempt to explain the slowing down process. Da Silva et al. [5] 

show it clearly at low recoil energies, by means of a careful study of 

the well-known lifetime of the second excited state of 2°Si [6] using 

different backing materials, ranging from carbon to uranium. 

We also chose the low energy region because this is the situa- 

tion encountered in the experiments performed with the 2MV Van de 

Graaff accelerator located at Sacavém. Further, atomic (or nuclear) 

stopping is the dominant process at these recoil energies. 

2— RESULTS AND DISCUSSION 

Up to the present, statements expressing that available potentials 

lead to an overestimate of atomic (or nuclear) stopping are abundant 

in the literature. More scarce are, however, adequate estimates of that 

deviation. Nevertheless, one has to be sure that the lifetimes extracted 

in a D.S.A. experiment are correct, even if no measured stopping 

powers are at hand. The experimental results obtained by da Silva 

et al. [5] mentioned above, warrant the adoption of such a coherent 
set of nuclear stopping correction factors, which enable the use of 

straightforward methods, such as the Blaugrund one. 

102 Portgal. Phys. — Vol. 11, fasc. 3-4, pp. 101-105, 1980



  

M. F. da Sitva et al.— A set of nuclear stopping correction factors 

The analysis of D,S.A. experiments by this method proceeds 

usually through the introduction of corrective factors f, and f,, for 

the electronic and atomic (or nuclear) stopping components, respecti- 

vely. Further, at low recoil energies, as the atomic component is the 

main contributor to the stopping, f, can be safely assumed to equal 
unity without concern. 

The data were reanalised by varying f, from 1.0 down to 0.1 

in order to obtain lifetime vulues which were compatible with the 

adopted value of (63+6) fs [6] for each case selected (the backings 

used were: C, Al, Cu, Zr, Ta and U), the inital velocity being 

v/c=0.14 % in all cases. 

Fig. 1 shows the nuclear stopping powers for 2°Si ions in car- 

bon and uranium in the Thomas-Fermi case and the corresponding 

curves used in the analysis (after correction by the multiplicative 
factors f,). 
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Fig. 1 — Nuclear stopping for 28Si ions recoiling in carbon and uranium. Vertical lines 
correspond to ¢ initial in each case (¢ as defined in ref, 1). 
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In Table 1, the whole set of corrective f,’s is presented. 

TABLE 1— Multiplicative correction factors, fi. 
  

  

Material Z ¥ ae fn for tadopted (*) 

carbon 6 47+ 8 Gb it 

aluminium 13 44+2 och ul 

copper 29 338 + 4 part L 

zirconium 40 42 +5 44+.1 

tantalum 73 8L+8 Oe gh 

uranium 92 +7 7 He et |         

(*) Tadopted — (63 + 6) fs [6] 

From these values, a curve that covers the recoil ot silicon ions 

in the entire region encountered in similar experiments can be infer- 

red, thus enabling the selection of a value for the multiplicative f, to 

be used in a D.S.A. lifetime analysis employing the Blaugrund 
method. The curve is shown in fig. 2. 

i 
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Fig. 2— Values of the multiplicative factor f,, for silicon ions recoiling in different 

104 

backings. 

Portgal. Phys. — Vol. 11, fasc. 3-4, pp. 101-105, 1980



M. F. da Sttva et al.—A set of nuclear stopping correction factors 

The physical meaning of this procedure is possibly hard to 

perceive [7]. It is however conceivable, at the present state of our 

investigations, that it conveys solely the indication that a silicon ion 

recoiling in Z=250 would not loose energy significantly through 

any other process than an ‘electronic’ one. 
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ABSTRACT 

Data are presented for the linearity of photoionization detectors coupled to 

scintillators, mainly for gas proportional scintillation counters and also for other 

detecting media. The influence of electronic noise for low charge gain is considered. 

1— INTRODUCTION 

The coupling of multiwire proportional chambers as photoioni- 

zation detectors (PID) to gas scintillation proportional counters 

(GSPC) [1, 2, 3, 4], giving rise to the so called PIPS chambers, takes 

profit essentially of the vacuum ultraviolet nature of the emitted 

photons [4, 5]. 
Many gaseous scintillators and condensed noble element media 

feature the same characteristic [4, 6] and its coupling to PIDs is 
being considered, in particular in the fields of fission fragments and 

heavy ions work, gamma ray detection, etc. [7]. Active research is 

going on trying to find crystals that would scintillate in regions sui- 

table to its coupling to PIDs [8, 9]. PIDs are then of interest in the 

detection of events that correspond to energy deposits of several tens 

of eV to several GeV, mainly when simultaneous information in 

energy, position and time is required, over large areas of detection, 

together with multiple hit capabilities. 

There is a revival of the research in the field of photoionization 

and the tetraminoethylenes and the organo- metallic compounds known 
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as the ocenes may prove useful for detection of the ultraviolet light; 
recent results significantly lowered the longest wavelength detectable 
with photoionization vapours, up to 2313 A, featuring very large 
photoionization efficiencies [8, 9]. 

Profit is being taken of the scanty knowledge of the mechanisms 
of light emission to shift the spectra to favourable regions of the 
photoionization vapours [4, 5, 10], looking for cheaper or more 
convenient detection media and, reversely, the very narrow band- 
-widths of some photoionization vapours may lead to selected detec- 
tion of special components, of eventual interest, for example, for 
time resolution. 

Some of the predicted features for energy and position resolu- 
tion have been confirmed, although only preliminary experimental 
information is available concerning this last parameter [2]. Previous 
calculations [11] showed that either the position resolution would be 
dominated by straggling in windows, range effects associated with 
photoelectrons or Auger electrons, etc., or the position resolution, 
although not limited by the physics of the interaction, was better 
than that of competing instruments. The linearity response of the 
system for position determination is then of importance, no informa- 
tion either computed or experimental is available, and it is the aim of 
this work to provide data in this subject, assuming realistic values 
of the relevant parameters, both intrinsic and instrumental. Charge 
division techniques [12], based on centroid determinations, make the 
use of this very usual method even faster, simpler and cheaper and 
it is then considered in this work. 

Also, in particular because for low energies the use of lower 
noise amplifiers can be considered and some suitable photoionization 
vapours seem to be not very stable from the point of view of avalan- 
che build-up, the influence of the electronic noise, for relatively low 
gains in the PID, is considered. 

2— MAIN FEATURES 

Fig. 1 shows the geometry of the chamber. When looking for 
the secondary scintillation, it is assumed that the interaction region 
is in the absorption gap and it is either punctual or a segment of a 

line of force. 

, 
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Calculations were made assuming that krypton, around atmos- 

pheric pressure, is the detecting medium [13] and that the photo- 

ionization vapour is triethylamine. As before [11] using a Monte- 

-Carlo technique the mean number 7, of photoelectrons, per photon 

produced in the scintillation gap, detected at the anode i of the PID, 

of coordinate x;, in the direction orthogonal to the anode wires, was 

determined. Electron diffusion both in the absorption and scintilla- 

tion gaps [14], spectral distribution of the emitted light [15] and the 

variation of the window transparency (LiF window) and the photo- 

ionization efficiency within the molecular emission band, and trans- 

parencies of the grids were taken into account [16]. Isotropy of 

photon emission was assumed, 

  

absorption gap 

React ME eel Sm a a see ae scintillation gap 

VL NOW 
i ae ee eee. a se ee mes 

ese Sloseia Sietstoitial Slain dca orsTayalweld! Daweiene'e wapisielaind hetero ven asiclams anode wires 

  

  

  Cathode plane 

Fig. 1— Schematic diagram of a photoionization proportional scintillation chamber. 

Dashed lines represent crossed wire meshes. Coordinates along the anode wire direction 

can be extracted from the centroid of the induced charge distribution on the strips 

of the cathode plane. 

The number of ions pairs produced by an incident particle 

corresponding to a full energy deposition is well known, and some 

information is also available concerning its fluctuations [17]. The 
realistic assumption is made that to all anode wires corresponds the 

same charge gain k (relative variances are assumed as in [18]) the 

same r.m.s. noise charge in number of electrons, c,, and the 

same electronic bias b. The mean charge collected in wire i, P;, can 

then be calculated provided that the mean number of photons pro- 

duced by one drifting electron in the scintillation gap, H, is known. 

For krypton, for 3600 volts across 10 mm, at one atmosphere 
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H = 340 [18]. Fluctuations in P;, arising from a cascade of events 
[19], were generated taking into account fluctuations in the number 
of ion pairs associated with the interaction of the particle, tluctua- 
tions of the charge gain in the PID, and assuming that HT; obeys 
a Poisson distribution. The electronic noise was also considered. 
For each simulated event %(Pj-b) and xy=¥; xi(P;-b)/5;(Pi-b) 
were calculated, with the restriction that if Pij<b, P,-b is taken 
as zero. Mean values and standard deviations of these quantities 
allow the determination of the energy and position resolution, as 
well as the position linearity of the system. 

3— RESULTS AND DISCUSSION 

Fig. 2 shows T; distributions assuming that the distance between 
anode wires in the PID is 11mm, for three different positions xp of 

the beam of incident particles. The thickness of the scintillation gap 

is 20mm, the distance of the bottom grid of the GSPC to the LiF 

window is Imm, and the thickness of this window is 5mm. The 

thickness of the scintillation gap and VUV window contributes to the 
relatively large width of the distributions ~20mm. This can be com- 
pared for example with widths of ~ 8mm for the spread of the indu- 
ced charges in multiwire proportional chambers using cathode strips 
read out [20]. By itself this is a strong indication that indeed the 

system should possess very good position resolution capabilities, as 

using pulses induced in cathode strips, position resolutions ¢ ~ 6m 

have been obtained. Of course the use of thinner scintillation gaps 

and VUV windows would reduce the width of the T; distribution, 

but lower voltages wouid have to be used, with a small loss in energy 

resolution. 

Data concerning the linearity of the device are presented in 

Figs. 3 and 4, The geometrical structure of the GSPC, the voltage 

applied to the scintillation gap and the nature of the detection medium 

are the same in both cases and have been described relatively to 

Fig. 2; a charge gain k = 104 is assumed in the multiwire propor- 
tional chamber. 

Fig. 3 shows the variation of the difference between computed 

and real positions (in mm) as a function of the real position of the 

incident beam, in units of anode wires distance, in the direction ortho- 

gonal to the anode wires, for an electronic bias b=2% of the total 
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collected charge and for c¢, =1000, for each amplifier. Clearly the line- 

arity of the detector depends strongly on the distance between anode 

wires of the PID as could be expected in general terms. The larger 

contribution of the total electronic noise associated with the decrease 
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Fig. 2— Spatial distributions of photoelectrons on the PID per photon, for a scin- 

tillation gap thickness A= 20 mm and an applied voltage of 7200V. Full lines 

correspond to xp=0, dashed lines to xp=5 and dotted lines to xp—=10 mm. 

in the spacing between the anode wires does not affect significantly 
oz, from 20 keV to 2 keV. And this even for an electronic noise o, , 

that although relatively low for large size systems, is in no way an 

unrealistic value. For the higher energy even for a 5mm distance 

between anode wires the non linearity is significant. But it should be 
noticed that for the lower energy region the non linearity is negligible 
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and the very simple analog technique referred in ref. [12] is then of 
special importance. 

Fig. 4 displays the variation of the difference between computed 
and real position as a function of the real position for two values of 
the electronic bias b (full curve corresponds to 2% and dashed curve 

XK i 
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Fig. 3— Linearity of the detector: Xy computed position, xp, real position (the 

coordinate x is expressed in unites of the distance between anode wires). Full curves 

correspond to a distance between anode wires of 11 mm and dashed curves to 5 mm. 

Full bars correspond to to) for 20 keV and dashed bars +95 for 2 keV. 

to 10% of the total charge collected in the multiwire proportiona 

chamber). Calculations were made for an energy deposit of 20 keV 

and the differences between both curves are within the computed 

values of cz, ~0.1 mm, even for this large light output of the system. 

For energies lower than about 20 keV, then within the position accu- 

racy of the system, a wide band of b can be used without appreciable 

change of its linearity, the effect of the ‘far away’ anode wires 
being negligible. 
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All data referred till now assume proper proportional counter 

operation of the PID. Specially difficult conditions are now conside- 

red, that could very well be related to vapours featuring instability 

for avalanche build-up, and the low charge gain k= 10? is assumed 
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Fig. 4— Linearity of the detector. Full curve corresponds to a bias b of 2% of the 

total charge collected in the PID ; the dashed curve is for a bias of 10%. 

in the data shown in Fig. 5 Again as referred under 2., H=340 

and b=2%. The low values of k and H, together with a Fano 
factor F=0.17 as well as the relatively low value of 31% for the 

mean photoionization efficiency of TEA imply energy resolutions 

Portgal. Phys. — Vol. 11, fasc. 3-4, pp. 107-117, 1980 113



  

M. ALEGRIA FEIO et al.—The position linearity of photo-ionization detectors 

(dashed lines) and position resolutions (full lines) that, for the lower 
energies, depend strongly on the electronic noise c,. Values of 
7.=3000, 1000 and 140 are considered, this last value implying the 
use of low noise, but room temperature, preamplifiers. 
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Fig. 5 — Intrinsic position (full lines) and energy (dashed lines) resolutions versus 
energy of the incident particles, for three values of g , the mm.s. noise (in number 

of electrons) of each amplifier. 

4— CONCLUSION 

The data presented concerns directly operation of the device 
based on secondary light emission. For the low energy region, 
<2 keV, of interest to astrophysics [21] and to the study of muonic 
X-rays [22] for example, the system is linear within its position 
resolution, provided that the spacing between anode wires is = 5mm. 
This is of interest not only because lower spacing between anode 
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wires is a common feature of multiwire proportional chambers, but 

also because larger distances between the anode and cathode planes 

can be used, leading to the possibility of working with vapours of 

lower photoabsortion cross sections. 

For higher energies the system is non linear and adequate corre- 

ctions have to be introduced. This is more important for the 11mm 

spacing, that on the other hand would have the advantage of being 

a minimum reasonable distance compatible with a multiproportional 

counter configuration rather than a multiwire chamber. The impor- 

tance of the non linearity effect can be made very clear, noticing, 

for exemple, that even for H = 50, oz =12pm at 10 MeV and 1 pm 

at 1 GeV [11]. 
For very difficult conditions of operation, the use of low noise 

preamplifiers for energies <5 keV, restores the good energy and posi- 

tion resolution of the system and demonstrates the versatility of the 

device. 

Within a good approximation the data shown concerning the 

linearity of the system can also be used for primary scintillations 

of higher energy particles, provided that the track of the particle 

coincides with a line of force of the scintillation gap, both tor 

gaseous and condensed media. If this condition is roughly satisfied, 

and even neglecting range effects associated with 4 rays, photo- 

electrons ranges, attenuation lengths of X rays associated with the 

physics of the interaction, etc., the system should be approximately 

linear up to energy deposits of a few MeV if one considerer scintil- 

lators of photon yields similar to liquid xenon, for example [23]. 

This covers fields like positron annihilation, nuclear medicine, indus- 

trial radiography, lower energy heavy ions physics, ctc. For higher 

energies, its non-linearity would, of course, be again significant. 
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Av. Gama Pinto 2, 1699 Lisboa Codex, Portugal 

(Received 30 December 1980) 

ABSTRACT 

The probabilities per « particle of shake-off in the K and L shells of ?4°Po have 

been determined by «@-X ray coincidence experiments. The results Py = (2.3 + 0.2) 

>< 10-8 and P, = (6.2 + 0.3) x 10-4 are simultaneously compared with other expe- 

rimental results and with the latest theoretical predictions, The number of Pb L X-rays 

arising from shake-off in the « decay of ?1°Po is (2.3 = 0.1) > 107+ per a decay 

and the agreement with other results is satisfactory. 

1— INTRODUCTION 

The shell ionization of an atom can be produced during the 

a-decay of its nucleus by the emerging a-particle. The outgoing « 

spectrum associated with the ejected electron from a particular shell 

will have a maximum energy equal to the a-particle initial energy 

less the binding energy of the electron. The X-rays for each shell of 
the daughter element result either from the contribution of the 
‘shake-off’ phenomenon, in which the atomic electron is excited 

into the continuum, or of the ‘shake-up’, in which the atomic ele- 

ctron is excited to an unoccupied bound state. The latter effect is the 

smallest of the two and, in this context, can be neglected. The degrees 

of ionization of the K-and L-shells are given by the ionization pro- 

babilities P, and P, which are the probabilities to create vacancies in 

those shells. The best way to determine experimentally these proba- 

bilities is by doing either X-ray-a coincidences or X-ray-electron 

coincidences in a pure a-emitter. The theory of the ‘shake-off’ phe- 
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nomenon was first treated by Migdal [1], Feinberg [2], Levinger [3] 
and lately by Hansen [4], Scott [5], Watson [6], Law [7]; agreement 
between the results is unsatisfactory, The latest experimental results 
[8-13] seem to favour Hansen’s theoretical interpretation. 

On the other hand, in the same experimental results [9] P, 
values obtained by X-ray-« coincidences and X-ray-electron coinci- 
dences are not in agreement. Fischbeck and Freedman [9] have 
raised the possibility that some electrons may be captured by the 
Het+ ions and emerge like He+. As most of the detectors do not 
distinguish He+* from Het, the number of X-ray-a coincidences is 

not changed by the existence of the phenomenon but the number of 

X-ray-electron coincidences will be affected by the capture of the 

electron. So far, however, the errors in the P, values do not allow 

us to reach definitive conclusions. The work reported here —a mea- 

surement of the ionization probabilities of the K-and L-shells of 

?10Po — was undertaken because there are important discrepancies 

between theoretical and experimental results and some more values 

for P, can contribute to choose the correct theoretical approach. On 

the other hand, our value for P, determined by L X ray-a coinciden- 

ces is absolutely necessary to investigate the possibility of electron 

capture by He++, which is one of our objectives. This phenomenon 

is now being studied and we hope to say something more later on. 

2— EXPERIMENTAL PROCEDURE 

2.1 — X-ray side 

The K X-ray energy range goes from 73 keV to about 87 keV 

and so they were recorded in a coaxial Ge(Li) detector which has 

a volume of 22.5 cm, a full width at half maximum (FWHM) 2.4 

keV for a 1.33 MeV y-ray. The source-to-detector distance was varia- 

ble and we have worked with a solid angle AQ, =(2,10+0.17)x 
107 sr. 

The L X-ray energy goes from 10.5 keV to about 14.8 keV and 

they were recorded in a solid state detector of hyperpure Ge which 

has an active diameter of 6 mm, an active depletion depth of 5 mm, 

a full-width at half maximum of 225 eV for a 5.9 keV and a 5 pm 

thick beryllium window. The working solid angle was (4.51 +0.24)x 

x10 sr, 
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2.2—a-Side 

The ?!°Po a-particles with an energy of 5.306 MeV were recor- 

ded in a surface barrier detector, of 50 mm? surface area, of 100 »m 

depletion depth and a resolution of 17 keV for an 5.486 MeV energy. 
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Fig. 1 — The Pb L X-ray spectrum. 

This detector and the ?!°Po source were housed in a small vacuum 

chamber which has a very thin mica window for the X-ray detection. 

2.3 — Source preparation 

The #°Po was purchased from Radiochemical Centre (Amersham, 

England). The ?!°Po activity was deposited by evaporation onto a 
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mylar film. The source diameter was about 2 mm and its thickness 

was controlled to minimize the a-particle energy loss. The source 

purity was confirmed by the L X-ray spectrum shown in Fig. 1. 
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Fig. 2— Block diagram of the electronic system. 

2.4 — Electronic setup 

The experimental results were obtained with a conventional coin- 

cidence installation associated with an Ortec time-amplitude converter 

according to the block diagram shown in Fig. 2. The X-ray spectra 

and the a spectrum were controlled daily in a 1024 multichannel 
analyser. 
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3— RESULTS 

3.1—K-shell ionization probability P,. 

The coincidence rates obtained with the *!°Po source were mea- 
sured by the coincidence unit and by the time-amplitude converter 

(TAC) for a total run time of about 31 days. The spectrum of the 

K X-rays in coincidence with a-particles and registered in the TAC is 

shown in Fig. 3. 
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Fig. 3 —K X-ray-a particle coincidence spectrum registered in the TAC, 

The ionization probability P,, that is, the probability to create a 

vacancy in the K-shell, was determined from the expression: 

N,=N, 4Q, EgyP, AQ ¢ (1) 

where N, is the number of coincidences per time unit, N, is the 

number of a particles per time unit, ¢,, ¢ are the a-particle and the 

X-ray detector efficiencies and w, is the fluorescence yield of the 
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K-shell. Using the value of N, taken from Fig. 3, the value of AQ. 

referred in 2.1 and the value »,= 0.972 +0.008 [16] we determined 

P. = (2.8+0.2)10-6 
K 

3.2—L-shell ionization probability P, 

The spectrum of L X-rays in coincidence with the a-particles is 

shown in Fig.4. From this spectrum and from an expression similar 
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Fig. 4 — Pb L X-ray spectrum in coincidence with « particles. 

LY? 

probabilities have the following meanings: Pigs for example, is the 

to (1) we way calculate the probabilities Pigs Pigs P. P,,- These 

probabilijy per a particle of emiting an L X-ray belonging to the LB 

peak. To have good statistics we performed three runs of about 17 

days each and the results shown below are the average value of these 

runs. The single L X-rays and the a spectra were controlled daily. 

The results for the L X-rays of Pb, expressed for a decays of *!°Po, are: 

Pig = (1.09+0.08) > 10+ 
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P,, = (0.95 +0.07)x 10+ 

P, y = (0-18+0.08)> 10-4 

P,, =(0.06+0.01)x10+ 

Therefore the total number P,x of Pb L X-rays arising from 
shake-off in the a-decay of ?!°Po is 

Pix = (2.30.1) x 10-4 

Assuming that the fluorescence yield in the L:shell is o, =0.37 [16] 
we found for the ionization probability P;, the value 

P= (6.2+0.3)x 10+ 

This probability can also be written in terms of the Pia: Pigs Pip 

subshell probabilities and these values can be deduced from the 

expressions 

Pry =[Piiy TP iy fos + PL, (fis + fis fos) ] 03 F3,, 

Pog =[Pt yy + Pry fos + Phy (fis + fie fos)] 3 Fap + 

SUP ot Pa, fio) (Oe) Fo8 mid Py, 1 Fig, 

Pry =(Piy eat 5 fiz) M2 Foy +Ph, m1 Fiz, 

where fi2, fis and fs; are the values of the Coster-Kronig yields, 

®1, 2 and ws are the values of the subshell fluorescence yields and 
Fj; is the fraction of radiative transitions in the L; peak connected 
with filling a vacancy in the L; subshell. The radiative rates are taken 
from Scofield tables [15] and the fj; and ; from Bambynek et al 
tables [16]. By solving the previous system of equations we may 
write P,,, Phi Puy, in terms of Pro, Pip, Pry. Thus, for 

example, Pp, =a Py,+b Py gre Py y and the coefficients a,b,c, 

depend on the f,;, »;, F,; parameters. Unfortunately the coefficients 
a,b,c can be of different signs and therefore they can generate large 

uncertainties in the Puy Py re Py nm Values and consequently in the 
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P, value. For this reason we have chosen to evaluate P;, from the 

total photon yield per a particle, Pix, using the mean L-shell fluo- 

rescence yield w;, = 0.37, 

4 — DISCUSSION 

In tables I, II, and III, we have summarized the theoretical and 

latest experimental results and compared them with our values. 

TABLE I — Theoretical and experimental K-electron emission probability per @ decay. 

  

  

Theory Reference Experiment Method Reference 

2.5 10-6 1 (2.0 +0.5 )><10-6 a-KX coinc, 8 

2.02><10-6 4 (1.65+0.16)>< 10-6 a-KX coinc, 10 

1,81><10-6 7 (2.6 +0.5 )<10-6 a-KX coince. 9 

2,.24>< 10-6 7 (2.5 +0.7 )<10-6 Elect-KX coinc. 9 

2,.34> 10-6 q (2.3 +0.2 )<10-6 a-IXX coinc. This work 

2.88 10-6 7         
  

The results of ref. 7 are obtained with different approximations for the «-nucleus 

potential. 

TABLE II — Theoretical and experimental L-electron emission probability per « decay 

  

  

Theory Reference Experiment Method Reference 

1.13<10-4] 1 (2.88 +0.45 )><10-4 a-LX coine. 9 
5.9 <10-4 4 (3.05 +0.46 )>< 10-4 Elect-LX coinc. 9 

1.29 < 10-4 7 (8.6 +2.2 )<10-4 a-[,X coine. 8 

2.74% 10-4 7 (7.23 +0.65 )>< 10-4 a-LX coine. 16 
1,27>< 10-4 % (6,2 +0.8 )><10-4 a-LX coince. This work 

2.69>< 10-4 7         
  

The Px value is very close to the other experimental values and 

the agreement with the theoretical results is quite satisfactory. 
The unexpected value of (2.83+0.45)10-* for P;, obtained by 

Fischbeck and Freedman [9] is not reinforced by our result. This 

seems, in fact, to confirm the experimental results obtained by many 
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TABLE III — Theoretical and experimental L-total photon yield per « decay 

  

  

Theory Reference Experiment Reference 

1.83 ><10-4 4 (2.93 + 0.44) <10-4 14 

0.477>< 10-4 7 (3:2. +.0,8-)>< 10-4 8 

1.01 ><10-4 7 (3.083 +0.19)>< 10-4 9 
0.470 10-4 7 (2.37+ 0.21) 10-4 10 
0.995 < 10-4 7 (2.6 +0.4 )<10-4 12 

(2.8 +0.1 )><10-4 This work       
  

The results of ref. 7 are obtained from table II assuming Oy, = 0137. 

other authors and the theoretical value calculated by Hansen [4]. The 

recent theory due to Law [7] is not confirmed by our experimental 

result. Since our values have been obtained by a-L X coincidences, 

the electron capture hypothesis can not be discussed. This will be a 

matter for study in the near future. On the other hand, as the values 

of Pr;, Puy,, Puy, depend strongly on the theoretical model, an 

experimental set of accurate values for those subshell probabilities 

will be important to test those models. 

The authors wish to thank Dr. A. Barroso for helpful discussions 

in the course of this work. Financial assistance given by Instituto 

Nacional de Investigagao Cientifica (INIC) is acknowledged. 
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ENHANCED NUCLEAR MAGNETISM IN HoVO, (*) 

B. BLEANEY 
Clarendon Laboratory, Oxford OXI 3PU, England 

(Received 30 October 1980) 

ABST RACT — HoVO, is a Van Vleck paramagnet with a susceptibility which is 

large perpendicular to the tetragonal crystal axis, but very small parallel to this axis. 

The nuclear magnetic resonance spectrum of the single stable isotope 1*5> Ho (1='7/2) 

shows a corresponding anisotropy in the magnetogyric ratio, which is enhanced by a 

factor of about 170 in the plane normal to the tetragonal axis. The interactions 

between the enhanced nuclear moments are predominantly dipolar, with a small anti- 

-ferromagnetic component. On this basis the nuchear spins are predicted to order at 

about 4 to 5 mK in a novel anti-ferromagnetic arrangement. This is consistent with 

nuclear orientation measurements at temperatures down to 1 mK obtained by magnetic 

self-cooling. The anisotropy in the y-ray emission from 166M Ho (I= 7) confirms 

the existence of a ‘spin-flop’ phase, and the nuclear magnetic moment of this isomer 

is determined as 3.60 + 0.06 uy . The sign of the nuclear electric quadrupole para- 

meter of 165 Ho in HoVO, is shown to be positive, (P/h):= +25.9+0.3 MHz. 

1— INTRODUCTION 

In a paramagnetic solid compound, the various levels of the 

magnetic ion are split by interaction with the ‘crystal electric field’ 

set up by the ligand ions around the magnetic ion. Such splittings 
vary from ten to several hundred cm“, but do not necessarily raise 

all the degeneracy. For an ion with an odd number of electrons, a 

(*) Results presented at the Conference of the Portuguese Physical Society 

(Porto, April 1980). 
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two-fold degeneracy (‘Kramers degeneracy’) must remain, which can 
only be lifted by the application of a magnetic field. Under such 
circumstances, the magnetic susceptibility, at low temperatures where 
only a pair of such levels is occupied, follows Curie’s law (with a 
modified value of the Curie constant), until, below some characteris- 
tic temperature determined by the interactions between the magnetic 
ions, an ordered magnetic state sets in. In contrast, for ions with an 
even number of electrons (‘non-Kramers ions’), all the degeneracy 
may be removed, or at least the ground state is a singlet. Such a 

singlet state can have no permanent magnetic moment, and at tempe- 

ratures so low that only this level is populated, the susceptibility 
reaches a constant value, independent of temperature. This condition 

is often known as ‘Van Vleck paramagnetism’, since the explanation 

was first given by Van Vleck [1]. If the ground state has large matrix 

elements of the Zeeman interaction with other low-lying states (say 

at 10 to 20 K), this temperature independent susceptibility may be 

quite sizeable. Such a situation is most likely to occur for ions of 

the 4f group, where a magnetic moment per ion of order 1 Bohr 

magneton can be induced in the singlet state by the application of a 
field of one tesla. 

In such a magnetization, no entropy is removed, and it follows 

that no magnetic cooling is possible by adiabatic demagnetization 

in such a simple electronic system. However, the nucleus of such an 

ion may possess a’spin I and a nuclear magnetic moment, with a 

a nuclear entropy of R In (2 I1+1). When an electronic moment 

is induced by the application of an external magnetic field, the 

magnetic hyperfine interaction produces a field at the nucleus which, 

for a 4f ion, may approach 10? tesla for an electronic moment 

of 1 »p,. The nuclear levels are then split through the action of this 

hyperfine field B, by an amount which is much larger thant hat 

produced by the external field B. For moderate values of B, the 

induced electronic moment m is proportional to the applied field B, 

and since B, is proportional to m, the net field (B+B.) acting 

on the nuclear moment is also proportional to B. The nuclear 

Zeeman energy is 

—m,.(B+B.)=—m,.B(1+K)=—m,(1+K).B 

This equation shows that the Zeeman energy, and the resultant split- 

ting of the nuclear levels, arises from the field (B+B.)=B(1+K), 
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but it can equally well be regarded as resulting from the interaction 

of B with an abnormally large nuclear magnetic moment m, (1+K), 

The latter is called the enhanced nuclear magnetic moment, and K is 

often called the ‘enhancement factor’. In special cases K may be 

over 100, and the ‘enhanced nuclear magnetic moment’ may be some 

tenths of a Bohr magneton. 

2— ENHANCED NUCLEAR MAGNETIC 
RESONANCE 

Magnetic resonance offers the most precise method ot measuring 

a nuclear magnetic moment, and it can obviously be applied to find 

the size of the enhanced moment. In this section the nature of the 

resonance spectrum is considered. The discussion is restricted to 

ions of the 4f group, for which the Hamiltonian may be written as 

H= KH, +4, B(g,J—g, +A; (tJ) + % (1) 

provided that only terms within the ground manifold J are included. 

The terms in (1) represent respectively the crystal field interaction, 

the Zeeman interaction (both electronic and nuclear), together with 

the magnetic dipole and electric quadrupole hyperfine interactions. 

Within a singlet state, the expectation values of the operators 

J,, Jy, J, are all zero. This is no longer true when matrix elements 

to higher levels are included. In second order, perturbations from 

the matrix elements of J, in the Zeeman and magnetic hyperfine 

terms produce an effective Hamiltonian for the ground singlet of 

the form 

G2 =— a, (1/2 g3 ph BR+g,e, A, BLI,+1/2 AZT?) (2a) 

— 8 Pep BL1f+ % (28) 

together with similar terms in y, z. The parameter ax in (2a) 

consists of a sum of terms, each containing the square of a matrix 
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element <e | J, | g> between the ground state | g> and an excited state 
|e>, divided by the difference in energy ( W, — W,): 

ar=2 % <e|Jz|g>?2 /(W.-—W,). 

The three terms in (2a) are respectively the induced electronic Zee- 

man energy, the enhanced nuclear Zeeman interaction, and a term 

in I? which behaves like a quadrupole interaction but is a second 

order effect of the magnetic hyperfine term Ay (J, I, ). By differen- 

tiation with respect to B,, one finds that the induced electronic 

moment along the x-axis is 

m, = ay 83 ry B,, (3) 

and the effective nuclear magnetic moment operator, enhanced 

through the hyperfine interaction, is 

(a, g, A; + 81) Ps l= 7,41,. (4) 

The nuclear terms in (2) can now be expressed by the Hamil- 

tonian 

= d,, (1, 4B, 1 +P, 12) + %. (5) 
n 

The quantity (;,/2x) gives the enhanced nuclear resonance 

frequency for B, = 1, when P, = 0. In the absence of any enhance- 

ment the frequency would be (1,/2n), where 7,4=g,},, so that 

(1.—-t1) 4#=a, 8; A,r, (6) 

is the contribution from the electronic moment through the hyperfine 

interaction. 

In (2a) the terms all contain the one parameter a,, so that 

they can be expressed in terms of one measured quantity ;,. From 

eq. (3), (6) we have 

m, /(t, BL) = (g,;/4,) 4% (4, -%) (7) 
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and this ‘gives the electronic moment in Bohr magnetons induced by 

unit flux density. Similarly, 

P_=—1/2a, A%=— 1/2 (A,/8,h3)2(1,—-%)- (8) 

In general the values of 7,, ee 9 will be all different, depending 

on the local symmetry at the magnetic ion. If this symmetry is axial, 

the complete nuclear Hamiltonian may be written in the form 

MH, =— 4, AB, 1,- 1, #(B,1,+B, 1) +PU2—Wst(I+1)], (9) 

where P=P, + P, +P, is the sum of three contributions. The second 

of these arises from the second order effect of the magnetic hfs; from 

eq. (8) we have 

P,=P,—1/2(P,+P,)=1/2(A,/Bs%,) 4 (1, —ty )- (10) 

P, and P, arise from &%Q, and represent interactions of the nuclear 

electric quadrupole moment with the electric field gradients of the 4f 

elecron cloud and of the lattice respectively. They are given by the 

standard formulae [2]: 

+ *Bet.Q <r 
: 41 (21-1) 
    <J\ja||J> <3J?-J(J+1)>, (11) 

where <3J? — J(J+1)> is the expectation value for the ground sin- 

glet state, and 

_ 8QA3 
Meee Sal (12) 

«*The advantage of an enhanced n. m.r. experiment is that it can 

measure the principal values j,, Y,, 1, for each ion. For axial symmet- 

ty these reduce to two, 3) =7, » andy, =%,=T,- Then the induced 

electronic moment per unit field can be calculated by using equation 

(7), which shows it will have similar anisotropy to jy. Also, the 

‘pseudo-quadrupole’ interaction can be found by using (8), or, with 
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axial symmetry, eq. (9). These calculations require only the values 

of g, and A,, which for lanthanide (4f) ions are known with preci- 

sions of order 1%. This means that P, is in general known much 
more accurately than P, or P,. 

3— RESONANCE MEASUREMENTS ON HoVO,. 

HoVO, has the tetragonal zircon structure, in which all the 
Ho*+ ions are magnetically equivalent with tetragonal symmetry 

about the crystal c—axis, which we take to be the z—axis. The ground 

state of the Ho** ion is 4f!, °I,; thus J=8, and g,;— 1.242. For 

the single stable isotope Ho, I=7/2, and A,=+812 MHz, (7,/2x)= 

=9.0 MHz T+. The crystal field acting on the Ho*+ ion has tetra- 

gonal symmetry, and splits the (2J-+1)=17 states into 9 singlets 

and 4 doublets. Optical spectroscopy [3] has shown that the ground 

state is a singlet, which in a good approximation can be characterized 

as |J,=0>. The first excited state is a doublet at 21 cm-!= 30 K, 

which on the same basis can be written as |J, = +1 >. For the singlet, 

matrix elements of J, (with levels above 200 cm~') are small; on 

the other hand there are large matrix elements of Jx, Jy (or J4,J-) 

with the doublet at 21 cm-'. Thus at helium temperatures the 

electronic susceptibility should be independent of temperature, very 

small along the c-axis but large in the plane normal to this axis, as 
found by Swithenby [4]. 

Enhanced n.m.r. measurements [5] have been made at frequen- 

cies up to 500 MHz on single crystal samples of HoVO,, and on 

diluted crystals containing 2% and 0.1% of Ho in YVO,. In the 

latter two samples, the value of (7, /2=) at 2 Kis 1526+3 MHz T-}, 
while |P/h| is 25,3 +0.2 MHz; no precise measusement of (y),/2 =) 

could be obtained, but it is estimated to be about 15 to 20 MHz T-!. 

From these results the corresponding values of the induced electronic 

moment are calculated using eq. (7) above to be 2.32 p, per tesla 

perpendicular to c-axis, and~0.02 », per tesla parallel to this axis. 

This confirms that the anisotropy is very large, about 100 to 1. The 

sign of P cannot be determined in such a resonance experiment, but 

the three contributions to (P/h) are (P2/h)=+35.38+0.1 MHz, 

(P,; /h)=—384+1 MHz, and (P;/h)=+5 to+10 MHz. The first 

of these is the most accurate, being calculated using eq. (8) above; 
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the last contribution, from the lattice, is the most uncertain ‘and 

should be of the order of 25 MHz to account for the observed value 

of |P/h|=25.9+0.3 MHz for HoVO.. 

The magnetic resonance spectrum of '®Ho is shown in fig. 1 

for 2% Ho in YVO, and for concentrated HoVO,. In the latter case 

the measured values of (7/3 m) range from 1625 MHz T~* down to 

                    err et | —_—_————I 

Fig. 1— The nuclear magnetic resonance spectrum of 165Ho (I=7/2) at a tempera- 

ture of 4.2 K and at a frequency of 500 MHz in (a) HoVO, and (b) (2 % Ho,Y)VO,. 

The magnetic field is parallel to [110] and the solid line corresponds to an incre- 

ment of 0.05 T. 

1260 MHz T-!, depending on the shape of the sample. This shows 

that the internal field has values up to +10% of the applied field, 

The apparent variation of +, with sample shape arises from 

changes in the demagnetizing field, and the results confirm that 

these are in excellent agreement with the values calculated from 

the induced moment of 2.32 », per tesla quoted above. On 

the other hand the value of |P/h| is independent of shape and 

the same as in the diluted crystals. In view of the large contribution 
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to P from Pe, which is directly proportional to 1, (see eq. (10)), it 
is reasonable to assume that Vi is really the anne in the concent- 
rated as in the dilute crystals. This i is an important deduction, because 
there is no other way in which the true value of 7, (i.e., the value 
it would have if the internal field were zero ) Ga be ascertained 
without making some assumption about the nature of the interactions 
between the ions. These interactions are mainly dipolar, but by 
taking the actual value of 7, to be the same as in the dilute crystals, 
it can be shown from the masta values of 1, that there is a small 
contribution to the internal field from anti- -ferromagnetic exchange 
interaction. 

4— THE NUCLEAR MAGNETIC MOMENT 
OF *mHo, 

An immediate consequence of the large enhancement of the 
value of 7, is that it becomes comparatively easy to produce a large 
nuclear polarization. For ( ity /2n)=1.5 GHz T-!, a field of 2 T 
perpendicular to the c-axis of the crystal results in a splitting between 
successive nuclear levels of 3 GHz, which in temperature units is 
equivalent to 144 mK. In thermal equilibrium at a temperature of 

40 mK, over 95% of the '°Ho nuclei will occupy the extreme state 

with |I,| =I. Under such conditions the emission of y-rays following 
the decay of a radioactive holmium nucleus such as '%™Ho (I =7) 
will be highly anisotropic. A study of the rate at which the aniso- 

tropy grows as a function of the size of the applied field should give 
an accurate ratio of the nuclear magnetic moment of the radioactive 
isotope relative to that of Ho. Measurements of this type have 
been carried out in Oxford by the nuclear orientation group of 
Dr. N. J. Stone [6]. 

Neutron irradiation of a single crystal of HoVO,4 produces 

*6Ho (I=0), which has a half-life of 27 hours and decays relatively 

quickly, together with the isomeric state °™Ho, with a half-life of 

1200 years. This isomer decays to ‘Er by emitting a B~ particle, 

followed by a rather complex cascade of ;-rays. The anisotropy of six 

of these ;-rays, with energies ranging from 184 to 752 keV, have 

been studied using a single crystal attached to the cold finger of a 
dilution refrigerator. Measurements of the anisotropy for two of the 
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y-rays, together with the theoretical fits, are shown in fig. 2, 

A complete analysis of the data for all six y-rays gives the magnetic 

moment of '™Ho as (+) 3.60+0.06 »,, assuming that of '°Ho to 

be + 4.125+0.044 ,, as determined by an atomic beam experi- 

ment [7]. 

  

  

04F ; 

0.2 
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—0.2+ 

5 
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Fig. 2— Anisotropy in the emission of the 280.5 keV (below) and the 711.7 keV 

(above)  -rays from 166m™Ho in HoVO, as a function of Bope/T. B yg is the total 

magnetic field (applied + hyperfine) acting on the nuclear moment, in tesla, and the 

temperature is in units of milliKelvin. 

5 —NUCLEAR MAGNETIC ORDERING 

The conditions of B=2 tesla and T= 40 mK under which the 

nuclei are almost completely polarized are of course just those under 

which the nuclear entropy, which in zero field is R In (21+1)= 
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=R In 8 for 1%Ho, has been reduced almost to zero. It follows that 

an adiabatic demagnetization from such starting conditions must cool 

the ‘Ho nuclei to such a low temperature that they enter a magnet- 

ically ordered state. The nature of the ordering depends on the 

interactions between the Ho nuclear spins. Fortunately, the size of 

these interactions can in large measure be deduced from the n.m.r. 

experiments at 2 to 4 K, as can be seen from the following dis- 
cussion. 

In HoVO, the observed n.m.r. frequency is shifted by the 

internal field set up by the induced electron moments on the surround- 

ing Ho*%+ ions, discussed in § 3. In § 2 it has been shown that 

there is a simple direct relation (eq. (7)) between the induced elec- 

tronic moment per unit field, and the enhancement of the nuclear 

moment. By the use of this relation it can be shown [8] that the 

interactions ,between the enhanced nuclear moments are mainly di- 

polar, together with a small anti-ferromagnetic contribution. Since the 

shift in the nuclear resonance frequency depends only on the sum of 

the local fields, a similar limitation must be present in the informa- 

tion which can be derived about the inter-nuclear interactions. 

The dipolar interactions can be calculated for every pair of nuclei, 

but the exchange interactions cannot. It is therefore necessary to 

introduce an assumption in the latter case. Each Ho ion has four 

equidistant nearest neighbours, to each of which the bond is simi- 

lar, involving a path containing only one oxygen ion. It is therefore 

assumed that the exchange interaction is the same with each of 

these four neighbours, and zero with all other neighbours, which 
are considerably further away. On this basis it turns out that the 

interactions with the four nearest neighbours are still mainly dipo- 

lar in origin, and no serious error is introduced by the assumption 

that interactions with more distant neighbours are completely 
dipolar. 

The large anisotropy in ; means that interactions involving the 

z-components of the enhanced nuclear moments, which are propor- 

tional to in , are negligible compared with those involving 1a" The 

nuclei must therefore order, in the plane perpendicular to the c-axis. 

The four nearest neighbours (nn) lie at equal distances along the 

x- and y-axes, two above and two below the xy-plane; for the pur- 

poses of discussion it is a convenient simplification to treat them as 

if actually in this plane. Two equivalent ordered spin systems, based 

on predominantly dipole interactions, are shown in fig. 3. The 
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‘end-on’ positions are occupied by dipoles parallel to the central 

dipole; and the ‘broadside-on’ positions by anti-parallel dipoles; thus 

the fields of all four nn add at the centre. Interactions with dipoles 

outside the diamond shown in the figure are small compared with 

those inside, and the arrangement gives the largest field at the 

centre, parallel to the central dipole, and hence the lowest energy. 
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Fig. 3 — Two equivalent anti-ferromagnetic arrangements of the nuclear moments in 

HoVO, which give the minimum energy when the interactions between the moments 

are predominantiy dipolar, The largest interactions are those between an ion and its 

four nearest neighbours lying within the diamond indicated by the broken lines. 

Any dipole in the lattice has the same arrangement of neighbours, 

so that the correct translational symmetry is preserved. The system 
corresponds to a simple two sub-lattice anti-ferromagnet. If a moment 

of 1 », exists on each site, the ‘molecular field’ at each site in this 

arrangement is B,;=0.0734 tesla. An interesting feature of the 

arrangement is that B,.s is independent of the size of the anti-ferro- 

magnetic exchange, since two nn are parallel and two anti-parallel, 

so that their exchange fields cancel. Of course, this occurs only 

because the dipole forces predominate. If the anti-ferromagnetic 

exchange were larger by a factor of about four, the stable ordered 

arrangement would become one in which all four nn are anti- 

-parallel. 
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A more delailed investigation [8] reveals that there exists a 

whole range of four sub-lattice ‘puckered’ arrangements of the type 

shown in fig. 4, Here the dipoles still all lie in the (001) plane, and 

each is equally inclined to the four-fold crystal axes. Calculation 

shows that the energy is independent of the angle 8, and is the 

same as for the arrangements of fig. 3, which correspond to the 
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\ , 

\ ‘ 
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Fig 4—A ‘puckered’ arrangement of the nuclear moments. Ions 1,2,3,4 lie on four 

different sub-lattices. The energy is independent of the angle B, and is the same as for 

the two sub-lattice configurations of fig. 3, which are special cases corresponding 

to B= 0° and 90°. 

special cases where B=0O and 90°. However, as soon as an external 

field is applied along one the four-fold axes, these ‘ puckered’ arrange~ 

ments become unstable, and the system changes to a simple two 

sub-lattice anti-ferromagnetic arrangement in which the dipoles are 

perpendicular to the applied field (‘spin-flop’). As the applied field 

B is increased the dipoles turn towards it, becoming parallel to it 

when B exceeds a certain critical value. For purely dipolar interactions, 
the value of this critical field is 0.0146 tesla per »,, but when 

the anti-ferromagnetic exchange interaction is included, it becomes 

0.035(8) tesla per p,. 
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6— CALCULATION OF THE NEEL 
TEMPERATURE 

On a molecular field model, the condition for an ordered state 

to set in can be derived as follows. In each sub-lattice, the magnetic 

moment is given by 

m=%(B+B,, m) (13) 
f. 

where m, % are the magnetic moment and susceptibility and B, , is 

the molecular field per unit moment calculated for the ordered state. 

(To avoid problems about units, we work always inp, per ion; thus 

the unit of % is p, per tesla). Eq. (13) may be written in the form 

m (1—-XB,,) =%B, (14) 
f, 

from which it appears that when % B,, = 1, a finite value of m 

(spontaneous magnetization) can exist when B= 0. Thus an ordered 

state sets in at temperatures below the point at which % exceeds 

(B, , )1, and no assumption is made about the way in which % varies 

with temperature. 

In this relation % is the sum of the enhanced nuclear suscepti- 

bility %,, calculated for zero interaction between the spins, and the 

temperature-independent contributions from the induced electron 

moments. The latter is 2.32 », per tesla, while the former can be 

calculated from the values of 7, and P. If P were zero, %, would 

follow Curie’s law; however, the overall quadrupole splitting is 

12 (P/h)=3810 MHz, which is equivalent to about 14 mK, so that 

departures from Curie’s law become significant in the mK region. 

The n.m.r. results provide the values of ;, and of |P|, but do not 
determine the sign of P, though it is probably positive. The nuclear 

susceptibility can readily be calculated for either sign of P, and the 

results are shown in fig. 5, where the contribution from the induced 

electron moment has also been included. If P is negative, the lowest 

nuclear levels are .|,= + 7/2, which have no moment perpendicular 

to the c-axis; 4, therefore reaches a value almost independent of 

temperature below about 10 mK. If P is positive the lowest levels are 

+ 1/2, which have large perpendicular moments; %, therefore rises 
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above the Curie’s law value, as shown in fig. 5. The Néel tempera- 

ture occurs when & attains the value (B,.;, )-!=(0.0734)", giving 

Ty= 4.8 mK if P is positive. This prediction has been confirmed 
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Fig. 5 — The perpendicular susceptibility of HoVO, in the mK region. 4(T) = 2.32 + 

F(T), where 2.32 up per tesla is the induced electron moment and F(T) is calculated 

from the spin Hamiltonian (eq. 9) for P/h = + 25.9 MHz and for P/h = - 25.9 

MHz. For P = 0, F(T) = 41.9 uy» per tesla, The Néel temperature is given by the 

intersection of the broken horizontal line with the calculated susceptibility curve. 

experimentally by measurements of the radio-frequency susceptibility 

after adiabatic demagnetization [9], which show a maximum in the 

region 4 to 5 mK. This confirms that P is positive, since fig. 5 shows 

that there is no anti-ferromagnetic solution when P is negative. 
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Fig. 5 shows also that the main part of the susceptibility below 

20 mK arises from the enhanced nuclear moments, since the electronic 

term is constant at 2.32 », per tesla. As T tends to zero, the limiting 

value of the enhanced nuclear moment reaches (7/2) 1, 2, which is 

equal to 0.38 »,. To this the induced electronic moment adds an 

amount 2.32 B,...=0.08 »,, giving a total moment of 0.46 pa. The 

true' nuclear moment is only 0.0022 »,, confirming that the main 

part of the enhanced nuclear moment is electronic in origin. From 

the value of the total moment, the size of the applied field as T +0 

needed to produce orientation of all the dipoles parallel to it (as in a 

ferromagnet or saturated paramagnet ) is 0.460.035 = 0.016 tesla, 

where 0.035 tesla per », is the critical field per unit moment given 
at the end of § 5. 

7— NUCLEAR ORIENTATION MEASUREMENTS 
IN THE ANTI-FERROMAGNETIC PHASE. 

In conclusion, we discuss investigations [6] of the anti-ferroma- 

gnetic phase of HoVO, using nuclear orientation techniques. These 

consist of measurements of the anisotropy in the emission of y-rays 

from 1°™Ho (1=7) in the temperature region reached by magnetic 

self-cooling of the **Ho nuclear system. A single crystal of HoVO, 

is attached to the cold finger of a dilution refrigerator, and magnetized 

in a field of 1.8 tesla at a temperature of 35 mK. This removes nearly 

all the nuclear entropy, and on demagnetization final temperatures of 

1 mK are reached (estimated from entropy calculations). In the resid- 

ual field (0.002 T) of the superconductive magnet, a large aniso- 

tropy in the y-ray emission is observed, with axial symmetry about 

the c-axis of the crystal. This is precisely what would be expected 

from a pure quadrupole splitting of the nuclear levels, if the crystal 

remained in a paramagnetic state. However, just the same result 

would be obtained in the anti-ferromagnetic phase, either with equal 

numbers of domains oriented in the two directions shown in fig. 3, 

or with the puckered arrangements of fig. 4., provided that all values 

of the angle B are equally probable. These observations do not there- 

fore necessarily imply the existence of magnetic order. The latter is, 

however, confirmed by the following experiments. 

A number of measurements were made in which the nuclear 

demagnetization ended at final fields of up to 0.042 T, applied along 
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an a-axis of the crystal. With B = 0.042 T, a large anisotropy in the 

emission of y-rays appears in the plane normal to the crystal c-axis. 

This shows that ferromagnetic alignment of the spins, parallel to the 

applied field, has been achieved, and confirms that the temperature is 

still about 1 mK. In experiments at smaller final fields, such as 

0.012 T, the spins orient themselves at right angles to the applied 

field. This confirms the existence of a ‘spin flop’ phase, which is 

consistent only with anti-ferromagnetism in the nuclear spin system. 

8—- CONCLUSION. 

This paper gives a short review of the experimental information 

which has been obtained on enhanced nuclear magnetism in single 

crystals of HoVO,. The starting point is an investigation at liquid 

helium temperatures using nuclear magnetic resonance [5]. This 

gives, for the stable isotope }°Ho (I=7/2), the size and anisotropy of 

the enhancement of the nuclear magnetic moment, together with the 

nuclear electric quadrupole interaction. The experiments show also 

that the interactions between the nuclear spins and the induced electron 

moments of the Ho®+ ions are close to those calculated for purely 

dipolar forces, together with a small contribution from anti-ferro- 

magnetic exchange interaction. Independent measurements of the 

nuclear susceptibility at temperatures down to 100 mK have been 
shown to be in excellent agreement with the n.m.r. results, in a 

paper [10] not discussed above. 

From the n.m.r. experiments, predictions can be made [8] about 

the nature of the ordered phase in the nuclear spin system, and the 

ordering temperature Ty. The interactions between the enhanced 

nuclear moments are shown to be mainly dipolar, and novel types 

of spin arrangements are expected, with a variety of anti-ferromagnetic 

configurations. These predictions are consistent with the results obtain- 

ed in nuclear orientation experiments [6] using the y-ray emission 

from 1%™Ho (I=7), and the value of the nuclear magnetic moment 

of this isomer is obtained with an accuracy of about 2%. 
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ABSTRACT — Dark current as a function of temperature has been used to study 

the ferro-paraelectric phase transition in Big gSby_99SI. 

A simple model is proposed to account for the correlation between the tempe- 
rature dependence of the activation energy of the impurity levels and the temperature 
dependence of the intrinsic absorption edge in a one-dimensional structure which 
Big ogSbp.92S1 closely resembles. 

1— INTRODUCTION 

Some A,B ,,C,,, compounds exhibit a ferro-paraelectric phase 
transition of displacive nature, accompanied by a change in the coef- 
ficient of the temperature dependence of the width of the forbidden 
gap (E,) at the critical temperature (T.); if the transition is of first 
order there is also a discontinuity in the intrinsic absorption edge at 
T, [1]. In SbSI, for instance, this discontinuity is about 0.03 eV ; also 

(QEt/oT)=—9x 10° eV K-1 and (0 E, /0T)=—2.2x 10% eV K-71 

(*) Supported by J.N.L.C.T. Res. Grant 106.79.27., I.N.LC. (Portugal) and 

NATO Res, Grant 1824. 

(**) Associated with the C.N.R.S. (France). 
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in the paraelectric and ferroelectric regions, respectively [2]. A similar 

behaviour is also observed in SbSBr and BiSBr [2]. 
These effects should lead to anomalies in the temperature depen- 

dence of dark current in the critical region due to the change in the 

activation energy of the impurity levels, as it was in fact observed in 

SbSI [8,4]. 
In the following we have studied the critical behaviour of dark 

current in ferroelectric mixed compound Bi, ,,Sb,.,.SI and a simple 

model is proposed to account for the correlation between the tempe- 

rature dependence of the activation energy of the impurity levels and 

the temperature dependence of E, in a one-dimensional structure 

which Bi, 4,Sb, y, SI closely resembles. 0.92 

2— EXPERIMENTAL PROCEDURE 

Experimental results were obtained by using needie-shaped crys- 

tals, 10-15 mm in length and about 0.2 mm? in cross section, 

as determined by microscope measurements. Silver or gold paste 

contacts were used. The crystals were polarised with a d.c. field 

(200 -400 V cm) while being cooled down slowly to a temperature 

well below the critical temperature ; care was taken never to subject 

them to thermal shock. The samples were then heated at constant 

rates of approximately 1 mK s~ far from the transition while, near 
the critical temperature, this rate was less than 0.5 mK s™. Dark 

current along the c-axis was measured with a Keithley 610 C elec- 

trometer under d.c. fields over a range 200-400 V cm~'. The entire 

apparatus system was shielded from external electric fields. 

3— EXPERIMENTAL RESULTS AND DISCUSSION 

In figure 1 we plotted dark current (1) versus inverse temperature 

for Big 9g5bo.9.51; this figure clearly shows a different behaviour 

of I above and below critical temperature. Temperature dependence 

of dark current and its temperature derivative near T, are shown in 
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Fig. 1— Dependence of dark current (1) (logarithmic scale) on the inverse tempe- 

rature near the critical potat. 
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Fig. 2— Temperature dependences of the dark current (I) (logarithmic scale) and of 

the temperature derivative of dark current near the critical temperature, T, = 262.4 K. 

figure 2. A method of sliding averages was used to calculate the 

first derivative of 1[5]. We take, as usual, the relative maximum of 

(dI/dT) as the critical temperature (T,) and for Bi, ,,Sb,4.SI we 

find T, ~ 262.4 K, lower than the values reported for SbSI, as 

expected [ 6,7]. 
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From figure 1 we can see that the dark current above (1,) and 
below (I_) T, obeys the relations 

1, = A, exp (—Et/kT) (1) 

where A+ are constants, E+ are the effective activation energies of 

the impurity levels and k is the Boltzmann constant. We determined: 

E*~0.90+0.01 eV; A_=1.789x10" A 

If the changes in mobility and effective mass of free carriers can be 

taken as relatively small, the anomalous variation of dark current at 

the critical region will be mainly associated with the free carrier 

concentration. Then for a semiconductor with an impurity level of 

activation energy E, we have 1(T)=A exp (—E/kT). 

It seems plausible, as we have assumed for SbSI [4] that the 
activation energies of impurity levels vary with temperature accom- 

panying a width variation of the forbidden band. Taking into 

account the experimental results concerning the temperature depen- 

dence of dark current, E must be a linear function of temperature 

in both phases, at least in the range ot temperatures we have 
studied. So 

E,=E,,-a,(T-T,) for T>T, 

RS hee a Char for T<T, 

where E,, and E,_ are the activation energies of the impurity levels 

at T, in the paraelectric and ferroelectric phases, respectively, and 
a, a_ are constants, Accordingly, 

1,= A exp (a4/k) + exp[—(E,4+a4T,)/kT] 

and by comparison with (1) 

E}= Est apT, ; Az=A exp (ay/k) 
c 
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The shift of the activation energy (AE,) at the critical temperature is 

given by 

I, (T,) / 1_ (T,) = exp (AE, / kT.) 

From our data we obtain: 

1. (T,) = 1.46 2010-" A; L_(T,) = 9.60% 107" A ; 

JE, =|E,,—E,_|=0.0041 eV ; |a, —a_| = 13.6«10* eV Kk”. 

The relation |a, — @..| =k In (A_/A,) would, naturally, lead 

to the same value, 13.6=10-* eV K"!. 

These results show that the change in the effective activation 

energy of the impurity levels at T, is approximately 0.36 eV whereas 

the actual shift of the activation energy AE, has a much lower value, 

about 0.0041 eV. This difference seems to support our assumption 

that 0.54 and 0.90 eV are not the actual values for the activation 

energies of the impurity levels. 
Experimental results reported for Bi,Sb, SI suggest that one of 

the effects of the atomic substitution of Sb by Bi is the existence 

of a tricritical point in the (x, T) plane, localized around x ~ 0.17 

and T,~ 211 K [8,9]. Therefore, as long as the phase transition 
remains of first order, a decreasing shift of the intrinsic absorption 

edge at T, with increasing x is expected. We have found AE, = 0.011 

eV for SbSI which is a higher value than that observed for 

Bigog2Po.922 1 (0.0041 eV). 
0.08 

4 — THEORETICAL MODEL 

Ay By Cyr crystals are generally thin needles, indicating highly 

anisotropic properties and its structure consists of chains formed by 

the charged groups (y= Vit and (VII) running parallel to the 

c-axis [10]. Bonding between neighbouring chains is weak, probably 

Van der Waals type, and so if interactions between chains can be 
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neglected, those compounds may approximately be represented by a 

linear chain of alternating groups of ions regularly spaced by a dis- 

tance b asin figure 3. We represent the state in which an extra 

fot 
(V-VI)" (WHI) 

8 ee 
2n-3 2n-2 2n-1 2n 2n+1 2n+2 2n+3 

    

Fig. 3 — Schematic representation of one-dimensional lattice. 

electron occupies the 2n site of the linear chain by the ket |2n>and 

we assume that {|2 n>} form a complete set of orthonormal eigen- 

functions of the Hamiltonian H (n positive or negative integer) [11]. 

For the sake of simplicity we take the Hamiltonian of the system to 
satisfy: 

<2n LA Oa Se 

<@n+1/H|Qn+1>= Ey 

<2n |H|2n+m>=-A ifm=41 

<2n |H|2n+m> = O otherwise 

where E,, Eo, A are real quantities and E; <E>. 

With these assumptions, we have two energy bands for the 

electronic states separated by an energy gap E,=E,—FE1. If there 

is an electronic defect in the chain, e.g. an imperfection in the site 0, 

one matrix element becomes different, < 0 | H |O>= Ei, +AE 
(AE>O), the other elements remainig unchanged. 

We look for solutions of Schrédinger equation of the form 

|¢>= exp (-iEt/#) zd, a,|n>, 
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with 

a, (forn <0, n even) = ae"*"; a, (forn>0, n even) = ae-"h> 

a, (forn <0; n odd.) = Be®*%*: ay (forn > 0,:n-edd >). = peat? 

where a and 8 are constants and / a real positive number. 

If we substitute this trial solution into Sch:édinger’s equation, 

we have: 

Eae~?4>—= E,ae~?k>— ABe- 4>— A Be- Shr 

Epe- 4»>= EsfPe- “> Aae-?k>— Aa 

Ea = (FE; +AE)@=— APe- t?— Aper xb 

EBpe- 4>= Eogpe- th— Aa — Aae-?kr 

Eae-?t4>= E,ae-2h>_ A Be-34b>— ARe- kb 

The middle five equations are satisfied provided that 

B*(E—E,) =a" (E—E,) 

e-th — —@(E —E,—AE)/(2 A) 

et+k>—: @(E,—E. —AE)/(2 AB). 

These equations are consistent only if, 

f(E— Pao Ey TS By) SA 18 By): 

The energy of the trapped electron is given by E in this expression 
if O<(E—EF,)<E,. Taking Es— E:=E, and E—E,=x, we have, 

(x—E,)[x*’-(AE)*] =4A’ x (2) 

We now suppose AE and A to be very slow varying functions 

of temperature as compared with E, and x. This seems to be the 
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situation for Ay By: Cyn compounds. Taking the temperature deri- 

vative of the last equation, we find. 

dx / dT =(dE, jdt): «[x?—(A EY 8% 28, x (48) 4A"). 

So the temperature derivative of the activation energy (x) depends 

on the temperature derivative of E,, on the energy of the trapped 

electron in the lattice defect and on the probability amplitude, per 

unit time, for the electron to jump from one atom to the next one. 

It ABS Aes > xs then 

dx fd T= (dE, /aT) - (AE)? /[(4E)? 44a"). 

Therefore the thermal derivative of the impurity activation energy 

is smaller than the thermal derivative of the gap width E,. 

We have collected in table I values of x (O<x<E,) and 

dx/dT calculated for different values of (AE)” and A” . We have 

taken E, =1.9—0.003 AT eV, where AT=T-—T, was assumed 

to be 1K; these values are suggested by the experimental data for 

SbS1- (24. 

  

  

TABLE I 

(AB) [(eV)*] 147 tev") Tey) dx/aT [eV K-)] 

0.05 0.01 0.221 0.059 x 10-4 

0.1 1 0.141 1.5 

0.5 0.5 0.546 2.8 

0.5 1 0.442 3.6 

0.75 0.75 0.621 4,1 

1.85 1 0,986 Ted: 

1,85 10 0.285 4,1 

1.85 100 0.0384 0.55 

1.88 0.1 1.29 3.4 

1.899 0.01 1.37 0.49 

1.899 1 0.948 7.9 

1.899 1.7 0.804 8.0 

1,899 8 0.345 4.9 

3 0.1 1.581 9.4 

5 0.1 1.796 24         
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0.141 — 

0.140 -—— 
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Fig. 4— Theoretical values of x versus AT = T—T, taken from eq. (2), 

with E, = 1.9 — 0.003 AT eV 

curve a) (A E)?=0.1 (eV)?2; 4A2?=1 (eV)?. 

curve b) (AE)?=5 (eV)?2; 4A2?=0.1. (eV)?. 
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In a range of AT=20K, x varies linearly with temperature as 

can be seen in fig. 4. Hence our simple model seems to account for 

the main results concerning dark current behaviour in SbSI and 

Bi, os SPo.92 51 near the critical region. 

The authors wish to express their gratitude to Prof. M. Bal- 

kanski for helpful suggestions and to Prof. M. K. Teng and 

Dr. A. Levelut, for valuable discussions. Facilities from the ‘Ser- 
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ABSTRACT — The proton spin-lattice relaxation time T, has been measured as 

a function of frequency and temperature in the nematic phase of hexyloxyazoxybenzene 

completely deuterated on the benzene rings (6.OAB-D,). The results show that the 

aliphatic chains are dynamically coupled to the nematic director in a rather strong 

fashion (T, ~ w 1/2), and suggest that the average molecular conformation of 6.OAB-D, 

changes appreciably with temperature. 

1— INTRODUCTION 

Phenomenological properties of nematic liquid crystals have been 

extensively studied and are now rather well understood [1]. On the 
other hand, studies aimed to relate phenomenological properties to 

microscopic structure and dynamics are scarce. 

In this paper, we pursue previous efforts to understand the internal 

order [2-4] and dynamics [5-9] of nematic materials, and concentrate 

our attention on the most studied homologous series of these mate- 

(*) Work partially supported by the French Ministry of Foreign Affairs under 

the franco-portuguese scientific cooperation program. First presented as an oral commu- 

nication at the Second National Conference of the Portuguese Physical Society (Porto, 

16-18 April 1980). 
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tials, i.e,, 4,4’-dialkoxyazoxybenzenes (m.OAB, for short, where 
m=1, 2,... stands for the number of carbon atoms in the aliphatic 
chains ). 

In previous NMR studies related to the m.OAB series, only the 
first element (PAA, or 1,0AB ) was considered, either normal or methyl- 
-deuterated, and definite conclusions were only reached on the dynamics 
of the most rigid part of the molecule [6,7]. In particular, it was 
shown that the benzene skeleton of the molecule is strongly coupled 
to the long wavelength thermal fluctuations of the nematic director, 
Which leads to a characteristic frequency dependence of the correspon- 
ding proton spin-lattice relaxation time T,~w‘?, The dynamics of 
the terminal CH; groups was indirectly considered in refs. [5] and 
[6], where it was concluded that the relaxation of these groups should 
not depend appreciably on the long wavelength thermal fluctuations. 
This conclusion has been recently confirmed by direct measurements 
of the proton T, (T, ») on the same material, but now deuterated on 

the benzene rings (PAA-¢D,, or simply PAA-D,) so as to probe only 
the relaxation of the CH, groups [9]. 

In this paper we will discuss a set of results obtained from syste- 

matic measurements of the proton spin-lattice relaxation time T, as 

a function of Larmor frequency » and temperature T, over the nematic 

range of the element with m=6, deuterated on the benzene rings 
(6.0AB-D,). This selective deuteration ensures that the measured 

values of T, only contain contributions from the aliphatic chains, 
which are so directly probed. 

In section 2 we give our experimental results and point out the 

techniques used in this work. In section 3 we discuss these results and 

try to answer the following questions: (i) how strong is the coupling of 

the flexible chains in higher homologs to the long-wavelength thermal 

fluctuations of the director; and (ii) can we get, from T, measurements, 

some insight on the changes (if any) of the average conformation of 

the chains with temperature? Finally; in Section 4, we present> our 
conclusions. : ; ‘ 

cs J 

2 — EXPERIMENTAL RESULTS 

The synthesis of 4, 4'-dihexyloxyazoxybenzene-D, was carried 

out as follows [10]. First, by nitration of phenol-D, we got p-nitro- 

phenol-D,, which was purified from o-nitrophenol by column chro- 
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matography (alumina, benzene). Addition of hexylbromide on 

p-nitrophenol in presence of potassium carbonate produced p- hexyl- 

oxy nitrobenzene-D,. This compound was treated by lithium alumi- 

nium hydride in dry ether at -70°C. The excess of lithium aluminium 

hydride was then decomposed with sodium hydroxide and water. The 

residue was dissolved in acetic acid and after the addition of hydrogen 

peroxide, the solution was held at 65°C for 48 hours. The precipitate 

of 4, 4’-dihexyloxyazoxybenzene-D, (yield = 75%) was finally 

crystallised from ethanol giving pile yellow needles with melting 

point at 81°C and nematic-isotropic transition at 129.5°C. 

' After purification, the sample (~ 0.3 cm’) was introduced in a 

NMR quartz tube, degased and sealed under vacuum. 

Measurements of the proton spin-lattice relaxation time T, were 

performed at 25, 40 , 56 and 90 MHz over the whole nematic range by 

using the x-t-2z/2 pulse sequence on a Bruker SXP/4 - 1000 

spectrometer. The temperature of the sample was controlled to 

within +0.3°C, and the estimated error in the absolute value was 

less than 1°C. 

The results of the measurements of T; as a function of tempe- 

rature are displayed in Fig. 1 for three working frequencies. The 

  “eo 

6. OAB-D I 

      

  

10 

Fig: 1 — Observed’ temperature dependence ‘of proton spin-lattice relaxation time #3 

j ' in. the nematic phase of 6.OAB-D, at 25, 40 and 90 MHz. 
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results obtained at 56 MHz are omitted for the sake of clarity of the 

figure. 

An example of the frequency dependence ot T, is shown in Fig. 2, 

for T=90 and 118°C. It is seen that 1 /T,~ w~1/?; this same beha- 

viour was found at any other temperature within the nematic phase. 

8 — DISCUSSION 

The most striking feature of the results in figs. 1 and 2 is their 

qualitative resemblance with the results previously obtained for 

PAA [5]. We recall that PAA is a rather rigid molecule and that the 

present results strictly refer to the aliphatic chains of 6.OAB. The 

characteristic frequency dependence 1/T, ~ w"!/? displayed in fig. 2 

  

1/T, (S") 

  

  

    

0.10 0.15 0.20 0.25 

f-2x10?( Hz) 

Fig. 2— Observed frequency dependence of 1/T, in the nematic phase of 6.0AB-D,, 

at T = 90 and 118°C. 

shows that not only the rigid core of the molecules but also their 

terminal chains are strongly coupled to the long-wavelength thermal 

fluctuations of the nematic director. 

Assuming that the frequency-dependent part of the relaxation is 

mainly due to the modulation of dipolar interactions, the observed 
behaviour may be quantitatively explored in the framework of the 
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theory of spin-lattice relaxation in nematics developped in ref. [6]. 

This treatment contains the essential features of the more sophisticated 

theory proposed later on by Freed [8]. 

The relaxation rate due to dipolar interactions among the chain 

protons may be written: 

1 

Ta 

ky TS* 

Ki? 
  (1)   TREC (155, 8:5) >? ( on) w- 112 4 

1 oV2 
Ti 8x 

where A(rj;,6;;) is a function of the chain configuration (6;; is the 

angle made by the interproton vector rj; with the molecular axis), S 

is the Maier-Saupe degree of order, and I and K are respectively an 

effective viscosity and an effective Frank elastic constant, both defined 

in ref. [6]. The term 1/T'; , which is frequency independent, contains 

all the contributions to the relaxation rate that do not couple to the 

long-wavelength thermal modes. 

In order to facilitate the following discussion, expression (1) 
may be written in the form : 

1/T:=A(A, T)o-!/2 41/7; (2) 

Defining C(K,S,I°) as 

kw T'S* pile 

Kel? 
Ce Sry = (3) 

we may write Rem re RS AC 

The coefficient A(A, T) may be obtained as a function of T from 

the slopes of linear least squares fits of T;' as a function w-!/2, at 

different temperatures (cf. fig. 2). The resulting values are displayed 

in fig. 3. We see that A is strongly dependent on T, in contrast to 

the case of PAA, where a negligible temperature dependence was 

found [6]. To understand this difference, we have to go into the details 

of A(A,T) and estimate separately the temperature dependence of 
C(K,S,P) and <A(ri; , 4:3) >. 

The value and temperature dependence of C(K,S,I') may be 

estimated by taking 

Kea pf e Kui (1+ Kee / Kir + Ka3/ Kir) (4) 
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(which is equivalent to assuming an isotropic distribution of the 
fluctuation wave-vectors ) and ['~y, [6], and quoting from the lite- 
rature the values of S [11], Ki: [12,13], Ks3/Ki: [12] and 7, [14], as 
a function of temperature. The absolute values of Koo / Ki have not 
been given so far for 6.0AB but we can estimate them by comparison’ 
with heptylazoxybenzene [12]. We find that the temperature variation 
of C (K,S, I) is much stronger here than in the case of PAA [6] (see 

  35 

30 

25 

AC
LA
T)
x1
07
 

(S
-%
) 

20 ~ 

15 

  

      

-40 -30 -20 -10 (a) 

Tle 

Fig. 3 — Observed temperature dependence of the function A(4,T) given by eq. (2) 

in the .text. 

fig. 4). This stands on the fact that both the elastic constant Ki; (T) 

and the twist viscosity 7,(T) increase much more strongly with 

decreasing temperature in 6.0AB than in PAA [12, 14]. The order. 

parameters have similar behaviour, and in 6.0AB both Ko / Ki 

and Ks33/ Ki are practically independent of temperature [12]. 

The function A(r;;,9;;), in expression (1), is rather complex 

and may only be written down completely after a dynamic model for 

the chain is assumed, which is not the aim of this paper. Its average 

value’ <A (r;;,4;:;)> would vanish for a completely disordered chain. 

So, the fact that. we observe experimentally the characteristic frequency 
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dependence T, ~ w!/? predicted by expression (1) is in agreement 

with direct measurements of a non-vanishing order along the 

chains [4]. 
The extent to which the chains are coupled to the director, at 

different temperatures and frequencies, can be evaluated by subtracting 

from the measured values of 1/T, the values of 1/T’; obtained from 

plots such as that in fig. 2. We find, e.g. at o=22>40 MHz and 

T-T .=15°C, that the long-wavelength contribution to the relaxation 

  

a 7 
iS os 

& ih < 2 
1 x< 

=) 
C) 

x< x 
S 

  

  

    

-40 -30 -20 ~10 0 

T-To 

Fig. 4— Estimated temperature dependence of the functions C(K, S, F ) 

and <A(r 93;)> given by eqs. (3) and (5) in the text. ij? 

rate represents 83% of the total rate. This indeed reflects a strong 

coupling of the chains to the director, and it should be noted that 

this coupling increases with decreasing frequency (see expression (1)). 

On the other hand, as expected, it decreases as we approach the 

nematic to isotropic transition temperature T. . 

The temperature variation of <A(rji;,6;;)> can be estimated 

now from our knowledge of A(A,T) and C(K,S,!), through the 
expression 

<A>? = = (y#h*)4. (A/C) (5) 
972 
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which comes directly from (1), (2) and (3). This is also shown in 

fig. 4, and we see that <A(rj\;,6;;)> varies by more than a factor 

of two, through the nematic range of 6.0AB-Ds. This suggests that 

the average molecular conformation of 6.0AB-Ds changes appreciably 

with temperature. Unfortunately the detailed nature of these confor- 

mation changes cannot be obtained, within this framework, before a 

detailed knowledge of the function A(r;;,9;;) is available. This point 

will be discussed in future work. We feel that some aspects of the 

theoretical model proposed in ref. [2] by one of us may be con- 
veniently tested by detailed research along these lines. 

4 — CONCLUSION 

From this preliminary discussion of the results of our measu- 

rements of the spin-lattice relaxation time of protons in the aliphatic 

chains of 6.0AB-Ds, we have been able to disclose some microscopic 

peculiarities of this material as compared to its lowest homolog PAA 

(or 1.OAB). Moreover, we have shown that: 

(i) The chains are dynamically coupled to the nematic director 

in a rather strong fashion; 

(ii) our results suggest that the average molecular conformation 

of 6.0AB-Ds changes with temperature. 

The authors are indebted to Mrs. Inés S. Costa for helping in 

the synthesis and preparation of the samples. 

REFERENCES 

{1} P. G. DE Gennes, The Physics of Liquid Crystals (Clarendon Press, 
Oxford, 1975). 

{2} A. F. Martins, Phys. Rev. Lett., 43, 158 (1980) 

[3] F. Voutno, A. F. Martins, and A. J. DiANoux, Molec. Cryst. Liquid 

Cryst. (in the press). 

{4} B. DenocHe and J. CHARVOLIN, J. Phys. (Paris), 37, 1497 (1976). 

{5} A. F. Martins, Phys. Rev. Lett., 28, 289 (1972). 

[6} A. F. Martins, Portgal. Phys., 8, 1 (1972). 

166 Portgal. \Phys. — Vol. 11, fasc. 3-4, pp. 159-167, 1989



  

[7] 

[8] 

[9] 

[10] 
[11] 

[12] 

[13] 

[14] 

A. F. Martins et al, — Nematic Phase of 4.4 - Dihexyloxyazoxybenzene 

Most of the work on nuclear spin-lattice relaxation in nematics was 
recently reviewed by G. WapE, Ann. Rev. Phys. Chem., 28, 47 (1977) ; 
see also ref. [6}. 

J. H. Freep, J. Chem. Phys., 66, 4183 (1977). 

J. J. Visunrainer et al., J. Chem. Phys., 66, 3347 (1977); J. B. Bon- 
Fim and A. F Martins, to be published. 

M. J. Dewar, R. S. GOLDBERG, Tetrahedron Lett., 24, 2717 (1966). 

E. G. HANson and Y. R. SHEN, Mol. Cryst. Liquid Cryst., 36, 193 

(1976). 

W. H. de Jeu and W. A. Craassen, J. Chem. Phys., 67, 3705 
(1977). 
W. H. de Jeu and W. A. Craassen, J. Chem. Phys., 68, 102 (1978). 

A. C. Dioco and A. F. Martins, Mol. Cryst. Liquid Cryst. (in the 
press). 

Portgal. ‘Phys. — Vol. 11, fasc. 3-4, pp. 159-167, 1980 167





NUCLEAR SPIN-LATTICE RELAXATION IN THE 
COLUMNAR AND ISOTROPIC PHASES OF 
A DISCOTIC LIQUID CRYSTAL (H8.OTP). 
STRONG FREQUENCY DEPENDENT EFFECTS 

IN THE ISOTROPIC PHASE (*). 

A. F. Martins and A. C. RIBEIRO 

Centro de Fisica da Matéria Condensada (INIC) 

Av. Prof. Gama Pinto, 2 - 1699 Lisboa Codex, Portugal 

(Received 10 December 1980) 

ABSTRACT —The dynamics of disc-like molecules in the isotropic and 

mesomorphic (columnar) states is studied by the NMR _ technique. The proton 

spin-lattice relaxation rate |/T, has been measured as a function of Larmor frequency 

between 10 and 90 MHz, and as a function of temperature over the whole mesomorphic 

state of hexa-n-octyloxytriphenilene (H8.OTP) and in the isotropic phase up to 90K 

above the clearing point T,. No discontinuity of 1/T, is observed at Tp;, which 

reflects the incapacity of the lateral aliphatic chaizs to become significantly ordered 

on going from the isotropic to the mesomorphic state. 1/T, is strongly dependent 

on the Larmor frequency over the whole range of temperatures covered, The frequency 

dependence of 1/T, in the isotropic phase remains unchanged over more than 100K 

above Tp, and is shown to agree qualitatively with the predictions of available 

theories, but not quantitatively. The temperature dependence of 1/T, is of the Arrhenius 

type, with an activation energy W = 4.4 kcal/mole. 

(*) The results in this work were first presented in an oral communication at 

the Second National Conference of the Portuguese Physical Society (Forto, 16-18 April, 

1980). 
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1— INTRODUCTION 

A rapidly growing interest on discotic liquid crystals has arisen 

since the appearance, three years ago, of the first report on the 

synthesis of a disc-like molecule capable of thermotropic meso- 
morphism [1 ]. 

Most of the papers published up to now describe the synthesis of 

new mesogens and the molecular arrangement, the optical, and 

thermodynamic properties of this new mesomorphic state [2]. 

The dynamics of disc-like molecules in the isotropic and meso- 

morphic states is also of considerable interest but has naturally received 

less attention so far. We have approached this problem by nuclear 

magnetic resonance (NMR) techniques, and we give here a set of 

results obtained from systematic measurements of the proton spin- 

-lattice relaxation time Ti, as a function of temperature T and Lar- 

mor frequency w, in the mesomorphic (columnar) and isotropic 

phases of hexa-n-octyloxytriphenilene (hereafter abbreviated to 

H8.OTP). In this work, we comment on the whole set of results 

obtained but concentrate the discussion on the subset of results rela- 
tive to the isotropic phase. 

As it will appear below, the proton spin-lattice relaxation in the 

isotropic phase of H8.OTP shows a peculiar behaviour which is not 

common to the isotropic phases of usual liquid crystals (i.e. those 
composed of rod-like molecules). 

In section 2 we mention the techniques used in this work. In section 

3 we give a brief analysis of the whole experimental data obtained, 

with particular reference to the columnar phase and the columnar- 

-isotropic transition. In section 4 we contrast the experimental data 

relative to the isotropic phase to those theoretical models so far 

proposed for the nuclear spin-lattice relaxation in isotropic liquids 

which can account for a frequency-dependent relaxation time. The 

results so obtained are discussed in section 5. Finally, in section 6 
we present our conclusions. 

An extension of this research including the full presentation and 

discussion of the results obtained for the columnar phase will be 

presented in a forthcoming paper [3]. 
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2—EXPERIMENTAL TECHNIQUES 

The synthesis of hexa-n-octyloxytriphenilene was described 

elsewhere [4]. Its molecular structure is given in figure 1. 

After purification, the sample (0.5 cm*) used in our NMR 

experiments was degassed and sealed in an evacuated glass tube 

(¢=10mm). The degassing pressure was less than 10 mbar. 

The clearing point of H8.OTP is T,,,=358.8K, and the crystal- 

-discotic transition is T,,=—840K. 

OR 

OR 

RO 

O 
RO 

OR 

OR 

R=CgH,, 

Fig. 1— Structure of the hexa-n-octyloxytriphenilene (H8.OTP) molecule. Note its 

disc-like shape. 

Measurements of the proton spin-lattice relaxation time T, were 

performed at eight different frequencies between 10 and 90 MHz. 

In each case the temperature was varied over the whole discotic 

(columnar) range and at least up to 10K above the clearing point. 

In two cases, in. fact; the isotropic phase was spanned up to 90K 
above the clearing point (see below). T, was measured by the z-t-7/2 

pulse sequency with a Bruker SXP/4-L00 spectrometer. The tempe- 

rature of the sample was automatically controlled to within +0.3K, 

and the estimated error in the absolute values of T was less than 1K. 

Portgal. Phys. — Vol. 11, fasc. 3-4, pp. 169-181, 1980 174



A. F. Martins ef al. — Spin-lattice relaxation in a discotic liquid crystal 

3—EXPERIMENTAL DATA AND GENERAL COMMENTS 

The X-ray experiments of Levelut [5] suggest that the mesophase 

of H8.OTP is of the columnar type with regular stacking of mole- 

cules in the columns, their planes being normal to the columnar 

axis. The packing of the columns follows a two-dimensional hexa- 

gonal lattice. There is no correlation between molecular positions in 

neighbouring columns (longitudinal disorder). 

      
      

T, (s) | 

0.30 H8.OTP D I 

0.20 

0.10 l ae | | 
340 350 360 370 

T (K) 

Fig. 2— Observed temperature dependence of T, in the columnar (D) and 

isotropic (1) phase of H8.OTP, at 25, 40, and 56 MHz. The curves shown are 

simply guides to the eye, they have inot a theoretical origin. 

The results of our measurements of T; as a function of tempe- 
rature are displayed in fig. 2 for three working frequencies. The 

results obtained at five other frequencies are omitted in this figure 
for the sake of clarity; they partially reappear in figures 4 and 5 

(for one temperature). The subset of results referring to the isotropic 
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phase are best represented by figure 3, where Lg (1/T1) at 25 and 

56 MHz is ploted as a function of 1/T over a much larger temperature 

range (from Tp: toTp1+ 90K). 

Two paramount features of our results are apparent in fig. 2, 

namely the absence of a discontinuity in T; (T) at the mesomor- 

phic-isotropic transition temperature Tp; (up to the experimental 

      
te bn H8.0TP 

aas=) 

      

10° (K-1) 
T 

Fig. 3 — Arrhenius-type representation of the values of 1/T, measured at 25 and 

56 MHz, as a function of temperature, in the isotropic phase of H8.OTP. The 

activation energy is W = 4.4 Kcal/mole. 

accuracy of our measurements), and the rather similar behaviour of 

T, (w) in both phases. The continuity of-T, (T) at the isotropic 
-mesomorphic transition is in strong contrast to what is observed in 

liquid crystals composed of rod-like molecules [6]. 

We shall see [3] that the frequency behaviour of T, is only 

apparently similar in both phases. A quantitative analysis shows 

that we have T;' ~ '/2 in the isotropic phase, as discussed in the 
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next section of this paper, and a different and more complex beha- 
viour in the columnar phase. In this phase the overall behaviour 
at low temperatures is dominated by a new contribution of the 
type T;'~ "1/2, but our results [3] suggest that the previous one 
remains active. These two contributions may be explained in terms 
of molecular diffusion (section 4 below and ref. [3]) and thermal 
bending of the columns (long wave-length modes, see ref. [3]). Inter- 
nal motions also play a role but do not contribute appreciably to the 
dispersion of the relaxation rate. 

To understand the apparent continuity of T,(T) across Tp; 
we first note that we have measured the overall relaxation of a 
system of 108 proton spins, of which 102 belong to the lateral 
chains of the disc-like molecule and only 6 belong to the central 
core. If there is some short range order of the cores in the isotropic 
phase and the (dis) order of the chains does not change drastically 
at the transition, we indeed expect a quasi continuity of T, (T) at 
Tyr. Within the previous assumptions, only the contributions to the 
overall T’, from the protons in the core are expected to change signi- 
ficantly at the transition, due to the onset of long range order, but 
these contributions will not affect the overall T,; by more than a few 
percent. To be quantitative we expect, at Tpy: 

1 6 fo 102 1 »( 5 ae —) + aoe? (Go) 1 
Ty ki 108 ca core 108 T1 ch, ° ( ) 

With 6(1/T,),, ~ o and 3(1/T,),,., ~ —1 the measured disconti- 
nuity in T, would be 3T, ~ 0.056 T?, on going from the isotropic 
to the mesomorphic phase. Such a discontinuity could only be obser- 

ved, within the accuracy of our present data, if T; > 1s. As seen 

from fig. 2, this is not the case in the frequency range considered in 
this work. 

4— THEORETICAL ANALYSIS OF THE DATA 

RELATIVE TO THE ISOTROPIC PHASE 

The most relevant feature of the results of our measurements of 

the proton spin-lattice relaxation time T; in the isotropic phase of 

H8.OTP is the rather strong Larmor frequency dependence observed 
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(figs. 2 and 3) over a wide temperature range above the clearing 

point Tp. This behaviour of the relaxation time is not usual in the 

isotropic phases of liquid crystals formed by rod-like molecules, at 

least in the frequency range considered here. In the I-phases of these 

liquid crystals (sometimes called calamitic [2], as opposed to disco- 

tic) we only observe a significant dispersion of T, just above the 

clearing point, and this is due to collective (short range order) effects 
[6]. As we do not expect long-wavelength thermal modes of motion 

in H8.OTP over such a wide range of temperatures above Ty, the 

observed behaviour is to be explained in terms of relative diffusion 

and internal motions of the molecules. 

The basic theory of spin-lattice relaxation by translational diffu- 

sion (modulating the zz¢erymolecular spin-spin interactions) is due to 

Torrey [7]. Later on, several workers, particularly Harmon and 

Muller [8], and Freed [9], have introduced slight corrections to the 

theory of Torrey in order to incorporate, in different ways, the effects 

of boundary conditions (excluded volume due to a distance of 

minimum approach between the spin-bearing molecules) and the pair 

correlation function. We shall use below the theoretical expression 

proposed by Freed [9] for the spectral density J (w) of molecular 

motion, in the isotropic jump model: 

    
4 n 3. <rts 38 /od?\1/2 

J(o)= = [14 eT | \ a 
27 Dd 8 d? 8 D, 

(2) 
      

) 2, 8/2 

+> (5+ 8o<r = (= ) + 0(o4) | 
2\9 32 =? D 

where n is the average number density of protons, D=<r?>/6t 

is the absolute molecular diffusion coefficient, <r? > is the mean 

square jump distance, t is the mean time between jumps, and d is 

the distance of closest approach. 

The spin-lattice relaxation rate 1/T, due to translational diffusion 

is related to J(w) given above according to the following expression: 

1/Ti- aS hEI(1+1)[J(o) +4) (20)] , (3) 
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where jy is the proton gyromagnetic ratio and |= 1/2 is the proton 

spin quantum number. From (2) and (3) we get the proton relaxa- 
tion rate: 

  
Ae pilose: 58 be 2\ 1/2 

1/7 = (40) fi 2 —Fpit + 4v2) (*S) cs 

    

H ° <Dd 8 d2 40 
1 ae 2 <r?> od?y 3/2 + —(14+ 872) (1425 ( ) +0 (w? 4 
90 1a D Ss (4) 

To lowest order in », expression (4) may be written: 

(fT r) t[l—a(wr)¥] , ( 

o
r
 

—
 

where « is a constant of order unity. 

On the other hand, we expect the relaxation due to the modula- 

tion of intramolecular spin-spin interactions to be of the form 

(9 Tia ef (Lh Btw <’)?] b) (6) 

to the leading term in w, where 8 is also a constant of order unity, 

and +’ is an appropriate correlation time [ 10]. 

Simple order of magnitude considerations allow us to expect 

wt’ S wt ~10-'- 10>? in the frequency range considered in this 

work. Then, it can be seen from equations (5) and (6) that the 

intermolecular relaxation will dominate the overall frequency effect. 

This is just what is suggested by our experimental data. 

In fact, our data cannot be reasonably fitted to equation (6) at 

every temperature in the isotropic phase. On the other hand, fitting 

the data with equation (5), gives rather good qualitative agreement 

over the whole frequency range considered in this work, as shown 

in fig. 4 for one particular temperature (T=366K). The straight line in 

fig. 4, as obtained by the least squares method, is given by 

(1/71). = 7.773 — 2.372 x 10-4 wt? (7) 

with a root mean square error 

N 1/2 
e(rms)=[(1/N)E(R—R,)*] = 0.183 s-}, (8) 

1 
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where R=1/T,. So, it is clear that to lowest order in our data 

give 1/T,~ '/?, which is consistent with the predominance of a 

diffusion-controlled relaxation mechanism. 

The next approximation in contrasting our data with theory is 

obtained by introducing a term proportional to w*/?, according to 

eq. (4). In this case we find, by the least squares method, at T=366K: 

(1/T,),,. = 8.879 — 8 012 x 10-4 o1!? + 7,783 x 10-14 31? (9) 
exp 

  

1 : H8.0TP 

hh (sid 

oo T=366 K 

oO 

    
  

  

V2 (MHz 7) 

Fig. 4 — Linear least-squares fit of the data on 1/T, versus f1/2, where f= /25 

eq. (7) in the text. 

with e(r m s)=0.108 s‘. Terms ot higher order in » cannot introduce 

differences outside the experimental error of our measurements, in 

agreement with the foregoing order of magnitude considerations. 

Now, by equating the terms proportional to 1/2 in equations 

(4) and (9) we find: 

D=H1:99 105" em? sot (10) 
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Introducing this value of D in the coefficient of w*/? in eq. (4), 
and assuming some value for <r?>/d?, we find, by comparison 
with eq. (9), 

d<1.35 A (11) 

The value of <r*> cannot be found because the frequency 
independent term in r.h.s. of eq. (9) contains both inter and 
intramolecular contributions, as given by the corresponding terms 

in equations (4) and (6) (and eventually a small contribution from 

other possible mechanisms of relaxation). The separation of these 

frequency-independent contributions to the overall relaxation rate 

would require measurements of T,; on mixture samples prepared 

by progressively diluting completely deuterated H8.OTP with normal 
H8.OTP; unfortunately, deuterated samples of H8.OTP are not avai- 
lable at present. 

5— DISCUSSION OF RESULTS 

Let us now discuss the results obtained in the previous section. 

We have seen that expression (4) fits very well the experimen- 

tal data. However, both the value of D, given by (10), and the value 

of d, given by (11), appear to be rather low. We can reasonably 

expect d=3-—4 A and D=10-* cm? s-!. This value of D is an 
order of magnitude higher than the value found above. Similar discre- 

pancies were found, by several researchers, for liquid crystals formed 

of elongated molecules, e.g. MBBA, between the values of D extracted 

from NMR-T analysis and those measured by direct techniques 

[11-13]. No explanation for these facts has been proposed so far. 

It could be argued that in the general expression for 1/Ti a 

term proportional to w? as predicted by eq.(6) may be non-negli- 

gible, in spite of the considerations about orders of magnitude deve- 

lopped in the preceding section. We have checked this point by 

fitting our data to the theoretical expression as developped to order 

»* and have found that to the accuracy of our data the influence of 

such a term cannot be shown up. 

On the other hand we have tried to fit our data with the full 

expression for 1/T; given by Torrey [7] (after inclusion of the 
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proper weighting of the spectral densities), instead of the approxima- 

tions such as eq. (4) or the equivalent one suggested by Harmon and 

Muller [8]. Figure 5 reproduces two examples of such fittings, where we 

have forced d= 3.65 A, corresponding to the distance of closest 

approach of the discs (molecular cores) in the mesomorphic phase, 

as given by X-ray measurements [5] and semi-empirical calcula- 

tions [14]. In this way we can get results which are physically 

sounder but not yet satisfactory. 

  

Gr 

H8.0TP 
Br 

1 cl =—(s 

i % 6 

QO
 

ff
 

  

ae
)       

f2(MHz2) 

Fig. 5 — Fits of the full theoretical expression for 1/T, given by Torrey [7] (corrected) 

with the data. Solid curve: d? = Sri2 = (3.65 A)2, D= 2.25 X 10-7 cm? s-!. Dashed 

curve: d= 3.65 A, <r2> = (10.9 A)?, D=1 X 10-6 cm? s-!. The r.m.s, errors are 

respectively ¢ (rms) = 0.157 and 0.236 s-t. 

We suggest that the theories proposed so far [7-9] to account for 

the behaviour of the nuclear spin-lattice relaxation by translational 

diffusion do not apply to liquids formed by strong anisometric mole- 

cules, such as liquid crystals (in the isotropic phase), both of the 

calamitic and of the discotic types. We intend to discuss in a future 

publication the corrections to be introduced in the available theories 

in order to render them applicable to these cases too. 
Let us finally remark that the relaxation rate 1/T, varies with tem- 

perature according to an Arrhenius-type law (figure 3), as expected 

from eq. (5), to a good approximation, where 

t=<r§>/6D=+%79 exp (W/kT). 

Portgal. Phys. — Vol. 11, fasc. 3-4, pp. 169-181, 1980 179



  

A. F. Martins et al. — Spin-lattice relaxation in a discotic liquid crystal 

The activation energy, extracted from the least-squares fit in figure 3, 

is W = 4.4 kcal/mole. We did not observe pretransitional effects in 
the temperature range just above Tp. 

6-— CONCLUSION 

This work is, to our knowledge, the first report on the dynamics 

of disc-like molecules, in isotropic and mesomorphic (columnar ) 

phases, as studied by nuclear magnetic relaxation techniques. Our results 

were obtained from measurements on a single material, hexaoctyloxy - 

triphenilene (H8.OTP), but most of them are presumably of general 

interest. Two of these results are particulary remarkable: 

(i) No discontinuity of 1/T, is observed on varying the tempera- 

ture acoss the mesomorphic-isotropic transition point, which is 

interpreted as a consequence of the incapacity of the aliphatic chains 

in the molecule to become significantly ordered on going from the 

isotropic to the mesomorphic state. This behaviour differs from that 

observed with similar chains attached to the rod-like molecules of 

““classic”’ liquid crystals [15]. 

(ii) The proton spin-lattice relaxation rate 1/T, is strongly 

dependent on the Larmor frequency w over the whole temperature 

range covered in our experiments (up to 90K adove the clearing 

point Tp1). The theories of relaxation proposed so far [7-9] hardly 

account for the observed behaviour. The discrepancy should originate 

in the strong anisometric form of the molecules, which couples mole - 

cular rotation to translational diffusion of spins. No short range order 

effects are observed just above Tp;. 

We are indebted to Professor J. M. Araujo, of University of Porto, 

for pointing out a numerical error in the manuscript, and to Dr. Ch. 

Destrade and the chemical group of C.R.P.P., Bordeaux, for the 

preparation of the sample used in this work. The cooperation of 

Mrs.1I.S.Costa is also acknowledged. 
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RESUME — Dans cet article nous passons en revue certaines des propriétés 

physiques du polyacétyléne non dopé et dopé, telles qu’elles ont été étudiées en 

France récemment. Nous insistons en particulier sur certains travaux concernant le 

matériau non dopé (isomérisation, évolution a l'air) qui sont essentiels avant d’abor- 

der l'étude du dopage et de ses conséquences. Les propriétés physiques du polyacé- 

tyléne dopé sont décrites en se limitant 4 quelques cas typiques d’espéces dopantes. 

Nous ne rentrons pas dans le détail des imterprétations théoriques, concernant en 

particulier les propriétés électroniques et magnétiques de ces matériaux, qui sont 

l'objet de profondes controverses. Enfin nous essayons de dégager les caractéristi- 

ques de ces nouveaux matériaux qui permettent d’envisager leur utilisation a des 

fins industrielles. 

ABSTRACT — Some physical properties of doped and undoped polyacetylene, 

(CH), are reviewed, with special emphasis on authors’ recent work in the field. 

Results for che undoped material (isomerization, effect of contac with air, etc.) are 

stressed since they are essential for studying effects of doping. Physical properties of 

doped (CH), are discussed only for a few typical doping agents. No detailed theo- 

retical interpretation of electronic and magnetic properties is presented, given the 

lack of agreement between different approaches. Characteristics of these new mate- 

rials of possible interest for industrial applications are stressed. 
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1— INTRODUCTION 

Le polyacétylene (CH), est surement le plus simple des poly- 

méres organiques. I] présente une alternance de simples et doubles 

liaisons entre atomes de carbone. Le systéme des électrons x est donc 

non saturé et la structure de bande correspondante en fait un maté- 

riau semi-conducteur (fig. 1). Néanmoins, le polyacétylene est fonda- 

& ; 
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HH. H 8 oH 
pee) Wire Seen See eee « oF NE et \o7Ne# NZ 

' i ee eee hae ee 
ah 

%e 
(b) (hm) 

.y 

Pa 

4t, > 

41, -Tr/o i. ee ie) Wea mm * 

ry     
Fig. 1—Le polyacétyléne est constitué d'une chaine hydrocarbonée avec simples et 

doubles liaisons alternées (a). La différences de longueur de ces liaisons en fait un 

systéme semi-conducteur avec une largeur de bande 4t, ~10 eV et un = gap 

4t, ~ 1,4 eV (b). 

mentalement différent des semi-conducteurs organiques classiques, 

comme l’anthracéne, qui sont constitués de molécules en faibles inte- 

ractions. Il est par contre plus proche des semi-conducteurs inorga- 

niques et, comme eux, peut étre dopé avec des ¢lements chimiques 
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donneurs ou accepteurs d’électrons, conduisant 4 une conduction 

électronique de type n ou p. De plus, pour de trés torts taux de 

dopage (supérieur 4 quelques pour cents molaire) on observe un 

comportement quasiment métallique. 

Expérimentalement, le polyacétylene peut étre obtenu sous forme 

de films de grandes surfaces, ce qui en rend l'utilisation particuliére- 

ment aisée. 

Cette possibilité de couvrir une large gamme de comportements 

de pratiquement isolant 4 hautement conducteur (la conductivité est 

alors comparable 4 celle des mauvais métaux), alliée a la simplicité 

de sa synthése, font du polyacétylene un matériau examplaire, tant 

sur le plan fondamental q’appliqué. Son étude passe par diverses 

étapes qui concernent en particulier la caractérisation du matériau 

non dopé, sa stabilité lorsqu’il est soumis 4 diverses contraintes chi- 

miques, mécaniques ou thermiques, la compréhension des mécanismes 

de dopage, etc. 

Ce matériau a fait l’objet, depuis maintenant trois ans, d’un grand 

nombre de travaux, en majorité expérimentaux, qui ont donné lieu a 

plus d’une centaine de publications, parmi lesquelles une dizaine font 

mention d’applications industrielles envisageables [1]. 

Dans cet article, nous voulons faire un bilan de certaines études 

qui ont été entreprises en France, en particulier dans le but de mieux 

comprendre les caractéristiques fondamentales du matériau, et décrire 

les propriétés physiques du polyacétyléne non dopé et dopé, telles 

qu’elles apparaissent lors de l'utilisation de techniques expérimentales 

comme la conductivité électrique, la RPE et la RMN, et les spectros- 

copies infrarouge et Raman. 

2— SYNTHESE ET CARACTERISATION DU (CH), 

La polymérisation de l’acétyléne se fait par une réaction de type 

Ziegler-Natta. Le catalyseur utilisé est un mélange de Ti (OBu), et 

de Al(Et)s en proportion [ Al] /[Ti]= 4, solubilisé dans le toluéne. 

La polymérisation se fait directement par contact du gaz avec la 

surface libre de la solution de catalyseur [2]. On obtient alors un 

film d’épaisseur variable (quelques microns 4 quelques mm dépen- 

dant des conditions de la polymérisation), de couleur brun-noir, et 

d’éclat métallique argenté une fois légérement poli. La surface du 
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film obtenu n’est limitée que par la taille du réacteur de polymérisa- 

tion. On peut donc envisager d’ obtenir des quantités considérables de 

polyacétyléne. Néanmoins la détermination de ses caractéristiques 

physico-chimiques est rendue compliquée par le fait qu’il est inso- 

luble dans tous les solvants connus. Enfin, une fois correctement 

lavé, le polyacétyléne présente un taux de résidus catalytique qui 
peut étre inférieur a 0,1 %. 

H H / 

yx 
u 

——=C C pete 

\; a \, ye 

H H H 

ee Ti Oe oa i ee Phe SN, 

Pik 
b) 

Fig. 2— Géométrie des configurations cis (a) et trans (b) du polyacétyléme. On 

notera un plus haut degré de dégénérescence pour la configuration trans que pour 

la configuration cis. 

Si la polymérisation est faite 4 — 78°C le matériau est de configura- 

tion principalement cis alors qu’a + 150°C il est essentiellement trans 

(fig. 2). On peut identifier ces configurations par des techniques 
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expérimentales comme les spectroscopies Raman [3] et infrarouge [4] 

et la RMN du C a l'état solide. Dans tous les cas, les fréquences des 

vibrations (IR et Raman) ou de la résonance (RMN) dépendent de la 

géométrie de la molécule, et dans le cas de la RMN on a une méthode 

assez fine pour estimer les quantités respectives de cis et de trans [5] 

(figures 3, 4 et 5). 
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Fig. 3— Spectres Raman obtenus avec les configurations cis (a) et trans (b) du 

polyacétyléne. Le degré de pureté structurale est de l’ordre de 96% dans le cas 

du cis et voisin de 100 % dans le cas du trans. 
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Fig. 4 — Spectres infrarouges obtenus dans le cas d'une configuration cis (4 96%) (1) 

et d'une configuration trans (a ~ 100%) (5), ainsi que pour trois situations inter- 

médiaires (2, 3, et 4). 
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Fig. 5 — Spectres obtenus par RMN haute résolution du 18C en abondance naturelle 

dans l'état solide des configurations cis (a) et trans (b) du polyacétyléne. Dans une- 

situation intermédiaire l’intensité relative des deux raies permet d’estimer le rapport 

[cis] / [trans]. 
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Les films de polyacétiléne, observés au microscope électronique 

a balayage, ont un aspect fibrillaire plus ou moins compact (Fig. 6). 

  
Fig. 6— Cliché obtenu au microscope électronique a balayage d'un film de polyacé- 

tyléne, montrant l’aspect fortement inhomogéne du systéme, avec des fibres (€pais- 

seur ~ 200 A, longueur ~ 1000 A) interconnectées les umes aux autres. La nature du 

cliché observé peut varier sensiblement suivant les conditions de la polymérisation 

et la zone observée. 
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Ces fibres qui ont des orientations aléatoires et sont interconnectées 
° 

les unes aux autres ont typiquement quelques centaines d’A d’épais- 
seur pour quelques milliers d’A de long. Sur le plan cristallographique, 
des expériences de diffraction des rayons X ont montré [6] que le 
degré de cristallinité (qui dépend des conditions expérimentales lors 
de la polymérisation) pouvait étre de l’ordre de 80%. Le type de 
structure qui a pu étre déterminé (maille orthorhombique avec huit 
unités CH par maille) conduit 4 un matériau de densité 1,16 gr/cm’ en 
bon accord avec la valeur expérimentale de 1,165 gr/cm*® mesurée 
par une technique de flottation. Néanmoins, du fait de sa nature 
fibrillaire, le ma‘ériau macroscopique a une densité apparente de 
~ 0,4 gr/cm? [1]. 

3 — PROPRIETES PHYSIQUES DU (CH), NON DOPE 

Une caractéristique essentielle du polyacétyléne est la possibilité 
de |’ obtenir dans ses deux formes isomériques cis et trans. La forme 
cis, qui est obtenue par polymérisation 4 -78°C, est instable a plus 
haute température. Tout traitement thermique induit donc une isomé- 
risation vers la configuration trans stable. 

De plus, si ce traitement est fait 4 température assez élevée 
(T>130°C) on assiste 4 une dégradation du polymére qui modifie 
profondément ses caractéristiques. 

a) — Etude de |'isomérisation cis-trans 

La configuration cis obtenue a -78°C est caractérisée par 

l’absence d’électrons non appariés (absence de signal RPE) [7]. 

La structure des raies Raman caractéristiques du cis suggérent que 

l’on a des chaines longues avec une distribution de longueurs assez 

étroite. Ce point a été précisé quantitativement par Shirakawa [8] 

qui aprés hydrogénation du (CH), a mesuré la masse moléculaire du 

matériau soluble obtenu: les chaines auraient en moyenne 600 uni- 
tés (CH). 

Dés que la température est Glevée au dessus de -78°C apparait 

un signal RPE a4 g= 2,0023 (facteur gyromagnétique des électrons 

libres) qui est di a 1’existence d’électrons non appariés sur les 

chaines de (CH),. A température ambiante (20°C) la largeur de la 

raie singulet observée est de 8 gauss et son intensité corresponde 
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a 10'8 spins/ gr. On admet actuellement que ces électrons non appa- 

riés sont liés a l’existence de défauts dans |’ alternance des doubles 

et simples liaisons dans la structure trans (fig. 7) [1]. L’ absence 

be | 
PR a z 

Lo ee 
Fig. 7—Structure du trans-polyacétyléne présentant un défaut (fléche) dans I'alter- 

nance des simples et doubles liaisons. Un tel défaut est électriquement neutre mais 

paramagnétique. 

de structure hyperfine dans le spectre RPE observé indique que de 

tels défauts sont mobiles: l’inverse de la largeur de raie AHpp est 

alors une mesure indirecte de cette mobilité. Plus précisément on 

peut établir la relation suivante [9]: 

AHpp = AD,~"'2 

ou A est un paramétre qui tient compte de |’amplitude des intera- 

ctions entre les électrons non appariés et les spins nucléaires des 

hydrogénes ainsi que des interactions entre ¢lectrons eux-mémes; D | 

est le taux de diffusion de 1’électron non apparié le long d'une 

chaine du polymére. On a donc un effet de rétrécissement par le 

mouvement, d’autant plus important que |’ extension de la conjugai- 

son est grande sur les séquences trans. 

Les mesures en Raman [3] et IR [4] confirment qu’a tempéra- 

ture ambiante 1’ échantillon polymérisé 4 - 78°C est déja partiellement 

isomérisé avec un contenu en trans de ~ 5% (figures 3 et 4), cet 

état étant stationnaire au bout de quelques jours. Ce résultat suggere 

que |’isomérisation cis-trans est un processus progressif qui requiert 

un mouvement d’ensemble des molécules. L’ existence d’ une distri- 

bution des longueurs de chaines ainsi que la possibilité de modifier 

cette distribution au cours du processus (brisures, réticulations, etc) 

rendent la cinétique de celui ci difficile 4 décrire. 
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Au fur et 4 mesure que la température T,, du traitement aug- 
mente, l’isomérisation devient de plus en plus rapide, mais conjoin- 
tement, on doit tenir compte d’une dégradation de plus en plus 
importante du systéme. On distingue globalement trois domaines de 
températures [ 10]: 

a) Te<-~ 180°C. 
L’isomérisation ne peut pas étre compléte, comme le montrent 

les expériences de RPE: la largeur de raie A Hpp décroit bien lorsque 
la température augmente (augmentation de longueur des séquen- 
ces trans, donc de la mobilité des spins observés). Mais AHpp atteint 
aprés un certain temps une valeur constante 4 Ty donnée, cette 
constante pouvant{a nouveau diminuer si Ty, est augmentée (figure 8). 

b) ~ 130°C < Tye < ~ 200°C. 

Dans ces conditions l’isomérisation peut étre totale (dans la 
limite de la précision des mesures), comme le montre |’ indépen- 
dance de AHpp avec Ty; qui atteint sa valeur minimale ~ 0,7 
Gauss (fig. 8). Néanmoins il faut tenir compte d’une dégradation 
de plus en plus efficace. Cette superposition d’une dégradation a 
lisomérisation est clairement mise en évidence par mesures de la 

résistivité électrique p au cours du traitement thermique (figure 9). 

Il apparait clairement un minimum de résistivité pour un temps tmin 

d’autant plus petit que la température est plus élevée [11]. L’isomé- 

risation cis-trans est accompagnée d’une diminution de résistivité 

(Pcis~ 10° Q cm et Ptrans~ 10° Q cm A température ambiante) alors 

que la dégradation provoque une augmentation de résistivité. Le 

minimum de p observé est alors lié 4 une compétition entre ces deux 

processus qui ont des énergies d’activation différentes: 18 kcal/mole 

pour l’isomérisation et ~ 30 kcal/mole pour la dégradation, valeurs 

appoximatives déterminées a partir des cinétiques de variation de la 

resistivité et de la largeur de raie RPE respectivement. La nature de 

la dégradation est difficile 4 préciser, néanmoins on peut invoquer 

l’apparition de réticulations, de brisures de chaines, etc., qui toutes 

ont pour effet de réduire |’ extension de séquences de type trans 

le long d’une chaine. Ce point est rendu particuligrement clair par 

lobservation d’une modification de la structure des raies Raman 

caractéristiques du trans qui indique que pour un temps de traite- 

ment thermique correspondant 4 tnin la longueur des séquences trans 

passe par un maximum [3]. 
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c) Tt > ~ 200°C. 

A de telles températures, si l’isomérisation est trés rapide (quel- 

ques dizaines de secondes suffisent 4 rendre le systeme pratiquement 

trans), la dégradation est trés importante et se manifeste par une 

augmentation rapide et importante de la largeur de raie RPE 

(Fig. 8), de la resistivité (Fig. 9), ainsi que par des modifica- 

AHpp(G) 
  

ter (CH), 

    
100 200 300 T,, (°C) 

Fig. 8— Dépendance de la largeur de raie RPE AHpp (mesurée 4 température 

  

ambiante) avec la température T,, auquel un échantillon cis -(CH), a été soumis pen- 

dant un temps assez long afin d’atteindre un état stationnaire (sauf pour Ty, > 200°C 

ow un état stationnaire n’est jamais atteint). Le comportement observé met clairement 

en évidence trois zones (voir texte): 

a) Ty <130°C, zone d’isomérisation partielle. 

b) 130°C < Ty < 200°C, zone d’isomérisation totale. 

c) Tyy> 200°C, zone ot la dégradation est prépondérante. 
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tions notables de la structure des spectres Infrarouge et Raman. 

Finalement pour des températures supérieures a ~ 325°C, le polyacé- 

tylene se décompose rapidement. 
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Fig. 9 — Dépendance de Ia résistivité p avec le temps t au cours du processus d'iso- 

mérisation induit par un traitement thermique 4 diverses températures. Le minimum 

observé est dai A une compétition entre te processus d'isomérisation (qui fait chuter 

la résistivité) et la dégradation du systéme (qui augmente la résistivité). 
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b) — Conclusion 

Il faut noter que les bornes délimitant les intervalles de Ty, 
ci-dessus, ne sont pas définies de maniére précise et ont été choisies 

principalement d’aprés les résultats obtenus en RPE. Il est évident 

que l’effet induit par la présence de défauts le long des chaines de 

(CH), ne sera pas ressenti avec la méme intensité suivant la tech- 

nique expérimentale utilisée. En particulier, les phénoménes de trans- 

ports qui nécessitent un déplacement de charges a |’échelle macros- 

copique sont trés sensibles a l’existence d’une faible concentration de 

défauts. L’intérét de cette étude de l’isomérisation cis-trans est de 

montrer que le polyacétyléne stable (donc de configuration trans) 

peutétre optimisé par un choix judicieux des conditions de l’isomé- 

risation (température et durée) de maniére A maximiser le contenu 

en trans tout en minimisant la quantité de défauts introduits [11]. 

4.— ACTION D’ESPECES CHIMIQUES DOPANTES 

Il est maintenant bien établi, aprés les travaux de Mac Diarmid 
et Heeger [1] que le polyacétyléne peut étre dopé a l’aide de diverses 
espéces chimiques comme Bre, Iz, AsFs, SbF;, H2SO4, Na, K, ete. 
L’effet le plus spectaculaire observé est alors une diminution consi- 
dérable de la résistivité (jusqu’a ~ 10-* Qcm) pour des taux de dopa- 
ges de 10 4 20% (molaires). Au contraire, une espéce chimique 
comme Oy: cause une augmentation de résistivité des films trans. 
Pour comprendre ces comportements, il faut invoquer, dans certains 
cas, un transfert de charge entre le dopant et la chaine de (CH), ioni- 
sés, dans d’autres cas une liaison covalente (rupture de double liai- 
son) entre le dopant et la chaine carbonée. Les questions principales 

qui se posent a |’ heure actuelle concernent : 

+ la nature exacte de l’espéce chimique dopante au sein du 
matériau. Par exemple dans le cas du dopage avec I, des 
mesures de Raman ont clairement mis en évidence |’ exis- 
tence des espéces I; et I; [12]. La situation est moins 
claire en ce qui concerne les dopages avec AsF’; par exem- 
ple ot les espéces Asks, AsF 3 et AseF,, semblent avoir 

été identifiées [1]. 
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- Lhomogénéité de distribution de l’espece dopante au sein 

du matériau. La situation est rendue compliquée par la 

nature inhomogene du polyacétyléne. Des expériences récen- 

tes de diffusion de l’iode dans (CH), [13] tendent a prou- 

ver que celui-ci pénétre tres peu dans le matériau et reste 

confiné prés de la surface des fibres. 

a) — Influence de I’ oxygéne de I'air 

Toute application du polyacétyléene a des fins industrielles suppose 

a priori, 4 un moment ou 4 un autre, le contact avec |’ air. On recher- 

che done une bonne stabilité du matériau, en particulier soumis a 

V oxygéne de I’ air. 

L’expérience prouve que l’oxygéne induit une détérioration 

notable du matériau: soumis a |’ oxygéne de l’air (1’azote n’ayant, 

lui, aucune influence) |’échantillon voit sa résistivité augmenter [14], 

la longueur des séquences trans diminuer [3] et son aptitude a étre 

dopé (par d’autres espéces chimiques) amoindrie. D’une maniére plus 

précise, l’action de l’oxygene, qui est de briser aléatoirement des 

doubles liaisons C = C, se manifeste différemment sur les isoméres 

cis et trans: 

+ Ence qui concerne la configuration cis, l’oxygéne agit comme 

un catalyseur d’isomérisation vers la configuration trans. Cet 

effet est clairement mis en évidence par spectroscopie Raman 
[3]: deux échantillons cis identiques, conservés plusieurs 

jours a température ambiante, l’un sous vide et l’autre a 

lair voient leurs contenus en trans inchangé pour le premier 

et notablement augmenté pour le second. 

+ Sur la configuration trans l’effet précédent est sans objet, 

mais l’oxygéne agit localement sur la chaine en perturbant 

le systéme des électrons x ce qui se traduit par une diminu- 

tion de la lougueur effective des séquences trans. On observe 

alors une augmentation de la largeur de raie RPE (dimi- 

nution de la mobilité des électrons non appariés) [14] 
et une modification notable de la structure des raies 

Raman [3]. 
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Enfin l’effet de l’oxygéne se manifeste par une détérioration rapide 

des propriétés plastiques du matériau: aprés quelques minutes de 

soumission a l’air celui-ci ne peut plus étre étiré. [1]. 

b) — Influence des espéces dopantes |,, SbF, et CF; SO;sH 

Le contact direct du (CH), cis ou trans avec les phases gazeuses 

ou liquides des espéces chimiques I,, SbF’; et CF,SO,H conduit a 

une augmentation considérabie de la conductivité du matériau qui 

passe de 10° (Qcm)*+ (ou 10° (Qcm)* pour le trans) a environ 

102 (Qcm)-! [15]. Comme dans le cas de l’oxygéne, le dopage du 

cis avec les espéces chimiques ci-dessus induit une isomérisation vers 

l’état trans, quoique moins prononcée. Les taux de dopages maximum 

qui peuvent étre atteints sont de l’ordre de 15 4 25 % (molaire), ces 

taux pouvant subir ensuite des variations considérables suivant le 

traitement qui est soumis a |’échantillon. 
Les variations de la résistivité en fonction de la température 

présentent dans tous les cas un comportement caractéristique d’un 

état semi-couducteur (voir la fig. 10 pour le cas du dopage avec 

SbF). Néanmoins pour les taux de dopage les plus élevés les varia- 

tions observées sont particulitrement faibles et suggérent un état 

quasi métallique. Ceci peut étre mis en évidence de maniére plus 

précise en étudiant la dépendance avec le taux de dopage y de l’énergie 

d’activation E, tirée des lois expérimentales log p fonction de 10°/T. 

On constante que pour y <~ 1%, E, varie rapidement (comporte- 

ment semi-conducteur) alors que pour y > ~ 1%, E, reste pratique- 

ment constant 4 une faible valeur (comportement quasi-métallique). 

On peut donc définir une transition «semi-conducteur — métal» aux 

alentours de y ~ 1%. La méme observation est faite dans le cas du 

dopage a l’iode mais pour y ~ 3% [1]. Comme l’espéce chimique 
dopante dans ce dernier cas a été identifiée comme étant I; on cons- 

tate que dans les deux cas la transition se produit pour ~ 1% de 

porteurs de charges. Ceci montre que cette transition dépend de la 

concentration en porteurs de charge et non de la nature de l’espéce 

chimique dopante. 
En ce qui concerne les propriétés magnétiques on assiste apres 

dopage a une diminution considérable (d’un facteur qui peut aller 

jusqu’'a 10°) de l'intensité du signal RPE, indiquant une chute 

importante de la susceptibilité 4. D’autre part dans le cas non dopé 

% suit une loi de Curie (comportement paramagnétique classique ) 
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alors que pour des taux de dopage importants (Iz ou SbF) la 

susceptibilité plus faible est pratiquement indépendante de la tempéra- 

ture (paramagnétisme de Pauli caractéristisque de l'état métallique) 
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Fig. 10 — Dépendance de la résistivité p avec l'inverse de la température pour (CH) , 

dopé avec SbF, a différents taux de dopage y. On note que pour y > ~ 1% la dépen- 

dance avec T est faible avec une pente pratiquement indépendante de y (comporte- 

ment quasi-métallique). 
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(fig. 11) [16]. Une autre évidence de ce comportement métallique 

apparait au vu de la forme dissymétrique de la raie RPE (forme de 

Dyson) et que l’on rencontre usuellement pour des plaques métalliques 

dont |’épaisseur n'est plus faible devant l’épaisseur de peau [16] [17]. 
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Fig. 11— Dépendance avec T—! de la susceptibilité électronique relative déduite des 

spectres RPE. Alors que la susceptibilité du (CH), non dopé (cis ou trans) suit une 

loi Curie, celle matériau dopé a saturation (régime quasi-métallique) est indépen- 

dante de T (paramagnétisme de Pauli). 

Les especes chimiques dopantes citées ici présentent une stabilité 

plus ou moins grande dans le systeme (CH)x. A température ambiante 
on peut par simple pompage faire chuter la concentration en lode 
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de plus de 20%, indiquant que beaucoup de molécules dopantes sont 
faiblement liées avec le systeme hote. Par traitement thermique on 

peut accélérer le processus de dédopage. A 100°C par exemple le 

dopant Iz a presque enti¢rement disparu du film de (CH) x au bout 

de quelques heures, alors que le dopant SbI’; reste stationnaire 4 une 

concentration de ~ 6% [18]. 

c) — Optimisation de la conductivité électrique 

Au chapitre III était clairement ressorti le rdle important joué 

par la dégradation du (CH), au cours d’un traitement thermique a 

une température supérieure 4 ~ 130°C. Or un tel traitement est 

nécessaire afin de porter le matériau cis dans sa configuration trans 

stable. Apres dopage, on peut alors s’ attendre a ce que la conductivité 

électrique dépende des conditions dans lesquelles l’isomérisation a 

été effectuée. Jusqu’a ce jour, ces conditions, telles qu’ elles sont 

décrites dans la littérature [1], étaient: une ou deux heures de traite- 

ment thermique 4 200°C. Les valeurs de la conductivité étaient alors 

~ 100 4 200 (2cm)- pour un dopage a l’iode par exemple. Nous 

avons montré qu’en utilisant les conditions propres a optimiser 

l isomérisation (150 4 160°C, 30 a 60 minutes) la conductivité aprés 

dopage pouvait étre augmentée d’une facteur 2 a 3 [11]. 

5 — QUELQUES APPLICATIONS DU POLYACETYLENE 

Du fait de ses propriétés mécaniques et électriques, le polyacéty- 

lene a évidemment suscité beaucoup de recherches en vue d’applications 

industrielles. La possibilité de le polymériser en films de grandes 

surfaces est un atout appréciable. 

Des fonctions redresseuses ont été obtenues en dopant deux 

films de (CH) ,, l’un de type n, 1’autre de type p, et en les pressant 

l’un contre |’autre [1]. Néanmoins le systtme obtenu manque de 

stabilité et, par diffusion des dopants entre les fibres, on assiste 4 une 

compensation graduelle. 

Des cellules solaires ont aussi été réalisées, en utilisant le (CH) x 
faiblement dopé comme matériau semi-conducteur, mais les rende- 

ments obtenus ( ~ 2 %) ne sont pas encore assez élevés pour que 

l’on puisse envisager une utilisation 4 grande échelle [1]. 
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Les applications qui sont actuellement développées mettent a 

profit une des caractéristiques les plus spectaculaires du (CH), : son 

énorme surface spécifique qui peut atteindre 100 m?/gr. D’autre 

part, son utilisation comme électrode dans un bain électrolytique 

atténue considérablement le probléme posé par 1|’instabilité a 1’ air. 

Des chercheurs américains ont ainsi pu réaliser des cellules solaires 

photoélectrochimiques [19] ainsi que des microbatteries rechargeables 

de puissances raisonnables [ 20]. 

6 — CONCLUSION 

Beaucoup de résultats obtenus sur le polyacétyléne n’ont pas 

été décrits dans cet article. On en trouvera un bilan a peu pres 

complet et récent dans la référence [1 ]. 
Nous avons voulu ici insister sur les propriétés du polyacétyléne 

non dopé et montrer que celles-ci dépendent beaucoup de I’ «histoire» 

de 1’échantillon: conditions de polymérisation, soumission 4a | air, 

traitement thermique, en particulier. Cette «histoire» de 1’ échantillon 

influe notablement sur les caractéristiques du syst¢me qui est obtenu 

aprés dopage. Ainsi, il est maintenant bien établi que par un choix 

judicieux des conditions de l’isomérisation, on peut optimiser la 

conductivité du matériau dopé. 

Beaucoup de caractéristiques du polyacétyléne rendent délicates 

la confrontation avec d’éventuels modéles théoriques : inhomogénéité, 

semicristallinité, instabilité. Si l’obtention d’un matériau homogeéne, 

stable et cristallin permettrait de mieux comprendre les propriétés 

physiques du polyacétyléne, il n’en reste pas moins que certaines 

caractéristiques du systéme obtenu actuellement, comme la simplicité 

de sa synthése et son énorme surface spécifique, en font un matériau 

de choix en vue d’ applications industrielles. 
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ABSTRACT — Fluorescence and phosphorescence of cumene and of tryptophan in 

rigid matrices of methylcyclohexane and ethanol were measured at 77 K as a function 

of concentration. Efects of photoselection were investigated at various concentrations. 

The results show that the phosphorescence lifetimes and phosphorescence quantum 
yields decrease upon concentration for cumene solutions, in which a correlation was 
established between phosphorescence depolarization and increasing concentration. Phos- 
phorescence decay curves become non-exponential at higer concentrations in the case of 
cumene solutions. 

1— INTRODUCTION 

The understanding of environmental effects on luminescence of 
molecules contained in rigid glasses is fundamental in photophysical 
studies carried out at 77 K. Although phosphorescence spectroscopy 
is a current technique in the study of triplet states of aromatic mole- 
cules, the effects of the glassy media on the measured parameters is 
still open to question [1]. On the other hand, concentration 
effects [2-3] and photoselection [4] can also bring about new 
problems in the interpretation of the spectroscopic results. In the 
present work we have obtained luminescence spectra and phospho- 
rescence lifetimes of isopropylbenzene (cumene) in methylcyclohexane 
and ethanol glasses at 77K, changing the concentration from about 
0.72M down to 7.2 10-4M. Special care was put on the investi- 
gation of the character of the phophorescence decay curves as a 
function of either solute concentration, nature of the glassy envi- 
ronment and wavelength peak emission. 
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For its biological importance the same type of research was 

undertaken with tryptophan solutions. 

The excitation wavelength h.x, was in general 255 nm for 

cumene emission spectra and i,,; = 280 nm for tryptophan. 

2 — EXPERIMENTAL DETAILS   

Fluorescence, phosphorescence and excitation spectra were mea- 

sured in a conventional Perkin-Elmer spectrometer. The changes of 

the degree of polarization, p, for fluorescence and phosphorescence 

were obtained with a proper set of UV polarizers. Under the experi- 

mental conditions used, the value of p is taken [5] as 

Ivy — Iva (lav / Tn) 

Ivy + Iva (lav / Tn) 

  

The subscripts show the orientation of the electric vector (first 
letter) and emission (second letter), V and H representing the vertical 

and horizontal orientations. The expression accounts for the eigenpo- 

larization of the apparatus [6] which under our experimental condi- 
tions is not negligible, particularly over the longer wavelength region. 

The experimental arrangements and nomenclature used for pola- 

rization studies is illustrated in Fig. 1. 

Dried gaseous nitrogen was circulated inside the sample com- 

partment to avoid some possible condensation on the dewar 
walls. Most of the samples were uncracked and transparent at 77K 

although this is not always the case at higher concentrations, in 

which signs of turbidity were apparent. Fast-cooled and slow- 

-cooled samples did not produce any appreciable alteration on the 

measured photophysical parameters. Further details of the experi- 

mental procedure used for phosphorescence measurements were pre~ 

viously reported [3]. 

38— RESULTS AND DISCUSSION 

The kinetic scheme for the most probable unimolecular pro- 

cesses taking place after the excitation of the molecule can be 

written as follows: 
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Process Rate parameter 

Fluorescence "M*—'M+hvyy Kepu 

Internal conversion ‘mM*—'M Kem 

Intersystem crossing ™*—*°mM* Koy 

Phosphorescence °>M*—+'M+hyv PT Kpr 

Intersystem crossing °M*—'M Ker 

    

  

                
  

Fig. 1— Experimental arrangement of the cell compartment for the measurement of 

polarization luminescence spectra; 1-excitation beam; 2-emission beam; 3-polarizer; 

4-quartz dewar; 5-liquid nitrogen; 6-quartz cell; V-vertical orientation of the electric 

vector, E; H-horizontal orientation. 
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The notation used follows the one generally accepted in Organic 

Luminescence for characterizing the electronic and spin states [ 7-9 ]. 

An example of fluorescence and phophorescence spectra of 

cumene in methyleyclohexane (7.2 10°-*M) in shown in Fig. 2, 

  

    

  
        Pa eee 

250 300 350 400 Kien 
  

Fig. 2— Fluorescence and phosphorescence spectra of cumene in methylcyclohexane 

(7.2 X 10-4M) at 77K. 

obtained from a transparent sample, without polarizers. Phosphores- 
cence spectra of the same sample, obtained with the various orien- 

tations of both polarizers, are presented in Fig. 3. From the spectra 
one can conlude that photoselection is not negligible for randomly 

orientated molecules at 77 kk. This implies that the experimental ratio 

of the phosphorescence quantum yield to fluorescence quantum yield, 
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L=$ p/@py,) measured from spectra obtained without polarizers, 

can, in fact, introduce some errors as pointed out before [4], [10]. 

Experimental arrangements to correct for emission anisotropy are, in 

general, quite complicated for studies carried out at 77K with glassy 

  

      eA {23% 

340 360 B00: << Rows 
Fig. 3 — Phosphorescence spectra of cumene in methylcyclohexane (7.2 X 10-*M) for 

various orientations of the polarizers: HV(—); HH(--.); VH(- .-); VV(--). 

  

solvents [10]. It is therefore advisable to get the correct luminescence 

values of I yy and I yy fora proper interpretation of the % values obtained. 

Results obtained for cumene solutions in ethanol are listed in 

Table I. The reported values of phosphorescence litetimes, 7, are 

averages obtained from various recorded decays. The majority of 

log plots are exponential after the initial intensity has dropped about 
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TABLE I —Experimental values of % , tp and 4/tp of cumene solutions in ethanol, 

at various concentrations. 

  

  

G (M) % tps) L/tp (87!) 

7.2 ~0.1 ms = 
3.6 ~0,1 2.0 = 
0.72 0.44 4.0 0.11 
0.36 0.56 6.5 .09 
0.14 0.90 7.1 13 

7.2% 10-2 0.94 7.2 (Xem = 876 nm) +18 
7.3 (Xem = 342 nm) 0.13 
7.0 (A em = 862 nm) 

7.2% 19-8 1.02 7.5 
7.2 >< 10-4 0.96 7.5       
  

10-20%. The reproducibility of values is withint+0.2s. Phos- 
phorescence lifetimes are independent of emission wavelength, \em, 

as seen in Table I for 7.2 x 10~-? solutions. In the remaining cases 

the t, values are obtained at 4... = 376 nm for cumene solutions. 

In table Il we show the values of % ratios and of t,, measured for 

cumene solutions in methylcyclohexane, as a function of concentra- 

TABLE II — Experimental values of X% and tp of cumene solutions in ethanol, at 

various concentrations, without polarizers and with polarizers. 

  

  

c (M) x Tp(s) Tp(s) 
without polarizers with polarizers 

0.72 0.41 VH-2.8 

HV-2.8 

VV -2.9 
0.14 0.70 5.0 (hem= 342 nm) HH-2.8 

5.1 (hem= 362 nm) 
5.6 (Aem= 376 nm) 

7,.2> 10-2 0.74 5.9 

7.2>10-3 0.73 5.9 

7.2>< 10-4 0.73 6.0 HH-6.0 

VH-6.0 

VV-5.9 

HV-6.0       
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tion. Results of +, obtained with and without polarizers and at 

various \en, Show no major differences, at a common concentration. 
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Fig. 4 — Experimental values of % and tp as a function of concentration; a — tryptophan 

in ethanol; b—cumene in methylcyclohexane; c—cumene in ethanol; (0) repre- 

sent L/tp . 

The results obtained for 4,7, and 4/7, are summarized in Fig. 4 

for tryptophan and cumene solutions, at various concentrations. 
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Values of +, at higher concentrations are of difficult assessment 

in our experimental set up. A proper phosphoroscope is being cons- 

tructed in our laboratory for suitable measurements of lifetimes in 
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Fig. 5— Values of luminescence polarization, p, vs concentration; a— tryptophan 

in ethanol, Aex = 280 nm,Aem== 311 nm (¢) andrem—= 404 nm (4); b—cumene 

in ethanol, }ex = 260 nm, %em = 274 nm (¢) andrAem— 362 nm (4); c—the same 

as b, for cumene in methylcyclohexane. 

the milisecond region. However we were able to demonstrate that a 

decrease of t,, Opry and exponentiality of the decays is taking place 
at higher solute concentrations. 
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The concentration variation of polarization of the same sys- 

tems are presented in Fig. 5. The values were obtained upon well 

defined emission bands with weak vibrational overlap. Careful mea- 

  

  

      | { ! ! 

  0 5 10 15 20 t(S) 

of cumene in ethanol; (0) 7.2 X 10-4M; 

(¢) 7.2 X 10-8M; (4) 0.36M; (* ) 0.72M; Ip = 1C0 is a commen value io all the decays. 

Fig. 6— Phosphorescence log decays 

surements must be taken to ensure good reproducibility during the 

period of a series of experiments. :It was advisable to measure conse- 

cutively the luminescence from the various orientations (for exam- 

ple Ivy, Ivu, Inv, Inn, and then to check again Iyy) to be sure 
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that any alteration had occurred. We can see from Fig. 5 that fluo- 

rescence displays a typical <in plane» polarization while an «out of 

  

      ! ! ! | i 

0 a 10 15 20 t(s) 
  

Fig. 7 — Phosphorescence log decays of cumene in methylcyclohexane; (4) 7.2 X 10-4M; 

(0) 7.2 X 10-2M; (A)0.14M; (*)0.72M; Ip=100 is a common value to all 

the decays. 

plane» character is found for phosphorescence. Hower this negative 

polarization for phosphorescence disappears at higher concentrations 

in cumene solutions. 
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It is interesting to note that the correlation of phosphorescence 

depolarization upon concentration is accompanied by an increase of 

the non-exponential behaviour of the respective decay curves. 

  

enn 
pe 

i i, 

E Ne 

ee 
10 | a 

8 ' = 

    | ! | | | 

0 5 10 15 20 tts.) 
  

Fig. 8— Phosphorescence log decays of tryptophan in ethanol; (¢) 5 X 10-°M; 

(0) 1X 10-4M; (X) 1 X 10-8M. 

The character of the various decays as a function of concen- 

tration was investigated for cumene in ethanol, cumene in methylcy- 

clohexane and tryptophan in ethanol as shown, respectively, in Figu- 
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res 6, 7 and 8. The decays displayed at different orientations of the 

polarizers, for a dilute solution of cumene in methylcyclohexane, show 
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Fig. 9 — Phosphorescence log decays of cumene in methylcyclohexane (7.2 X 10-*M) 

at various orientations of the polarizers. HH(*); VH(* ); HV(0); VV(+); Ip = 100 

is common to all the decays. 

the same type of behaviour, as illustrated in Fig. 9, One can conclude 

that the degree of polarization does not change during the phospho- 

rescence decay. 
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The results of Table I, Table II and Fig. 4 show, for cumene 

solutions, that not only +, and 4 decrease upon concentration but 

the same happens to /4/7+,. Moreover the phosphorescence intensity 

drops down to zero at higher concentration. Similar results have 

been reported with benzene and benzene derivatives [3], [11-12]. 

In the absence of further deexcitation processes of 'M* and >u* 

the ratio % is given by 

4=Kym Kpr Tp Kru 

and the results would indicate that either Kyu, Kpy or Kym could 

change upon concentration. An increase in the measured fluores- 

cence quantum yield, ¢ym, vs concentration was reported{[11] for a 

single crystal of benzene but the results obtained require a cautious 

interpretation. It should be said that an increase of gym with a 

decrease of temperature, as found in benzene, is in good agreement 

with a similar variation of fluorescence lifetime, ty, vs tempera- 

ture [13], which implies that Kr» is practically constant with tempe- 

rature, except for its variation due to refractive index differen- 

ces [14]. On the other hand our results have shown that the 

ratio 4 does not represent the true ratio of phosphorescence to fluo- 

rescence yields, due to the fact that a different set of photoselected 

molecules is viewed from samples with different concentrations. 

Furthermore the values of t, at higher concentrations do not repre- 

sent a single exponential decay in the case of cumene solutions. 

It should be noted that the results obtained for tryptophan solutions 

show that both 4 and +, are unchanged with concentration and that 

the phosphorescence decays are all exponential. However the fact 

that concentrations used are much lower (10-* M to 10-°M) could 

explain the absence of concentration effects on % and 7+, of this 

molecule. This is also true for the polarization results presented in 

Fig. 9. We can see that p is relatively constant for both fluorescence 

and phosphorescence of tryptophan solutions (10-°M—10-°M), while, 

for cumene, a depolarization is taking place when concentration 

increases. 

Concentration depolarization of phosphorescence has been 

reported elsewhere [15] for other aromatic molecules, in which 

the results could be attributed to a triplet-triplet energy transfer 

mechanism. 
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Some general conclusions can already be drawn from the results 

obtained although a proper kinetic analysis is complex and would 

need further studies at higher concentrations, including 100% solu- 

tions. The results illustrate that both concentration and environmental 

characteristics change considerably the behaviour for the emiting 

triplet of cumene. This is not the case of tryptophan solutions under 

our experimental conditions. For that reason we refer our conclusions 

to cumene results. Phosphorescence lifetimes and triplet decay curves 

are strongly dependent on concentration and, at a given concentra- 

tion, they are also influenced by the solvent environment. 

Very dilute solutions show a single exponential decay of the 

phosphorescent molecules in ethanol matrices, while in methylcy- 

clohexane the decay deviates from exponentiality at the same concen- 

tration. On the other hand, the triplet is long lived in ethanol when 

compared to methylcyclohexane. This is probably due to differences 

of viscosity and or structure of the glasses. The results are compa- 

tible with the existence of other (or others) deexcitation channel apart 

from the usual unimolecular processes. As a matter of fact it seems 

reasonable to accept that Kyu, Ker, Kgr and Kym do not depend 

strongly on the environment, at 77K. Triplet- triplet migration at 

higher concentrations could well explain both the triplet quenching 

and luminescence depolarization. However one can not neglect the 

possibility of the existence of agregation of cumene molecules into 

microcrystalline regions in which excitonic migration can occur, thus 

reducing the phosphorescence signal. This hypothesis is also consis- 

tent with the non-exponential behaviour of the decays at higher 

concentrations for which phosphorescence could occur from molecules 

trapped in non-equivalent sites. 

This possibility is in good agreement with the experimental dete- 

ction of delayed fluorescence in benzene and toluene solid solutions 
[3] with a suitable phosphoroscope. Broadening of the phosphores- 

cence spectra with increasing concentration, as found in the present 

work, is also compatible with emission arising from microcrystalline 

regions. 
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STRUCTURAL ANALYSIS OF LAVES PHASES WITH Ti 

M. J. M. DE AtmempDA, M. M. R. Costa, L. ALTE DA VEIGA, 

L. R. ANDRADE and A. Matos BEJA 

Grupo de Estruturas dos Materiais, FC1, INIC, Departamento de Fisica, 

3000 Coimbra, Portugal 
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ABSTRACT — The atomic structure of the Laves phases TiFe, and TiMn, has 

been refined by X-ray diffraction from single crystals. The interatomic distances have 

been calculated and discussed in terms of the contraction of atoms in these struc- 

tures. 

1— INTRODUCTION 

A detailed description of the structures of the Laves phases has 

been given by Sinha [1] based on the original work of Laves and 

Witte [2]. 
These phases have generally a stoichiometric composition ABs 

and the closest packing of the constituent atoms occurs when the 

ratio of their atomic radii, R,/Rgx, , is 1.225. If we consider that two 

atoms make a ‘contact’ when their interatomic distance is smaller 

than the sum of the corresponding atomic radii, then, under the above 
conditions, only A- A and B-B contacts are possible. 

However, several binary alloys with a Laves phase structure 

for which R,/R,y deviates from that ideal value have been found, 

Ra/Rxg varying between 1.05 and 1.68. In these cases, adjustments 

in the atomic dimensions can be observed, so as to preserve the clo- 

sest possible packing of the atoms in the structure; these can possibly 

be attributed to changes in the valences of the constituent elements. 

Thus, when R,4/Rp> 1.225 the A atom and hence the interatomic 

distance A- A undergo an apparent contraction [3]. In some of these 

Laves phases Pearson [4] has observed the occurrence not only of 
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A-A and B-B but also of A-B contacts. When Ra/R x < 1.225, B-B 

contacts are predominant. 

Values of R4/Rz» favouring the structure of the Laves phases 

occur frequently when A is a transition metal to the left of chromium 

in the periodic table and B is an element to the right of this metal, 
either in the same or in a different series. 

The structural study of three Laves phases, TiMn2, TiFes and 

TiCoz was undertaken in this Laboratory. In the present paper the 

results obtained by X-ray diffraction for the two first alloys are 

reported. The aim of this work is the accurate determination of inter- 

atomic distances and the analysis of their variation in a set of AB, 

alloys whose B atom varies along a transition series in the periodic table. 

2— EXPERIMENTAL   

The Laves phases are homogenous over the ranges 22.5-—35 0 

at % Ti (Murakami et al, [5]) and 31.6-42.0 at% Ti (Murakami et 

al., [6]), respectively. 

Both phases have the MgZne (C14) hexagonal type structure. 

Ingots of TiFes and TiMng, containing both 33.33 at % Ti were kindly 

supplied by Dr. M. Nevitt, Argonne National Laboratory, Illinois, 

WS, Biss 

Single crystals of TiFe: and TiMn» with regular shape and dimen- 

sions of the order of 0.2 and 0.4 mm, respectively, were selected 

for the subsequent diffraction experiments. 
The lattice parameters obtained by the method of Farquhar and 

Lipson [7] for the specimen of TiFe: are: 

a=4.7942+0.0003 A c=7,8238+0.00083A c/a—1.632 

Measurements of the lattice parameters of both crystals were 

carried out in an automatic 4-circle diffractometer, yielding the results: 

TiFe a=4.7870+0.0004A c=7,815040.0007A c/a=1.633 

TiMn,: a=4.8310+0.0005A c=7.9390+0.0008A c/a=1,643 

No reason could be found for the significant difference in the 

lattice parameters of TiFe. obtained by the two methods. 

220 Portgal. Phys. — Vol. 11, fasc. 3-4; pp. 219-227, 1980



M. J. M. ve ALMEIDA et al — Structural analysis of Laves phases with Ti 

A preliminary study of both structures, based on Laue and oscil- 

lation photographs, has justified the choice of the spatial group 

P6,/mme attributed to both structures; this is in agreement with 

previous investigations (Wallbaum, [8]; Duwez and Taylor, [9]). 

The integrated intensities of a large number of reflections from 

both crystals were collected, using filtered Mo-Ka radiation, on a 

Philips automatic diffractometer of the Instituto de Quimica- Fisica 
« Rocasolano » of the Consejo Superior de Investigaciones Cientificas, 

Madrid (Spain ). 

A set of independent Ok.1 reflections from either crystal out to 

(sin 6)/A=1.15 A~ were selected; of these, approximately 100 from 

TiFes and 86 from TiMne, for which F, > 3¢f, were used in subsequent 

structure refinements, F,and cy, standing for the observed structure 

factor amplitude and the corresponding standard deviation. 

3 — STRUCTURE REFINEMENT 

The atomic positions in the hexagonal unit cell of the C14 type 

of structure can be determined using the reflection intensities from 

the zero layer line of the [21.0] projection. 

For simplicity, a non-primitive orthorhombic unit cell with 

dimensions a, aV3 and c was chosen, which is equivalent to the 

primitive hexagonal cell; hence, the hexagonal indices Ok.l were 

transformed into orthorhombic indices, 0 2k 1. 

The reflection intensities were corrected in the usual way for 

Lorentz and polarization factors. Allowance was made for the reso- 

lution of the a; a, doublet by scaling observed and calculated struc- 

ture factor amplitudes, F, and F,, in regions of (sin 6) /. This proce- 

dure also takes into account the variation of absorption in the crystal: 

owing to the regular shape and small dimensions of both TiFee and 

TiMne specimens no further absorption correction was applied. 

Atomic scattering factors were calculated from the set of analy- 

tical constants given by Forsyth and Wells [10] for Fe, Ti* 
and Mn’*. 

The refinement of atomic and temperature parameters was based 

on two-dimensional Fourier syntheses, (F,—F.); the atomic para- 

meters x and z known for the MgZng structure were initially postu- 

lated in both cases. The final stages of the refinement will now be 

described for TiFe: and TiMng separately. 
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TiFe:; 

An isotropic temperature factor, B=0.439, obtained by the 

Wilson method, was used for the calculation of F, in the first Fou- 

rier syntheses. The refinement of this factor was carried out in the 

following way: values of B, varying between 0.3 and 0.5 were attri- 

buted to the iron and titanium atoms separately, while the atomic 

parameters were kept fixed. The best difference maps and lowest 

R-factors were obtained for the value initially postulated for B. 
In the final stages of the refinement, extinction was found to 

affect two of the strongest reflections, namely 400 and 401. An empi- 

rical extinction correction (Damjanovick and Black, [11]) was applied. 

The Fourier difference maps did not evidence any significant alteration 

and the R- factor decreased from 0.054 to 0.052. 

The final values of the atomic parameters, their standard devia- 

tions and temperature factors are shown in table 1, together with 

the corresponding R- factor. Figures 1(a) and 1(b) show the final 

F, and (F,-F,) maps. 

Table 1— Atomic parameters and their standard deviations, temperature factors and 

R-factors for the structures TiFe, and TiMn,,. 

  

  

            

Position Atom MgZng (AB) TiFeo (AB2) TiMny (AR_) 

2 (a) (0,0, 0) B = a -_ 

6 (h) (X,2X,1/4) B 0.1667 0.1710 +0,0002 | 0.1701 +0.0004 

4 (f) (1/3,2/3,2) A 0.0625 0.0640 + 0.0008 | 0.0642 +0.0005 

Bri= 0.489 Bri=0.50 

Bre = 0.439 Bun = 0.30 

R= 0.052 R=0.051 

TiMa, 

An isotropic temperature factor, B = 0.4, was initially used in the 

calculation of F,. The Fourier difference maps were found to be 

sensitive to variations of this value, and suggested the use of 

different temperature factors for Ti and Mn, 
No extinction correction was applied to the reflection intensities, 

since the observed structure amplitudes, F., were not significantly 

lower than the corresponding F,, even for the strongest reflections. 

The refined atomic parameters, their standard deviations and the 

temperature factors, as well as the corresponding R- factor, are listed in 

table 1. Figures 2 (a) and 2(b) show the final F, and (F,-F) maps. 
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Fig. 2— Fourier syntheses for the [210] projection of TiMn,. 
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4-—CONCLUSIONS 

The atomic radii of the constituents of binary transition metal 

alloys with the MgZnz type structure are in general markedly diffe- 

rent. This fact, together with the occurrence of compositions very 

close to the stoichiometry, suggests that these structures should be 

fully ordered; the lack of experimental results confirming such con- 

clusion has been pointed out by Sinha [1]. 
The order of magnitude of the reliability factors, as well as the 

Fourier maps obtained in the present work show that complete 

ordering occurs in the case of TiFe2 and TiMne. 

Analysis of table 1 shows that the atomic parameters x and z 

obtained for the two alloys deviate, beyond the error limits, from the 

ideal values, 1/6 and 1/16 respectively, in these structures. 

In the case of TiFes the present results agree, within the experi- 

mental uncertainty, with those determined by Briickner et al. [12]. 

Their results were obtained by powder neutron diffraction from the 

observed intensities of 13 reflections and the composition of the speci- 

men used was not stoichiometric. It should be pointed out that a 

considerably smaller standard deviation for the z-parameter is given 

in the present work. 
The ratio Ra/ Rs for the two alloys, Tife2 and TiMn», are respe- 

ctively 1.14 and 1.115. Two distinct values were found for the inte- 

ratomic distance A- A (Ti-Ti), as well as for the B-B distance (Fe- Fe 

or Mn-Mn), as can be seen in table 2. This has already been pointed 

Table 2—Interatomic distances in the Laves phases TiFe, and TiMn,. 

  

  

  

          
  

Distances Other 

Position Atom Neighbours ighb 

TiFey (AB,) | ‘TiMng (ABy) Gaiagaed 

f A (Ti) if 2,939 2.950 EOE 

LE 2.907 2.970 

3h 2 799 2.844 2a,la 

6h 2.783 2.830 

a B 6h 2.414 2.442 6f 

h B 2h 2.336 2,366 6f,2a 

Of, 2f,2f 

Ti Fe Mn 
Atomic radii (CN12) 

1.45 1.27 1,30 
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out for other Laves phases when the axial ratio deviates from 1.63. 

One of the two Ti-Ti interatomic distances only depends on c and z 

whereas the calculation of the other involves, besides the z- coordinate, 

both lattice parameters a and c. The z- parameter is the same for both 

structures, within the experimental error; hence the difference between 

Ti-Ti distances, which occurs in TiFe2 and in TiMng, should be 

attributed to their significantly different lattice parameters a and c. 

The calculated contraction of the B-B interatomic distance based 

on the structure geometry and on the parameters a and c known fora 

large number of C14 Laves phases decreases with increasing Ra Rg. 

When these contractions are plotted against the atomic radii they 

fall on a band with a well defined slope (Nevitt, [3], fig. 15). If the 
B-B contraction were determined by geometrical factors only, the 

mentioned values should fall on a straight line intersecting the 

horizontal axis at Ra/Rg = 1.225. 

Plotting, as above, the contractions of the distances Fe-Fe and 

Mn-Mn calculated from the results shown in table 2, they fall well above 

that straight line; this indicates an additional contraction of the Fe 

and Mn atoms, which cannot be attributed to geometrical factors. 

Furthermore, this contribution is not the same in the two alloys, but 

appears to decrease with increasing atomic number of the B element 

(5.1% and 7.8% for the two Fe-Fe distances; 6.1% and 8.8% for 

the two Mn-Mn distances ). 

Berry and Raynor [13] suggested that an additional contraction 

dependent on the position of B in the periodic table, and hence on 

its electronic configuration, can occur in some Laves phases (ABe) 

as a result of an interaction between A and B atoms. 

The contractions observed in both TiFe2 and TiMns alloys appear 

to contirm the above assumption; furthermore, they indicate that the 

contraction associated with the B element decreases with increasing 

number of 3d electrons. Since cobalt follows manganese and iron 

along the same transition series the study of the TiCoe structure 

would be of great interest. 

We would like to thank Prof. S. Garcia- Blanco and Prof. S. Mar- 

tinez-Carrera of “Instituto de Quimica-Fisica Rocasolano, Consejo 

Superior de Investigaciones Cientificas”, Madrid, Spain, for the provi- 

sion of facilities on the automatic diffractometer and processing of 

the data. 
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