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Nuclear-quadrupole-resonance (NQR) measurements of the spin-lattice relaxation rate (T';!) for
the halide nuclei in the praseodymium trihalides PrCl; and PrBr; are reported. They provide a
significant test of the dynamical properties of the one-dimensional (1D) XY model as predicted
within the Kubo linear-response regime. Measurements of **Cl T{! values in PrCl; and "Br and
81Br T ! values in PrBr; have been made in the millikelvin temperature range where the 1D dynam-
ical effects are enhanced. The data are shown to be in agreement with the predictions of a relaxa-
tion theory for a magnetic interaction, the theory is based on a rigorous treatment of the longitudi-
nal dynamical correlation function (S;"(#)S;(0)) of the electronic pseudospins S™ associated with
the crystalline electric-field ground states. The fits to the data yield reasonable values for the
hyperfine-interaction parameters 4 and the exchange integrals J /kj.

I. INTRODUCTION

The XY model is of particular interest in the study of
one-dimensional (1D) spin systems because it can be
treated rigorously and because it represents a good start-
ing approximation to other cases such as the isotropic
Heisenberg model. Many of the properties of the model
system have been calculated! ~¢ and can, in principle, be
compared with experiment. The difficulty is that very
few physical realizations of the XY chain have been
identified. The praseodymium trihalides, PrX,;, are
among the best candidate crystals available.

The crystal structure of PrX; is shown in Fig. 1. The
Pr ions form linear chains along the hexagonal crystal
axes. Each X ion has three nearest-neighbor Pr ions.
Electron-paramagnetic-resonance (EPR) measurements’®
of Pr pairs in LaCl; showed that the dominant Pr-Pr in-
teraction is between nearest neighbors along the hexago-
nal axes. The symmetry at a Pr-ion site is C3,. The crys-
talline electric-field splitting® of the 4f 2*H, multiplet re-
sults in a non-Kramers ground-state doublet I's.’% As a
result!! the magnetic moment is parallel to the hexagonal
axis and is rather small, giving a small S:S/*/ magnetic
dipolar interaction. However, there is a strong coupling
of the Pr doublets to E-symmetry transverse distortions,
giving rise to a large XY interaction in an effective S =1
pseudospin representation which can be regarded as an
antiferroelectric Jahn-Teller coupling.!? The Hamiltoni-
an describing the Pr-Pr interactions can therefore be
written as

Hyp=TU(SISIY 4808, 4T, S1S1
with J; /J, <<1. The Pr-Pr interaction in the praseodym-

43

ium trihalides is therefore a good approximation to the
XY model.

PrCl; has been the subject of numerous experimental
investigations. Heat capacity and magnetic and electric
susceptibility data'>”!* showed broad peaks near 1 K
characteristic of 1D ordering and these features are well
accounted for by the predictions of the XY model. A
phase transition is observed at 0.4 K. Nuclear-
quadrupole-resonance (NQR) results!® provided con-
clusive evidence for a structural rather than a magnetic
transition. The transition has been interpreted as a

FIG. 1. Crystal structure of PrX;. The small and large cir-
cles denote Pr ions and X ions, respectively. Prions 1, 2, and 3
are nearest neighbors to the labeled X ion. The dashed lines in-
dicate a unit cell.
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cooperative Jahn-Teller transition to a 3D antiferroelec-
tric ordered state!> which has been predicted to be a
Peierls dimerization.!®

Electric susceptibility measurements!'” on PrBr; sug-
gest that its low-temperature behavior is also that of a 1D
XY chain.

A few experimental investigations of the dynamical
properties of the XY chains in PrCl; have been reported
and found to be in agreement with the theoretical predic-
tions. Infrared absorption measurements'® yielded a peak
due to absorption by k =0 spin excitations, and electronic
Raman scattering line shapes!® were measured and found
to be in agreement with the theory.

NQR is an important technique for the study of spin
dynamics in these 1D systems. The dynamical longitudi-
nal properties of the 1D XY model have been obtained by
Katsura, Horiguchi, and Suzuki’ using the two-time
Green-function method within the Kubo linear-response
regime. An equivalent treatment has been given by
Niemeijer.® The fact that the longitudinal dynamical
correlation function {.S/"(¢)S](0)) is rigorously known at
all temperatures permits a theoretical prediction of the X
nuclear spin relaxation rate (7'; !) as a function of tem-
perature. The first 7'; ! data reported?® were for the 3Cl
nuclei in PrCl;. They were analyzed in terms of a nuclear
relaxation theory developed by Moriya.?! The analysis
yielded a value for the exchange integral J /ky (J=J ) of
less than 0.9 K, inconsistent with the values obtained
from specific-heat and susceptibility measurements.
These data were subsequently reanalyzed?’ using the
equations of Katsura, Horiguchi, and Suzuki.® The re-
sults were inconclusive due to the large scatter associated
with the experimental data, but it seemed unlikely that
they could be explained using a reasonable value for the
parameter J.

In Sec. II we present new °Cl NQR T';! data for
PrCl, taken in the 1D regime; we also present °Br and
81Br T, ! data for PrBr;. Each data set is compared with
theoretical calculations in Sec. III. The paper concludes
with a brief summary in Sec. IV.

II. EXPERIMENTAL

The samples of PrCl; and PrBr;, consisting of an as-
sortment of small single crystals, were obtained from D.
R. Taylor, Queen’s University, Kingston, Ontario. They
were identified by their characteristic halide NQR fre-
quencies. The samples were placed in Pyrex cylinders
and stored in an inert atmosphere. Liquid helium was in-
troduced into the sample tubes before the experiments
and maintained in the tubes during the experiments to
ensure good thermal contact between the single crystals
and their surroundings.

An Oxford Instrument 200-uW dilution refrigerator
was used to obtain the millikelvin temperatures required
for the experiments. The coaxial cable used as the 1f
transmission line between the sample coil and the tuning
circuit on top of the cryostat was a cyrogenic 50-()
semirigid (model UT T-85-SS-SS) cable manufactured by
Micro Coax Components, Inc. Both inner and outer con-
ductors were of stainless steel. Care was taken to
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thermally anchor the coaxial cable to the 4.2-K pot in the
dilution refrigerator.

The NQR T; ! measurements were taken using a con-
ventional NMR pulsed spectrometer. The NQR frequen-
cies at 4.2 K were 4.5667 MHz for the *Cl resonance,
30.747 MHz for the ¥'Br resonance, and 36.802 MHz for
the ”Br resonance. The resonance frequencies were
essentially temperature independent over the temperature
range of the experiments. The pulse sequences were gen-
erated by a PULS-kit unit and signal averaging was per-
formed by a SA-kit unit; both units were manufactured
by Tecmag, Inc. A Tecmag software package named
MACNMR was used to control the NQR experiments. The
actual rf pulses were created by gating the output of a
Fluke 616B synthesizer, which was then amplified by an
Amplifier Research 200L power amplifier. The NQR sig-
nals from the sample coil were amplified by a two-stage
5-500 MHz Avantek UTO-517 broadband amplifier. The
amplified signals were detected in phase quadrature, digi-
tized and averaged, and subsequently analyzed using a
Macintosh IT computer.

The pulse sequence used to measure the 77! values
was a 7/2-7-m/2 sequence. Since rf heating of the sam-
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FIG. 2. Magnetization recovery curves for (a) the 3*Cl reso-
nance in PrCl; at 2.4 K and (b) the ®'Br resonance in PrBr; at
2.4 K.
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FIG. 3. The temperature dependence of T ' for *°Cl in
PrCl;. The symbols O are experimental data. The solid line is
the theoretical prediction for J /kz=2.2 K.

ple was an important consideration, this pulse sequence,
with an appropriate repetition rate, was chosen to mini-
mize the heat input. A typical 7 /2 pulse length for PrCl,
was 17 us, and for PrBr; was 5.5 us.

Typical magnetization recovery curves are shown in
Fig. 2; (a) shows the **Cl magnetization recovery in PrCl,
at 2.4 K, and (b) the ®'Br magnetization recovery in
PrBr;. In each case the recovery is exponential as expect-
ed for a spin-2 NQR system. Note that the recovery of
the 3'Br magnetization is an order of magnitude faster
than the recovery of the *°Cl magnetization. This result
reflects the much larger quadrupole coupling constant for
81Br as compared to 3°Cl. Note that the 8'Br data show
less scatter than the 3°Cl data because of the better
signal-to-noise ratio at the higher 8!Br frequency. The
spin-lattice-relaxation time (7', ) is obtained directly from
the slope of the straight lines in this type of semiloga-
rithmic plot; 77! is the reciprocal of T;. The statistical
error associated with the determination of the T; ! values

1.6
.’;T\ 1.2
0
E
o8t 81pr

s+ 7Br
X a® 1 1 1
0'40 0.8 1.6 2.4 3.2

Temperature (K)

FIG. 4. The temperature dependence of T{' for Br and
81Br in PrBr;. The symbols /A, X are experimental data. The
solid lines are the theoretical predictions for J /kp =2.35 K.
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is about 5% for PrCl; and 3% for PrBr;.

The temperature dependence of T'{ ! for the 3°Cl reso-
nance in PrCl; is shown in Fig. 3. The results are con-
sistent with those previously reported?® but the scatter is
significantly less. For the earlier data the statistical
scatter is > 10%.

The temperature dependencies of 77! for the "Br and
81Br resonances in PrBr; are shown in Fig. 4. We note
the following: (a) The results are qualitatively similar to
those of Fig. 3; (b) the ¥'Br data lie above the "°Br data.
The second observation is a dramatic illustration that the
nuclear spin-lattice relaxation is dominated by the mag-
netic dipole interaction and not by the electric quadru-
pole interaction. If the latter were true, the 81Br data
would lie below the "°Br data.

III. ANALYSIS AND DISCUSSION

A general expression for T{ ! due to fluctuating mag-
netic ﬁelds H,(t) at the site of the resonant nucleus is
given by?

TFI:Yi[kxx(wO)_kyy(wO)] ’
where
qu:(w)_'f “(H, (1)H (0))e'dt

where y, is the nuclear gyromagnetic ratio. In the
present case the fluctuating magnetic fields at the X nu-
clear sites are assumed to arise solely from the magnetic
moments of the nearest-neighbor Pr ions. This is a good
approximation since magnetic contributions to T fall
off at least as rapidly as r ~6, The Pr ions labeled 1 and 2
in Fig. 1 are 3.0 A from the X site and make angles of
1+45° with the mirror symmetry plane through the X
sites. Their magnetic moments (proportional to S,") gen-
erate magnetic fields at X site with components parallel
and perpendicular to the hexagonal axis; the perpendicu-
lar component contributes to T !. The Pr ion labeled 3
generates neither an H, nor an H, component at the X
site and hence gives no contnbutlon to T;!. The
hyperfine interaction between the Pr ion labeled m and
the X nucleus is of the form [ 4"S;"I, + A(S;"I, +S,"1,)],
where I refers to the nuclear angular momentum and
A’ A are Pr-X hyperfine-interaction constants. The con-
tribution of Pr ions 1 and 2 to the X nuclear T| ! is then’

readily shown to be?*
T '=A4® N w)—PXw)],

where o is the NQR resonance frequency. The quantity
¢ (w) is given by

+
orMw)= [ T onn(
where ®72%(¢) is the time-dependent, longitudinal correla-
tion function of spin m and spin n

Om(t)={SM™()SXO0)) .

)eiwtdt )

A general expression for ®7"(¢) has been given as’
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(I>Z'2"(t)=(47r)‘2f027dq f:ﬂdp exp[i(m —n)(p—q)lexp[iJt(cosp —cosq)/#]

X[14tanh(B/2cosp)][1—tanh(B/2cosq)] ,

where B=(J /kgT) and J in the above expressions are twice those of Ref. 5. The Fourier transforms of the autocorrela-
tion and pair-correlation functions have been shown to be given by

[1+tanh(1B@) ][ 1+sech’(1B@)sinh*(1Bx)] ™!

# 1-(1/2)a
a)y=|— d ’
D, (&) -7 fo x [(1+1a)2 —x2]2[(1— @) —x?]'2
e [1+tanh(1B&)]1*[1+sech?(LB@)sinh*(LBx)] !

O 2(e)= # fl e, 7 4 2 221/2 (xz—%&”)z) ’

mJ |70 [(1+18)?—x2]"?[(1—1®)*—x2]
where ®="%w/J.
The expression for T ! can then be written as
1 1+tanh(1B®)]*[1+sech*(1B@)sinh®(1Bx )]~}
Tlvlz _A_ fl (1/2)wdx[ 4 ] [ ) 2 (1_x2+%a,)2)‘
aJ 0 [(1+%a~))2_x2]1/2[(1_%5))2_)‘:2]1/2

An analytic expression for T{ ! is, in general, unobtain-
able. Neither the high-temperature nor the low-
temperature approximation, for which analytic expres-
sions can be derived, is appropriate since the temperature
range of interest is comparable to J/kg. Therefore,
theoretical predictions of the temperature dependence of
Tfl must be made by numerical integration of the full
expression for a series of temperatures. The parameter A
is first obtained by choosing a value of J /kp and fitting
to the high-temperature data. With this value for A4,
theoretical predictions for 77! values over the entire
temperature range are then made. The process is repeat-
ed for a series of values of J /kg and the resultant curves
compared to the experimental data to obtain a best fit.

The solid curve in Fig. 3 represents a best fit to the 3°Cl
data for PrCl;. The parameters which describe the curve
are A =(4.70%+0.03) s ! and J/kz=(2.2+0.2) K. The
important point is that the pair-correlation contribution
is of comparable importance to the autocorrelation con-
tribution. It is not possible to adequately represent the
data with only an autocorrelation contribution. The
value of 4 may be compared with the estimated magnetic
dipolar interaction between a Cl nucleus and a Pr neigh-
bor, namely, g ,gytguy /Air’~1.5X10°s"". In view of
the simplistic nature of this estimate, we conclude that
our value for A is quite reasonable. The value of J /ky
compares well with the most recent published value,!’
namely, 2.4+0.2 K.

In the earlier reanalysis??> of the Mangum and Thorn-
ton data?® only the autocorrelation contribution was con-
sidered. Further, the theoretical curve was deduced by
using a high-temperature expansion for T'; ! rather than
by numerical integration of the full expression.

The solid curves in Fig. 4 represent the best fits to the
Br and ¥ Br data for PrBr;. In each case the value of

the parameter J /kp is 2.35 K. The hyperfine parameters
are A(™Br)=(1.12+.02)X10% s™! and A(®'Br)=(1.24
+0.02)X10%s™!.  The ratio [A(}'Br)/4("Br)]?
=1.11%0.07 is in good agreement with the ratio of nu-
clear magnetic moments [u(3'Br)/u(’Br)}*=1.16.

The only previously reported value of J /kp for PrBr3,
from the analysis of electric susceptibility data, is 3.0 K.
It is interesting to note that the difference in J /ky values
for PrCl; and PrBr; as deduced from susceptibility exper-
iments is 0.15 K with J /ky for PrBr; greater than J /ky
for PrCl;. This is precisely the same difference that we
have deduced from the NQR measurements of T'; ..

IV. CONCLUSIONS

This experiment has provided a direct and rigorous test
of certain dynamical properties of the 1D XY model. The
measurements on the two isotopes of bromine give irre-
futable evidence of the dominance of the magnetic dipole
interaction as the mechanism for nuclear spin-lattice re-
laxation in PrBr;. The importance of the electronic-spin
pair-correlation-function contribution to 7'{ ! in addition
to the autocorrelation-function contribution, is illustrat-
ed. The analysis of the NQR data gives quantitative
values for the exchange integrals which are consistent
with those obtained from other experiments, and reason-
able values for the hyperfine-interaction parameters.

ACKNOWLEDGMENTS

We wish to express our thanks to D. R. Taylor for pro-
viding the samples and for several discussions and to H.
F. Nieman for technical assistance. We also wish to
thank J. S. Waugh for sharing his experience with NMR
experiments in the millikelvin range.




43 NUCLEAR-QUADRUPOLE-RESONANCE STUDY OF PSEUDOSPIN . . .

IE. Lieb, T. Schultz, and D. Mattis, Ann. Phys. (N.Y.) 16, 407
(1961).

2S. Katsura, Phys. Rev. B 127, 1508 (1962).

3Th. Niemeijer, Physica (Utrecht) 36, 377 (1967).

4Th. Niemeijer, Physica (Utrecht) 39, 313 (1968).

5S. Katsura, T. Horiguchi, and M. Suzuki, Physica (Utrecht) 46,
67 (1970).

6J. H. H. Perk and H. W. Capel, Physica (Utrecht) 89A, 265
(1977).

7J. W. Culvahouse, D. P. Schinke, and L. G. Pfortmiller, Phys.
Rev. 177, 454 (1969).

8J. W. Culvahouse and L. Pfortmiller, Bull. Am. Phys. Soc. 15,
394 (1970).

9B. R. Judd, Proc. R. Soc. London, Ser. A 241, 414 (1957).

10G. H. Dieke, Spectra and Energy Levels of Rare Earth Ions in
Crystals (Interscience, New York, 1968).

11A. Abragam and B. Bleaney, Electron Paramagnetic Reso-
nance of Transitions Ions (Clarendon, Oxford, 1970).

12y, P. Harrison, J. P. Hessler, and D. R. Taylor, Phys. Rev. B
14, 2979 (1976).

133, H. Colwell, B. W. Mangum, and D. B. Utton, Phys. Rev.

7569

181, 842 (1969).

14T. Folinsbee, J. P. Harrison, D. B. McColl, and D. R. Taylor,
Phys. Rev. B 14, 2979 (1976).

153, P. Hessler and E. H. Carlson, J. Appl. Phys. 42, 1316 (1971).

I6R. M. Morra, R. L. Armstrong, and D. R. Taylor, Phys. Rev.
Lett. 51, 809 (1983).

7D. R. Taylor, J. P. Harrison, and D. B. McColl, Physica
86-88B, 1164 (1977).

18M. Beirs, A. J. Sievers, J. P. Harrison, D. R. Taylor, and D. J.
Thouless, Phys. Rev. Lett. 41, 987 (1978).

19E. Goovaerts, D. De Readt, and D. Schoemaker, Phys. Rev.
Lett. 52, 1649 (1984).

20B. W. Mangum and D. D. Thornton, Phys. Rev. Lett. 22, 1105
(1969).

21T, Moriya, Prog. Theor. Phys. (Kyoto) 16, 23 (1956).

22M. D’Iorio, R. L. Armstrong, and D. R. Taylor, Phys. Rev. B
27, 1664 (1983).

23C. P. Slichter, Principles of Magnetic Resonance (Springer-
Verlag, New York, 1990), Chap. 5.

24M. Myers and A. Narath, Phys. Rev. Lett. 27, 641 (1971).



