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T, and T, measurements of Cl nuclear-quadrupole resonance in PrCl; are explained with
the assumption of one-dimensional XY spin dynamics for the Pr spins. The Cl nuclei are re-
laxed both by fluctuating magnetic fields due to the longitudinal Pr moments, and also by
fluctuating electric field gradients due to the transverse Pr moments. Accurate spin-echo
measurements of the relative relaxation rates for the two Cl isotopes and of the echo decay
functions allow identification of the two mechanisms. T relaxation is primarily magnetic
throughout the temperature range of one-dimensional ordering, while T, relaxation is qua-
drupolar at lower temperatures and probably magnetic at higher temperatures. As a result
T, and T, have opposite temperature dependences. The data are consistent with calcula-
tions of the relaxation due to longitudinal- and transverse-moment fluctuations for XY

chains.

I. INTRODUCTION

In the study of one-dimensional spin systems, the
XY chain is of particular interest because many
properties, both static and dynamic, can be calculat-
ed exactly.! There has been limited opportunity for
comparison of these properties with experiment,
however, since few physical realizations of the XY
chain have been identified to date. In some cases
one-dimensional spin systems with quasi-Heisenberg
interactions have been found to behave as XY chains
under certain conditions of anisotropy, crystal-field
splittings, and temperature.!=3 In order to study
dynamic as well as static behavior over the full
range of temperature, however, it is necessary to
find a system which approximates the ideal XY
chain as closely as possible. The most promising
candidates for XY chain systems are the hexagonal
compounds PrCl; and isomorphs. Culvahouse and
co-workers**> showed by careful EPR measurements
of Pr pairs in LaCl; that the dominant Pr-Pr in-
teraction was between nearest neighbors along the
hexagonal axis, and had the form

Hijo1=J (SESET 48,8, T +0,8:8, 1.
(1)

They found that J)/J; was only 0.039 in PrCl; and
0.016 in PrEtSOy, so that the Pr-Pr interaction is
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very close to the XY limit. Interactions with more
distant Pr neighbors appear to be small, resulting in
a system of chains of coupled Pr spins with weak in-
teractions between chains. The low-temperature or-
dering properties hence show prominent one-
dimensional character, and this has been demon-
strated by fits of specific heat and susceptibility data
to the predictions of the XY-chain model.>’ For
PrCly, J/kp=2.85 K (J=J, hereafter) and long-
range ordering - occurs at 0.4 K; for PrEtSO,,
J/kg=0.76 K and no phase transition was found
down to 0.06 K. More recent investigations of the
dynamical properties of these compounds also gave
results in agreement with XY-chain predictions.
Infrared-absorption measurements® in PrCl; showed
a peak due to absorption by k =0 spin excitations.
The magnetic relaxation of impurity Sm spins in
PrEtSO, was studied and found”!? to agree satisfac-
torily with the relaxation induced by Pr spins fluc-
tuating according to XY-chain longitudinal correla-
tion functions (S.*(¢)S,(0)).

The dominant XY interaction component in these
compounds has its origin in the nature of the Pr
ground electronic states which are non-Kramers
doublets arising from the crystal-field splitting in
Cs;, point symmetry of the 4f23H, manifold. The
magrnetic moment is parallel to the hexagonal axis
and is small (g ~1, g, =0) giving a small S/} ™'
magnetic dipolar interaction. However, the Pr
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doublets couple strongly to E-symmetry transverse
distortions, giving a large XY interaction between Pr
sites in an effective S =—;— representation. Since
these distortions transform as x,y they carry an elec-
tric dipole moment; the XY interaction can thus be
regarded as an antiferroelectric Jahn-Teller cou-
pling. It should be noted that although we use S,,S,
to describe the transverse Pr moments, they are sym-
metric operators with respect to time reversal,
whereas S,, which describes the magnetic moment,
is antisymmetric. This use of an S =% representa-
tion for the states of a non-Kramers doublet has
been discussed by Abragam and Bleaney'' and oth-
ers.

Nuclear magnetic and quadrupole resonance have
been important techniques for studying spin dynam-
ics in one-dimensional systems. Most previous ap-
plications have been to Heisenberg chains'? where
the low-frequency dynamical behavior is dominated
by spin diffusion. Characteristic and contrasting re-
sults are expected in XY chains, since diffusive spin
propagation should not be present.’> The longitudi-
nal spin correlations {S,"*(¢)S;(0)) are known at all
temperatures and are characteristic of the excita-
tions of noninteracting fermions. On the other
hand, the transverse correlations (S;'(¢)Sy(0))
change dramatically between the limits of high and
low temperatures, but the intermediate behavior is
not known; experimental information on this point
would therefore be of considerable interest.

The recent study of Sm spin relaxation®!® in
PrEtSO, was successfully interpreted on the basis of
XY-chain spin dynamics, but because J is small in
this compound only the limiting high-temperature
behavior could be observed. Also since Sm is a Kra-
mers ion, only the fluctuating magnetic, or S,, Pr
moments are effective in relaxation. These experi-
ments, therefore, probed only the longitudinal corre-
lations of the chain and gave no information on the
transverse-moment dynamics.

The investigation of the relaxation of Cl nuclei in
PrCl; reported in this paper significantly extends the
study of XY-chain dynamics. Since J is reasonably
large, the temperature dependence is much more ac-
cessible. Also, nuclear-quadrupole transitions can be
induced by electric-field-gradient (EFG) fluctuations
as well as magnetic fluctuations so that both
transverse- and longitudinal-moment dynamics can
be studied. These two mechanisms can be identified,
moreover, by comparing relaxation rates for the 3°Cl
and ¥’Cl isotopes.

Our measurements, for the most part, confirm
earlier measurements in this compound by Mangum
and Thornton'* and also provide accurate and im-
portant new data on the relaxation decay functions
and on the isotope dependence. The earlier results'*
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had not been understood because the Pr-Pr interac-
tions were not known at that time.

The principal conclusions, based on our present
results and on the previous data of Mangum and
Thornton, are briefly as follows. The T'; decays are
exponential and T'; increases as the temperature is
lowered. The temperature dependence and the iso-
tope ratio both agree with a magnetic relaxation
mechanism due to neighboring Pr S, moments. The
T, decays are more rapid than exponential and the
temperature dependence is opposite to that for T.
These facts are qualitatively consistent with electric
quadrupolar relaxation due to the fluctuating trans-
verse Pr moments; this mechanism is also confirmed
by the isotope ratio. At higher temperatures electric
quadrupolar relaxation apparently becomes ineffec-
tive and magnetic dipole relaxation then dominates.
Owing to our limited knowledge of the Cl
hyperfine-interaction parameters and of the tem-
perature dependence of the (S7'(#)Sy(0)) correla-
tions, rigorous fits of the data cannot be made, but
the results are consistent with XY-chain spin
dynamics.

II. EXPERIMENTAL

A conventional fast Fourier-transform NMR
spectrometer was used for the measurements. The
pulses were formed by gating the output of a Fluke
6039A synthesizer and by using an Amplifier
Research 200L power amplifier as transmitter. Re-
ceived nuclear-quadrupole resonance (NQR) signals
were detected in phase quadrature and digitized for
signal enhancement and analysis. The pulse pro-
gramming and data analysis were controlled by a
Nicolet 1180 Data Acquisition System. For mea-
surements at 4.2 K the sample was immersed in
liquid helium. Higher temperatures were obtained
by means of a flow of vaporized helium regulated
with a Lakeshore Cryotronics temperature controll-
er.

PrCl; has a hexagonal dipyramidal structure'’
with space group C2,. The Pr ions have point sym-
metry C3;, while the Cl ions have only C; symmetry:
the identity and the reflection o},. The structure is
shown schematically in Fig. 1. Nearest-neighbor Pr
ions form chains along the hexagonal axis. Each Pr
ion has nine close Cl neighbors which form three
equilateral triangles; one triangle lies in the plane
perpendicular to the hexagonal axis passing through
the Pr ion while the other two triangles are located
above and below the plane on mirror-image sites.
For the analysis of Cl NQR it is important to note
that each Cl ion has three close Pr neighbors. The
Pr ions labeled 1,2 in Fig. 1 are on one chain,
equidistant from the Cl plane, while Pr ion 3 is in
the same plane as the Cl but on a different chain.
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FIG. 1. Crystal structure of PrCl;. The small circles
are Pr ions and the large circles are Cl ions. Prions 1, 2,
and 3 are nearest neighbors of the labeled Cl ion. The
dashed lines indicate a unit cell.

In the high-temperature phase the six Cl sites in
the unit cell are equivalent and a single NQR line is
expected. Below the phase-transition temperature
Tp=04 K the NQR splits into two equal com-
ponents. Hessler and Carlson'® have shown that this
splitting is a result of a structural (Jahn-Teller)
phase transition, not a magnetic transition. Our
measurements and analysis deal only with the high-
temperature phase where one-dimensional ordering
effects can be studied.

The sample consisted of an assortment of single
crystals of PrCl;. They were coated with oil to min-
imize hydration; nonetheless, the NQR line showed
a slight asymmetry (Fig. 2) which is believed to be
due to surface deterioration. At 4.2 K the NQR fre-
quencies were 4.566 MHz for the **Cl isotope and
3.599 MHz for the *’Cl isotope. Spin-lattice relaxa-
tion times were obtained using a modified
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FIG. 2. NQR line shape of **Cl at 4.2 K for a sample
consisting of many small randomly packed crystals.

Freeman-Hill inversion recovery pulse sequence!’
(m—1—m/2—t —mw/2—t) which yields M(w)
—M (1) for each value of 7. The spin-spin relaxa-
tion times were measured using a Hahn spin-echo se-
quence'® (7/2—7—m—7). Normally, each data
point was derived by averaging 1024 scans.

ITII. RESULTS

Measurements of the Cl spin-lattice relaxation
were performed at 4.2 K only. Mangum and Thorn-
ton'* reported T'; data for the *°Cl isotope at 4.2 K
and below. Their data showed that T, was essen-
tially independent of temperature near 4.2 K but in-
creased slowly below this temperature. The tem-
perature dependence of the relaxation rate 77 is
shown in Fig. 3. Our objective was to measure the
spin-lattice relaxation for both isotopes at a single
temperature sufficiently accurately to identify
unambiguously the relaxation mechanism. Our data
points are shown in Fig. 4 with least-squares fits to
a simple exponential decay function. It is apparent
that the recovery to equilibrium is accurately ex-
ponential. For ¥Cl we found T;=4.11+0.04 msec
at 4.2 K, a value consistent with that of Mangum
and Thornton. For 3'Cl, T, was found to be
5.68+£0.06 msec. The value 1.38+0.03 is therefore
obtained for the isotope ratio T';(*’Cl)/T,(*3Cl).

The spin-spin relaxation was found to be more ra-
pid than exponential when measured carefully up to
7 values of 2T,. Typical results for the two isotopes
are shown in Fig. 5.

Our data were analyzed in two ways. As indicat-
ed in Fig. 5, the initial part of the decay can be fit-
ted to a simple exponential to give an effective decay
time T,. At 4.2 K, T, was found to be 546+8 usec
for ¥Cl and 870+10 usec for *’Cl. The former
value is in satisfactory agreement with the results of
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300 B
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§ b Pr Cls
T . %Cl NQR
100~ « Mangum and Thornton 7
° o this work
0 -l 1 1 | 1 | 1
(o] 2 4 6 8
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FIG. 3. Temperature dependence of T{' for *Cl
NQR. The error bars indicate the scatter in Mangum and
Thornton’s data. Our measurement at 4.2 K (O) has an
uncertainty of +1.0%. The solid curve is calculated from
Eq. (2) with 4 chosen to fit the data at 4.2 K.
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FIG. 4. Typical T, data at 4.2 K showing exponential
decays.

Mangum and Thornton.!* The ratio of the T,
values for the two isotopes is 1.5910.04.

Guided by the theoretical analysis to be described
later, the data were also fitted to the function
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FIG. 5. Typical spin-spin relaxation data at 4.2 K
showing decays more rapid than exponential.

exp(—bt3/%). This function provides an excellent fit
to the data, as illustrated in Fig. 6. The b coeffi-
cients in the exp(—bt3/%) decay function were ob-
tained for both isotopes and their ratio was found to
be 1.67+0.05.

A thorough investigation of the nonexponential
decay was carried out to confirm that it was intrin-
sic to the relaxation mechanism. In particular, it
should be noted that the nonexponential character
was unaffected when the relaxation from different
and separate parts of the echo decay was analyzed
rather than the decay from the entire echo-decay
signal. In addition, the free-induction decay signal
was also found to decay more rapidly than exponen-
tially, and this is reasonable since the full linewidth
T3~ ' is only a few times broader than the homo-
geneous linewidth 75 .

Measurements of the spin-spin relaxation were
also carried out above 4.2 K to extend Mangum and
Thornton’s data to learn whether a limiting value of
T, was reached at temperatures much greater than
J/kg. Our data for 3Cl in the range 4.2—17.4 K
are shown in Fig. 7; data of Mangum and Thornton
at lower temperatures are also indicated. Above 6 K
it is seen that a plateau is reached quite abruptly.
At the higher temperatures, due to temperature in-
stability, the isotope ratio could not be determined
reliably. Comparison of Fig. 7 to Fig. 3 shows the
remarkable result that 7'} and T, depend oppositely
on temperature in the temperature range where one-
dimensional ordering develops.

T T T T T T ﬁﬁ——hﬁ%
\ —— a exp(-bt*) ]

———- a'exp(-b't)

M(r) ARBITRARY UNITS

02 04 06 08 1.0 12 4
T (msec)

FIG. 6. Spin-spin relaxation data showing excellent fits
to the decay function exp( —bt3/?).
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FIG. 7. Temperature dependence of T, for 3*Cl NQR.
The dashed line is the estimated magnetic contribution to
ﬁ. The square at T =0 represents the estimated quadru-
polar contribution.

IV. ANALYSIS

Since T; and T, for the Cl NQR change signifi-
cantly in the temperature range near J/kp=2.85 K
it follows that the Cl nuclei are relaxed by the fluc-
tuating fields of the Pr spins. For relaxation by
fluctuating magnetic fields the rate is expected rath-
er generally to be proportional to the square of the
nuclear magnetic moment. For the two isotopes
35Cl and *'Cl the ratio of the relaxation rates should
thus be 1.44. Similarly, when relaxation results
from fluctuating electric field gradients the relaxa-
tion rates should be in the ratio of the squares of the
nuclear-quadrupole moments, which is 1.61 for the
Cl isotopes. Our data therefore imply that in PrCl;
the T'; relaxation is magnetic whereas the T', relaxa-
tion is quadrupolar, at least at 4.2 K. It is unusual
that T; and T, should depend on different fields,
and indeed that a quadrupolar mechanism should be
significant in a “magnetic” compound at low tem-
peratures. Analysis shows that these features are
consequences of the small magnetic moment and
large electric dipole moment of the Pr ground doub-
let, and of the properties of XY-chain spin dynam-
ics.

The T, relaxation will be analyzed first since it is
the more tractable of the two. In a standard ap-
proach!®?° the nuclear spins respond independently
to the fluctuating fields due to neighboring electron-
ic moments. The nuclear relaxation rate 77! de-
pends on the hyperfine-interaction parameters and

on the time-dependent correlation functions for the
electronic spins. In this case, where only magnetic
fields are relevant and the Pr magnetic moment is
given by S;, we need only consider the longitudinal
correlation functions

O (t)=(SM(1)SHO0)) .

Only the nearest-neighbor Pr moments need to be
considered because magnetic contributions to 77!
fall off at least as rapidly as r‘f. The Pr ions la-
beled 1 and 2 in Fig. 1 are 3.0 A from the CI site
and make angles +45° with the mirror symmetry
plane through the ClI site. Their magnetic moments
generate magnetic fields at the Cl site with com-
ponents both parallel and perpendicular to the hex-
agonal axis. Since the Pr-Cl hyperfine interactions
have not been measured, we minimize the number of
unknown parameters by assuming an interaction
with each ion of the form A4 (S;I,+S;I,), where S
and I refer to the electronic and nuclear angular mo-
menta, respectively. The contribution of ions 1 and
2 to T7 ' is then readily shown to be'®2°

TT! =(42/8)][ P2 (0)+ ()], @)

where © is the NQR angular frequency and ®"(w)
is the Fourier transform

orw)= [ dreropn . 3

Pr ion 3 is at a similar distance from the CI nucleus
but because of symmetry produces only a parallel
ma%netic field at the Cl site. This will not affect the
T{  relaxation since only the perpendicular com-
ponent induces nuclear-spin flips, and we according-
ly neglect its contribution. Although our model
drastically oversimplifies the magnetic hyperfine in-
teractions, it provides a basis for explaining the tem-
perature dependence and for checking if the magni-
tude of the hyperfine interaction deduced is reason-
able.

To calculate T7! the quantities ®7"(w) are re-
quired as a function of temperature. For T = o an
exact expression for ®;"(w) has been given by
Katsura et al.,! but at arbitrary temperatures nu-
merical integration is required. It is of some interest
to derive an expression for ®."(w ) valid at low tem-
peratures; the XY chain corresponds to a nonin-
teracting fermion system and should show charac-
teristic temperature dependence in this limit. This
dependence may not be realized experimentally,
however, since interchain couplings will normally
induce three-dimensional ordering and a phase tran-
sition in this temperature range.

A general expression for ®2"(¢) has been given by
Katsura et al.?! and equivalently by Niemeijer?:
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27 2w
OM()=(47)"% [ dq dp exp[i (m —n)(p —q)]exp[iJt (cosp —cosq) /#]
0 0
><[l+tanh(%,3 cosp)][l—tanh(%ﬁ cosq)], 4)

where B=(J/kgT) and our J is twice that of Refs. 21 and 22. For m —n =0 (autocorrelation) the Fourier
transform is straightforward and can be put in the form

T [_]fl ~as {1 tanhl3 B(x——w]}{1+tanh[ 7Bx +32)])

[(1+ @) 2 2]1/2[(1 2]1/2
where & =#w /J. It is assumed that @ <2; for @ >2, ®1(&)=0. An expression equivalent to Eq. (5) has been
given by Groen et al.?
The high-temperature limit is readily found by setting 8 =0 and yields, in agreement with Katsura et al.,?!

DB =H/20DK(1—53?) , (6)

) (5

where K (x) is the complete elliptic integral of the first kind.?* Although this expression has a logarithmic
divergence for @ —0, in our case @ is small but finite and no divergence occurs. However, this sensitivity for
small @, which is characteristic of one-d1mens1onal systems generally, does have an experimental implication in
that the isotopic dependence of T ! [Eq. (2)] arises not only from the change in 4 through the nuclear magnet-
ic moment, but also from the frequency dependence of 2" (w). Since pair correlations are negligible at hlgh

temperatures, Eq. (2) predicts
T35 | y,(3%Q)
aCle VI EA G/}

2o Ma(35cl))
o Maay)

(7

The predicted ratio therefore becomes 1.41 rather than 1.44, in noticeably better agreement with our measured

value 1.38+0.03 at 4.2 K.

To investigate the low-temperature behavior (kz T <<J) further we first make use of the addition formula for

tanh(4 + B) to express Eq. (5) as

ol@)= A

(1+tanhB@)%(1+sech? Ba) smh2 Bx)"!

1-(12)a
i) dx
0

wJ [(1++ &)} —

For large B8 the sinhZ%Bx term makes the integrand
negligible except for small x. Hence the terms in the
denominator will be essentially constant provided
B(1—5@&)>>1, and Eq. (8) reduces in this limit to

1~y
@)y k3 (1+tanhBa) 2
| 1-7a* |B
fo l-{—sech2 4Bco sinh%
1+4coth Ba)
= | T | T ©)
mJ l——w

At T=0 thls has the limiting value
246 /wJ (1— 4(0 %), but over the range of tempera-
tures for which hw <<kpT <<J and which is acces-
sible experimentally, Eq. (9) is approximately
2%k T /mJ%. Hence ®.'(&) does show a linear tem-
perature dependence characteristic of fermion exci-
tations.

(8)

2]1/2[(1 2]1/2

I

The pair correlation function requlred in Eq (2)
can be analyzed in a similar way. .2 (a)) is glven by
Eq. (5) with an additional factor (x?2 ——;a) ?) in the
numerator and has a T3 temperature dependence at
low temperatures.

From these results the calculation of T7' from
Eq. (2) at all temperatures is straightforward. The
parameter 4 is chosen to fit our data at 4.2 K and
has the value 4 =5.5%10° sec~!. The comparison
between theory and the low-temperature data of
Mangum and Thornton is shown in Fig. 3. There is
reasonable agreement considering the rather large
scatter in the data. The value of 4 may be com-
pared with the estimated magnetic dipolar interac-
tion between a Cl nucleus and a Pr neighbor,
g8nkppy /ir*~1.5X10% sec™!. Since there are
three close Pr neighbors and also additional hyper-
fine interactions whose magnitude is expected to be
comparable to the dipolar interaction we conclude
that our value for 4 is quite reasonable. Better
agreement with the data would be obtained if J was
taken to be smaller than 2.85 K, but this value was
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determined from other experiments and is believed
reliable. A recent study?® of Raman scattering in
PrCl3, however, gives a somewhat lower value of 2.4
K.

The decrease in the relaxation rate 77! as the
temperature falls can be attributed to the suppres-
sion of spin fluctuations as the fermions condense
into the Fermi sea. Alternatively, it corresponds in
the time domain to ®.'(z) changing?' from

J ()(Jt /%) to

I3t /A — HYJt /)

where Jo(x) and Hy(x) are Bessel and Struve func-
tions, hence reducing the spectral density at low fre-
quencies.

Next we undertake a similar analysis of the spin-
spin or T, relaxation, and for convenience discuss
first the expected contribution to 75! due to the
magnetic field fluctuations just studied. Corre-
sponding to Eq. (2) there i is a simple expressmn19 20
for the relaxation rate T';' of Cl nuclear spins:

T =5T7 + A /A[@L0)+D20)], (10)
where the first term is the loss of phase memory due
to nuclear-spin flips and the @ =0 terms represent
dephasing due to changes in the local precession fre-
quencies. However, as remarked earlier the quanti-
ties ®2™(w) diverge as @ —0. Although this diver-
gence prevents the calculation of T'; ! in this way, in
practice the @ =0 limit will not be relevant in the
case of spin-echo decays on the time scale ~ 100
psec. The implication is that the spin-spin relaxa-
tion is not exponential and we must therefore adopt
a more general approach to its analysis. The two-
pulse echo-decay function can instead be calculated
using a density-matrix method,'® and becomes iden-
tical to the Kubo-Tomita relaxation function'? if
correlations of the phase changes between the two
time intervals of the spin-echo sequence are neglect-
ed. If this approxxmatxon is made and interactions
of the form A(S,;I,+S;I,) are assumed as before,
the echo-decay functxon is given by

d0)=exp | 242 [ drts —r)[®r) + @Rr)]—4” [ drtt — D@L+ () lexpliar) | (1

At long times (¢ >>#/J), ¢(t) takes the approximate
form

¢ (t)=exp

Xexp(—t/2T}) . (12)

—24% [ ar[@ 1 (r)+ @)

At high temperatures (T >>J /kp) where®
(1) =5 [J,(Jr /AP (v=|m—n]),

the integral in Eq. (12) can be evaluated as described
in Ref. 9 to give a contribution to ¢(z) in the form
exp( —pt Ingt), where p ~A%/J#, g ~J /#. Although
¢(t) thus decays more rapidly than a simple ex-
ponential, the difference is very slight over the range
of times of interest experimentally and cannot ac-
count for the observed echo-decay functions which
are markedly nonexponential. To examine the time
scale of the echo decay without concern for its
shape, an effective time constant T2 was obtained
using Eq. (12) from the time required for an e ~! de-
cay of #(z). No additional parameter is involved
since A was determined by fitting our T'; data. This
contribution to the echo-decay time is shown as the
dashed line in Fig. 7. Comparison with the data im-
plies that magnetic field fluctuations are responsible
for the high-temperature plateau but below ~6 K
the magnetic mechanism becomes ineffective and

[

some other mechanism is dominant. This is con-
sistent, of course, with the result from the isotopic
ratio measurements that EFG fluctuations deter-
mine T, at 4.2 K, and this contribution will now be
examined.

As will become apparent, the electric quadrupolar
mechanism can be analyzed only to a limited extent
because of the uncertain magnitudes of the quadru-
polar interactions and because the required spin-
correlation functions are only partially known. The
transverse Pr moments S,,S, transform as electric
dipole moments and physically represent transverse
distortions at Pr sites. Hence they create EFG’s at
Cl sites proportional to Sx,S and lead to hyperfme
interactions of the form S, Tm,S Tm, where T isa
second-rank nuclear-spin operator. Even though the
Pr electric dipole moment has been measured by
electric susceptibility® and other experiments these
quadrupolar interactions depend on the actual atom-
ic displacements and on shielding factors which can-
not realistically be estimated. We therefore simplify
the situation as much as possible by considering
only a single Pr nelghbor and the single interaction
component BS,I2. In analogy with Eq. (2) and Eq.
(10) the quadrupolar contribution to T7' will be

~(B z/ﬁ)<l>,ﬁ(a)) and to T;' it will be
~(B?/#)®,,(0) where only the autocorrelation
function
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® ()= fj: dt e@(S1(1)S1(0))

is taken into account. The transverse spin-
correlation functions are not known at all tempera-
tures, but some results are available at high and low
temperatures. At T=co, (S1(£)S}(0)) has been
shown® to be a Gaussian, texp(— +J%%/%%). To
evaluate T7! and T;! we can roughly estimate B
from the observed Cl quadrupole splitting when
long-range electric dipole ordering develops below
the phase transition at 0.4 K. If B (in frequency
units) is set equal to the low-temperature splitting®’
of 009 MHz, we obtain T7'~T;!
~V'mB%/2J#=1 sec™!. This shows that the elec-
tric quadrupolar contribution is over 2 orders of
magnitude smaller than the magnetic dipolar contri-
bution in the high-temperature limit. Quadrupolar
relaxation is ineffective in this case partly because B
is smaller than the magnetic interaction parameter
A, and in addition because the transverse spin-
correlation function decays rapidly in time com-
pared to the ¢~! dependence of the longitudinal
correlation function. As the temperature is lowered,
however, the longitudinal or magnetic correlations
become less effective, as has been shown above,
whereas the transverse correlation function no
longer decays as a Gaussian function of time, but
develops a long tail.?® At T'=0 it has been shown®
that

(SH(1)S3(0)) =(# /T2

apart from a factor of order unity. Accordingly, re-
laxation by EFG fluctuations will be strongly
enhanced at low temperatures.

T;! cannot be calculated directly in the T =0
limit since ®.L(w) diverges for ©—0. As before, we
calculate instead the Kubo-Tomita relaxation func-
tion

¢(t)=exp [—32 fotd‘r(t—‘r)(‘ﬁ/JT)l/z ,
(13)

which reduces to
¢ (t)~exp[ —2BX#/J)V43?] .

Thus the echo-decay function is predicted to be of
the form exp(—bt*/?), in agreement with the ob-
served decay functions. Moreover, the ratio of the b
coefficients for the two Cl isotopes should be in the
ratio of the squares of the nuclear-quadrupole mo-
ments, or 1.61, in satisfactory agreement with the
observed ratio of 1.67+0.05. To compare the mag-
nitudes, we can calculate an approximate
T,=b—23=(J /4%iB*)!/*~100usec. This represents

an increase in the relaxation rate of 4 orders of mag-
nitude from T = o to T =0 and is consistent with
T, values observed by Mangum and Thornton at
low temperatures. Unfortunately, it is not possible
at present to calculate the full temperature depen-
dence of the transverse correlation functions; the T,
data of Mangum and Thornton (Fig. 7) show a near-
ly linear temperature dependence for 7' <J /kp.

The question can be raised as to whether the T,
relaxation should show a similar crossover from the
magnetic dipolar to the electric quadrupolar
mechanism as the temperature is lowered. Such a
crossover need not occur at the same temperature
(~6 K) as in the case of T, relaxation since the two
mechanisms depend on different frequency com-
ponents of the spin fluctuations, but it should
nevertheless take place at some low temperature un-
less some other effect intervenes. The data of
Mangum and Thornton'* indicate that T1 ! reaches
a minimum at about 0.55 K, then increases before
becoming unobservable near the phase transition at
0.4 K. This could be the onset of quadrupolar relax-
ation, but the scatter of the data and the proximity
of the phase transition prevent a positive identifica-
tion.

V. CONCLUSIONS

Observations of chlorine T, and T, relaxation in
PrCl; can be satisfactorily explained in terms of the
fields of Pr spins which fluctuate according to one-
dimensional XY dynamics. The longitudinal (S,) Pr
moments generate magnetic fields while the trans-
verse moments (Sy,S,) generate EFG’s, both of
which contribute to the Cl nuclear relaxation. The
magnetic dipolar interactions are inherently stronger
than the electric quadrupolar interactions, but the
two mechanisms have opposite temperature depen-
dences, the magnetic contribution increasing and the
electric mechanism decreasing with temperature;
hence the electric quadrupolar interaction becomes
significant at lower temperatures. As a result, at
temperatures high compared with the Pr interaction
parameter J, T and T, are independent of tempera-
ture, are controlled by magnetic field fluctuations,
and are similar in magnitude. On cooling, the mag-
netic relaxation becomes less effective, decreasing
linearly with temperature in a manner characteristic
of excitations in a fermion system. The observed re-
laxation rate 77! decreases in agreement with the
expected magnetic contribution, while the quadrupo-
lar mechanism contributes only below 0.5 K, if at
all. For Ty ! relaxation the crossover to the quadru-
polar mechanism occurs at 6 K, and hence T in-
creases as the temperature is lowered.
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The identification of the magnetic and quadrupo-
lar relaxation mechanisms is based not only on these
temperature dependences, but also on echo-decay
functions and on the ratio of relaxation rates for the
two Cl isotopes. The observed isotopic ratios clearly
show that the T'; mechanism is magnetic while the
T, mechanism is quadrupolar at 4.2 K. It would
have been valuable to use this test to confirm mag-
netic relaxation in both cases at higher temperatures,
but experimental difficulties prevented accurate
determinations of the isotope ratios at elevated tem-
peratures.

One significant discrepancy between our results
and the interpretation remains to be understood.
The echo-decay function for the T, measurements is
predicted to change from a simple exponential at
high temperatures to the form exp(—bz3/%) at low
temperatures, while the experimental data are
nonexponential and fit the exp(—bt3/%) function
equally well at all temperatures. It is possible that
this behavior results from the contribution of the
residual non-XY interaction between Pr spins, in
particular the S:S!*! component which is about 4%
of the XY interaction. We have not attempted to es-
timate the contribution of this interaction, but it is
clear that spin fluctuations due to diffusive
behavior, which are prohibited for an ideal XY
chain, will be present to some extent. In Heisenberg

chains this spin-diffusion mechanism is dominant at
high temperatures'?, and is known to induce a mag-
netization decay with an exp(—bt3/?) time depen-
dence. Hence the interpretation of the high-
temperature T, data in terms of magnetic relaxation
alone should not be considered as final. At lower
temperatures, the isotope ratio measurements for the
T, data clearly show quadrupolar relaxation and
provide strong evidence for relaxation by the
transverse-moment fluctuations of the Pr chains.

For a more quantitative analysis of Cl relaxation
in PrCl; it would clearly be desirable if the relevant
hyperfine-interaction parameters could be measured
directly. There would then be no adjustable parame-
ters in the analysis we have presented and a much
more rigorous comparison with the data would be
possible. Some means of calculating or estimating
the temperature dependence of the transverse spin
correlations for the XY chain will also be necessary.
Developments in both of these areas appear difficult
but should not be impossible.

ACKNOWLEDGMENTS

Valuable discussions with E. Zaremba and D. Zo-
bin are gratefully acknowledged. Research support
was provided by the Natural Sciences and Engineer-
ing Research Council of Canada.

*Current address: IBM Zurich Research Laboratory,
CH-8803 Ruschlikon, Switzerland.

IM. Steiner, J. Villain, and C. G. Windsor, Adv. Phys.
25, 87 (1976).

2J. P. Groen, H. W. Capel, J. H. H. Perk, T. O. Klaassen,
and N. J. Poulis, Physica (Utrecht) 97B, 126 (1979).

3p. M. Duxbury, J. Oitmaa, M. N. Barber, A. van der
Bilt, K. O. Joung, and R. L. Carlin, Phys. Rev. B 24,
5149 (1981).

4J. W. Culvahouse, D. P. Schinke, and L. G. Pfortmiller,
Phys. Rev. 177, 454 (1969).

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

6J. P. Harrison, J. P. Hessler, and D. R. Taylor, Phys.
Rev. B 14, 2979 (1976).

73. T. Folinsbee, J. P. Harrison, D. B. McColl, and D. R.
Taylor, J. Phys. C 10, 743 (1977).

8M. Bevis, A. J. Sievers, J. P. Harrison, D. R. Taylor, and
D. J. Thouless, Phys. Rev. Lett. 41, 987 (1978).

9D. R. Taylor, Phys. Rev. Lett. 42, 1302 (1979).

10D, R. Taylor and E. Zaremba, Phys. Rev. B 23, 3384
(1981).

1A, Abragam and B. Bleaney, Electron Paramagnetic
Resonance of Transition Ions (Clarendon, Oxford,
1970).

128ee the review by P. M. Richards, in Local Properties at

Phase Transitions, edited by K. A. Miiller and A.
Rigamonti (North-Holland, Amsterdam, 1976), p. 539.
13D, L. Huber and J. S. Semura, Phys. Rev. 182, 602
(1969).

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

15D, H. Templeton and C. H. Dauben, J. Am. Chem. Soc.
76, 5237 (1954).

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

I7R. Freeman and H. O. W. Hill, J. Chem. Phys. 54,
3140 (1969).

18E, L. Hahn, Phys. Rev. 80, 580 (1950).

19C. P. Slichter, Principles of Magnetic Resonance (Harper
and Row, New York, 1963), Chap. 5.

20S. M. Myers and A. Narath, Phys. Rev. Lett. 27, 641
(1971).

21§, Katsura, T. Horiguchi, and M. Suzuki, Physica
(Utrecht) 46, 67 (1970).

22Th. Niemeijer, Physica (Utrecht) 36, 377 (1967).

233, P. Groen, T. O. Klaassen, N. J. Poulis, G. Miiller, H.
Thomas, and H. Beck, Phys. Rev. B 22, 5369 (1980).

24M. Abramowitz and 1. Stegun, Handbook of Mathemat-
ical Functions (Dover, New York, 1972).

25E. Goovaerts, A. Bouwen, and D. Schoemaker, Bull.
Am. Phys. Soc. 27, 163 (1982).



27 LONGITUDINAL AND TRANSVERSE SPIN DYNAMICS OF A . .. 1673

26], H. H. Perk and H. W. Capel, Physica (Utrecht) 89A, 28Comment by H. W. Capel in J. C. Bonner, J. Magn.
265 (1977). Magn. Mater. 15-18, 1003 (1980).
27]. H. Colwell, B. W. Mangum, and D. B. Utton, Phys. 29H. G. Vaidya and C. A. Tracy, Physica (Utrecht) 924, 1

Rev. 181, 842 (1969). (1978).



