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Nuclear magnetic relaxation in an Ising-like antiferromagnet CsCoCl3: Domain-wall dynamics
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The longitudinal relaxation timeT1 of 133Cs NMR was measured in the low-temperature, intermediate, and
paramagnetic phases of a quasi-one-dimensionalS51/2 Ising-like antiferromagnet CsCoCl3. The direction and
the fluctuating rate of the anisotropic local-field fluctuation at the Cs site, which is caused by passage of
domain walls in the Co21 linear chain, are determined by using a fluctuating-field analysis of NMR-line,
frequency, and temperature dependences of 1/T1. It is found that the fluctuation in the low-temperature phase
is of a biaxial pulselike type as a result of temporary spin inversion in the two chains on the triangular lattice,
while that in the intermediate phase is of a uniaxial two-state type as a result of the spin inversion only in the
disordered chain. The fluctuating rate, ranged over eight orders of magnitude, is obtained from the fluctuating-
field analysis.@S0163-1829~98!05805-6#
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I. INTRODUCTION

The magnetic linear chain on the triangular lattice
known to show various types of characteristic spin struct
and attractive dynamical behavior. The hexagonal compo
CsCoCl3 is a typical example of quasi-one-dimension
S51/2 Ising-like antiferromagnets on the triangular lattic1

Much work has been done on this compou
experimentally2–19 and theoretically.20–29 Especially, much
attention has been directed to the spin-frustration effect
the triangular lattice,21 which appears as the successive ph
transitions atTN1521 K andTN259 K,3 and the propaga
tion of the domain-wall soliton20 in the intermediate (TN2
,T,TN1) and the paramagnetic (TN1,T) phases. The in-
termediate phase betweenTN1 and TN2 is a partially disor-
dered phase where two-thirds of the magnetic chains o
antiferromagnetically with each other leaving the rest unc
related. The dynamical behavior in the Ising-like linear ch
can be described by the domain-wall picture. The existe
of the propagating domain-wall solitons in the Co21 chain in
those phases has been established by
neutron-scattering,4,6 electron-spin-resonance~ESR!,10–12

nuclear-magnetic-resonance~NMR!,14 and optical17 experi-
ments.

In the low-temperature phase belowTN2, the Co21 spins,
which are ordered antiferromagnetically along thec axis,
570163-1829/98/57~5!/2936~7!/$15.00
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take a ferrimagnetic structure in thec plane. In a previous
paper,30 we showed the presence of domain-wall pairing
the low-temperature phase, and made clear the mechanis
the phase transition atTN2 from the dynamic point of view.
We also showed the evidence for sublattice switching in
low-temperature phase,31 which has much slower dynamic
of the order of 102 s.

The spins in the linear chain on the triangular lattice sh
various types of dynamical behavior, and the study of
spin dynamics is very attractive. In the present paper, in
der to make the spin dynamics clear in the whole tempe
ture range, the longitudinal relaxation timeT1 of 133Cs NMR
was measured in the low-temperature, intermediate,
paramagnetic phases. We pay attention to the NMR-line
pendence of 1/T1, and analyze the experimental results fro
the viewpoint of the local-field fluctuation due to th
domain-wall passage in the linear chain. The line dep
dence gives information on the direction of the local fluc
ating field, because it is caused by the difference of the an
between the directions of the fluctuating field and the ex
nal field, and then the information on the spin dynamics
the individual chain on the triangular lattice can be obtain

The direction and the fluctuating rate of the anisotro
local-field fluctuation are determined in the low-temperatu
and the intermediate phases by using a fluctuating-fi
analysis of NMR-line, frequency, and temperature dep
2936 © 1998 The American Physical Society
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57 2937NUCLEAR MAGNETIC RELAXATION IN AN ISING- . . .
dences of 1/T1. We show that the local-field fluctuation a
the Cs nuclei in the low-temperature phase is biaxial an
suggests temporary spin inversion occurs in two of the th
chains on the triangular lattice, while that in the intermedi
phase is uniaxial and it suggests spin inversion occurs o
in the disordered chain. The fluctuating rate of the local fi
due to the spin inversion, which varies over a wide range
magnitude, is obtained from the fluctuating-field analysis

II. EXPERIMENT

The hexagonal CsCoCl3 is one of the typical Ising-like
antiferromagnets on the triangular lattice and is known to
a good realization of the magnetic linear chain. Assum
the chain axis to be along thez axis, the intrachain Hamil-
tonian is given by

H522J(
j

$Sj
zSj 11

z 1«~Sj
xSj 11

x 1Sj
ySj 11

y !%, ~1!

where S51/2, J5275 K, and «.0.14.2,4 The nearest-
neighbor interchain interactionJ1 is antiferromagnetic and is
much weaker than the intrachain interaction (J1 /J;1022).22

In the low-temperature phase, the electron spins of
Co21 ions in all the linear chains are ordered antiferroma
netically, and the Co21 chains on the triangular lattice take
collinear ferrimagnetic arrangement in thec plane as shown
in Fig. 1~a!. In the intermediate phase, on the other ha
one-third of the chains are disordered as shown in Fig. 1~b!.
The domain-wall solitons propagate in the disordered ch

The Cs nucleus is located in the center of the six Co21

ions which form a triangular prism with a threefold ax
along thec axis. The dipolar interactions with the surroun
ing Co21 magnetic moments give rise to the internal fieldh0
at the Cs nucleus, whose direction lies in thec plane.13 Both

FIG. 1. Spin structure of the Co21 ions and internal field at the
Cs nuclei in thec plain ~a! in the low-temperature phase and~b! in
the intermediate phase.
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in the low-temperature and the intermediate phases, there
six magnetically nonequivalent Cs sites where the directi
of the internal field are different in thec plane as is seen in
Fig. 2~a!, although the directions and the magnitude of t
internal field are different between the two phases. For
low-temperature phase, three of the directions are shown
the arrows in Fig. 1~a!, while the others appear in other do
mains in thec plane.

In the presence of an external fieldH0, the total magnetic
field at each Cs site is determined by the vector sum ofH0

FIG. 3. Temperature dependences of 1/T1 at v/2p 5 5.0 MHz
for the temperature range between 4.2 and 100 K.

FIG. 2. ~a! Six directions of the internal fields in thec plain at
the six Cs sites,~b! schematic NMR spectra observed inH0ia axis,
and~c! schematic NMR spectra observed inH0'a axis in the low-
temperature (T,TN2), the intermediate (TN2,T,TN1), and the
paramagnetic (TN1,T) phases.
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2938 57T. KOHMOTO et al.
andh0. When the external field is applied in thec plane and
its magnitude is swept with the operating frequency fix
six NMR lines at most can appear corresponding to the
ferent directions of the internal field. In the case of the lo
temperature phase, three NMR lines, which we refer to
a12a3 lines, appear in the external field parallel to thea
axis as shown in Fig. 2~b!, and four lines, which we refer to
asb12b4 lines, appear in the external field perpendicular
the a axis as shown in Fig. 2~c!. In the case of the interme
diate phase, four lines (d12d4) appear in the field parallel to
the a axis, and three lines (e12e3) appear in the field per
pendicular to thea axis. In the paramagnetic phase, a sin
line ( f ) appears for any direction of the external field. T
values ofT1 were measured for these 15 lines.

The experiment was made by using a coherent puls
NMR spectrometer equipped with a personal computer
the pulse-sequence control and the signal processing.
longitudinal relaxation timeT1 was measured at the res
nance frequencyv/2p 5 1.526.7 MHz (H052212 kOe!
in the temperature range between 4.2 and 100 K. The v
of T1 was determined by observing the recovery of the sp
echo signal after the saturation by a comb of rf pulses.

III. EXPERIMENTAL RESULTS

The temperature dependences of 1/T1 at v/2p 5 5.0
MHz for the whole temperature range are shown in Fig.
Those for the low-temperature phase and those for the in
mediate and paramagnetic phases are shown in Figs. 4 a
respectively. Near the temperatureTN2, the measurement o

FIG. 4. Temperature dependences of 1/T1 at v/2p 5 5.0 MHz
for the a1, a2, b1, andb2 lines in the low-temperature phase. Th
values of 1/T1 for thea3, b3, andb4 lines are the same as those f
thea1, b2, andb1 lines, respectively, within the experimental erro
The solid lines represent the fitting lines obtained from the rela
1/T1 } exp~-uJu/kT).
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T1 values was not easy because the transverse relax
time T2 becomes very short and the signal intensity of t
spin echoes becomes very small.

Figure 4 shows the temperature dependences of 1/T1 for
the a1, a2, b1, and b2 lines in the low-temperature phas
The values of 1/T1 for the a3, b3, andb4 lines are the same
as those for thea1, b2, andb1 lines, respectively, within the
experimental error. The value of 1/T1 exhibits a remarkable
increase with increasing temperature, and the tempera
dependence is well described by the relation 1/T1
}exp~-uJu/kT) for all lines and frequencies.30 The solid lines
in Fig. 4 represent the fitting lines obtained from the abo
relation.

Figure 5 shows the temperature dependences of 1/T1 for
thed1, d2, e1, ande2 lines in the intermediate phase and t
f line in the paramagnetic phase. The values of 1/T1 for the
d3, d4, ande3 lines are the same as those for thed2, d1, and
e1 lines, respectively, within the experimental error. In t
intermediate phase the value of 1/T1 varies over one order o
magnitude depending on the line, and with increasing te
perature the values for all lines become the same at the
peratureTN1. The large line dependence in the intermedia
phase is different from that in the case of the lo
temperature phase. According to the model of the propa
ing domain-wall solitons in the disordered chains, the te
perature dependence in the intermediate phase is expect
1/T1 } exp(uJu/kT).14 The broken line in Fig. 5 shows th
expected slope. The slope obtained from the experime
data is smaller than the expected one.

The angular dependences of 1/T1 at the temperatureT 5
5.7 K and at the frequencyv/2p 5 2.0, 3.0, 5.0, and 6.7
MHz are shown in Fig. 6. The seven data for a fixed f

n

FIG. 5. Temperature dependences of 1/T1 at v/2p 5 5.0 MHz
for the d1, d2, e1, ande2 lines in the intermediate phase and thef
line in the paramagnetic phase. The values of 1/T1 for the d3, d4,
and e3 lines are the same as those for thed2, d1, and e1 lines,
respectively, within the experimental error. The solid lines a
guide for the eyes. The broken line shows the slope expected f
the relation 1/T1 } exp(uJu/kT).



n

°,
de

,

de-
-
en-

on
ex-

y.

n
of
is
the
re
est-
on
e
the

se.

re-
inter-
r an

of
he
i-

we

y

-
,

MR
rela-

e-

st

e

al
.

57 2939NUCLEAR MAGNETIC RELAXATION IN AN ISING- . . .
quency are the measured values of 1/T1 for the seven NMR
lines, thea12a3 lines in Fig. 2~b!, and theb12b4 lines in
Fig. 2~c!. Hereu represents the angle between the directio
of the external fieldH0 and the internal fieldh0 at the Cs site.
SinceH0@h0 in our experimental condition,uH01h0u.H0
1h0cosu. The values ofu corresponding to thea1, a2, a3,
b1, b2, b3, andb4 lines are 30°, 90°, 150°, 0°, 60°, 120
and 180°, respectively. Similar angular and frequency
pendences were observed at the other temperatures in
low-temperature phase,30 although the value of 1/T1 exhib-
ited remarkable temperature dependence.

The angular dependence of 1/T1 at the temperatureT 5
15 K and at the frequencyv/2p55.0 MHz is shown in Fig.
7. The seven data are the measured values of 1/T1 for the

FIG. 6. Angular dependences of 1/T1 at the temperatureT 5 5.7
K and at the frequencyv/2p52.0, 3.0, 5.0, and 6.7 MHz.u rep-
resents the angle between the directions of the external fieldH0 and
the internal fieldh0 at the Cs site. The seven data for a fixed fr
quency are the measured values of 1/T1 for the seven NMR lines,
the a12a3 lines in Fig. 2~b! and theb12b4 lines in Fig. 2~c!. The
solid lines represent the theoretical curve obtained from the be
of Eq. ~5! to the measured values.

FIG. 7. Angular dependence of 1/T1 at the temperatureT 5 15
K and at the frequencyv/2p55.0 MHz. u represents the angl
between the directions of the external fieldH0 and the internal field
h0 at the Cs site. The seven data are the measured values of 1/T1 for
the seven NMR lines, thed12d4 lines in Fig. 2~b! and thee1

2e3 lines in Fig. 2~c!. The solid line represents the theoretic
curve obtained from the best fit of Eq.~8! to the measured values
s

-
the

seven NMR lines, thed12d4 lines in Fig. 2~b!, and thee1
2e3 lines in Fig. 2~c!. The values ofu corresponding to the
d1, d2, d3, d4, e1, e2, ande3 lines are 0°, 60°, 120°, 180°
30°, 90°, and 150°, respectively. The value of 1/T1 in the
intermediate phase did not exhibit appreciable frequency
pendence; the value ofT1 of each line for different frequen
cies was the same in our frequency range within experim
tal error.

As is seen in Figs. 6 and 7, the longitudinal relaxati
rates in the low-temperature and the intermediate phases
hibit characteristic angular (u) dependences, respectivel
The value of 1/T1 takes the minimum value foru 5 90° and
the maximum value foru 5 0° and 180° in both phases. I
the low-temperature phase the former is about one-third
the latter, while in the intermediate phase the former
smaller than one-tenth of the latter. This suggests that
fluctuation at the Cs site is biaxial in the low-temperatu
phase and is uniaxial in the intermediate phase. It is inter
ing that the 1/T1 in the low-temperature phase depends
the NMR frequencyv but that in the intermediate phas
does not. This suggests that the characteristic time of
local-field fluctuation is longer than 1/v in the low-
temperature phase and is shorter in the intermediate pha

IV. DISCUSSION

In order to explain the characteristic angular and f
quency dependences and those differences between the
mediate and the low-temperature phases, we conside
analysis of the fluctuating internal field at the Cs nuclei.

According to the conventional stochastic theory
relaxation,32,33 the relaxation rate is described by using t
time-correlation function for the fluctuating field. The long
tudinal relaxation rate 1/T1 is given by

1

T1
5

g2

2 E
2`

1`

^dh'~ t !dh'~0!&exp~ ivt !dt, ~2!

whereg is the gyromagnetic ratio, anddh'(t) represents the
transverse components of the fluctuating local field. If
assume an exponential type of correlation function,

^dh'~ t !dh'~0!&5D2exp~2utu/tc!, ~3!

whereD25^(dh')2&, and tc is the correlation time of the
fluctuating field, then the expression of 1/T1 can be calcu-
lated easily from Eqs.~2! and ~3!;

1

T1
5~gD!2

tc

11~vtc!
2

. ~4!

The relaxation rate is determined by the amplitudeD and the
correlation timetc of the fluctuation.

As is seen in Eq.~4!, the characteristic of the frequenc
dependence of 1/T1 is determined by the value ofvtc . In
the case ofvtc@1, the longitudinal relaxation rate is pro
portional to 1/v2. In the case ofvtc!1, on the other hand
the rate is independent ofv. The longitudinal relaxation in
the intermediate phase, which was independent of the N
frequency, corresponds to the latter case where the cor
tion time is shorter than 1/v.

fit
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2940 57T. KOHMOTO et al.
Here, to explain the experimental results, we pay atten
to the local-field fluctuation due to the spin inversion in t
linear chain which is caused by the passage of domain w
As for the case of the low-temperature phase, we have
cussed the possibility of domain-wall pairing in the line
chain by using an analysis of the fluctuating internal field
the previous paper.30 In the following, we summarize the
result of the analysis to compare with the case of the in
mediate phase.

We considered a temporary spin-inversion model;
Co21 spins are inverted locally in the linear chain for a sh
time away from the stable directions which are determin
by the ferrimagnetic structure in thec plane. It is expected
that the spin inversion may occur in either of the two@open
circles in Fig. 1~a!# of the three chains on the triangula
lattice. If the spin inversion occurs in one linear chain, t
direction of the internal field rotates by660° in thec plane
as shown in Fig. 8. The fluctuating field at the Cs nucle
due to the spin inversion is a pulselike fluctuation as sho
in Fig. 10~a!. The componentdh'(t) of the field fluctuation
jumps back and forth between the stable direction with li
time t0 and the unstable direction with averaged pulse a
h't1. We assumet0@t1, since the direction of the interna
field is stable in the three-dimensionally ordered phase. E
pulse has a temporal structure of the order oftc .

There are two kinds of pulselike fluctuations whose fie
jumps areh'

6 corresponding to the660° rotations. The re-
laxation rate is given by the sum of these two contributio

1

T1
5

t1

t0

g2

4
$~h'

1!21~h'
2!2%

tc

11~vtc!
2

, ~5!

where 1/t0 is the fluctuation pulse rate at the Cs site, a
then the spin-inversion rate in each of the two Co21 chains
is 1/2t0. The u dependence of the fluctuating field is give
by

h'
65h0$sin~u660°!2sinu%. ~6!

In the case of the low-temperature phase, the fluctuatio
the Cs site is not uniaxial but biaxial as shown in Fig. 8~b!.

FIG. 8. ~a! Temporary rotation of the internal field and~b! bi-
axial fluctuation in thec plane at the Cs site in the low-temperatu
phase when the spin inversion occurs in one of the Co21 chains on
the triangular lattice.
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The angular dependence of 1/T1 is determined by (h'
1)2

1(h'
2)2. The solid lines shown in Fig. 6 represent the the

retical angular dependence obtained from the best fit of
~5! with Eq. ~6! to the measured values of 1/T1. As is seen,
the theoretical curves, which are calculated from the biax
fluctuation in the above model, explain well the experimen
result.

By using Eqs.~5!, ~6!, and the experimentally evaluate
valuestc.431028 s andt1.1.631026 s,30 we can deter-
mine the value oft0 from the observed values of 1/T1. Tem-
perature dependence of the fluctuation pulse rate 1/t0 of the
internal field at the Cs site is shown in Fig. 11.

The spin dynamics in the Co21 chain deduced from the
pulselike fluctuation at the Cs site is as follows. The Co21

spins, which lies in the ferrimagnetic stable directions,
inverted locally in the chain for a short time. The magne
excitation is created thermally at the rate of 1/t0, and the rate
increases exponentially as the temperature is increased.
magnetic excitation moves back and forth in the linear ch
with a characteristic timetc and is annihilated spontaneous
with a lifetime of the order oft1. This interpretation suggest
domain-wall pairing in the Co21 chain.

Now we consider the case of the intermediate phase
this case, domain-wall solitons propagate in one of the th
chains. The spin inversion caused by the passage of the
main wall changes the internal field at the Cs site. The dir
tion of the internal field due to the disordered chain
switched rapidly in thec plane. Then the mean field, whic
is due to the two ordered chains, is parallel to thea axis as
shown in Fig. 1~b!. In the short-time scale, however, th
direction of the vector sum of the internal field rotates by 6
in thec plain as shown in Fig. 9, when a domain wall pass
in the disordered chain. The direction of the fluctuating fie
is perpendicular to thea axis, and its magnitude is 2h0 /A3,
whereh0 is the mean internal field at the Cs site and its va
is 0.35 kOe in the intermediate phase from the obser
splitting of the NMR spectrum.

The longitudinal relaxation is determined by the tran
verse componentdh'(t) of the fluctuating field. In the
present case,dh'(t) is considered to be a two-state type
fluctuation as shown in Fig. 10~b!, and is described by ran
dom jumps between two field values with the magnitudeh'

FIG. 9. ~a! Switching of the internal field and~b! uniaxial fluc-
tuation in thec plane at the Cs site in the intermediate phase wh
a domain wall passes in the disordered chain.
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57 2941NUCLEAR MAGNETIC RELAXATION IN AN ISING- . . .
of the field jump and the lifetimets of each state. The
switching rate of the internal field at the Cs site is 1/ts ,
which is also the spin-inversion rate in the disordered ch
The transverse componenth' of the field jump depends on
the NMR line and determined by the angle between the
ternal fieldH0 and the fluctuating field which is perpendic
lar to the internal fieldh0;

h'5
2

A3
h0cosu, ~7!

whereu is the same as that in Fig. 7.
The correlation function of the two-state fluctuation c

be calculated analytically and expressed by an exponen
type function.34 In the case of Fig. 10~b!, the amplitude and
the correlation time in Eqs.~3! and ~4! are given byD
5h'/2 andtc5ts/2. The relaxation rate due to the two-sta
fluctuation is obtained from Eq.~4!;

1

T1
5

1

4
~gh'!2

ts/2

11~vts/2!2
.

1

8
~gh'!2ts , vts!1.

~8!

The angular dependence of 1/T1 is determined by the
square (h')2 of the magnitude of the field jump. The soli
line shown in Fig. 7 represents the theoretical angular dep
dence obtained from the best fit of Eq.~8! with Eq. ~7! to the
measured values of 1/T1. As is seen, the theoretical curv
which is calculated from the uniaxial fluctuation in the abo
model, explains well the experimental result. When the
rection of the external fieldH0 is perpendicular to that of the
fluctuation (u50° and 180°), the transverse component
maximum and the value of 1/T1 is maximum. When the
direction of H0 is parallel to that of the fluctuation (u
590°), on the other hand, the transverse component is m
mum and the value of 1/T1 is minimum (1/T150 in an ideal
case!.

FIG. 10. Transverse componentdh'(t) of the fluctuating field at
the Cs site.~a! Pulselike fluctuation in the low-temperature pha
with pulse rate 1/t0, averaged pulse areah't1, and a temporal
structure of the order oftc in a pulse.~b! Two-state fluctuation in
the intermediate phase with lifetimets of each state.
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Temperature dependence of the switching rate 1/ts of the
internal field at the Cs site is shown in Fig. 11. The value
1/ts can be calculated from different lines, which have d
ferent values ofu, by using Eqs.~7! and~8!. Plotted data in
Fig. 11 are averaged values of 1/ts calculated from the ob-
served values of 1/T1 of the d1, d2, ande1 lines in Fig. 5.
The values of 1/ts obtained from these lines were consiste
with each other. As is expected from the frequency indep
dency, the values ofvts are much smaller than unity.

The slope of the temperature dependence in Fig. 5
smaller than that expected from the model of free soli
propagation. It may be possible that a bound state9,26,28 of
two solitons decreases the activation energy. As for the
served slope in the intermediate phase, however, we do
have a good explanation at the present.

As is shown in Fig. 11, the fluctuating rate due to t
movement of the domain walls is obtained in a wide d
namic range of eight orders of magnitude in our experime
although the meaning of the fluctuating rate is different b
tween the low-temperature phase~the fluctuation pulse rate
1/t0) and the intermediate phase~the switching rate 1/ts).

V. SUMMARY

We measured the longitudinal relaxation timeT1 of 133Cs
NMR in CsCoCl3. The relaxation rate 1/T1 exhibits charac-
teristic angular and temperature dependences in the
temperature and the intermediate phases, respectively.
relaxation rate exhibits NMR-frequency dependence in
low-temperature phase, while does not in the intermed
phase.

From an analysis of fluctuating internal field at the C

FIG. 11. Temperature dependence of the fluctuating rate of
local field at the Cs site. Fluctuation pulse rate 1/t0 in the low-
temperature phase and switching rate 1/ts in the intermediate phase
are obtained from theT1 analysis.
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nuclei, the experimental results were interpreted in terms
biaxial pulselike fluctuation in the low-temperature pha
and a uniaxial two-state fluctuation in the intermediate pha
This interpretation suggests domain-wall pairing in two
the three Co21 chains in the low-temperature phase a
domain-wall soliton propagation in one of those in the int
ys

t,

, J

s

s.
a
e
e.
f

-

mediate phase. The fluctuating rate of the local field cau
by the passage of the domain wall, which was evaluated
the fluctuation pulse rate or the switching rate of the lo
field at the Cs site due to the spin inversion in the Co21

chains, was obtained in a wide range over eight orders
magnitude.
.
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