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Nuclear magnetic relaxation in an Ising-like antiferromagnet CsCoC}: Domain-wall dynamics
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The longitudinal relaxation tim&, of 1%Cs NMR was measured in the low-temperature, intermediate, and
paramagnetic phases of a quasi-one-dimensigadl/2 Ising-like antiferromagnet CsCogLIThe 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 C&' linear chain, are determined by using a fluctuating-field analysis of NMR-line,
frequency, and temperature dependences©f. 1t 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[S0163-182688)05805-9

I. INTRODUCTION take a ferrimagnetic structure in tleplane. In a previous
paper’® we showed the presence of domain-wall pairing in

The magnetic linear chain on the triangular lattice isthe low-temperature phase, and made clear the mechanism of
known to show various types of characteristic spin structurehe phase transition aty, from the dynamic point of view.
and attractive dynamical behavior. The hexagonal compounWe also showed the evidence for sublattice switching in the
CsCoC} is a typical example of quasi-one-dimensional low-temperature phase,which has much slower dynamics
S=1/2 Ising-like antiferromagnets on the triangular lattice. of the order of 18 s.
Much work has been done on this compound The spins in the linear chain on the triangular lattice show
experimentally™*° and theoretically?’~%° Especially, much various types of dynamical behavior, and the study of the
attention has been directed to the spin-frustration effect ogpin dynamics is very attractive. In the present paper, in or-
the triangular latticé" which appears as the successive phaseler to make the spin dynamics clear in the whole tempera-
transitions atTy;=21 K andTy,=9 K,® and the propaga- ture range, the longitudinal relaxation tirfi¢ of 13Cs NMR
tion of the domain-wall solitof? in the intermediate Ty,  was measured in the low-temperature, intermediate, and
<T<Tyy) and the paramagnetic(;<T) phases. The in- paramagnetic phases. We pay attention to the NMR-line de-
termediate phase betwediy,; and Ty, is a partially disor- pendence of I7;, and analyze the experimental results from
dered phase where two-thirds of the magnetic chains ordehe viewpoint of the local-field fluctuation due to the
antiferromagnetically with each other leaving the rest uncordomain-wall passage in the linear chain. The line depen-
related. The dynamical behavior in the Ising-like linear chaindence gives information on the direction of the local fluctu-
can be described by the domain-wall picture. The existencating field, because it is caused by the difference of the angle
of the propagating domain-wall solitons in the €ochainin  between the directions of the fluctuating field and the exter-
those phases has been established by theal field, and then the information on the spin dynamics of
neutron-scattering® electron-spin-resonance(ESR),'%"*?  the individual chain on the triangular lattice can be obtained.
nuclear-magnetic-resonan¢®MR),** and optical’ experi- The direction and the fluctuating rate of the anisotropic
ments. local-field fluctuation are determined in the low-temperature

In the low-temperature phase beldw,, the C&" spins, and the intermediate phases by using a fluctuating-field
which are ordered antiferromagnetically along theaxis, analysis of NMR-line, frequency, and temperature depen-
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FIG. 1. Spin structure of the Gd ions and internal field at the
Cs nuclei in thec plain (a) in the low-temperature phase aig in

the intermediate phase.

FIG. 2. (a) Six directions of the internal fields in theplain at
the six Cs sites(b) schematic NMR spectra observedHi||a axis,
and(c) schematic NMR spectra observedHig L a axis in the low-
temperature T<Ty32), the intermediate [y, <T<Ty;), and the
paramagneticy;<T) phases.

in the low-temperature and the intermediate phases, there are
six magnetically nonequivalent Cs sites where the directions
of the internal field are different in the plane as is seen in

dences of IV;. We show that the local-field fluctuation at Fig. 2@), although the directions and the magnitude of the
the Cs nuclei in the low-temperature phase is biaxial and iinternal field are different between the two phases. For the
suggests temporary spin inversion occurs in two of the thre@ow-temperature phase, three of the directions are shown by
chains on the triangular lattice, while that in the intermediatethe arrows in Fig. (@), while the others appear in other do-
phase is uniaxial and it suggests spin inversion occurs onlynains in thec plane.

in the disordered chain. The fluctuating rate of the local field In the presence of an external figtt}, the total magnetic
due to the spin inversion, which varies over a wide range ofield at each Cs site is determined by the vector surdl gf

magnitude, is obtained from the fluctuating-field analysis.

Il. EXPERIMENT

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

H=— ZJ; {S/S{,1te(SS 1 +59. ) (D

where S=1/2, J=-75 K, and £=0.14>* The nearest-
neighbor interchain interactialy is antiferromagnetic and is
much weaker than the intrachain interactidq fJ~ 10 2).?2
In the low-temperature phase, the electron spins of the
Cd®" ions in all the linear chains are ordered antiferromag-
netically, and the C&" chains on the triangular lattice take a
collinear ferrimagnetic arrangement in tbglane as shown
in Fig. 1(a). In the intermediate phase, on the other hand,
one-third of the chains are disordered as shown in Rig). 1
The domain-wall solitons propagate in the disordered chain.
The Cs nucleus is located in the center of the siX¥Co
ions which form a triangular prism with a threefold axis
along thec axis. The dipolar interactions with the surround-
ing Co?" magnetic moments give rise to the internal fiajd
at the Cs nucleus, whose direction lies in thplane!® Both
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FIG. 3. Temperature dependences of 14t w/27m = 5.0 MHz
for the temperature range between 4.2 and 100 K.
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line in the paramagnetic phase. The values af, Tbr the d3, d,
FIG. 4. Temperature dependences of 14t w/27 = 5.0 MHz and e; lines are the same as those for tthe d;, ande; lines,
for thea,, a,, by, andb, lines in the low-temperature phase. The respectively, within the experimental error. The solid lines are
values of 1T, for theas, b3, andb, lines are the same as those for guide for the eyes. The broken line shows the slope expected from
theay, by, andb; lines, respectively, within the experimental error. the relation 1T, « exp(J|/kT).
The solid lines represent the fitting lines obtained from the relation
UT, = exp(-|J|/KT). T, values was not easy because the transverse relaxation
time T, becomes very short and the signal intensity of the
andh,. When the external field is applied in tieeplane and ~ SPIin echoes becomes very small.
its magnitude is swept with the operating frequency fixed, Figure 4 shows the temperature dependencesTof fbf
six NMR lines at most can appear corresponding to the diffhe a;, a,, b;, andb, lines in the low-temperature phase.
ferent directions of the internal field. In the case of the low-The values of IV, for the as, b, andb, lines are the same
temperature phase, three NMR lines, which we refer to ags those for tha,, by, andb, lines, respectively, within the
a;—ay lines, appear in the external field parallel to the €xperimental error. The value ofTl exhibits a remarkable
axis as shown in Fig.(®), and four lines, which we refer to increase with increasing temperature, and the temperature
asb;—b, lines, appear in the external field perpendicular todependence is well described by the relationT,1/
the a axis as shown in Fig. (). In the case of the interme- “exp(-|J|/kT) for all lines and frequencie¥.The solid lines
diate phase, four linesi{—d,) appear in the field parallel to in Fi_g. 4 represent the fitting lines obtained from the above
the a axis, and three linese{ —e;) appear in the field per- refation.
pendicular to the axis. In the paramagnetic phase, a single Figure 5 shows the temperature dependencesTof fbf
line (f) appears for any direction of the external field. Thetheds, dz, €1, ande; lines in the intermediate phase and the
values Oﬂ'l were measured for these 15 lines. f line in the paramagnetic phase. The values 6f11br the
The experiment was made by using a coherent pulseds, d4, ande; lines are the same as those for thed;, and
NMR spectrometer equipped with a personal computer fof: lines, respectively, within the experimental error. In the
the pulse-sequence control and the signal processing. THatermediate phase the value ofiAivaries over one order of
longitudinal relaxation timeT; was measured at the reso- magnitude depending on the line, and with increasing tem-
nance frequencw/27m = 1.5-6.7 MHz (Hy=2-12 kOe@ perature the values for all lines become the same at the tem-
in the temperature range between 4.2 and 100 K. The valueeratureTy;. The large line dependence in the intermediate
of T, was determined by observing the recovery of the spinphase is different from that in the case of the low-
echo signal after the saturation by a comb of rf pulses. ~ temperature phase. According to the model of the propagat-
ing domain-wall solitons in the disordered chains, the tem-
perature dependence in the intermediate phase is expected as
Il EXPERIMENTAL RESULTS 1/T, = exp(J|/kT).** The broken line in Fig. 5 shows the
The temperature dependences of ;lat w/27m = 5.0 expected slope. The slope obtained from the experimental
MHz for the whole temperature range are shown in Fig. 3data is smaller than the expected one.
Those for the low-temperature phase and those for the inter- The angular dependences off 1/at the temperaturé =
mediate and paramagnetic phases are shown in Figs. 4 and%®7 K and at the frequency/27 = 2.0, 3.0, 5.0, and 6.7
respectively. Near the temperaturg,, the measurement of MHz are shown in Fig. 6. The seven data for a fixed fre-
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seven NMR lines, th&;—d, lines in Fig. Zb), and thee;

—ez lines in Fig. Zc). The values ofy corresponding to the
20MHz d,, d,, ds, dy4, €4, €5, ande; lines are 0°, 60°, 120°, 180°,
30°, 90°, and 150°, respectively. The value of {lin the
intermediate phase did not exhibit appreciable frequency de-
pendence; the value df; of each line for different frequen-
cies was the same in our frequency range within experimen-
5.0MHz tal error.

As is seen in Figs. 6 and 7, the longitudinal relaxation
6.7 MHz rates in the low-temperature and the intermediate phases ex-
hibit characteristic angularé) dependences, respectively.

The value of IT; takes the minimum value fa# = 90° and

0 30 60 90 120 150 180 the maximum value fop = 0° and 180° in both phases. In
6 (deg) the Iow-tempe_ratgre pha_se the fo_rmer is about one-third _of

the latter, while in the intermediate phase the former is
FIG. 6. Angular dependences off}/at the temperatur€ = 5.7  smaller than one-tenth of the latter. This suggests that the

K and at the frequencw/27=2.0, 3.0, 5.0, and 6.7 MHz? rep-  fluctuation at the Cs site is biaxial in the low-temperature
resents the angle between the directions of the externaHigthd ~ phase and is uniaxial in the intermediate phase. It is interest-
the internal fieldh, at the Cs site. The seven data for a fixed fre- ing that the 1T, in the low-temperature phase depends on

quency are the measured values oF,1for the seven NMR lines, the NMR frequencyw but that in the intermediate phase
thea; —ajz lines in Fig. 2b) and theb; —b, lines in Fig. Zc). The  does not. This suggests that the characteristic time of the

solid lines represent the theoretical curve obtained from the best fihcgl-field fluctuation is longer than &/ in the low-

of Eq. (5) to the measured values. temperature phase and is shorter in the intermediate phase.

(17sec)
3.0MHz

20

0

quency are the measgred.values of 1for the seven NMR IV. DISCUSSION
lines, thea; — a3 lines in Fig. Zb), and theb;—b, lines in
Fig. 2(c). Here 6 represents the angle between the directions In order to explain the characteristic angular and fre-
of the external fieldH, and the internal fieldh, at the Cs site.  quency dependences and those differences between the inter-
SinceH>hg in our experimental conditiorjHy+ho|=H,  mediate and the low-temperature phases, we consider an
+hgcosd. The values off corresponding to tha,, a,, a;,  analysis of the fluctuating internal field at the Cs nuclei.
b, b,, bs, andb, lines are 30°, 90°, 150°, 0°, 60°, 120°,  According to the conventional stochastic theory of
and 180°, respectively. Similar angular and frequency derelaxation®>=3the relaxation rate is described by using the
pendences were observed at the other temperatures in thigne-correlation function for the fluctuating field. The longi-
low-temperature phasd,although the value of T, exhib-  tudinal relaxation rate T} is given by
ited remarkable temperature dependence. L )
The angular dependence ofT}/at the temperatur@ = N .
15 K and at the frequency/27=5.0 MHz is shown in Fig. T, ?J,OC (sh (t)oh, (0))expiwt)dt, 2)
7. The seven data are the measured values Bf for the
wherev is the gyromagnetic ratio, angh, (t) represents the
d & d e dy e; d, transverse components of the fluctuating local field. If we

7T : : : . : assume an exponential type of correlation function,
(1/sec) )
600 (h (t)sh, (0))=A%exp —|t|/7c), (3
50MHz ) ) : -
where A*=((sh,)¢), and 7. is the correlation time of the
400 fluctuating field, then the expression off1/can be calcu-
lated easily from Eqs2) and(3);
200 1 Tc
—=(yA)—. 4
Ty (r&) 1+ (w7e)? @
0

The relaxation rate is determined by the amplitddand the
0 30 60 90 120 150 180 correlation timer; of the fluctuation.
6 (deg) As is seen in Eq(4), the characteristic of the frequency

FIG. 7. Angular dependence ofTl at the temperaturg = 15 dependence of T} is determined by the value @7.. In
K and at the frequencys/2=5.0 MHz. § represents the angle the case Ofa”'c;>1’ the longitudinal relaxation rate is pro-
between the directions of the external fielg and the internal field ~ Portional to 1b°. In the case ofv7.<1, on the other hand,

ho at the Cs site. The seven data are the measured valuek,dbt/  the rate is independent @f. The longitudinal relaxation in
the seven NMR lines, thel;,—d, lines in Fig. Zb) and thee,  the intermediate phase, which was independent of the NMR

—e; lines in Fig. Zc). The solid line represents the theoretical frequency, corresponds to the latter case where the correla-
curve obtained from the best fit of E() to the measured values. tion time is shorter than &.
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FIG. 8. (a) Temporary rotation of the internal field arfd) bi- o . ) o
axial fluctuation in thes plane at the Cs site in the low-temperature ~ FIG. 9. (&) Switching of the internal field an¢b) uniaxial fluc-

phase when the spin inversion occurs in one of th&'Cehains on  tuation in thec plane at the Cs site in the intermediate phase when
the triangular lattice. a domain wall passes in the disordered chain.

Here, to explain the experimental results, we pay attention The angular dependence ofT1/is determined by If ")?
to the local-field fluctuation due to the spin inversion in the+(hL—)2. The solid lines shown in Fig. 6 represent the theo-
linear chain which is caused by the passage of domain wallsetical angular dependence obtained from the best fit of Eq.
As for the case of the low-temperature phase, we have digs) yith Eq. (6) to the measured values ofTl/ As is seen,
cussed the possibility of domain-wall pairing in the linearihe theoretical curves, which are calculated from the biaxial

chain by using an analysis of the fluctuating internal field infi,ctuation in the above model, explain well the experimental
the previous papef In the following, we summarize the result.

result of the analysis to compare with the case of the inter- gy ysing Egs.(5), (6), and the experimentally evaluated

mediate phase. o _ values7,=4x10"8 s andr,;=1.6x10"® s*° we can deter-
We considered a temporary spin-inversion model; theyine the value of, from the observed values ofTly. Tem-
Co’* spins are inverted locally in the linear chain for a short erature dependence of the fluctuation pulse ratg df the
time away from the stable directions which are determineqniernal field at the Cs site is shown in Fig. 11.
by the ferrimagnetic structure in theplane. It is expected The spin dynamics in the G& chain deduced from the
that the spin inversion may occur in either of the thapen  iselike fluctuation at the Cs site is as follows. The?Co
circles in Fig. 1a)] of the three chains on the triangular ghing which lies in the ferrimagnetic stable directions, are
lattice. If the spin inversion occurs in one linear chain, thej,yerteqd locally in the chain for a short time. The magnetic
direction of the internal field rotates by60° in thec plane  gycitation is created thermally at the rate ofgl/and the rate
as shown in Fig. 8. The fluctuating field at the Cs nucleu§,creases exponentially as the temperature is increased. The
due to the spin inversion is a pulselike fluctuation as shownnagnetic excitation moves back and forth in the linear chain
in Fig. 10a). The componensh, (t) of the field fluctuation \yith 4 characteristic time,, and is annihilated spontaneously

jumps back and forth between the stable direction with life~yi, 5 jifetime of the order of,. This interpretation suggests

time 7, and the unstable direction with averaged pulse aregomain-wall pairing in the C&" chain.

h, 1. We assumery> 7y, since the direction of the internal  Now we consider the case of the intermediate phase. In
field is stable in the three-dimensionally ordered phase. Eacp;g case, domain-wall solitons propagate in one of the three
pulse has a temporal structure of the orderrof _chains. The spin inversion caused by the passage of the do-
_ There are two kinds of pulselike fluctuations whose fieldyain wall changes the internal field at the Cs site. The direc-
jumps areh] corresponding to the-60° rotations. The re- tion of the internal field due to the disordered chain is

is due to the two ordered chains, is parallel to ¢haxis as

1 2 , shown in Fig. 1b). In the short-time scale, however, the
— -1 y—{(hj)2+ (h))}——, (5)  direction of the vector sum of the internal field rotates by 60°
T, 74 1+ (w7e)? in thec plain as shown in Fig. 9, when a domain wall passes

in the disordered chain. The direction of the fluctuating field
is perpendicular to tha axis, and its magnitude ishg/+/3,
wherehg is the mean internal field at the Cs site and its value
is 0.35 kOe in the intermediate phase from the observed

where 1f, is the fluctuation pulse rate at the Cs site, and
then the spin-inversion rate in each of the two’Cachains
is 1/279. The 6 dependence of the fluctuating field is given

by splitting of the NMR spectrum.
The longitudinal relaxation is determined by the trans-
h=ho{sin( 6= 60°) —sing}. (6)  Verse componenth, (t) of the fluctuating field. In the

present casegh, (t) is considered to be a two-state type of
In the case of the low-temperature phase, the fluctuation dluctuation as shown in Fig. 16), and is described by ran-
the Cs site is not uniaxial but biaxial as shown in Fi¢))8 dom jumps between two field values with the magnithde
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FIG. 10. Transverse componeftt, (t) of the fluctuating field at 102 b ° |
the Cs site(a) Pulselike fluctuation in the low-temperature phase ¢
with pulse rate 4, averaged pulse arda 7, and a temporal L o
structure of the order of. in a pulse.(b) Two-state fluctuation in
the intermediate phase with lifetimg of each state. 1 L ] 1 1
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of the field jump and the lifetimers of each state. The T (VK)

switching rate of the internal field at the Cs site isl/
which is also the spin-inversion rate in the disordered chainl. | field at the Cs site. Fluctuafi | te1in the |
The transverse componeht of the field jump depends on ocal Tield at the L. site. Hucluation puise rateo-h the low-
. . temperature phase and switching rate; It the intermediate phase

the NMR line and determined by the angle between the ex- : .

. . . T . are obtained from th&, analysis.
ternal fieldH, and the fluctuating field which is perpendicu-
lar to the internal fielchy;

FIG. 11. Temperature dependence of the fluctuating rate of the

Temperature dependence of the switching ratg &f the
internal field at the Cs site is shown in Fig. 11. The value of
2 1/75 can be calculated from different lines, which have dif-
hL:ﬁhOCOSH' @) ferent values o®, by using Eqs(7) and(8). Plotted data in
Fig. 11 are averaged values ofrdktalculated from the ob-
where d is the same as that in Fig. 7. served values of T} of thedy, d,, ande, lines in Fig. 5.
The correlation function of the two-state fluctuation canThe values of I obtained from these lines were consistent
be calculated analytically and expressed by an exponentiaWith each other. As is expected from the frequency indepen-
type function® In the case of Fig. 1®), the amplitude and dency, the values ob 7 are much smaller than unity.

the correlation time in Eqs(3) and (4) are given byA The slope of the temperature dependence in Fig. 5 is
=h, /2 andr.= 74/2. The relaxation rate due to the two-state Smaller than that expected from the model of free soliton
fluctuation is obtained from Ed4); propagation. It may be possible that a bound St of

two solitons decreases the activation energy. As for the ob-
served slope in the intermediate phase, however, we do not
1 ) 742 1 ) have a good explanation at the present.
7= 2() ﬁzg('th) Ts, 0T<l. As is shown in Fig. 11, the fluctuating rate due to the
! 1+ (w742) movement of the domain walls is obtained in a wide dy-
(8) namic range of eight orders of magnitude in our experiment,
_ ) although the meaning of the fluctuating rate is different be-
The angular dependence ofT1/is determined by the (yeen the low-temperature phaéhe fluctuation pulse rate

square i, )? of the magnitude of the field jump. The solid 1/;) and the intermediate phagthe switching rate ).
line shown in Fig. 7 represents the theoretical angular depen-

dence obtained from the best fit of E§) with Eq. (7) to the
measured values of T{. As is seen, the theoretical curve,
which is calculated from the uniaxial fluctuation in the above
model, explains well the experimental result. When the di- We measured the longitudinal relaxation tifigof *33Cs
rection of the external fielt, is perpendicular to that of the  NMR in CsCoCk. The relaxation rate T4 exhibits charac-
fluctuation #=0° and 180°), the transverse component isteristic angular and temperature dependences in the low-
maximum and the value of T{ is maximum. When the temperature and the intermediate phases, respectively. The
direction of Hy is parallel to that of the fluctuationd( relaxation rate exhibits NMR-frequency dependence in the
=90°), on the other hand, the transverse component is miniow-temperature phase, while does not in the intermediate
mum and the value of T} is minimum (17,=0 in an ideal phase.

case. From an analysis of fluctuating internal field at the Cs

V. SUMMARY
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nuclei, the experimental results were interpreted in terms of aediate phase. The fluctuating rate of the local field caused
biaxial pulselike fluctuation in the low-temperature phaseby the passage of the domain wall, which was evaluated as
and a uniaxial two-state fluctuation in the intermediate phasehe fluctuation pulse rate or the switching rate of the local
This interpretation suggests domain-wall pairing in two offield at the Cs site due to the spin inversion in the?Co
the three C8" chains in the low-temperature phase andchains, was obtained in a wide range over eight orders of
domain-wall soliton propagation in one of those in the inter-magnitude.
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