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Antiferromagnet CsCoCl3
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Electron spin resonance was measured at 9.40 GHz as a function

of temperature in a guasi-one-dimensional Ising-like antiferromagnet

CsCoCls. Observed resonance in the partially disordered phase,

TNZ £ T < THl

to spins at propagating domain walls in one-dimensiecnal Ising-like

and its neighborhood is interpreted in terms of ESR due

antiferromagnet. The theory developed by Shiba and the present author
gives a more consistent interpretation of the temperature dependence

of the absorption intensity ané the angular dependences of the resonance
field and the linewidth than the existing theories. Discussion is

given in connection with spin-cluster resaonance.



§1l. Introduction
In recent years, there has been a growing interest in the

elementary magnetic excitations and their dynamics in one-dimensional

1-2)

Ising-like systems Especially, much attention is devoted to

one-dimensional Ising-like antiferromagnet ( hereafter, abbreviated
as 1p I-L [AF] ) in connection with propagating domain walls ( solitons )
predicted by Villain.l} Experimentally, the central peak of inelastic

neutron diffraction characteristic of the propagating domain walls was

found in CsCoCl3 by Yoshizawa et al..3"l

ESR is also expected to he a useful technique for the study
of the propagating domain walls A theoretical study on the ESR due

to spins at preopagating domain walls in 1D I-L [AF] was developed by

4)

Shiba and the present author Comparison with the theory and

experiments is of interest.
ESR in 1D I-L system is, however, closely related to spin-cluster
resonance ( SCR )SJ asgsociated with a pair of domain walls. SCR has

been observed in 1D I-L [AF] r.‘n:'.nm.pe.n.mdsE''?]I as well as in 1D I-L [F]

compound5.5'3_lﬂ) In CsCoCl,, ESR due to the:propagating domain walls

and/or-the spin-cluster excitations are expected to be observed.

The magnetic properties of CsCoCl, are well known from the

el specific heat,12'13)

16,17}

measurements of magnetic susceptibility,

14,15) 133 .ng 59

Co~NMR. Magnetic

nentron diffraction and an

excitations and their dynamics have been also studied by experiments

. . " 3,18-21) 22-24)
of inelastic neutron scattering,

and 133C5—NMR.16}

far infrared excitation

23)

Ishimura and Shiba calculated transverse and

longitudinal magnetic responses in CsCoC13 and gave a new interpretation

of the spin wave spectrum different from des Cloizeaux and Gaudin's



theory 2°) 7)

The experiment by Satija et al.? confirmed their

prediction.

CsCoCl3 has a flattened simple hexagonal lattice of magnetic
ions with fictitious spin 8=1/2 at low temperatures. One-dimensional
magnetic chains extend along the c-axis Owing to the triangular
lattice in the c-plane, a characteristic magnetic phase transitionoccurs at

Tya = 9 K. One third of magnetic chains loses its long range coherence

in the c-plane above the temperature. This partially disordered phase

is stable up to the Néel temperature TNl = 21 K. Mekatazaj

the phase transition on the basis of molecular field theory of

interpreted

two-dimensional triangular lattice. -By taking into account of the
interchain interaction as a staggered molecular field, Shibazg)

extended the medel to the three-dimensional lattice. Based on the
theory, he gave a satisfactory interpretation of magnon Raman spectrgz-z”

in CsColl, in terms of discrete odd-number-magnon excitations.

3
The present paper reports the results of ESR in a typical §=1/2

1b I-L {[AF], CsCoClj. We show that the obhserved spectra are success-

fully explained in terms of the resonance due to spins at propagafing

domain walls Discussion in connection with SCR is also given.

§2. Experimental

Single crystals of CsCoCl, were grown from an equimolar mixture
of CsCl and CoCl, in a guartz ampoule by the Bridgman method.
Cleaving the crystals, samples with a suitable size for ESR measurement
were prepared. Size effect of sample was not appreciable.

ESR spectra were collected in the temperature range 4.2 77.3 K

by a reflection type spectrometer with a TEg,; rectangular cavity



operated at 9.40 GHz with an 80 Hz magnetic field modulation. 2As a
g-marker DPPH powder was used. The sample temperature was controlled
by regulating a heater and was measured with a calibrated germanium

thermometer. Temperature was stabilized within 0.05 K.

83. Results

When the temperature is raised from 4.2 K, a faint signal is
found above & K at an external field of 1.26 kOe applied along the c-axis
{ the chain direction ) The signal gets more intensity as temperature
is increased and the peak-to-peak height attains its maximum at about
12 K. In the neighkorheood of the temperature, the linewidth begins to
increase considerébly Above 17 K, the signal becomes undetectable
again due to the line broadening. Th;oughout the temperature range,
the resconance field remains constant within the experimental errors.
The observed spectra are shown in Fig. 1.

Figure 2 shows the temperature dependence of the peak-to-peak
height IPp and peak-to-peak linewidth &HPP. The absorption intensity
was evaluated by the relation I = IPPX aﬂppz which is reasonable for
Gaussian as well as Lorentzian lineshapes. The absorption intensity in
logarithmic scale is shown in Fig. 3 as a function of temperature. The
cbserved intensity increases wiFh increasing temperature and an anomaly
in its temperature dependence is found in the wvicinity of TN2‘

Figure 4 shows the angular dependences of the resonance field
and the linewidth in the a-c plane at 11.9 K. As the direction of the
applied field is rotated from the c-axis ( parallel to the chain ) to
the a-axis ( perpendicular to the chain ), the resonance field shifts

to the higher field side and the linewidth is brocadened.



At liquid helium temperatures, an extremely weak and slightly
sample dependent signal was observed. It may be attributed to para-
magnetic impurity judging from its temperature dependenceBU); it

decreases with increasing temperature. We are not concerned with- this

signal in this paper because it is out of our present interest.

84, Interpretation in terms of ESR due to propagating domain walls

The obsexrved ESR has entirely different temperature dependences
of the resonance field as well as the absorption intensity from those
of antiferromagnetic resonance due to collective spin motions.
Paramagnetic impurity ions yield also a quite different temperature

30) In the

dependence of absbrption intensity from the cbserved one.
following, we apply the theory of ESR due to propagating domain walls
to interprete the present experimental results. As will be seen, the

thecry affords a more consistent interpretation of the results than

SCR model.
§4.1 Theory
In this section, the theory of ESR due to propagating domain
‘wallg is summarized briefly. The detailed description is appeared in
4}
a' separate papexr
The model Hamiltonian for $=1/2 1D I-L [AF)] in a magnetic

field is given

X X

_ Z o2 oY &Y
H =23 £, I sy si,, + (5] 85, +s5]sj, )]

i
_ [ Z PO 1
uBH Eit gy C€OS6 5, + g, sind 57 ) (1)

}eu * ﬂHiz '

where J > 0. £ << 1 and @ is the angle between z-axis and the external



magnetic field. we define wj as the state in which a single demain wall
located between j and j+l sites in an infinite chain. Using a linear
combination of the functions ¥ = ¢. ¢, wj’ J{_can be diagonalized.

1 )
Then, we obtain the eigenvalues

Ay = (1 + 2¢cos (2ka) ) j\/{gJ_uBHsinB cos (ka)) %+ (%g, uzHcose )2

(2)
which gives the dispersion relations of the propagating domain walls
and the corresponding eigenfunctions ¥+(k} can bhe obtained. An
oscillating field H'elMt along y direction perpendicular to z-x plane
induces an energy absorbing transition from the state ¥_(k} to the
state 'i‘+(k) By evaluating its transition probability, the ESR
absorption intensity I(w} is obtained as follows:

5 2 2
Im XYY {tw) _ 1 & o oy
giug) N - -
B Wy wy Wy w
2 2 2 2 2
x B—BJ e—BEEJ(2m - l.l.'ll - mz }f(mz wl ],
( w < w < w, ) (3)

i

enzsaJcos[2ka) and

_ 1
where B = YE ¢ 7z = - z Kk

il

2
(g”uBHcosB ) '
2, ( 29, Hsin® )2
= (gﬂpBHcose 17 + g ugHsin .

§4.2 Comparison with the theory

§4.2-1 Resonance field

For the external magnetic field along z=-axis, the Eq.(3)



diverges at Wy = gy ugH. If we assign the signal to the resonance at
Wor g is found to be =5.33. The value is close to gy = 5.240.4°°)
or 4.824) deduced from the field dependence of the Raman spectrum.
Since Eq. (3) is derived for an isolated chain, those resonant spinse
are considered to be free from the molecular field due to the neighboring
chains. Actually in the magnetic structures of CsCoCl3, a considerable
number of chains are not subject to the molecular field due to interchain
interaction as listed in Table I,
4,2-2 Temperature dependence of absorption intensity

From Eq. {3}, the temperature dependence of the intensity
for H// z-axis { chain direction ) is found to be proportional to exp(-gJ)
at very low températures kr<<28J and Bexp(-fJ) at moderately low
temperatures 2eJ<<kT<<J The difference comes from the fact that the
domain walls with ka=~ 1/2 are more important at very low temperatures.
The solid and dashed curves in Fig 3 show the relations I«f exp(-BJ)

18,19)

and I « exp(—BgJ) with J = 75 K , respectively. The curves are

normalized at 15 K for T > TNZ

with zero interchain molecular field have different weights in the two
27,29}

and at TN2 for T 5 Ty, because the chains
magnetic phases as given in Table I. When we use g = 0.13 and

J = 75 K, the observed temperature region lies in kT ~ 2¢J  The present
data show better agreement with theoretical prediction Bexp(-8J) for
moderately low temperatures.

In the low temperature phase, the weight of chains with zero
molecular field is 1.6 times as large as that in the partial disordered
phase. But the observed ratio of intensities in the two phases which
corresponds to the ratio of weights is = 2.7 in good agreement with

= 3.0 deduced from recent Raman scattering 24) The disagreement of



the weight ratio between the theory and the experiment together with
the gradual change of intensity at Tyo ™ay be related to the second
neighbor interaction and the effect of disordered chains.
§ 4.2-3 Angular dependence of resonance field
Since Im y¥Y{y) in Eq. (3) diverges at w,, the observed resonance
field should be close to Ws Then, the angular dependence of the

resonance field is expressed as

Hpst @} =g, Ho/\/[ g, cosé 12 + ( 2g,sine )2, (5)

where Hy denotes the resonance field for the magnetic field along the
c-axis. Substituting g, = 5.33 and gy = 1.77, the solid curve in Fig.4
is obtained in good agreement with the experimental values,
$4.2-4 Line shape

The line shape given by Eg. (3) i=s a §-function peak at wz
for 8 =0°. Fox § #0°, it has, however, an unusual asymmetry with a
divergence at the high~frequency edge Wy and has a discernible shoulder
at low~frequency side, especially in the very low temperature region,
kT<<2ed The following features may be related to the predicted line
shape: The higher field-tail of the spectrum increases with P especi-
ally at low temperatures and the line is broadened remarkably at 6= 90o
The ratio of the peak-to-peak linewidth at 6= 0° and & = 90° amounts
to almost =5,while dipolar broadening gives at most the ratio of 2.
The contribution from the components lower than W, to resonance gives

an account of the remarkakle broadening.

§5. Analysis based on SCR

In the preceding section, it is shown that the experimental



data can be interpreted satisfactorily in terms of ESR due to propagating
domain walls. But we cannot exclude a priori another possible resonance
S5CR associated with a pair of domain walls In this section an analysis
based on Shiba's theoryzg)is given,

For the evaluation of the eigenenergies of the spin-cluster
excitations, the Hamiltonian should include an interchain interaction

termdki’ in addition to the terms in Eq. (1)} as

= r
H=Ho+ ot + K, ©)
Below Tay the second term may be expressed in terms of the staggered

molecular field hj due to interchain interaction as

= o- . h, 8% = - . {- 3. - 7
pd Ly By 5] R LR ( h >0 ) (7)

In the case of purely one-dimensional lattice or h = 0, the excited
state levels form a continuum arround 2J, while they are split into
discrete levels in finite h. The excited states with s? = * 1 are
degenerate as far as the external magnetic field H is zero. The
degeneracy is lifted in finite H. On the other hand, the excited
states with 5% = 0 remain doubly degenerate even in finite H. The

b

so—called Ising basis functions for s? =1 1 are given by

1] t
f2/8 1, etKRy Sy Yy

ikr, s g¥  sf vy
J2/m £, ey %5 Sin S5e2 Yo

- L L] - -

: {
_ i1kR, %
N1 ) = 2/N Ej e ) Sj

v=1

¥y (k)

¥, U
(8)

= L

1-1 F +
(

¥ Sse2v-1 S342v 7w,

where TNl stands for cne of the two Néel states. These functions

describe the states with a pair of domain walls. For the longitudinal



=10~

field, using these functions the matrix elements of the excited states
, z + \
with 8% = - 1 are given apart from the common diagonal element

1
(= - N3 aa+ed) + 21 by

)

o1 [H e, ) >

(20(1+23 2125 )4 (2v-Dih 7 H  for v's
Vl for vt = v+ 1
®
Vl for vw' = yv- 1
— (9)
V2 for v' = w3+ 2
+*
V2 for v' = y- 2
\0 otherwise '
where V; = eJ( 1 + e 21ka ) and V, = - % &2 J{ 1+ o~ dika ) similarly.

the even-number-magnon bound states with s% = 0 are obtained as

< v, 00 e, 00 >

3 2 1 2 t
_ 23¢ 1 + 5 € 7€ 69,1 } + 2vh for v' =v (10)
the same as in Eg (9) otherwise,
where ?2vare defined as
(v (x) = J2/n 1. &Ry g7 5%
2 3 j 3+l 'H1 ,
J 1 (11)
ikR. - +
Ya () = y2/N By et B L8500y Sjizvn ! Y
L - - - -

The above expressions include up to second order terms of e

because the relevant energies are comparable with them. Since the states

with different SZ do not mix with each other, the eigenenergies of the
system can be calculated by respective diagonalizations of Eqs. (2} and
(10) We evaluated the eigenenergies for h=2J', h=4J' and h=6J' as a

2 %

function of H, using the values; J=75 K, £=0.13, g =5 33 and J'=0.96%10 “J.



-11~

Taking into consideration of the selection rule, the resonance
absorptions are expected to be observed at 3.00. 5 53 {h=2J'), 7.25,
8.78 (h=4J") and 11.5, 14 0 (h=6J') in kOe. No signal is detected at
these fields within the sensitivity of the spectrometer

The intensity of SCR associated with domain walls which are
subject to the effective molecular field (h#0) varies with temperature
as exp(~2gJd)} in 1D Ising antiferromagnet.4j The expected temperature
dependence for the case shown by a dotted line in Fig. 3 agrees by no
nmeans with the experimental results.

In order to obtain the angular dependence of the resonance
field, we must solve simultaneously Egs. {9) and (10) after converting
g&pBH by gapBHcosa and taking inte account of the off-diagonal
element - % ngBHsinB The results for h=2J' are shown in Fig. 5. As
the off-diagonal elements are relatively small compared with other terms,

the angular dependence obeys the l/cosé law,

H = Hofcoss {12)

-9)

obs

also in this case as in 1D Ising systems.6 It is,however, not the
present case.

3 6. Discussion
It is concluded from the analyses in the foregeoing two sections

that the observed resonance does not come from the spin-cluster excita-
tions but from the propagating domain walls. To the author's knowledge,
this is the first observation:of ESR due to the propagating domain walls.
A spin-cluster excitation is associated with a pair of domain walls,
while a single domain wall takes part in a propagating domain wall,
Since the excess energy per wall is J, the probabilities of thermally

activated single domain wall and spin-clusters are roughly exp{-gJ) and
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exp(~28J), respectively. The higher probability of the thermally
activated single domain walls may be the reason why we could observe
the resonance due to the propagating domain walls rather than the SCR.
The temperatures of measurements are neithexr T<<2eJ/k nor
T>>2¢J/k but T=2eJ/k. The temperature dependence Bexp{-8J) which is
valid in T»>>2eJ/k gives better fitting to the experimental values than
exp (-BJ) for T<< 2eJ/k. It is, however, difficult to predict exactly
the temperature dependence in this intermediate temperature region.

ESR of Coz+ ions dissolved dilutely in CsMgCl3 gives the values

_211} 31) 31)

=7 and 7 37 The g, values are considerably

32)

Sy and g; =2.51.

higher than the present value g,;=5.33. Euler and Garrett calculated
g, value of C02+‘ion in CsCoCl3 and obtained 7 63. But the ground
state of Coz+ ion is sensitive to the surroundings since the orbital
angular momentum is not completely quenched. The g, value may be

different from in concentrated and dilute systems.
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Figure captions
The resonance spectra at various temperatures. Magnetic
field is applied along the c-axis.
Temperature dependence of peak-to-peak height IPP and peak-to-peak
linewidth ﬂHPP' Lines are aid to eye only.
Temperature dependence of absorption intensity  Solid, dashed
and dotted lines represent gexp(-gJ}, exp(-gJd} and exp(-2pJ}
dependences with J=75 K, respectively.
Angular dependences of resconance field and linewidth at 11.9 K.
Solid line is calculated by Eq. (5) for gz =5.33 and g =1.77
Dashed line is aid to eye only.

Angular éependence of the lowest resonance field with h=2J"
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Table I The molecular fieids due to interchain interaction and

their probability weights in the two magnetic phases of

cSCOc13.29}
phase molecular field h weight
fully oxrdered phase 6J" -]35
T<Tyz o %
ially disordered 63 L2. 1
partially disordere 753 < 15
phase ' 3.2 1
| 47 g3~ 1
TN2<T<TN1
277 Exg = l
B3~ 4
1 5
0 3tz 12




T=62 K

Fis., 1



- 15

d-d
ﬂﬁmov_v HV

~0.5

-1

20

15

T (K)

101

1
pul

-
(1un-gie) &)

Fig, 2



10°

L ]

=)
( 1un 'gue ) ANsuaju|

10°H
10

T (K)

Fic. 3



90°

60°

30

C

Fig, 4



126

0% 3 a4’ 50° 60°
Sz=0 70°

hy

2125

S?

n
=L

1241 Si=+

Fie, 5



	R182_0
	R182a

