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A powder and single-crystal neutron diffraction study was performed on the structural and magnetic
phase transitions of the distorted-triangular-lattice Ising-like antiferromagnet TlCoCl3. From the results
of powder sample measurement, the crystal structures were identified as the P63cm and Pbca structures
at the intermediate-temperature (75 < T < 165K) and lowest-temperature (T < 68K) phases, respec-
tively. From the results of single-crystal measurement, it was clarified that Ising spins were arranged in
an up-up-down-down manner with a triple-domain formation below the Néel temperature. Satellite peaks
on the shoulder of magnetic peaks were observed near the Néel temperature.
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1. Introduction

Numerous studies have been carried out on many
compounds with a CsNiCl3-type crystal structure (space
group symmetry P63=mmc), which exhibit a one-dimen-
sional feature on a linear-chain substructure and a spin
frustration originating from the antiferromagnetic interac-
tions of a basal-plane triangular lattice.1)

The CsNiCl3-type compounds have a perovskite-like
structure with hexagonally closely packed CsCl3 layers, in
which face-sharing NiCl6 octahedra (h-h-h packing) run,
forming a –NiCl3– chain along the c-axis.2) Their nearest-
neighbor magnetic Ni2þ ions on the c-plane form an
equilateral triangular lattice. The CsNiCl3-type crystal
structure is shown in Fig. 1(a). There are several com-
pounds, such as KNiCl3,

3–5) RbMnBr3,
6–8) TlFeCl3

9) and
RbFeBr3.

10) Their crystal structures are distorted from the
prototype CsNiCl3 structure through successive structural
phase transitions. We call these compounds the members of
the KNiCl3 family. The lattice distortions of these com-
pounds are characterized by the shifts of –BX3– chains along
the c-axis. The structural sequences of KNiCl3-family
compounds are shown in Fig. 2. Both phase I and II
structures of KNiCl3 are reported to be prototype CsNiCl3-
type structures. The phase I structure is characterized by the
total disorder of the Kþ ion, which is observed only in
KNiCl3.

3) The phase III structure of KNiCl3 is proposed as
the P63cm structure on the basis of the results of single-
crystal X-ray and powder neutron diffraction measure-
ments.5) The phase V structure of RbMnBr3 is proposed as
an orthorhombic structure of the space group symmetry
Pbca on the basis of the results of single-crystal X-ray and
neutron diffraction measurements.8) The chain shifts of the

Fig. 1. (a) Prototype CsNiCl3-type crystal structure. (b) Schematic

drawing of shifts of CoCl3 chains on P63cm structure and (c) Pbca and

(d) P�33c1 structures. Drawings are projected on the c-plane. Broken lines

show unit cells. (e) The magnetic interaction of the zigzag-row model

corresponds to the Pbca structure (c).�E-mail: nishiwaki@lee.phys.titech.ac.jp
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P63cm and Pbca structures are shown in Figs. 1(b) and 1(c),
respectively. The chain shift of the P63cm structure is
arranged in an up-up-down manner in a unit cell and that of
the Pbca structure is arranged in an up-up-down-down
manner in a unit cell. It is revealed by dielectric measure-
ments that TlCoCl3 undergoes structural phase transitions
at Tst2 ¼ 165K, Tst3 ¼ 75K, and Tst4 ¼ 68K.11) Because
TlCoCl3 exhibits a similar gross temperature behavior of the
dielectric constant to KNiCl3, RbMnBr3 and TlFeCl3, its
sequence of transitions must be identical with those of such
compounds. Therefore, the lowest-temperature (T < Tst4)
phase is expected to have an orthorhombic Pbca structure.

These lattice distortions modulate the magnetic interac-
tion. For XY spins, some models of triangular-lattice
antiferromagnets with row, staggered-row and centered-
honeycomb distortions have been investigated both theoret-
ically and experimentally.1,12) In addition, the zigzag-row
distortion shown in Fig. 1(e) is also considered.8) However,
a similar study on Ising spin systems has been hardly carried
out thus far. We are interested in studying the Co2þ Ising
spin system on a distorted triangular lattice, because it is
expected to show various types of magnetic ordering during
the release of a strong spin frustration, even if the distortion
is small.

For non distorted triangular-lattice antiferromagnets with
Ising spins, extensive studies have been carried out on
CsCoCl3 and CsCoBr3.

13–17) The strongest exchange inter-
action of these crystals is known to be the intrachain nearest-
neighbor (NN) antiferromagnetic interaction J0. Domain-
wall solitons are propagated in a chain and the spins in the
chain can be regarded as magnetic moments. These
magnetic moments form a triangular lattice. Due to the spin
frustration, these crystals undergo successive magnetic
phase transitions. It is well known that a partial disorder
(PD) phase appears at temperatures between the para-
magnetic and ground states with ferrimagnetic (Ferri) spin
arrangements. In the PD phase, the spins on one of the three
sublattices on the c-plane are disordered and the spins on the
other two sublattices are antiferromagnetically ordered. In
order to explain those results, Mekata theoretically studied
the magnetic phase diagram of the two-dimensional model
using a mean-field approximation.14) He introduced the
interchain next-nearest-neighbor (NNN) ferromagnetic ex-
change interaction J2 in addition to the interchain NN

antiferromagnetic J1. For spin ordering, J2 plays an
important role as well as J1, because this ferromagnetic J2
connects identical sites and induces the spin ordering.

For distorted triangular-lattice antiferromagnets with Ising
spins, we have already investigated one of such crystals,
RbCoBr3,

18–20) which is a unique KNiCl3-family compound
with Ising spins. RbCoBr3 undergoes an antiferromagnetic
phase transition at a structural phase transition temperature.
The present compound TlCoCl3 seems to be simpler because
the magnetic phase transition (TN ¼ 29:5K) occurs only far
below the lowest structural phase transition (Tst4). Never-
theless, this magnetic ordering is interesting because Ising
spins show a strong frustration on a distorted triangular
lattice. Similar to that of RbMnBr3, the magnetic interaction
model of TlCoCl3 is expected to be a zigzag-row one, as
shown in Fig. 1(e). In the case of RbCoBr3, the lattice is
distorted according to the centered-honeycomb model. In the
centered-honeycomb model, the ferromagnetic J2 connects
identical sites and induces the spin ordering. While in the
case of the zigzag-row lattice, J2 connects different sites
because the unit cell changes to an orthorhombic one.
Therefore, J2 is also modulated as well as J1. In Fig. 1(e), J1
and J2 are indicated as two (thick and thin) solid lines and
two (thick and thin) broken lines, respectively. The ordered
state of TlCoCl3 is intriguing.

To investigate the lattice and spin structure, we performed
the powder and single-crystal neutron diffraction measure-
ments in TlCoCl3. The crystal symmetries of phases III and
V were identified as the P63cm and Pbca structures,
respectively. The Ising spins of TlCoCl3 were arranged in
an up-up-down-down manner with a triple-domain forma-
tion.

2. Experimental Procedures and Results

2.1 Powder sample
The single crystals of TlCoCl3 were prepared by the

vertical Bridgman technique using a melt of an equimolar
mixture of TlCl and CoCl2 in evacuated quartz ampoules.
The furnace temperature was maintained at 900 �C until the
sample was lowered at a rate of 3mm/hour. Powder neutron
diffraction measurements were carried out using a high
resolution powder diffractometer (HRPD) at JRR-3M in the
Japan Atomic Energy Agency (JAEA), Tokai.

The powder neutron diffraction patterns are shown in
Figs. 3(a)–3(c), measured at room temperature (phase II),
90K (phase III) and 50K (phase V), respectively. These
results indicated that small superlattice reflections were
caused by structural phase transitions and that atom
positions did not show major changes. We attempted
Rietveld analyses using a structural model the same as that
of RbMnBr3, because the sequence of structural phase
transitions of TlCoCl3 was identical with that of RbMnBr3,
as shown in Fig. 2. The Rietveld analyses were carried out
using the program RIETAN-2000.21)

The scattering data of phases II, III, and V were well fitted
to the models with the space groups P63=mmc [Fig. 1(a)],
P63cm [Fig. 1(b)] and Pbca [Fig. 1(c)], respectively. The
obtained parameters are listed in Tables I, II and III with
typical refinement factors: the reliable factor of pattern Rp,
weighted one of pattern Rwp, expected one Re and ‘‘good-
ness-of-fit’’ indicator S ð¼ Rwp=ReÞ. For phase III, another

KNiCl3
TN=8.2K

IIIIIIIVV
274 285 561 762 917[K]

TmeltTst1Tst2Tst3Tst4

RbMnBr3

TN=8.5K
IIIIIIVV

220 230 444 727

Tmelt

TlFeCl3
TN=2.0K

IIIIIIVV
79 83 179 683

TlCoCl3
TN=29.5K

IIIIIIVV
68 75 165 694

Fig. 2. Structural phases of KNiCl3-family compounds, KNiCl3,

RbMnBr3, TlFeCl3 and TlCoCl3.
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model with the space group P�33c1 [Fig. 1(d)] produced
almost the same reflections as the present P63cm model.
Here, the chain shift of the P�33c1 structure is arranged in an
up-0-down manner. We also obtained the well-fitted param-
eters using the P�33c1 model for phase III, as shown in
Table IV. The P63cm structure does not have an inversion

center, while the P�33c1 structure has an inversion center.
Although the spontaneous polarization of phase III of
TlCoCl3 was not clearly observed,11) we adopted the
P63cm structure for phase III because the significant
advantage of fitting was obtained in an additional single-
crystal X-ray diffraction study.22) Accordingly, in both
phases III and V, similar amounts of displacements along
the c-axes of Co and Cl from the prototype structures, z(Co)
and z(Cl)–0.25, were obtained. Therefore, it was expected
that each CoCl3 chain would be shifted slightly along the
c-axis while keeping the prototype shape in both phases III
and V.

Figure 4 shows the powder pattern at 7K. By comparing
with the 50K data (dashed line), the magnetic peaks were
identified and assigned with indices ðhklÞor (h ¼ half-integer,
k ¼ integer and l ¼ odd integer), which were described
using the orthorhombic lattice. We attributed the absence of
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Fig. 3. Profiles of powder neutron diffraction. (a) Room temperature, (b)

90K and (c) 50K. The index (hkl) obtained using the prototype lattice is

written in (a). Fitting lines are obtained using the program RIETAN-

2000.21) Fitting parameters are shown in Tables I–III.

Table I. Fitting parameters at room temperature by space group P63=mmc.

U is the isotropic displacement parameter. The lattice constants are

a ¼ 6:91 �A and c ¼ 5:98 �A. The refinement factors are Rp ¼ 5:17,
Rwp ¼ 6:90, Re ¼ 4:57, and S ¼ 1:51.

x y z U/ �A2

Tl 1=3 2=3 1=4 0.0451

Co 0 0 0 0.0365

Cl 0.3260 0.1630 1=4 0.0325

Table II. Fitting parameters at 90K by space group P63cm. The lattice

constants are a ¼ 11:86 �A (¼
ffiffiffi
3

p
� 6:85 �A) and c ¼ 5:96 �A. The refine-

ment factors are Rp ¼ 4:99, Rwp ¼ 6:64, Re ¼ 4:59, and S ¼ 1:45.

x y z U/ �A2

Tl 0.6668 0 1=4 0.0189

Co 0 0 �0.0374 0.0076

Co 1=3 2=3 0.0372 0.0076

Cl 0.1630 0 0.2131 0.0109

Cl 0.3335 0.8297 0.2866 0.0109

Table III. Fitting parameters at 50K by space group Pbca. The lattice

constants are a ¼ 13:65 �A (¼ 2� 6:83 �A), b ¼ 11:85 �A (¼
ffiffiffi
3

p
� 6:84 �A)

and c ¼ 5:97 �A. The refinement factors are Rp ¼ 4:45, Rwp ¼ 5:85, Re ¼
4:58, and S ¼ 1:28.

x y z U/ �A2

Tl 0.3769 0.4187 1=4 0.0099

Co 0.1274 0.2508 0.0447 0.0185

Cl 0.0009 0.1699 0.2939 0.0056

Cl 0.2469 0.1689 0.2985 0.0056

Cl 0.1260 0.4129 0.2895 0.0056

Table IV. Fitting parameters at 90K by space group P�33c1. The lattice

constants are a ¼ 11:86 �A and c ¼ 5:96 �A. The refinement factors are

Rp ¼ 4:95, Rwp ¼ 6:61, Re ¼ 4:59, and S ¼ 1:44.

x y z U/ �A2

Tl 0.6678 0 1=4 0.0153

Co 0 0 0 0.0201

Co 1=3 2=3 �0.0452 0.0201

Cl 0.1630 0 1=4 0.0114

Cl 0.3332 0.8292 0.2068 0.0114
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Fig. 4. Diffraction patterns of powder sample at 7K (circle) and 50K

(dashed line). The nuclear (N) and magnetic (M) peaks are assigned with

the h, k and l indices of the 2�
ffiffiffi
3

p
� 1 orthorhombic lattice. Arrows with

the solid and broken lines show the peak positions of on-plane and off-

plane scatterings in the single-crystal measurements, corresponding to the

circles and triangles in Fig. 5, respectively. The solid line is the fitting

line obtained by using the program RIETAN-2000.21) Here, we use the

up-up-down-down spin structure described later [Fig. 9(a)].
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l ¼ even peaks of the magnetic reflection to the antiferro-
magnetic ordering along the c-axis. The spin structure had a
double period of the crystal unit cell along the a-axis.

2.2 Single crystal
For single-crystal measurements, neutron scattering was

performed on the triple-axis spectrometer HQR installed at
JRR-3M in JAEA. The spectrometer was used in the double-
axis mode. A pyrolytic graphite (002) reflection was used for
the monochromator. Higher-order neutrons were removed
using the pyrolytic graphite filter set before the sample. The
neutron energy was fixed at 13.6meV (kin ¼ 2:56 rad/ �A).
Horizontal collimations were chosen as 200-200-600. The
sample was about 0.5 cm3 in volume. The sample was
mounted in a refrigerator, and the temperature of the sample
was measured with a calibrated silicon diode thermometer.

In the lowest-temperature phase, a triple-domain forma-
tion of orthorhombic lattices occurs, as shown in Fig. 5, as in
the case of RbMnBr3,

8) because the hexagonal in-c-plane
symmetry is broken. However, for the sake of convenience,
in the following description of the experimental conditions,
we use the room-temperature CsNiCl3-type lattice unless
otherwise noted. The room-temperature unit cell is a� a� c

in real space, and the reciprocal points are described as (hkl).
Accordingly, the lattice constants are a ¼ 6:83 �A and c ¼
5:93 �A at T ¼ 4K. The sample was mounted with the [1�110]
axis arranged vertically so as to measure the scattering in the
ðh; h; lÞ zone. The unit cell of phase V is 2a�

ffiffiffi
3

p
a� c in

real space. The orthorhombic description will be explicitly
shown as ðhklÞor, which is equivalent to ð2ðhþ kÞ � hþ klÞ
for one orthorhombic domain.

We confirmed the consistency of the above-mentioned
results with the powder sample data. The unit cell was
enlarged

ffiffiffi
3

p
�

ffiffiffi
3

p
� 1 times below Tst2, and the lattice was

distorted to an orthorhombic one below Tst4. The profile
around the characteristic ð1=3; 1=3; 2Þ and ð1=4; 1=4; 2Þ peaks
at 90K (phase III), 70K (phase IV) and 50K (phase V) is
shown in Fig. 6(a). The ð1=3; 1=3; 2Þ peak, which was
prominent at 90K, disappeared at 50K, while the ð1=4; 1=4;
2Þ peak appeared. At 70K, both the ð1=3; 1=3; 2Þ and ð1=4;

1=4; 2Þ peaks coexisted. We performed additional measure-
ments of such profiles at several temperatures between 66K
and 84K, but only the changes in the intensities of these
peaks were observed. The shift of peak positions or the
appearance of a peak with a different wave number was not
observed. Figure 6(b) shows the ð1=3; 1=3; 2Þ and ð1=4; 1=4;
2Þ peak heights as a function of temperature. A thermal
hysteresis was observed at around Tst4 (between phases IV
and V); thus, the transition at Tst4 was of the first order.
These results were consistent with these of dielectric
measurements.11)

The q-scan profiles of ðhh1Þ and ðhh3Þ at 4K were
obtained, as shown in Fig. 7. As indicated by the results of
the powder sample measurement, l ¼ odd reflections were
attributed to the magnetic reflection due to the antiferro-
magnetic ordering along the c-axis. The reflections h ¼ 1=8;
5=16; 3=8 and so on were observed. The gross results were
similar to that of RbMnBr3 under the magnetic field
H ¼ 4:5T.8) These peaks could be indexed using the
orthorhombic lattice as ð1=8; 1=8; 1Þ ¼ ð1=2; 0; 1Þor and
ð3=8; 3=8; 1Þ ¼ ð3=2; 0; 1Þor. The ð5=16; 5=16; 1Þ peak corre-
sponded to ð1=2; 1; 1Þor of two other domains, as shown in
Fig. 5, which should be off-plane reflections because the
vertical resolution of the present measurement might enable
their detection. Small h ¼ 1=16 and 15=16 peaks also
corresponded to the reflections of other domains. Thus, we
concluded that the spin structure had a double period along
the a-axis, which was consistent with the results of powder
measurements.

However, the ð0; 0; lÞ, ð1; 1; lÞ, ð1=4; 1=4; lÞ and ð3=4; 3=4;
lÞ (l ¼ 1; 3) peaks, which were not observed on RbMnBr3,
appeared. These peaks were nuclear reflections because they
did not disappear above TN. The ð0; 0; lÞ, ð1; 1; lÞ peaks could
be attributed to the ð002Þ and ð222Þ reflections of the �=2

Fig. 5. Triple-domain formation in reciprocal space on (hk1) plane at

lowest temperature. The circles indicate the reflections from one domain.

The other domain contributions are shown by the upward and downward

triangles. The phase V unit cell of one domain is shown by a rectangle.

h ¼ 1=8, 5=16, and 3=8 denote the observed positions on the (hh1) lines

in the single-crystal measument described in the text.
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Temperature dependences of ð1=4; 1=4; 2Þ and ð1=3; 1=3; 2Þ peak heights.

The inset shows those at around Tst3 (between phases III and IV) and Tst4
(between phases IV and V).
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neutron; however, the ð1=4; 1=4; 1Þ and ð3=4; 3=4; 1Þ peaks
should be intrinsic reflections. The symmetry might be lower
than Pbca, and the structural Pbca model was valid as an
approximate structure of phase V of TlCoCl3.

It was confirmed that the spins were ordered at TN ¼
29:5K by magnetic susceptibility measurement.11) Figure
8(a) shows the temperature variation of the profile at around
ð3=8; 3=8; 1Þ. We confirmed that the peak contained a diffuse
scattering or small nuclear contribution because a small peak
remained above TN. Figure 8(d) shows the temperature
dependence of the ð3=8; 3=8; 1Þ peak height. The peak height
was saturated at about 22K. It rapidly increased compared
with the results for CsCoCl3,

14) CsCoBr3,
17) and RbCoBr3.

20)

Although another magnetic transition has been revealed to
occur at 15K by the magnetic susceptibility measurement of
TlCoCl3,

11) the present results showed no anomaly in the
temperature dependence of the ð3=8; 3=8; 1Þ peak height at
around 15K. Moreover, the q-scan profiles of ðhh1Þ and
ðhh3Þ at 20K were entirely in accordance with those at 4K.
Above TN, the diffuse scattering centering at around
ð1=3; 1=3; 1Þ and ð2=3; 2=3; 1Þ was observed, as in the case
of RbMnBr3.

8) Immediately above TN (only from about 30.0
to 29.5K), additional satellite peaks appeared on the
shoulder of the ð3=8; 3=8; 1Þ and ð5=8; 5=8; 1Þ peaks, as
shown in Figs. 8(b) and 8(c). Their intensities and the center
positions of wave number gradually changed with the
temperature variation.

3. Discussion

The phase IV structure of other KNiCl3-family crystals
has not been clarified thus far. The determination of the
structure of this phase is important in elucidating the
mechanism of lattice deformation from hexagonal phase III
to orthorhombic phase V. The present results for TlCoCl3
showed that the phase III reflection at ð1=3; 1=3; 2Þ and
phase V reflection at ð1=4; 1=4; 2Þ coexisted. This indicates
that phase IV seems to be a crossover from phase III to

phase V, although the results of the dielectric and optical
measurements indicate clear anomalies at Tst3 (III $ IV)
and Tst4 (IV $ V). A further study is required.

Here, we discuss the spin structure in further detail,
comparing the calculated intensities of some models with the
data of the single-crystal measurements. As shown in the
previous section, the magnetic unit cell had a double period
along the a-axis, and the magnetic reflection appeared at
ðn=8; n=8; lÞ ðn; l ¼ odd integersÞ as indexed using the room-
temperature lattice ða� a� cÞ, which corresponds to ðn=2;
0; lÞor ðn; l ¼ odd integersÞ as indexed using the lowest-
temperature orthorhombic lattice ð2a�

ffiffiffi
3

p
a� cÞ. In the

following, we will describe the room-temperature lattice as
a0 � a0 � c0 and use the magnetic unit cell a� b� c ¼
4a0 �

ffiffiffi
3

p
a0 � c0, thus, the reflection indices are indicated as

ðhmag; 0; lmagÞ ðhmag; lmag ¼ odd integersÞ. For simplicity, the
superscriptmag is omitted.
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Fig. 7. Neutron diffraction intensities of single-crystal TlCoCl3 scanned

parallel to ðhh1Þ and ðhh3Þ directions at 4K.
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In our case, the reflections are observed only at Q ¼ ðh0lÞ
so that the integrated intensity correlated by the Lorentz
factor IðQÞ shows following Q dependence,24)

IðQÞ / f ðQÞ2
X

�¼x;y;z

f1� ð ~QQ�Þ2ghðS�ðQÞÞ2i; ð1Þ

where f ðQÞ is the magnetic form factor of Co2þ,23) ~QQ� ¼
Q�=jQj, SðQÞ ¼

P
i Si expðiQ � riÞ and h� � �i denotes do-

main-averaged value. Because ACoX3 compounds have an
Ising spin system,

IðQÞ / f ðQÞ2ð1� ~QQ2
z ÞhðSzðQÞÞ2i

¼ f ðQÞ2

h

a

 !2

h

a

 !2

þ
l

c

 !2
hðSzðQÞÞ2i: ð2Þ

Now, we define the positions of 16 spins in the magnetic
unit cell as

S1 :
1

16
;
1

4
;þ�

� �
; S2 :

3

16
;
3

4
;þ�

� �
;

S3 :
5

16
;
1

4
;��

� �
; S4 :

7

16
;
3

4
;��

� �
; ð3Þ

and the other spins S4þi (i ¼ 1; 2; 3; 4Þ locate at ðx4þi; y4þi;
z4þiÞ ¼ ðxi þ 1

2
; yi; ziÞ and S8þi (i ¼ 1; 2; . . . ; 8Þ at ðx8þi; y8þi;

z8þiÞ ¼ ðxi; yi; zi þ 1
2
Þ, where the amounts of the up and down

shifts of spins along the c-axis are expressed as �. Two
approximations, 0:1274 � 1=8 and 0:2508 � 1=4, are ap-
plied to the x- and y-coordinates of Co in Table III. The
magnetic interaction along the c-axis is strongly antiferro-
magnetic; thus, S8þi is antiparallel to Si (i ¼ 1; 2; . . . ; 8Þ.
Therefore,

SzðQÞ ¼ ð1� ei�lÞ
�
ðS1 þ ei�hS5Þ�h�l

þ ðS2 þ ei�hS6Þ�3h�l

� ðS3 þ ei�hS7Þ��3h��l

� ðS4 þ ei�hS8Þ��h��l
�
; ð4Þ

where � ¼ ei�=8 and � ¼ ei2��. This reproduces the condition
that the magnetic reflection is not observed at l ¼ even.
Additionally, from the experiments, the intensities of the
reflections at h ¼ even and l ¼ odd are also zero. Thus, it is
appropriate to introduce a set of S4þi ¼ �Si (i ¼ 1; 2; 3; 4Þ
conditions, because the above formula changes to

SzðQÞ ¼ ð1� ei�lÞð1� ei�hÞ
�
S1�

h�l þ S2�
3h�l

� S3�
�3h��l � S4�

�h��l
�
: ð5Þ

For h; l ¼ odd integers, the factor ð1� ei�lÞð1� ei�hÞ should
be read as 4.

If full spin moments are grown at low temperatures, under
the S4þi ¼ �Si condition, the spins along the a-axes S1, S3,
S5, and S7 are arranged in an up-up-down-down manner
whether S3 ¼ S1 or S3 ¼ �S1, as shown in Fig. 9(a). If there
are sites on which full spin moments are not grown, for
example disordered sites in an extreme case, the spins along
the a-axis are arranged in an up-0-down-0 manner, as shown
in Fig. 9(b). Similar discussions can be applied to the cases
of S2, S4, S6 and S8. With these spin structures in mind, we
performed least-squares fitting, using the intensity data

obtained at 4K for 14 h; l ¼ odd magnetic and several
nuclear peaks. We regarded the data at 35K as the
background diffraction. We could confirm the proportion-
alities of the ~QQ2

z dependence of the corrected intensity I0 ¼
IðQÞ= f ðQÞ2, as shown in Figs. 10(a) and 10(b). From
eq. (1), these proportionalities consist of Ising spins. Thus,
the contribution from the transverse components of the spins
is too small to be detected in the present measurements.24) In
addition, the coefficient jQ̂Qzj2 is found to have only two
values of all ðh; lÞ reflections. Thus, the formula SzðQÞ in
eq. (5) can be more simplified in practice. We consider that
the chain shift (� ¼ 0:045) slightly affects on the intensity
because we should take the average of two domain structures
� ¼ �0:045, in addition to the reasonable hypothesis S1 ¼
�S4. Then, the fitting produced Suudd ¼ 2:7 �B for S1 ¼
�S2 ¼ S3 ¼ �S4 ¼ Suudd and S1 ¼ �S2 ¼ �S3 ¼ S4 ¼
Suudd. The observed value Iobs vs calculated value Ical plot
is shown in Fig. 10(c), indicating that the spins are arranged
in an antiferromagnetic manner along the zigzag chain
direction b-axis, as shown in Fig. 9(a). On the other hand, an
up-0-down-0 model, with S1 ¼ �S2 ¼ Su0d0 and S3 ¼ S4 ¼
0 [Fig. 9(b)], or S1 ¼ S4 ¼ Su0d0 and S2 ¼ S3 ¼ 0, produced
the same fitting results at the different intensities of the
magnetic moment Su0d0 ¼ 3:8 �B ¼

ffiffiffi
2

p
Suudd. The Co2þ

spin moments in CsCoCl3,
14) CsCoBr3

17) and RbCoBr3
20)

range about from 2.5 �B to 3 �B; therefore, the up-up-down-
down structure is reasonable. Additionally, because there is
only one Co site in the Pbca structure as shown in Table III,
the up-0-down-0 model might be impractical. Accordingly,
we conclude that the ground state of the spin structure of
TlCoCl3 is the up-up-down-down structure.

We tried to obtain the calculated powder diffraction
pattern when the spin structure was the up-up-down-down
structure, using the program RIETAN-2000.21) The result at
7K is shown in Fig. 4.

Fig. 9. Schematic configuration of Ising spins on zigzag-row lattice: (a)

up-up-down-down and (b) up-0-down-0 structures. The black circles

show disordered spins. The magnetic unit cell is also shown.
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Moreover, the satellite peaks appeared on the shoulder of
the magnetic peaks immediately above TN. The magnitudes
of the spin moments of the up-up-down-down structure
might be modulated around TN. We propose a possible
mechanism for the spin ordering of TlCoCl3, using the axial
next-nearest-neighbor Ising (ANNNI)-like frustrated mod-
el.25) As well-known, the ANNNI model describes the
change in the periodicity of the frustrated stacking of layered
structures. The stacking periodicity changes with temper-
ature in the presence of the frustration between the NN and
NNN inter-plane interactions.

The present results show the change in periodicity along
the a-axis. The exchange interaction J001 along the thick
zigzag rows in Fig. 11(a) is expected to be stronger than that
of the thin lines (J01), because the thick lines connect spins
shifting in the same direction along the c-axis. We assume
that the development of the magnetic correlation on the c-
plane is anisotropic: only the correlation along the thick lines
immediately develops at around TN. The antiferromagnetic
ordering along the zigzag rows should produce two possible
structures, namely, the -up-down-up-down- and -down-up-
down-up- structures. For this freedom, we can put the
‘pseudo-spins’ S ¼ �1 on the zigzag rows, as shown in
Fig. 11(a).

Compared with the interaction between these pseudo-
spins, the in-c-plane NN interactions J01 between ‘real spins’
are negligible in the mean-field treatment, because they are
canceled out between the zigzag rows, as shown in
Fig. 11(a), although the NNN real-spin interactions J02
[Fig. 11(b)] and J002 [Fig. 11(c)] are not. Here, we assume
that J02 and J002 are ferromagnetic. The real-spin interactions
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Fig. 10. ~��2z dependences of intensities of magnetic Bragg peaks (a) when

hmag ¼ 1; 7; 9, and 15, and (b) when hmag ¼ 3; 5; 11, and 13. Here, the

intensities are compensated by the magnetic form factor and Lorentz

factor. The notation on the graph corresponds to (hmag, l). (c) Observed

value Iobs (vertical axis) vs calculated value Ical (transverse axis).

Fig. 11. (a) The NN interactions J01 between real spins are canceled out.

‘þ’ denotes the bond that increases the energy. ‘�’ denotes the bond that

decreases the energy. (b) The ferromagnetic NNN interactions between

real spins, J02, affect the antiferromagnetic NN interactions J
p
1 between

pseudo-spins. (c) Another J002 affects the antiferromagnetic NNN

interactions J
p
2 between pseudo-spins. (d) Another J002 is ignored here,

because it affects between pseudo-spins.
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J02 and J002 can be regarded as the NN pseudo-spin interaction
J
p
1 and the NNN pseudo-spin interaction J

p
2 , respectively.

The additional NN real-spin interactions along the zigzag
rows only induce the ordering in the pseudo-spins, as shown
in Fig. 11(d). Both J

p
1 and J

p
2 must be antiferromagnetic,

because J02 and J002 are ferromagnetic.
Moreover, the NNN pseudo-spin interaction J

p
2 is possibly

stronger than the NN pseudo-spin interaction J
p
1 , because of

the z coordinates of Co ions. As a result, the present pseudo-
spin system is considered as the pseudo-spin ANNNI model
with NNN interaction stronger than the NN one; however,
these two interactions may have similar magnitudes, Jp2 &

J
p
1 . From the present measurements, the ground state of the
system is the up-up-down-down structure, which is the same
as that of the ANNNI model. This consistency supports the
assumption that the NNN real-spin interactions are ferro-
magnetic.

It is well known that the intermediate phases with various
periodicities appear in the ANNNI model. In the present
results, the satellite peaks were observed near TN, and their
positions changed with the temperature variation. The
satellite peaks might be related to the intermediate phases
of the ANNNI model. TN of TlCoCl3 is determined mostly
by the interactions J0 and J1. However, J2 plays a prominent
role in the ANNNI-like mechanism. Because J2 is very weak
compared with J0 and J1, this mecahnism is valid only in the
vicinity of TN. Therefore, the intermediate phases are
expected to be degenerated in a narrow temperature range.
Moreover, the J

p
1 � J

p
2 condition also narrows the temper-

ature range of the intermediate phases. These particular
circumstances might induce the peculiar appearance of the
satellite peaks. The magnitude of the spin moment of the up-
up-down-down structure might be modulated around TN.

4. Conclusion

To investigate the ordering of the Ising spin on the
distorted triangular lattice, the powder and single-crystal
neutron diffraction measurements of TlCoCl3 were per-
formed. The crystal symmetries of phases III and V were
identified as the P63cm and Pbca structures, respectively. At
intermediate structural phase IV only the coexistence of the
phase III and V reflections was observed. The spin ordering
was observed on the zigzag-row lattice. The Ising spins were
arranged in an up-up-down-down manner. Immediately
above TN, additional satellite peaks appeared on the shoulder

of the ð3=8; 3=8; 1Þ and ð5=8; 5=8; 1Þ magnetic peaks. The
spin ordering of Ising spins on the zigzag-row lattice was
discussed by considering the ANNNI-like model.
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