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Stage-2 Co.Ni;_.Cl, graphite intercalation compounds behave magnetically like a quasi-two-
dimensional Heisenberg ferromagnet with XY spin anisotropy. The spin symmetry continuously changes
from Heisenberg-like at ¢ =0 to XY-like at c=1. The effect of spin anisotropy on the critical behavior of
these compounds has been studied by using ac and dc magnetic susceptibility. The ratio of critical tem-
perature T, to Curie-Weiss temperature ® as a function of effective XY spin anisotropy parameter g.g is
well described by T,/@=Agl{*+ B with 4 =0.229, B=0.224, and the crossover exponent ¢(=1.34).
The first and second terms of T, /@ are due to the spin anisotropy effect in the two-dimensional system

1/¢

and the three-dimensional effect, respectively. The extrapolated value of Ag 4’ at g.=1 may give an es-
timate for the ratio of the Kosterlitz-Thouless temperature to the intraplanar exchange interaction.

I. INTRODUCTION

Magnetic binary graphite intercalation compounds
(GIC’s), such as stage-2 CoCl, GIC and stage-2 NiCl,
GIC, have proven to be extremely fruitful for fundamen-
tal studies in the physics of two-dimensional (2D) magne-
tism.? Magnetic ternary GIC’s promise to continue this
trend and even enhance the versatility of binaries by add-
ing another degree of freedom to the design of these syn-
thetic compounds.’ The magnetic random mixture GIC’s
are typical examples of magnetic ternary GIC’s. Two
kinds of magnetic intercalant species are intercalated into
the same gallery of the host graphite. Recent progress in
preparation of magnetic random mixture GIC’s, such as
stage-2 Co,Mn,;__Cl, GIC’s and stage-2 Co.Ni;_.Cl,
GIC’s, makes it possible for one to study various kinds of
spin frustration effect such as competing ferromagnetic
and antiferromagnetic interactions and competing spin
anisotropies between Ising, XY, and Heisenberg.4"7

The stage-2 Co,Ni,_,Cl, GIC’s provide a model sys-
tem for studying the magnetic phase transition of 2D
Heisenberg-like ferromagnets with XY spin anisotropy.
In these compounds the XY-like Co*t spins with spin
S =1 and the Heisenberg-like Ni** ions with spin S =1
are randomly distributed within the same intercalate lay-
ers. In a previous paper* we have studied the magnetic
properties of these compounds by dc magnetic suscepti-
bility. We found that the Co concentration dependence
of Curie-Weiss temperature and effective magnetic mo-
ment is explained well in terms of the molecular field
theory, indicating that Co?>* and Ni** are randomly dis-
tributed in the Co.Ni,_.Cl, intercalate layer. The
nearest-neighbor intraplanar exchange interaction be-
tween Co’" and Ni?™ is ferromagnetic and is larger than
ferromagnetic intraplanar interactions between like ions.
We also found that the magnetization below 30 K at 100
Oe shows a rounding effect at the phase transition, mak-
ing it difficult to determine the critical temperature T,.*
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A Gaussian distribution function of critical temperature
was assumed to analyze the data of magnetization versus
temperature. In these compounds the intercalate layers
are formed of small islands, which is a feature common to
acceptor type GIC’s." The island size is typically on the
order of 500 A. The boundary of these islands provides
acceptor sites for electrons which are transferred from
the graphite 7 band. Both the finite-size effect of these
small islands and the possible Co concentration gradient
within samples may cause a smearing of critical tempera-
ture.*

In this paper we study the magnetic phase transition
of stage-2 Co.Ni,_.Cl, GIC’s. We measure the dc and
ac magnetic susceptibility of samples newly synthesized
and samples used in the previous paper.* The dc magnet-
ic susceptibility above 150 K at 4.0 kOe obeys the Curie-
Weiss law. The Curie-Weiss temperature ® is deter-
mined as a function of Co concentration. The ac magnet-
ic susceptibility shows a broad peak around a critical
temperature T,. When the critical temperature is defined
as a temperature at which the ac magnetic susceptibility
has a maximum, the ratio T,/® can be obtained as a
function of Co concentration. The spin symmetry of
these compounds is predicted to change from
Heisenberg-like to XY-like with increasing Co concentra-
tion (Sec. V). The effect of XY spin anisotropy on the ra-
tio T, /O is discussed in the light of theoretical predic-
tions of critical temperature for the 2D Heisenberg sys-
tem with XY spin anisotropy.

II. BACKGROUND

A. Phase transition and spin Hamiltonian

The stage-2 CoCl, GIC and stage-2 NiCl, GIC under-
go two magnetic phase transitions at T, and T,,:
T,=8.0 K and T,,=9.1 K for stage-2 CoCl, GIC,>°
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and T,=17.5 K and T,,=22.0 K for stage-2 NiCl,
GIC.!%!! The finite size of small islands is a crucial ele-
ment in the magnetic phase transition of these com-
pounds. The effective interplanar exchange interaction
J.; between spins over the in-plane spin correlation
length £ in adjacent magnetic intercalate layers is de-
scribed by J.q=J'(£/a)?, where a is the in-plane lattice
constant. The growth of £ is limited by the island size as
the temperature is decreased. Suppression of the increase
in Ji4 leads to the realization of 2D spin ordering be-
tween T, and T,,. Below T, there occurs 3D spin or-
dering where the 2D ferromagnetic layers are antifer-
romagnetically stacked along the ¢ axis. The stage-2
CoCl, GIC and stage-2 NiCl, GIC magnetically behave
like a 2D Heisenberg-like ferromagnet with XY spin an-
isotropy. The spin Hamiltonian of Co** in the stage-2
CoCl, GIC is described as*

H=—2J(Co-Co) 3, §;-S;+2J,(Co-Co) 3 S/S}
(i j) (i j)
+2J'(Co-Co) ¥ S;-S,, (1)
(i,m)
in terms of a fictitious spin S(Co)=4, where the z axis
coincides with the ¢ axis, J(Co-Co) is the ferromagnetic
intraplanar exchange interaction, J'(Co-Co) is the antifer-
romagnetic interplanar exchange interaction, and
J 4(Co-Co) is the anisotropic exchange interaction: J(Co-
Co)=17.75 K, A(Co)=J'(Co-Co)/J(Co-Co)=~8X 1074,
and J 4(Co-Co)=3.72 K. The first two sums are taken
over all nearest-neighbor pairs of spins within the inter-
calate layer. The last sum extends over nearest-neighbor
pairs of spins in adjoining intercalate layers. The spin
Hamiltonian of Ni*" in the stage-2 NiCl, GIC is de-
scribed as*

H=—2J(Ni-Ni) 3 §,-S;+D(Ni) 3 (S
(i, j) i
+2J'(Ni-Ni) 3 S;'S,, , 2)
)

(i,m

in terms of spin S(Ni)=1, where D(Ni) is the single-ion
anisotropy [D(Ni)=0.80 K], J(Ni-Ni)=8.75 K, and
A(Ni)=J'(Ni-Ni)/J(Ni-Ni) = 10 .

B. Theory for critical temperature
of quasi-2D XY spin system

Hikami and Tsuneto'? have predicted the critical tem-
perature of a quasi-2D Heisenberg ferromagnet with XY
anisotropy in terms of a scaling argument for the cross-
over effect. The expression for the critical temperature of
the system with g ~0 and A=0 can be derived from a
scaling argument for the crossover from 2D Heisenberg
behavior to 2D XY behavior,!® where g is the XY spin an-
isotropy parameter and A is the ratio of interplanar to in-
traplanar exchange interaction. The in-plane spin corre-
lation length £ becomes large as the temperature is de-
creased to the critical temperature. The true phase tran-
sition may appear under the condition

gé‘zz_xl ’ (3)
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where x, is a finite value. The in-plane spin correlation
length £ is assumed to coincide with the spin correlation
length of the 2D Heisenberg model &5

2wJ

T | 4)

Ep~ exp

in the limit of g =0. Then the critical temperature is es-
timated from Egs. (3) and (4) as

T.(g,A=0) 477
= (g—0). (5)
J x,
In |[—
g

Similarly, the expression for the critical temperature of
the system with g =1 and A0 can be derived from a
scaling argument for the crossover from 2D XY behavior
to 3D XY behavior.'>!> As the temperature is decreased
to the critical temperature, the in-plane correlation
length of the 2D XY model, £y, becomes large as

-1, |\

o ) (6)

Sxy = exp lb
where b is a constant (b ~1.5). The phase transition may
occur under the condition

A(gxy)z':xz s (7)

where x, is a finite value. Then the critical temperature
is estimated from Egs. (6) and (7) as

T.(g=1A) T 2

el B el .5 P 4b 5 |- (8)
J J X,
{1“ a

Note that this critical temperature is a monotonically in-
creasing function of A.

In the general case 0 <A <g <1, according to Hikami
and Tsuneto,'? the crossover from 2D Heisenberg with
XY anisotropy to 3D XY occurs, and the critical tempera-
ture is given by

T.(g,A) B
__.7__=A2g1/¢+_i22 , ©9)
In2
A

where A,, B,, and x, are constants. The first term is a
conventional form of the shift in the critical temperature
due to spin anisotropy and is derived from a standard
treatment of the crossover scaling for spin anisotro-
py,'* 7! where ¢ is a crossover exponent. The second
term is due to the crossover of the dimensionality.

III. EXPERIMENTAL PROCEDURE

The single crystals of Co,Ni;_.Cl, (0=c=1) were
grown from anhydrous CoCl, and NiCl, powders of the
nominal weight composition in a Bridgeman furnace at
temperatures around 980°C. The stage-2 Co.Ni,_.Cl,
GIC was prepared by intercalation of Co,Ni,_.Cl, single
crystal into single crystals of graphite in a Cl, gas atmo-
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sphere at 740 Torr. The reaction was continued at 540°C
for 20 days. The Co concentration in the GIC obtained
was confirmed to coincide with that in the bulk cobalt-
nickel chloride single crystal from the dc magnetic sus-
ceptibility. = The stoichiometry of each sample
(C,Co,Ni,_.Cl,) was determined from its weight uptake
measurement before and after intercalation. The stage of
these GIC samples was confirmed to be stage-2 from the
(OOL) x-ray scattering experiment by using a Huber
double-circle diffractometer with a Siemens 2.0-kW x-ray
generator.

The ac magnetic susceptibility of stage-2 Co.Ni,_.Cl,
GIC’s was measured by using an ac Hartshorn bridge
method. An ac magnetic field with frequency v=330 Hz
and amplitude & =300 mOe was applied along the ¢
plane of the samples. The dc magnetic susceptibility of
stage-2 Co.Ni;_.Cl, GIC’s was measured by using the
Faraday balance method. The GIC sample of 10 mg was
placed in a fused quartz sample holder of known suscepti-
bility.

IV. RESULT

The dc magnetic susceptibility of stage-2 Co.Ni,_.Cl,
GIC’s was measured in the temperature range
30=T =300 K in the presence of an external magnetic
field (H =4.0 kOe) along the direction perpendicular to
the ¢ axis. The dc magnetic susceptibility data obey the
Curie-Weiss law in the temperature range 150 < T <300
K. Figure 1 shows the Curie-Weiss temperature ® of
stage-2 Co,Ni,_.Cl, GIC’s as a function of Co concen-
tration, where ® is determined from the least-squares fit
of the susceptibility data to the Curie-Weiss law. We find
a monotonic decrease of ® from ®(Ni)=70.0 K at ¢ =0
to ®(Co)=23.2 K at c=1.0.

The real part of the ac magnetic susceptibility of

80 T T T T T T T T
Stage-2 Coc¢ Nij_Cl;-GIC

® (K)

FIG. 1. Curie-Weiss temperature ® vs Co concentration of
stage-2 Co.Ni,_.Cl, GIC’s. The solid line is described by Eq.
(14) with ®(Co-Ni)=p[@(Co)®(Ni)]!/2 and p =1.2.
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stage-2 Co.Ni,_.Cl, GIC’s was measured in the temper-
ature range 2.6 <7 <25 K. The samples used in this
measurement were the same ones used in the dc magnetic
susceptibility measurement. Figure 2 shows the real part
of ac magnetic susceptibility, x’, in stage-2 Co.Ni,_.Cl,
GIC’s with various Co concentrations, as a function of
temperature. The real part Y’ shows a broad peak for
each Co concentration because of a smearing of critical
temperature arising from the finite-size effect of small is-
lands and the possible Co concentration gradient within
intercalate layers. The peak height of Y’ tends to de-
crease with increasing Co concentration. The critical
temperature T., defined as a temperature at which the
real part ¥’ has a maximum, shifts to the high-
temperature side with decreasing Co concentration. The
full width at half maximum of the peak in Y’ around the
critical temperature AT increases from 2.2 to 6 K as the
Co concentration decreases. The Co concentration
dependence of T, is shown in Fig. 3, indicating a large
decrease of T, from ¢ =0 to 0.5 and a slight decrease of
T, from ¢ =0.5 to 1. Note that the critical temperatures
T, at ¢ =0 and 1 coincide with the lower critical temper-
atures T, of stage-2 NiCl, GIC and CoCl, GIC, respec-
tively, where the real part ¥’ has a peak. The real part }’
of stage-2 NiCl, GIC and CoCl, GIC is known to show a
shoulder at T, in the limit of 4 =~0.> Such a shoulder is
not seen in Y’ of Fig. 3, which was measured at # =300
mOe. The upper critical temperature 7, is considered
to be a temperature at which the in-plane spin correlation
length becomes the same size as islands inside intercalate
layers.

Figure 4 shows a log-log plot of Y’ versus reduced tem-
perature t (=T /T,—1) for ¢ =0.85. The real part Y’

Stage-2 Coc Nir_cCl-GIC
6 T T T T T T

T T T T T T T T

X' (arb. units)

T (K)

FIG. 2. Real part of ac magnetic susceptibility (x’) of stage-2
Co.Ni,_.Cl, GIC’s vs temperature. ¢ =0.1 (W), 0.19 (A), 0.40
(A),0.63 (0), and 1.0 (®). The ac magnetic field of v=330 Hz
and & =300 mOe is applied along the ¢ plane.
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FIG. 3. Co concentration dependence of critical temperature
T, of stage-2 Co.Ni,_.Cl, GIC’s.

above T, may be described by a power law y'~t" 7. In
the temperature range of 0.21 <t <0.58, the least-squares
fit of the data to the power law yields the critical ex-
ponent ¥ =2.02+0.02. For <0.21, the slope of the
curve log,ox’ vs log;ot decreases with the decrease of ¢
probably because of intrinsic behavior such as crossover
effect or smearing of critical temperature. Similar behav-
ior of x’ versus temperature has been reported by Dupas
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FIG. 4. Log-log plot of ¥’ vs t ¢t =T/T.—1) for stage-2
Co.Ni,_.Cl, GIC’s with ¢=0.85. The solid line denotes a
least-squares fit to the power law with ¥ =2.02.

TABLE 1. Critical temperature T,, Curie-Weiss temperature
O, critical exponent ¥, the fitting temperature range ¢ for v, and
critical exponent f3 of stage-2 Co.Ni,_.Cl, GIC’s.

c T, (K) 0 (K) Y t B
0 18.38 70.00 1.99 0.15-0.18 0.122
0.10 14.23 60.78 0.152
0.19 13.24 56.13 2.09 0.19-0.28 0.192
0.25 13.66 51.44
0.35 11.28 43.39 2.48 0.19-0.23 0.090
0.40 11.36 41.11 2.18 0.14-0.27 0.100
0.63 9.09 33.07 2.12 0.20-0.26 0.098
0.65 9.29 32.99 2.02 0.25-0.35
0.70 9.62 31.23 1.94 0.14-0.33
0.75 9.38 30.54 2.10 0.19-0.29
0.85 8.81 28.59 2.02 0.21-0.58
0.95 9.00 26.75 1.85 0.16-0.36
1 8.20 23.20 2.07 0.10-0.18 0.082

and Renard! for a quasi-2D XVY-like ferromagnet
K,CuF,: ¥ =1.00%0.05 for 10"*<¢<2X10"* and y in-
creases to a maximum value of y=1.9 at t =0.5. The
values of ¥ and the fitting temperature range for each Co
concentration are listed in Table I. The values of y for
mixed systems are likely to be close to those of pure sys-
tems except for ¢ =0.35: y=2.07%0.02 for stage-2
CoCl, GIC and y=1.99+0.02 for stage-2 NiCl, GIC.
Rogiers, Grundke, and Betts!® have shown from a high-
temperature series expansion for the 2D XY model that
the susceptibility has a conventional power-law diver-
gence with y=2.5140.25 rather than an exponential
singularity. This theoretical value of ¥, which is a little
larger than the values of y in the stage-2 Co.Ni,__.Cl,
GIC’s, indicates the 2D XY character of the critical be-
havior in these compounds. In a previous paper* we have
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FIG. 5. Ratio of 7./® vs Co concentration of stage-2
Co.Ni,_.Cl, GIC’s.
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determined the values of critical exponent 8 of magneti-
zation for several samples by assuming a Gaussian distri-
bution function of critical temperature with average criti-
cal temperature and width. The values of 8 thus obtained
are also listed in Table I. We find from Table I that the
critical exponent 8 seems to be independent of the Co
concentration: S=0.1 except for ¢ =0.10 and 0.19.

In Fig. 5 we show the Co concentration dependence of
the ratio of T, /0®, which is calculated from the values of
T, and @ for each Co concentration in Table I. The ratio
T,/0 is 0.263 at ¢ =0, and has a minimum value of 0.234
around ¢ =0.1. With further increase of the Co concen-
tration from ¢ =0.1, the ratio T,/® monotonically in-
creases and reaches 0.353 at ¢ =1. This behavior of
T, /0O is explained below in terms of the effect of XY spin
anisotropy on the phase transition of these compounds.

V. DISCUSSION

The stage-2 Co.Ni;_.Cl, GIC’s magnetically behave
like a 2D Heisenberg-like ferromagnet with XY spin an-
isotropy. The spin Hamiltonian of these compounds may

be described as*

H=—3% Uij(si‘sj_gijsizsf)+ S WSS, , (10
(ij) (iym)

where J;; (>0) is a ferromagnetic intraplanar exchange
interaction between ions on 7 and j sites of the same inter-
calate layer, J;,,( > 0) is an antiferromagnetic interplanar
exchange interaction between i and m ions of adjacent in-
tercalate layers, and g;; (> 0) is an XY spin anisotropy pa-
rameter between ions on i and j sites. The value of g;; in
stage-2 NiCl, GIC is much smaller than that in stage-2
CoCl, GIC; g(Co-Co)=J ,(Co-Co)/J(Co-Co0)=0.48 and
g(Ni-Ni)=D(Ni)/[2zJ(Ni-Ni)]=7.62X 10~ For J;, =0
in Eq. (10), the spin Hamiltonian can be rewritten as

=— 3 2J4(c){o,-0;—geglc)oiof}, (11
(,j)
by using spin operators o; normalized by the spin values
of i ions. Within the framework of a molecular field ap-
proximation, the effective XY spin anisotropy parameter
g.s(c) of stage-2 Co.Ni, _.Cl, GIC’s is given by

gea(c)={c[P(C0)]*@(Co)g(Co-Co)+(1—c)*[ P(Ni)]*@(Ni)g(Ni-Ni)
+2¢(1—¢)®(Co-Ni)P(Co)P(Ni)g(Co-Ni)} /{c2[ P(Co)]*®(Co)
+(1—¢)}[P(Ni)]*@(Ni)+2¢ (1—¢)®(Co-Ni)P(Co)P(Ni)} ,

(12)

where P(Co) (=5.54up) and P(Ni) (=3.29up) are the effective magnetic moments, and ®(Co) (=23.2 K) and O(Ni)
(=70.0 K) the Curie-Weiss temperatures of the stage-2 CoCl, GIC and stage-2 NiCl, GIC, respectively. In a previous
paper* we assumed that the intraplanar exchange interaction between Co?* and Ni’" spins is given by J(Co-
Ni)=p[J(Co-Co)J(Ni-Ni)]'”? with constant p, leading to the definition ®(Co-Ni)=p[@(Co)®(Ni)]!”2. Further, we as-
sume here that the XY spin anisotropy parameter between Co?>* and Ni?* spins is described by g(Co-Ni)=g[g(Co-
Co)g(Ni-Ni)]!’? with constant g. The effective intraplanar exchange interaction J.4(c) is related to the Curie-Weiss tem-

perature O(c) of stage-2 Co_.Ni,_.Cl, GIC’s by

30(c) _ O(c)
2z 4

where @(c) is given by*

Jeﬁ'(C)=

(13)

BO(c)

In Fig. 1 the solid line is a theoretical curve of ®(c) given
by Eq. (14) where O(Co-Ni)=p[@(Co)®(Ni)]!’? with
p =1.2. The data of ® agree well with the solid line, in-
dicating that J(Co-Ni) is ferromagnetic and is given by
9.88 K. The effective interaction J.4 monotonically de-
creases from ®@(Ni)/4=17.5 K at ¢ =0 to ®(Co)/4=5.8
K at ¢ =1 with increasing Co concentration. When gq is
assumed to be equal to p =1.2, the value of g(Co-Ni) is
estimated as g(Co-Ni)=0.0726, which is close to the
value observed for K,Co.Ni,_.F,: g(Co-Ni)=0.05
+0.02." Figure 6 shows the effective XY spin anisotropy
parameter g.4(c) as a function of Co concentration where
three values of g(Co-Ni) are chosen: g(Co-Ni)=0, 0.0726,
and 0.1. As the Co concentration increases from ¢ =0 to
1, the parameter g.; monotonically increases from

_ ¢?[P(Co)’@(Co)+(1—c)*[P(Ni) *@(Ni)+2c (1 —c)®(Co-Ni)P(Co)P(Ni)
c[P(Co)*+(1—c)[P(Ni)]? )

(14)

|

7.62X 1073 to 0.48, indicating a continuous change of
the spin symmetry from Heisenberg-like to XY-like.

Now we discuss the effect of XY spin anisotropy and
the interplanar exchange interaction on the ratio 7, /@ in
the stage-2 Co.Ni,_Cl, GIC’s. We find in Fig. 5 that as
the Co concentration changes from ¢ =0 to 0.1 the ratio
T./® begins to decrease and shows a minimum around
¢ =0.1. This minimum of T, /® around ¢ =0.1 is quali-
tatively explained as follows. The effective XY spin an-
isotropy g.g is @ monotonically increasing function of Co
concentration (Fig. 6). On the other hand, the ratio A
may change slightly from A(Ni)=10X10"* at ¢ =0 to
A(Co)=8X10"* at ¢ =1. The first term of Eq. (9) due to
the XY spin anisotropy may remain unchanged for
0=c =0.1 because of very small change in g.; (Fig. 6),
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et

C

FIG. 6. XY spin anisotropy parameter g.z vs Co concentra-
tion described by Eq. (12), where g(Co-Ni) is changed as a pa-
rameter: (a) g(Co-Ni)=0, (b) 0.0726, and (c) 0.1.

while the second term of Eq. (9) due to the effect of inter-
planar exchange interaction decreases slightly because of
the possible decrease of A from ANi)=10X10"* to
A(Co)=8X10"*for 0<¢ <0.1. For ¢ >0.1 the ratio A is
assumed to be equal to A(Co)=8X 10" * and the effective
XY spin anisotropy g.q is assumed to change drastically.
Then Eq. (9) may be rewritten as

T.(c)
®(c)

=A{gg(c)}'*+B , (15)

where A and B are constants. Figure 7 shows the plot of
the ratio T, /® as a function of g4 for the case of g(Co-
Ni)=1.2[g(Co-Co)g(Ni-Ni)]!/?=0.0726.  The least-
squares fit of the data of T,/0® vs g4 to Eq. (15) yields
the values of A4 =0.229, B =0.224, and ¢=1.34. We
also obtain the values of 4 =0.196, B =0.224, and
¢=1.78 for the case of g(Co-Ni)=0, and A4 =0.238,
B =0.224, and ¢=1.25 for the case of g(Co-Ni)=0.1.
The crossover exponent ¢ is found to increase with de-
creasing g(Co-Ni). Here we adopt the value of g(Co-
Ni)=0.0726 for the stage-2 Co.Ni,;__.Cl, GIC’s. Our re-
sult of ¢=1.34 is found to be close to the theoretical
value of crossover exponent for the crossover from 3D
Heisenberg-like to 3D XY-like behavior, ¢=1.25% sug-
gesting a 3D antiferromagnetic ordered phase with XY-
character below T,. The extrapolated value of T, /® at
g.#=0 is equal to the value of B (=0.224). However, we
note that the value of B obtained from the relation of
T,/ vs g for a series of compounds
(C,H,, +1NH;),CuCl, (n =1-10) (Ref. 21) is B =0.22.
These also magnetically behave like a quasi-2D
Heisenberg-like ferromagnet with XY spin anisotropy:

—r . .
- Stage-2 Coc Ni1_¢Cl, - GIC A
0.35 //Z—
- //,/‘. -
— //// -
L // -
i ./ . .
030 Vs —
® . / .
~ - L
X ° /e
] '. J
0251 B
0.20 i [ . 1 1 1 1 1

o o 02 03 04 05

ge"

FIG. 7. Plot of T, /® as a function of XY spin anisotropy pa-
rameter g4 wWith g(Co-Ni)=0.0726. The solid line is a result of
least-squares fit of the data to Eq. (15) with A4 =0.229,
B =0.224, and ¢=1.34.

S=1and A=2.5X10"*—5.5X10"* This close agree-
ment of B between stage-2 Co.Ni;_.Cl, GIC’s and
(C,H,, +NH;),CuCl, may indicate that the ratio 7,/®
in the limit of g.=0 takes a universal value
(=0.22-0.224) for quasi-2D Heisenberg-like ferromag-
nets with XY spin anisotropy (A50). Here it should be
noted that for A=0 the value of T, /@ at g.z=0 is equal
to O because the 2D Heisenberg system has no phase
transition above 0 K.

Here we discuss a possibility for determining an ex-
pression of the Kosterlitz-Thouless (KT) temperature Ty
in an ideal 2D XY spin system, based on the assumption
that Eq. (15) is still valid at g.4=1. In Eq. (15) the extra-
polated value of T,/0® at g.;=1 is estimated as
A +B =0.453 with 4 =0.229 and B =0.224. The term
A arising from the XY spin anisotropy effect may corre-
spond to the ratio Tx/@: Tx/®=A4=0.229. The
Curie-Weiss  temperature ® is  described by
®=22zJS(S +1)/3, where S is the spin, J the intraplanar
exchange interaction, and z the number of nearest-
neighbor spins. For the stage-2 CoCL,GIC with § =1
and z =6, the ratio T /J is estimated as

Ty

—=248(§ +1)=0.115 . (16)

zJ
This ratio may be compared with the result of Monte
Carlo simulations.?*?3 For an ideal 2D XY spin system
on a square lattice (z =4), the ratio Ty /J is predicted to
be described as T /2J =0.887S%(z /4), leading to the ra-
tio Tx /2J=0.11 for § =1. This value of Tk /zJ is in ex-
cellent agreement with our result (T /zJ =0.115). Thus
it may be concluded that the ratio Ty /zJ takes a univer-
sal value (=0.11-0.115) for ideal 2D XY spin systems.
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Finally we consider the magnetic phase transition of
stage-2 CoCl, GIC. We define the 3D and 2D spin order-
ing temperatures as T;p and T,p, respectively. By using
Tsp and T,p, Eq. (15) may be rewritten as

—=——+8B, (17

where T3, > T, because of B > 0. For the stage-2 CoCl,
GIC T;p is considered to coincide with the lower critical
temperature T,;: T,, >T,=T;p>T,5. Here T, is an
ideal temperature at which the in-plane spin correlation
length £ is assumed to diverge when the intercalate layer
forms a perfect triangular lattice, and T, is a tempera-
ture at which & is comparable to the size of islands in the
intercalate layer. From Eq. (17) with B =0.224, ®=23.2
K, and T;,=T,=8.2 K, the value of T, is estimated
as T,p=3.0 K, which is much lower than T,. Such a
behavior has been reported in the 2D planar ferromagnet
K,CuF,.>*?* The actual critical temperature (=6.25 K)
is higher than the estimated KT transition temperature
(=5.5 K). It may be understood that the phase transi-
tion of K,CuF, is basically the KT-type transition but
modified by the weak interplanar interaction. The phase
transition of stage-2 CoCl, GIC may be dominantly
caused by the Kosterlitz-Thouless transition, but is
modified by the finite-size effect of small islands and the
antiferromagnetic interplanar exchange interaction. The
intermediate phase between T, and T,, is a purely 2D
ordered phase. The growth of the in-plane spin correla-
tion length £ is limited by the size of small islands.

VI. CONCLUSION

We have investigated the magnetic phase transition of
stage-2 Co.Ni;_.Cl, GIC’s which approximate quasi-
two-dimensional Heisenberg ferromagnets with XY spin
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anisotropy. The phase transition at the critical tempera-
ture T, is caused by both the XY spin anisotropy effect
and the 3D effect through interplanar exchange interac-
tion. While the interplanar exchange interaction is al-
most independent of Co concentration, the spin symme-
try drastically changes from Heisenberg-like to XY-like
with increasing Co concentration. We have shown that
the ratio of T, to the Curie-Weiss temperature ® is well
described by T, /@=Agls*+ B with $=1.34, 4 =0.229,
and B =0.224. The first term and second term of T, /®
are due to the XY spin anisotropy effect in the 2D system
and the 3D effect, respectively. The extrapolated value of
Agli*= A at g;=1 may suggest that the Kosterlitz-
Thouless temperature Tk of an ideal 2D XY system is de-
scribed by Ty /zJ =0.115, where J is the intraplanar ex-
change interaction and z is the number of nearest-
neighbor spins.

For further discussion we need ac magnetic susceptibil-
ity measurements in the presence of an external magnetic
field. The value of g.; for each Co concentration can
then be estimated from the value of spin-flop field. We
also need a theory of the critical temperature for the 2D
Heisenberg-like ferromagnet with XY anisotropy where
magnetic ions with § =1 and 1 are randomly distributed
on the triangular lattice. The exchange interaction be-
tween magnetic ions with different spins is considered to
have a significant effect on the critical temperature.
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