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Stage-2 Ni.Mn, __Cl,-graphite intercalation compounds (with 0 =<c¢ < 1) are two-dimensional random-
spin systems with competing ferromagnetic and antiferromagnetic exchange interactions. The magnetic
properties of these compounds have been studied by dc and ac magnetic susceptibilities. The Curie-
Weiss temperature increases monotonically with increasing Ni concentration, suggesting that both Ni
and Mn ions are randomly distributed on the triangular-lattice sites of the Ni.Mn,_ Cl,-intercalate lay-
ers. Its sign changes from negative to positive around ¢ =0.22. The exchange interaction between Ni-
Mn spin pairs is ferromagnetic and is described by J(Ni-Mn)=1.09[|J(Ni-Ni)J(Mn-Mn)|]'/?=1.44 K.
The critical temperature 7, decreases rapidly with a dilution of Mn. In spite of ferromagnetic
J(Ni-Mn), the ferromagnetic long-range order of Ni?* disappears below ¢ =~0.6. The large initial slope
of [dInT, /dc].-,=2.38 is ascribed to the two-dimensional Heisenberg-like character of stage-2 NiCl,-
graphite intercalation compound. The critical behavior of these compounds shows a two-dimensional
XY character. The critical exponent y appears to be independent of ¢ for ¢ 20.7: It is determined that
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¥ =2.27+0.02 at ¢ =0.9.

I. INTRODUCTION

Recently, the magnetic properties of random-mixture
graphite intercalation compounds (RMGIC’s) have re-
ceived considerable interest.! > The magnetic RMGIC’s
provide a variety of opportunities to study magnetic
phase transitions of two-dimensional (2D) random-spin
systems. There have been several studies of the magnetic
properties of magnetic RMGIC’s: stage-2 Co.Ni;_.Cl,
GIC’s,""? stage-1 Co,Mg,_.Cl, GIC’s,> and stage-2
Co.Mn,__Cl, GIC’s,*> where c is the Co concentration
(02c<1). Yeh et al.’® succeeded in synthesizing
stage-2 Co.Ni;_.Cl, GIC samples and reported the re-
sults of the dc magnetic susceptibility. These compounds
have ferromagnetic intraplanar exchange interactions be-
tween Co-Co spin pairs and between Ni-Ni spin pairs.
Nicholls and Dresselhaus® have studied the magnetic
phase transition of stage-1 Co.Mg,_.Cl, GIC’s from the
temperature and field dependences of the ac magnetic
susceptibility. In these compounds a part of the Co?"
ions on the triangular-lattice sites is replaced by nonmag-
netic Mg®* ions. Suzuki et al.*® have studied the mag-
netic properties of stage-2 Co,Mn,__Cl, GIC’s, where
the intraplanar exchange interaction between Co-Co spin
pairs is ferromagnetic, but the intraplanar exchange in-
teraction between Mn-Mn spin pairs is antiferromagnetic.

The magnetic behavior of stage-2 Ni_Mn, __.Cl, GIC’s
seems to be similar to that of stage-2 Co,Mn,;__.Cl,
GIC’s. The spin-frustration effect is expected to occur
because of the competition between ferromagnetic intra-
planar interactions between Ni-Ni spin pairs and antifer-
romagnetic intraplanar interactions between Mn-Mn spin
pairs. In this paper we study the magnetic properties and
magnetic phase transitions of stage-2 Ni.Mn; .Cl,
GIC’s by using dc and ac magnetic susceptibility. The
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Curie-Weiss temperature, effective magnetic moment,
and critical temperature will be determined as a function
of Ni concentration. The magnetic phase diagram of
these compounds will be discussed in comparison with
that of stage-2 Co,Mn, _,Cl, GIC’s.’

There have been several studies on the magnetic prop-
erties of the stage-2 NiCl, GIC (Refs. 6—8) and stage-2
MnCl, GIC."!! The stage-2 NiCl, GIC magnetically
behaves like a 2D Heisenberg ferromagnet with small XY
anisotropy on the triangular-lattice sites. The spin Ham-
iltonian of Ni** ions is described by

H=—2J 3 8;8;+D 3 (§/)*+2J" 3 S;-S,,, ()
(ij) i (i,m)
where z axis coincides with the ¢ axis, {(i,j) denotes
nearest-neighbor pairs on the same intercalate layer,
(i,m ) denotes nearest-neighbor pairs on the adjacent in-
tercalate layer, S is the spin of Ni?* [S(Ni)=1], J is the
intraplanar exchange interaction [J(Ni-Ni)=8.75 K], D is
a single-ion anisotropy parameter [ D(Ni)=0.80 K], and
J' is the antiferromagnetic interplanar exchange interac-
tion (|J'|/J=10"3). The magnetic and structural data
of this compound are listed in Table I. This compound
shows two magnetic phase transitions at T,,=22.0 K
and T,=17.5 K. Above T, the system is in the
paramagnetic phase. In the intermediate phase between
T, and T,,, the system has 2D spin ordering. There is
no spin correlation between adjacent NiCl, layers. Below
T, there occurs the 3D antiferromagnetic phase where
2D ferromagnetic layers are antiferromagnetically
stacked along the ¢ axis. The stage-2 MnCl, GIC mag-
netically behaves like a 2D XY-like antiferromagnet on
the triangular-lattice sites. The spin Hamiltonian of
Mn?" ions is expressed by the same form as Eq. (1) with
spin S(Mn)=2, antiferromagnetic intraplanar exchange
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TABLE I. Structural and magnetic properties of the stage-2
NiCl, GIC and MnCl, GIC, where g is the g factor along the ¢
plane, a is the in-plane lattice constant, and d is the c-axis repeat
distance.

Stage-2 NiCl, GIC Stage-2 MnCl, GIC

s 1 S 5/2
J (K) 8.75 J (K) —0.20
D (K) 0.80 D (K) 0.97
T. (K) 17.5 Ty (K) 1.1
T., (K) 22.0

® (K) 69.28 0 (K) —10.19
P(ug) 3.19 P(ug) 6.04
g 2.26 g 2.04
d (A) 12.70 d (A) 12.89
a (A) 3.46 a (A) 3.67

interaction J(Mn-Mn)= —0.20 K, and single-ion anisot-
ropy D(Mn)=0.97 K. The magnetic and structural data
of this compound are shown in Table I. This compound
shows a magnetic phase transition at Ty, =1.1 K. Above
Ty it is in the paramagnetic phase. Below Ty it is in the
antiferromagnetic phase where all spins lie in the MnCl,
layers.” !

II. EXPERIMENT

Single crystals of Ni.Mn,_.Cl, were prepared by heat-
ing a mixture of ¢-NiCl, and (1—c¢)-MnCl, sealed in vac-
uum at a reaction temperature 990°C. Stage-2
Ni Mn,__Cl, GIC’s were synthesized by heating single-
crystal Kish graphites and single-crystal Ni_.Mn,_.Cl, in
a chlorine-gas atmosphere at a pressure of 740 Torr. The
reaction was continued at 560°C for 20 days. The
stoichiometry of the GIC samples listed in Table II was
determined from a weight uptake measurement. The dc
magnetic susceptibility of stage-2 Ni Mn,_.Cl, GIC’s
was measured by the Faraday balance method in the tem-

J

_ ¢*P*(Ni)®(Ni)+(1—¢)*P*(Mn)®(Mn)+2pc(1—c)V[O(Ni)O(Mn)|P(Ni)P(Mn)
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perature range between 1.5 and 300 K. A magnetic field
of 100 Oe < H <4 kOe was applied in an arbitrary direc-
tion in the c plane of the samples. The ac magnetic sus-
ceptibility of stage-2 Ni.Mn,__Cl, GIC’s was measured
by a conventional ac Hartshorn bridge method in the
temperature range between 2.6 and 25 K. An ac magnet-
ic field of 330 Hz was applied in an arbitrary direction in
the ¢ plane of the samples.

III. RESULTS

The dc magnetic susceptibility of stage-2 Ni.Mn,__.Cl,
GIC’s with ¢=0, 0.1, 0.15, 0.25, 0.3, 0.35, 0.4, 0.5, 0.65,
0.7, 0.8, 0.85, 0.9, and 1 was measured at H =4 kOe in
the temperature range 20 < 7' <300 K. A least-squares fit
of the dc magnetic-susceptibility data for 150 <7 <300 K
to the Curie-Weiss law

C
X -6 +Xo (2)
yields values of the Curie-Weiss constant C (emu K/av.
mol), the Curie-Weiss temperature ® (K), and the
temperature-independent susceptibility Y, (emu/av. mol).
The values of C, ®, and ), are listed in Table II. Figure 1
shows the reciprocal susceptibility (y—x,)~ ! for ¢ =0,
0.3, 0.65, and 0.9 as a function of temperature. The dc
magnetic susceptibility is found to obey the Curie-Weiss
law above 150 K. The deviation of the reciprocal suscep-
tibility from a straight line below 150 K may indicate the
appearance of spin short-range order. The Curie-Weiss
temperature ® vs Ni concentration is shown in Fig. 2.
The value of ® monotonically increases as the Ni concen-
tration increases and changes its sign from negative to
positive around ¢ =~0.22. This implies that the average
intraplanar exchange interaction changes from antiferro-
magnetic to ferromagnetic. According to the molecular-
field theory developed by Hashimoto'? and subsequently
modified by Yeh, Suzuki, and Burr,! the Curie-Weiss
temperature O is expressed by

®

) (3)

¢P*(Ni)+(1—c)P%Mn)

where P(Ni) and P(Mn) are the effective magnetic mo-
ments of the stage-2 NiCl, GIC and MnCl, GIC, respec-
tively, and ®(Ni) and ®(Mn) are the Curie-Weiss temper-
ature of the stage-2 NiCl, GIC and MnCl, GIC, respec-
tively (Table I). Here p is a parameter defined by
p=J(Ni-Mn)/[|J(Ni-Ni)J(Mn-Mn)|]'/2, where J(Ni-
Mn) is the intraplanar exchange interaction between Ni-
Mn pairs in the Ni_Mn, __Cl, intercalate layer. The data
of ® in Fig. 2 can be fit well by Eq. (3) with p =1.09, indi-
cating that J(Ni-Mn) is ferromagnetic and is estimated as
1.44 K. Note that

p=J(Co-Mn)/[|J(Co-Co)J(Mn-Mn)|]}?=1.20,

for stage-2 Co.Mn, _.Cl, GIC’s.” We find that J(Ni-Mn)
(=1.44 K) of stage-2 Ni.Mn,_.Cl, GIC’s is almost the

[

same as J(Co-Mn) (=149 K) of stage-2 Co,Mn,__.Cl,
GIC’s. Figure 3 shows the average effective magnetic
moment P of these compounds as a function of Ni con-
centration. The magnetic moment P monotonically de-
creases with increasing Ni concentration. According to
the molecular-field theory,! P is given by

Pg(c)=[cPX(Ni)+(1—c)P*Mn)]'? . (4)

The solid line in Fig. 3 denotes the value of P 4 described
by Eq. 4) with P(Ni)=3.19up/mol and P(Mn)
=6.04up /mol. Our data are fit well to the solid line, in-
dicating that (i) the Ni concentration of GIC samples
coincides with that of intercalant samples and (ii) Ni and
Mn exist as divalent ions in the intercalate layer.

The dc magnetic susceptibility of stage-2 Ni.Mn,__Cl,
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TABLE II. Curie-Weiss temperature ® and average effective
magnetic moment P for stage-2 Ni.Mn,_.Cl, GIC’s with the
stoichiometry C,Ni.Mn,__.Cl,.

c n 0 (K) Pz (up/av. mol)
0.0 11.03 —10.191+0.77 6.04
0.1 9.50 —6.68+0.26 5.73
0.15 10.99 —4.951+0.43 5.45
0.25 13.57 0.4410.55 5.35
0.3 13.08 0.0410.54 5.24
0.35 14.62 7.711£0.46 5.21
04 16.83 9.04+0.95 4.85
0.5 12.18 18.071+0.50 4.77
0.65 14.98 24.941+0.28 4.27
0.7 11.95 31.90+0.73 4.23
0.8 14.33 38.49+1.04 4.08
0.85 13.76 42.95+0.58 3.94
0.9 12.03 58.45+0.25 3.48
1 15.37 69.281+0.36 3.19

GIC’s with ¢=0, 0.1, 0.15, 0.25, 0.3, 0.35, 0.4, 0.5, 0.65,
0.7, 0.8, 0.85, 0.9, and 1 was measured in the temperature
range 1.5<T <25 K, where an external field H (=100
and 840 Oe) is applied along the direction perpendicular
to the c¢ axis. Figure 4(a) shows the temperature depen-
dence of M /H at H=100 Oe for stage-2 Ni_Mn,__.Cl,
GIC’s with ¢=0.65, 0.7, 0.8, 0.9, and 1, where M is the
magnetization measured in units of emu/av. mol. The
magnetization rapidly decreases with increasing tempera-
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FIG. 1. Reciprocal susceptibility (y —x,) "' vs T for stage-2
Ni.Mn,_.Cl, GIC’s with ¢=0 ( A ), 0.30 (A), 0.65 (@), and
0.90 (O), where Y, is a temperature-independent susceptibility.
The solid line is described by Eq. (2) with C, ®, and Y, listed in
Table II.

4723
eo T T T 1 T T T T T
- Stage-2 NicMn,_Cl,-GIC
60
r_
~ 4O
x -
@ L
20 -
L
o 1
-101/
| | L | 1 Lt 1 1
0 0.5 1
c
FIG. 2. Curie-Weiss temperature ® vs ¢ for stage-2

Ni Mn,_.Cl, GIC’s. The solid line is described by Eq. (3) with
p=1.09.

ture. It does not reduce to zero at a critical temperature
T, but shows a tail around T,. This tail is due to the
smearing of T,, which arises from a macroscopic gradient
of the Ni concentration over the sample and from the

T T T T T T T T T
. " Stage-2 Ni.Mn,_.Cl,-GICH

Pett (4B /av. mol)

FIG. 3. Average effective magnetic moment P4 (p3/av mol)
vs ¢ for stage-2 Ni.Mn,__.Cl, GIC’s. The solid line is described

by Eq. (4).
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finite-size effect of islands.> When the distribution of the
critical temperature is assumed to be Gaussian with aver-
age critical temperature (7, ) and width o, the magneti-
zation can be expressed by a power law, with critical ex-
ponent 3,

Stage-2 NicMn,_cCl,- GIC
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FIG. 4. (a) M/H vs T for stage-2 Ni.Mn,__.Cl, GIC’s with
c=0.65, 0.7, 0.8, 0.9, and 1, where H=100 Oe and Hlc. (b)
M /H vs T for stage-2 Ni_Mn, . Cl, GIC’s with ¢ =0.2, 0.3, and
0.4, where H =840 Oe and Hlc.
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FIG. 5. Real part of ac magnetic susceptibility (x’) vs T for
stage-2 Ni.Mn,_.Cl, GIC’s with ¢=0.8, 0.9, and 1.0. An ac
magnetic field of v=330 Hz and A =300 mOe is applied along
the ¢ plane.

B
= @ -——l
M(T)=4 [ ll | STT (5)
with
2
_ 1 1| (1)
f(T,) Voo P 5 . , (6)

where A is a constant. The least-squares fit of M /H vs T
of Fig. 4(a) to Eq. (5) yields the values of (T, ), o, and
listed in Table III. The value of B seems to be indepen-
dent of Ni concentration at least for 0.7<c¢ <1: f=0.25.
Figure 4(b) shows the temperature dependence of M /H
at H=840 Oe for stage-2 NiMn,_.Cl, GIC’s with
¢=0.2, 0.3, and 0.4. The magnetization monotonically
decreases with decreasing temperature, indicating no
magnetic phase transition, at least above 1.5 K.

The magnetic phase transition of stage-2 Ni.Mn,__.Cl,
GIC’s with ¢=0.7, 0.8, 0.9, and 1 was investigated by ac
magnetic-susceptibility measurement in the temperature
range 2.6 <T <25 K. Figure 5 shows the temperature
dependence of the real part of the ac magnetic suscepti-
bility y' of stage-2 Ni,Mn,_,Cl, GIC’s with ¢=0.8, 0.9,
and 1. The real part Y’ shows a broad peak at the critical

TABLE III. Critical exponent f3, distribution width of criti-
cal temperature, o, average critical temperature (T, ), and criti-
cal temperature T, for stage-2 Ni_Mn,__.Cl, GIC’s.

c B o (K) (T,) (K) T. (K)
0.7 0.275 1.218 6.954 5.31
0.8 0.262 1.154 11.570 9.58
0.9 0.290 1.669 16.020 14.34
1 0.241 1.869 21.051 18.38
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FIG. 6. Log-log plot X' vs t (=T/T.—1) for the stage-2
Ni.Mn,_Cl, GIC with ¢=0.90. The solid line denotes a least-
squares fit to a power law with y =2.27.
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FIG. 7. Critical temperature T, vs c for stage-2 Ni . Mn,__.Cl,
GIC’s which are determined from the ac magnetic-susceptibility
(@) and magnetization measurements (O). The solid line is a
straight line with slope d[InT,.(c)]/dc=2.38.
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temperature T, listed in Table III. The critical tempera-
ture T, shifts to the lower-temperature side with decreas-
ing Ni concentration. The peak value of ' rapidly de-
creases as the Ni concentration decreases and tends to
reduce to zero for samples with ¢ <0.7. Figure 6 shows
the log-log plot of Y’ versus reduced temperature ¢
(=T/T,—1) for ¢=0.9. In the temperature range
0.19 <t <0.35, the least squares fit of the data to the
power law yields the critical exponent y=2.2710.02.
For t <0.19 the slope of the curve logox’ vs log,yt de-
creases with decreasing ¢, probably because of intrinsic
behavior such as a crossover effect or a smearing of the
critical temperature. The value of ¥ for ¢ =0.8 is ob-
tained as y=2.25+0.02 in the temperature range
0.16 <t <0.27. These values of y are likely to be close to
that of the stage-2 NiCl, GIC: y=1.991+0.02. Rogiers,
Grundke, and Betts!> have shown from a high-
temperature series expansion of the 2D XY model that
the susceptibility has a conventional power-law diver-
gence with y=2.5110.25 rather than an exponential
singularity. The value of ¥ in the stage-2 Ni_Mn,__Cl,
GIC’s, which is a little smaller than this theoretical value
of y, is indicative of the 2D XY character in the critical
behavior of these compounds.

Figure 7 shows the critical temperature T, vs Ni con-
centration for stage-2 Ni.Mn,__.Cl, GIC’s, where the
critical temperatures denoted by solid and open circles
are determined from ac susceptibility measurements at
H =0 and dc magnetic-susceptibility measurements at
H =100 Oe, respectively. The values of T, at H=100 Oe
are larger than those at H =0. This is consistent with a
well-known result that the critical temperature of a 2D
XY ferromagnet apparently shifts to higher temperatures
when an external field H is applied along the direction of
the easy axis.!* For ¢ =0, the stage-2 MnCl, GIC under-
goes a phase transition at the Néel temperature 7y =1.1
K.!%!' The critical temperature rapidly decreases with
decreasing Ni concentration. The initial slope
{=[d InT,(c)/dc] at c =1 is obtained as {=2.38.

IV. DISCUSSION

First, we discuss the magnetic phase diagram of stage-2
Ni.Mn,__Cl, GIC’s. In Fig. 7 the critical temperature
T, rapidly decreases with an increase of Mn concentra-
tion and tends to reduce to zero around ¢ =0.6. Since
the ferromagnetic interaction J(Ni-Ni) is much stronger
than J(Ni-Mn), the role of Mn?" jons may not be
different from that of the diamagnetic ions in the Ni-rich
concentration region. A continuous replacement of Ni**
ions by Mn?? ions results in a weakening of the fer-
romagnetic long-range order in the intercalate layer. The
disappearance of ferromagnetic long-range order of Ni**
spins below ¢=0.6 can be confirmed from the Ni-
concentration dependence of spontaneous magnetization.
It is predicted from the percolation theory!® that the
Ni’" ions belong either to 2D infinite networks or to
finite clusters in the Ni_Mn,__Cl, intercalate layers with
¢ >c,, where c, is a percolation threshold and is predict-
ed as ¢,=0.5 for the triangular lattice. Only the Ni?*
ions belonging to 2D infinite networks contribute to the
magnetization per Ni mol, My;. The fraction of the mag-
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netization My; to the saturation magnetization Mg, F,
may be described by

My N,
M. N’

s

(7

where N, is the number of Ni** ions belonging to 2D
infinite networks, N is the total number of Ni®" ions, and

M, =N ,upg(Ni)S(Ni)
=1.262 X 10%mu/Nimol .

Figure 8 shows the fraction F vs Ni concentration at
T=4 K and H =100 Oe for stage-2 Ni_Mn,__.Cl, GIC’s,
where My; is defined by M /c and the value of M is ob-
tained from Fig. 4(a). The smaller value of F at ¢c=1
than unity indicates that the magnetization does not satu-
rate sufficiently at 7=4 K and H =100 Oe. The value of
F rapidly decreases with decreasing Ni concentration and
is extrapolated to zero around ¢ =0.6. This result indi-
cates that the ferromagnetic long-range order may disap-
pear below ¢~0.6. In Fig. 8, for comparison, we also
show the fraction F (=M, /M;) vs Co concentration at
T=2 K and H=100 Oe for stage-2 Co.Mn,__.Cl,
GIC’s,® where

M, =N ,upg(Co)S(Co)=1.787X10* emu/Co mol ,

with g(Co)=6.4 and S(Co)=1. The fraction F gradually
decreases with increasing Mn concentration and exhibits
a noticeable tail even below ¢, =0.5, indicating that the
ferromagnetic long-range order of Co?" spins does not

vanish even below ¢, =0.5. In Fig. 9 we show the data of

p
T T T T T
0.6 -
0.4
w

r_
02 + °

- o

FIG. 8. Concentration dependence of fraction F=My; /M,
at T=4 K and H =100 Oe in stage-2 Ni_Mn,__.Cl, GIC’s (@)
and F=M¢c,/M; at T=2 K and H=100 Oe in stage-2
Co.Mn,__.Cl, GIC’s [Suzuki et al. (Ref. 5)] (O). The solid line
is a guide to the eye.
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FIG. 9. T.(c)T.(1) vs c for stage-2 Ni.Mn,_.Cl, GIC’s (@)
(present work), stage-2 Co.Mn,_.Cl, GIC’s (A) [Suzuki et al.
(Ref. 5)], and K,Cu,Zn,_.F, (O) [Okuda et al. (Ref. 17)].

T,(c)/T.(1) versus concentration c¢ for stage-2
Ni Mn,__Cl, GIC’s, stage-2 Co.Mn,__.Cl, GIC’s,'® and
K,Cu,Zn,_,F,'” The value of T.(c)/T.(1) for the
stage-2 Co.Mn,__.Cl, GIC’s is larger than that for the
stage-2 Ni Mn,__Cl, GIC’s for ¢ =0.7, which is con-
sistent with the above result that the critical concentra-
tion, below which the ferromagnetic long-range order of
Co?* in stage-2 Co.Mn,_Cl, GIC’s disappears, is lower
than that of Ni’* in stage-2 Ni,Mn,_.Cl, GIC’s
(c=0.6).

Here we note that the interaction J(Co-Mn) in stage-2
Co.Mn,__Cl, GIC’s is almost the same as J(Ni-Mn) in
stage-2 Ni_Mn,_.Cl, GIC’s. The different concentration
dependence of F around ¢=0.5-0.6 in stage-2
Ni.Mn,_.Cl, GIC’s and Co,Mn,_.Cl, GIC’s may be as-
cribed to the difference of the spin symmetry in the
stage-2 NiCl, GIC and CoCl, GIC. In the stage-2 NiCl,
GIC, the Ni-Ni interactions are predominantly of
Heisenberg character, while in the stage-2 CoCl, GIC the
Co-Co interactions are of largely XY character. In fact,
the inplane spin Hamiltonian of the stage-2 CoCl, GIC is
described by

H=-2J 3 S;-8;,+2J, ¥ SiS}, (®)
(i,j) (i,j)
where J(Co-Co) (=7.75 K) is the ferromagnetic intrapla-
nar exchange interaction and J ,(Co-Co) (=3.72 K) is the
anisotropic exchange interaction. The XY anisotropy pa-
rameter of the stage-2 CoCl, GIC, 7(Co-Co), is much
larger than that of the stage-2 NiCl, GIC, n(Ni-Ni):

1(Co-Co)=J ,(Co-Co)/J(Co-Co)=0.48

and
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n(Ni-Ni)=D(Ni)/2zJ(Ni-Ni)=7.62X 107* .

It is qualitatively understood from the following simple
model’® that the value of T.(c)/T.(1) decreases more
rapidly with dilution for the Heisenber-like system than
for the XY-like system. For c=c, the infinite cluster is
represented in terms of weakly coupled 1D chains with
intrachain interaction J, and interchain interaction J;.
The critical temperature T, is determined by equating the
thermal energy kpzT to the interaction energy between

nearest-neighbor spins in adjacent chains,
kyT=&p(T.)|J,|S(S+1), where the intrachain
correlation length &Ep(T) is given by

Eip(T)=2|Jo|S(S+1)/kgT for Heisenberg symmetry
and &,p(T)=4[J,|S(S+1)/kgT for XY symmetry. Then
it follows that the critical temperature TXY for the system
with XY symmetry is lower than TCH_ for the system with
Heisenberg symmetry: TXY/TH=v",

From the above discussion we can conclude that the
T,-vs ¢ curve of stage-2 Ni_Mn,__Cl, GIC’s agrees well
with the phase boundaries of diamagnetically diluted sys-
tems. It is well known that the initial slope of
T.(c)/T.(1) vs ¢, &, strongly depends on the dimen-
sionality and spin symmetry of system. In Fig. 9 the ini-
tial slope of stage-2 Ni_Mn,_.Cl, GIC’s ({=2.38) is a
little smaller than that of K,Cu,Zn,_,F, ({=3).'7 Note
that the in-plane spin Hamiltonian of K,CuF, is also de-
scribed by Eq. (8) with J(Cu-Cu) (=11.93 K) and J ,(Cu-
Cu) (=0.09 K).! The XY spin anisotropy parameter of
K,CuF, is almost the same as that of stage-2 NiCl,
GIC’s:

7(Cu-Cu)=J ,(Cu-Cu)/J(Cu-Cu)=7.54X 1073 .

The large initial slopes observed in stage-2 Ni_Mn,__.Cl,
GIC’s and K,Cu.Zn,__F, may be closely related to the
fact that these systems magnetically behave like a 2D
Heisenberg ferromagnet with very small XY anisotropy.
Stinchcombe?® has shown from a position-space
renormalization-group method that the dependence of T,
on Ising anisotropy 6 and concentration c is described by
Tc(c ’ 8) 2c—1

J ©1n(1/6) as (6-0), ©)
with £ =0.21, where the spin Hamiltonian of the pure
system is given by

H=—21 3 [(1—8)SIS;F+SISN+SiSZ] . (10)
(i, j)

From Eq. (9) the initial slope of this system is estimated
as £=2 and is independent of the Ising spin anisotropy &
in the limit of §=0. With increasing Ising anisotropy 9,
the initial slope ¢ is predicted to decrease rapidly from
§=2, approaching that for the 2D Ising model
McGurn®' has predicted from a random-phase approxi-
mation that the initial slope for the system with the spin
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Hamiltonian of Eq. (10) takes the value of {=3.14 for the
isotropic limit of § =0, which is much larger than the
value predicted by Stinchcombe.?’ In spite of different
values in § between these two theories, it may be under-
stood that the large value of { is characteristic of the 2D
Heisenberg system with small Ising anisotropy. As far as
we know, there has been no theory for the initial slope in
a 2D Heisenberg ferromagnet with XY anisotropy. How-
ever, the initial slope for the 2D Heisenberg ferromagnet
with small XY anisotropy is expected to be a little smaller
than that for a 2D Heisenberg ferromagnet with small Is-
ing anisotropy because of the monotonic decrease of ini-
tial slope with the lowering of spin symmetry.

In contrast to the phase diagram for the Ni-rich con-
centration, the magnetic phase diagram in the Mn-rich
concentration is not established at all because of lack of
experimental data. In this concentration region there
may occur a competition between the antiferromagnetic
interaction J(Mn-Mn) and ferromagnetic interaction
J(Ni-Mn), which gives rise to a spin-frustration effect. A
continuous replacement of Mn?* ions by Ni*" ions re-
sults in a weakening of the antiferromagnetic long-range
order in the intercalate layer. This antiferromagnetic
long-range order may disappear around ¢ ~0.22, where
the Curie-Weiss temperature becomes zero.

V. CONCLUSION

The magnetic phase transition of stage-2 Ni_Mn, __.Cl,
GIC’s has been studied by dc and ac magnetic-
susceptibility measurements. The magnetic phase dia-
gram has been determined for ¢ >0.6 and ¢=0. It be-
comes clear that a Ni-rich ferromagnetic phase is built up
by the Ni** ions, whereas the Mn-rich antiferromagnetic
phase may be formed by Mn2" ions at least at ¢ ~0. The
ferromagnetic and antiferromagnetic phases are separat-
ed by a paramagnetic phase. The Ni’" and Mn?* spins
do not take part in the magnetic long-range order of the
Ni’* and Mn?* networks, respectively. Thus the mag-
netic behavior of this system can be explained by percola-
tion effects. In the present work, no spin-glass phase is
observed at temperatures above 2.6 K. However, there
may be still a possibility of a spin-glass phase at low tem-
perature around ¢ =0.22, because of the competition be-
tween ferromagnetic J(Ni-Mn) and antiferromagnetic in-
teractions J(Mn-Mn).
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