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Pristine Co Mg, _.Cl, and stage-2 Co.Mg,_.Cl, graphite intercalation compounds (GICs) (0<c¢ <1)
approximate site-diluted three-dimensional (3D) and two-dimensional (2D) XY spin systems, respective-
ly. We have studied the magnetic phase transitions of these two systems by using dc and ac magnetic
susceptibilities. We find that the reduced critical temperature of stage-2 Co. Mg, _.Cl, GIC is almost the
same as that of Co.Mg,_.Cl, for ¢ >0.7. The effect of the dimensionality on the dilution with Mg ions
becomes significant below ¢ =0.7. The percolation threshold for Co,Mg,_.Cl, is ¢, =~0.36, close to the
theoretical value (0.295) for the 2D triangular lattice with nearest-neighbor (NN) and next-nearest-
neighbor (NNN) exchange interactions, and the percolation threshold for stage-2 Co Mg, _.Cl, GIC is
¢, ~0.5, close to the theoretical value (0.5) for the 2D triangular lattice with NN exchange interaction.
We also find that the peak susceptibility of Co,Mg,_.Cl, at the Néel temperature drastically increases
with decreasing Co concentration. This phenomenon is discussed in terms of recent scaling theory.

I. INTRODUCTION

Magnetic graphite intercalation compounds (GICs)"?
are typical examples of two-dimensional (2D) spin sys-
tems. The magnetic GICs such as CoCl, GIC and NiCl,
GIC undergo two magnetic phase transitions at T, and
T, showing 2D spin ordering in the intermediate phase
between T, and T. Because of the 2D nature of mag-
netic GICs, magnetic random mixture GICs (RMGICs)
such as stage-2 Co.Ni, _.Cl, GIC,? stage-2 Co,Mn,_,Cl,
GIC,* and stage-2 Ni_Mn,__,Cl, GIC® are believed to
provide model systems for the study of the 2D random
spin systems. In these compounds, two kinds of magnetic
species are randomly distributed on the triangular lattice
of the intercalate layer. In stage-2 Co,Ni;_.Cl, GIC, a
spin frustration effect arising from competing spin aniso-
tropies between XY and Heisenberg occurs. In stage-2
Co.Mn,__Cl, GIC and stage-2 Ni Mn,__Cl, GIC, there
appears a spin frustration effect arising from the competi-
tion between ferromagnetic and antiferromagnetic intra-
planar exchange interactions, leading to a spin-glass be-
havior.

Another type of RMGIC, that is, stage-1
Co.Mg,_.Cl, GIC, has been synthesized by Nicholls and
Dresselhaus.® A mixture of powdered CoCl, and MgCl,
was intercalated into single-crystal kish graphite and
highly oriented pyrolytic graphite (HOPG). A part of
the Co ions are replaced by nonmagnetic Mg ions within
each intercalate layer. Nicholls and Dresselhaus® have
studied the effect of dilution with nonmagnetic ions on
the magnetic phase transition in these compounds by ac
magnetic susceptibility measurement. Nicholls and
Dresselhaus® have shown that the critical temperature T,
is extrapolated to zero at the critical concentration
¢=0.65, which is larger than the theoretical percolation
threshold for a 2D triangular lattice with nearest-
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neighbor (NN) exchange interaction: c,(theory)=0.5.
They have claimed that such a deviation of the critical
concentration (¢ =0.65) from ¢, =0.5 is due to a possible
15% random distribution of voids inside the intercalate
layers.

In this paper, we have undertaken an extensive study
of the magnetic and structural properties of pristine
Co.Mg,_.Cl, and stage-2 Co.Mg,_.Cl, GICs by using
dc and ac magnetic susceptibility, and x-ray diffraction.
The Co.Mg,;_.Cl, and stage-2 Co.Mg,_.Cl, GIC are
layered compounds in which the Co, Mg, _Cl, layers are
stacked along the ¢ axis. The Co?" and Mg?" ions are
randomly distributed on the triangular lattice sites within
each Co,Mg,;_.Cl, layer. Since the adjacent
Co. Mg, _.Cl, layers are separated by two graphite layers
in the stage-2 Co.Mg,_.Cl, GIC, the interplanar ex-
change interaction of stage-2 Co,Mg;_.Cl, GIC is much
weaker than that of Co,Mg,_.Cl,. Then the
Co.Mg,_.Cl, and stage-2 Co.Mg,_.Cl, GIC are expect-
ed to provide model systems of 3D and 2D site-random
spin systems on the triangular lattice, respectively. The
magnetic phase transition of Co,Mg,_.Cl, has been stud-
ied by Katsumata et al.” by using ESR measurement.
The critical temperature of Co, Mg, _.Cl, decreases with
the decrease of Co concentration and is extrapolated to
zero around ¢ =0.3. They have claimed the possibility of
an XY spin-glass behavior in Co.Mg,__.Cl,, which may
arise from a competition between NN ferromagnetic in-
traplanar exchange interaction and next-nearest-neighbor
(NNN) antiferromagnetic intraplanar exchange interac-
tion.

In spite of such interest, there has been no detailed
study on the magnetic phase transitions of Co.Mg,_.Cl,
and stage-2 Co.Mg,_.Cl, GIC. Here we have syn-
thesized stage-2 Co.Mg,_.Cl, GIC by our original
method: single-crystal Co,Mg,_.Cl, is intercalated into
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single-crystal kish graphite. This method of synthesis is
different from that used by Nicholls and Dresselhaus® for
stage-1 Co.Mg,_.Cl, GIC. The magnetic phase dia-
grams (critical temperature T, vs Co concentration) of
Co.Mg,_.Cl, and stage-2 Co.Mg,__.Cl, GIC are deter-
mined from the temperature dependence of dc and ac
magnetic susceptibility, and compared with that of
stage-1 Co.Mg;_.Cl, GIC. The effect of dilution with
Mg ions on the magnetic phase transition is discussed in
association with the dimensionality of systems.

II. BACKGROUND

The pristine M Cl, (M =Co and Mg) has the hexagonal
(rhombohedral) CdCl, structure. The MCI, layer con-
sists of an M layer sandwiched between upper and lower
Cl layers. The MCl, layer forms a 2D triangular lattice
with fundamental lattice vectors a; and a,, where
l]a,;|=|a,| =a, and the angle between a, and a, is 120°.%°
The in-plane lattice constant is ay,=3.544 A for CoCl,
and a,=3.596 A for MgCl,.8 The MCIl, layers are
stacked along the ¢ axis with the three-layer (afy) stack-
ing sequence. The in-plane positions of M atoms in 3 and
v layers are related to those in the a layer by the funda-
mental translation vectors A and 2A, respectively, where
A=(2a,+a,)/3. The lattice constant along the ¢ axis is
17.430 A for CoCl, and 17.589 A for MgCl,.}

For stage-2 CoCl, GIC, the separation between the Co
and Cl layers is reduced 61+3% relative to the separation
in the CoCl,. Each CoCl, layer is structurally uncorre-
lated with respect to other CoCl, layers.! The in-plane
structure of the CoCl, layer forms a triangular lattice,
where the lattice constant is the same as that of CoCl,:
ay,=3.55 A. The CoCl, layer is incommensurate with
the graphite layer, and rotated by 30° with respect to it.
The intercalate layer is formed of small islands. Peri-
pheral chlorine ions at the island boundary provide ac-
ceptor sites for charges transferred from the graphite lay-
er to the intercalate layer.

The spin Hamiltonian of Co?* in CoCl,!%!! and stage-
2 CoCl, GIC'>!3 can be written as

H=-2J 2 S,—-Sj+2JA 2 S,--Sj+2J' 2 S;-S,, , (1)
(i) (i, (i,m)

where the z axis coincides with the ¢ axis, the summa-
tions of the first two terms and the third term are taken
over NN pairs on the same intercalate layer and on the
adjacent intercalate layers, respectively. In this expres-
sion, J is the ferromagnetic intraplanar exchange interac-
tion, J 4 is the anisotropic exchange interaction showing
XY anisotropy, and J' is the antiferromagnetic interpla-
nar exchange interaction. The NNN antiferromagnetic
intraplanar exchange interaction is not included in Eq.
(1). These parameters for stage-2 CoCl, GIC and CoCl,
are summarized in Table I. The value of J is estimated
from the value of Curie-Weiss temperature ® by the rela-
tion J=30/[2zS(S +1)]=0©/3, where the fictitious spin

TABLE 1. Magnetic properties of stage-2 CoCl, GIC and
pristine CoCl,. The values of J are estimated from ®: J=0/3.
g, is the g factor along the direction perpendicular to the c axis.

Stage-2 CoCl, GIC CoCl,

S 172 S 172

g 6.36 £ 6.65
J (K) 9.04 J (K) 13.54
J4 (K) 3.72 J4 (K) 8.0

J' (K) —8x10™* J' (K) —1.08
T, (K) 8.2 Ty (K) 24.5

T., (K) 9.1

0 (K) 27.12 0 (K) 40.63
Peﬂ‘ (,LLB) 5.51 Peﬂ' (,LLB) 5.76

S'=1/2 and the number of NN atoms z=6. Upon inter-
calation, the ferromagnetic intraplanar exchange interac-
tion does not change drastically, but the antiferromagnet-
ic interplanar exchange interaction is greatly reduced.

The pristine CoCl, orders antiferromagnetically at
Ty=24.5 K, with the Co?" spins lying within the 2D
ferromagnetic layers which are antiferromagnetically
stacked along the ¢ axis.!* The stage-2 CoCl, GIC under-
goes two magnetic phase transitions at 7;=8.2 K and
T,=9.1 K.! The intermediate phase between T and
T, has a purely 2D long-range spin ordering. There is
no spin correlation between the adjacent intercalate lay-
ers. Below T, there occurs 3D antiferromagnetic order-
ing where the 2D ferromagnetic layers are antiferromag-
netically stacked along the c¢ axis. The high-temperature
phase above T, is paramagnetic. The finite size of the is-
lands may be a crucial element in the two-step spin order-
ing in stage-2 CoCl, GIC. The pristine CoCl, has a
homogeneous CoCl, layer with infinite island size. In this
case, a weak interplanar exchange interaction J’, no
matter how small, causes the 2D and 3D spin orderings
to occur at the same temperature Ty(=24.5 K). In
stage-2 CoCl, GIC, the growth of the in-plane spin corre-
lation may be limited by the existence of islands, making
the effective interplanar exchange interaction finite and
suppressing the 3D spin ordering to a lower temperature
than the 2D spin ordering temperature.

III. EXPERIMENTAL PROCEDURE

The dehydration of CoCl, and MgCl, was done at
400°C in the presence of HCIl gas at one atmosphere.
Single crystals of Co.Mg,_.Cl, over the entire range of
Co concentrations are grown by using the Bridgman
method: a mixture of dehydrated CoCl, and MgCl,, with
nominal weight composition, was heated in quartz sealed
in vacuum at 990°C. Stage-2 Co.Mg,_.Cl, GICs were
synthesized by intercalation of  single-crystal
Co.Mg,_.Cl, into single-crystal kish graphite in a
chlorine gas atmosphere at a pressure of 740 Torr. The
reaction was continued at 540 °C for 20 days.

The (OOL) x-ray diffraction of stage-2 Co.Mg,_.Cl,
GIC was measured at 300 K by using a Huber double-
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circle diffractometer with a Mo Ka x-ray radiation
source (1.5 kW) and HOPG monochromator. An en-
trance slit of 2X2 mm? was placed between the mono-
chromator and the sample. The x-ray beam diffracted by
the sample was collimated by an exit slit of 1X1 mm?
and detected by a Bicron photomultiplier tube. The dc
magnetic susceptibility of Co.Mg,_.Cl, and stage-2
Co. Mg, _.Cl, GIC was measured by the Faraday balance
method in the temperature range between 1.5 and 300 K.
A magnetic field of 100 Oe < H <2 kOe was applied in an
arbitrary direction in the ¢ plane of the samples. The ac
magnetic susceptibility of stage-2 Co.Mg,_.Cl, GIC was
measured by a conventional ac Hartshorn bridge method
in the temperature range between 2.6 and 12 K. An ac
magnetic field of 330 Hz was applied in an arbitrary
direction in the ¢ plane of the samples.

IV. RESULT

A. Pristine Co.Mg,_.Cl,

We have measured the dc magnetic susceptibility of
Co Mg, _.Cl, with ¢ =0.35, 0.4, 0.45, 0.5, 0.55, 0.6, 0.65,
0.7, 0.75, 0.8, 0.85, 0.9, 0.95, and 1 at H=2 kOe in the
temperature range between 25 and 300 K. Here c is the
nominal Co concentration: the Co.Mg,_.Cl, sample was
prepared from a mixture with a nominal weight composi-
tion of ¢ CoCl, and (1—c) MgCl,. The dc magnetic sus-
ceptibility is found to obey the Curie-Weiss law

_ Su
=)

above 150 K, where C,, is the Curie-Weiss constant, ® is
the Curie-Weiss temperature, and Y, is a temperature-
independent susceptibility. The least-squares fit of our
susceptibility data for 150 K =7 <300 K to Eq. (2) yields
the ®, C,, and X,. Figure 1 shows the plots of reciprocal
susceptibility (Y —x,) ' as a function of temperature for
Co,Mg,_.Cl, with ¢=0.5, 0.8, and 1. The deviation
from the Curie-Weiss law is indicative of the appearance
of short-range order below 150 K. The values of Curie-
Weiss temperature ® and the effective magnetic moment
P for Co.Mg,_.Cl, samples are listed in Table II.
Here the values of P4(pp/av atom) are estimated from
the relation Cy,=NZ%upP%s/3kg ~P; /8, where N, is
Avogadro’s number, pp is the Bohr magneton, and kjp is
the Boltzmann constant.

For the ideal system of Co.Mg,_.Cl, with Co concen-
tration ¢, the concentration dependence of ®(c) and
P_i(c) are predicted from the molecular field theory as

O(c)=cB(c=1) 3)

X +Xo » (2)

and
P(c)=VcPglc=1), @)

respectively, where the Co?t and Mg?™ ions are assumed
to be randomly distributed on the triangular lattice sites.
Figures 2 and 3 show the nominal Co concentration
dependence of ® and P for Co.Mg,_.Cl,. In Fig. 2,
our data for ® fit well with the solid line described by Eq.
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FIG. 1. Reciprocal susceptibility (y—x,)~! vs T for

Co.Mg,_.Cl, with c=0.5 (@), 0.8 (A), and 1 (A), where x,isa
temperature-independent susceptibility. The solid line is a
least-squares fit described by Eq. (2) with ¢y and O listed in
Table II.

T T T T T T T
40
CocMgi1-.Cl,
L [ ]
A |
L)
30 - _l
®
< .
— 20+ —
(€]
[ ]
(]
L . |
[ ]
10 _
0 ! [ ! !
0 0.5 1

FIG. 2. Curie-Weiss temperature ® vs nominal Co concen-
tration ¢ for Co,Mg,_.Cl,. The solid line is described by Eq. (3)
with ®@(¢c=1)=40.63 K.
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TABLE II. Curie-Weiss temperature @, effective magnetic moment Py, and Néel temperature Ty

for Co, Mg, _.Cl,.

Sample ® Py Ty xmax
name c (K) (up /av atom) (K) (emu/Co mol)

1 1.0 40.630%0.125 5.76 24.5 0.45
2 0.95 38.315+0.122 5.60
3 0.9 35.4601+0.048 5.43 20.2 0.49
4 0.85 33.596+0.342 5.26
5 0.8 32.756+0.226 5.12 16.6 0.56
6 0.75 31.341+0.310 4.99
7 0.7 27.578+0.070 4.82 12.7 0.72
8 0.65 26.424+0.046 4.63
9 0.6 21.631+£0.197 4.20 9.3

10 0.55 22.169+0.077 4.18 6.8 0.91

11 0.5 18.126+0.092 3.90 5.7 1.10

12 0.45 17.559+0.068 3.82

13 0.4 14.210+0.144 3.59

14 0.35 11.665+0.090 3.35

(3) with ®(¢c =1)=40.63 K, which is larger than that re-
ported by Starr et al.'® (=38.1 K). A positive sign for ®
indicates that the average intraplanar exchange interac-
tion is ferromagnetic at least for ¢ =20.35. In Fig. 3, our
data for P are in good agreement with the solid line de-
scribed by Eq. (4) with Pz(c=1)=5.76 (up/Co atom).
Then it is concluded from these results that (i) the actual
Co concentration of Co.Mg;_.Cl, is the same as the
nominal Co concentration, and that (ii) Co?>* and Mg?*
ions are randomly distributed on the triangular lattice
sites.
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FIG. 3. Effective magnetic moment P.4(uz/av atom) vs nom-
inal Co concentration ¢ for Co,Mg,_.Cl,. The solid line is de-
scribed by Eq. (4) with P 4(c=1)=5.76uz/Co atom.

We have also measured the dc magnetic susceptibility
of Co.Mg,_.Cl, with ¢=0.5, 0.55, 0.6, 0.7, 0.8, 0.9, and
1 at H=500 Oe in the temperature range 4.7 K <7 <30
K. Figure 4 shows the temperature dependence of dc
magnetic susceptibility y (emu/Co mol) of Co,Mg,_.Cl,
with ¢=0.5, 0.7, 0.8, and 1. Each susceptibility shows a
broad peak at the Néel temperature listed in Table II.
The peak susceptibility monotonically increases with de-
creasing Co concentration and reaches 1.1 emu/Co mol
for ¢ =0.5. This concentration dependence of the peak
susceptibility will be discussed in terms of scaling theory
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FIG. 4. Temperature dependence of x for Co.Mg,_.Cl, with
¢=0.5,0.7,0.8, and 1. H=500 Oe and Hlc.
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in Sec. V.

Figure 5 shows the Co concentration dependence of
Neéel temperature for Co.Mg,_,Cl,. In the present work
we obtain Ty(c =1)=24.5 K, which is slightly different
from that reported by Wilkinson et al. (24.9 K).'* The
Néel temperature decreases linearly with decreasing Co

concentration. The reduced limiting slope o of
Co Mg, _.Cl, is obtained from Fig. 5 as
1 dTN(C )
= |l =1.563 . (5
7T | Tyle)  de |,_, :

This value of o is compared with that of site-diluted Ising
antiferromagnet Fe, Mg, _.Cl, (o =1.45).'¢ The magnet-
ic ordered structure of Fe Mg,__.Cl, is composed of 2D
ferromagnetic layers with spins aligned along the ¢ axis,
the layers being antiferromagnetically stacked along the ¢
axis. As far as we know, there has been no report on the
theoretical value of o for the site-diluted XY model on
the triangular lattice. For the site-diluted Ising model on
the triangular lattice, the value of o is predicted as
1.47+0.02 by Ching and Huber,!” which explains well
the value of o for Fe, Mg, __.Cl,. Our result for o is a lit-
tle larger than the theoretical value of o for the Ising
model, indicating that the value of o may increase with
the degree of spin symmetry for systems with the same
lattice.

The percolation threshold c, defined as the concentra-
tion where this straight line for Ty vs c intersects the axis
of concentration is estimated as ¢,=0.36 for

»
Co.Mg,_.Cl,, which is close to the value reported by

30 1 r ! T T

CocMgi.Cl,y

20

Tn (K)

0

0.3 0.5 1
C

FIG. 5. Néel temperature Ty vs ¢ for Co.Mg,_.Cl,. The
straight line is a least-squares fit described by Eq. (5).

Katsumata et al.” (¢, =0.3). They have shown from the
electron-spin resonance measurement at 4.2 K that the
saturation magnetic field at which the transition occurs
between the antiferromagnetic phase and the ferromag-
netic phase decreases with decreasing Co concentration
and tends to zero around ¢, =0.3. The value of c, de-
pends on the lattice, on the range of exchange interac-
tions, and on the type of dilution (site or bond). The
value of ¢, is theoretically predicted as 0.5, 0.295, and
0.225 for the site-diluted triangular lattice with only NN
interaction, with NN and NNN interactions, and with
NN, NNN, and third NN interactions, respectively.!'®
Our result of ¢, =0.36 suggests the possibility that there
is a competition between the NN ferromagnetic and the
NNN antiferromagnetic intraplanar exchange interac-
tions in Co,Mg,__.Cl,, which may give rise to an XY
spin-glass behavior. In fact, Fe, Mg,;_.Cl, is found to
show an Ising spin-glass behavior in the concentration
range 0.3 =c =0.6 because of such a competition. The
concentration dependence of Néel temperature in
Fe Mg,_.Cl, is very similar to that in Co,Mg,_.Cl,:
Ty(c) decreases with decreasing Fe concentration for
0.55=<¢ =1.0. The percolation threshold where the
straight line intersects the concentration axis is obtained
as ¢, ~0.33, which is very close to our result for ¢, of

P P
Co Mg, _.Cl,.

B. Stage-2 Co.Mg,_.Cl, GIC

Nicholls and Dresselhaus® have determined the Co
concentration of stage-1 Co,Mg,_.Cl, GIC by electron
microprobe measurements. The chemical analysis of the
electron microprobe extends over a limited region which
is about 2 um in diameter and 2 um in depth below the
sample surface. The Co concentration thus determined
may be the average value near the sample surface, not the
average value over the whole GIC sample. In the present
work, we use a different method to determine the Co con-
centration ¢ over the macroscopic scale of stage-2
Co.Mg,_.Cl, GIC samples. The Co concentration c is
determined by the ratio of ® of stage-2 Co.Mg,_.Cl,
GIC to that of stage-2 CoCl, GIC: ¢=0/0(c=1).
Here we assume that the Co concentration ¢ of stage-2
Co.Mg,_.Cl, GIC may be different from the Co concen-
tration ¢, of the pristine compound used as an inter-
calant. In this case, the Co concentration ¢ may be relat-
ed to ¢, by"

c
1—c¢

Cp

1_.
L I=7~, ©6)

where A is an equilibrium constant: ¢ >c¢, for A>1 and
¢ <c, for A <1. For convenience, the sample of stage-2
Co.Mg,__Cl, GIC is denoted by the Co concentration c,
of pristine compound used as an intercalant, until the Co
concentration ¢ of stage-2 Co,Mg,_.Cl, GIC is deter-
mined.

We have measured the dc magnetic susceptibility of
stage-2 Co.Mg,_.Cl, GIC with the nominal Co concen-
tration ¢, =0.4, 0.55, 0.6, 0.65, 0.75, 0.8, 0.9, 0.95, and 1
at H =2 kOe in the temperature range 20 K <7 <300 K.
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TABLE III. Curie-Weiss temperature ®, effective magnetic moment P.s, and d spacing (A) for
stage-2 Co.Mg,_.Cl, GIC with stoichiometry C,Co . Mg,_.Cl,. Here ¢, is the nominal Co concentra-
tion which is equal to the concentration of intercalant. 7,=T, atc=1.

Sample ® P d spgcing T,

name Ch c n (K) (up /av atom) (A) (K)
1 1.0 8.90 27.12+0.12 5.51 12.789+0.013 8.20
2 0.95 0.99 10.2 26.73+0.12 5.66 8.64
3 0.9 0.95 11.7 25.71+0.35 5.69 7.78
4 0.8 0.88 14.7 23.77+0.24 5.20 12.765+0.413 7.76
5 0.75 0.84 14.2 22.734+0.16 5.71 12.765+0.426 6.74
6 0.65 0.74 133 20.11+0.06 5.28 12.840+0.236 5.06
7 0.6 0.65 11.7 17.75+0.25 4.89 3.56
8 0.55 0.61 11.7 16.48+0.32 4.23 12.802+0.277 2.82
9 0.4 0.46 11.8 12.53+0.43 4.35 12.860£0.093

The susceptibility is found to obey the Curie-Weiss law
above 150 K. The least-squares fit of our susceptibility
data for 150 K =7 <300 K to Eq. (2) yields the value of
@ listed in Table III. Figure 6 shows the reciprocal sus-
ceptibility (Y —x,) ! as a function of temperature for the
compound with ¢,=0.8. The solid straight line is a
least-squares fit described by Eq. (2) with ®=23.77 K.
Figure 7 shows the nominal Co concentration depen-
dence of ® for stage-2 Co.Mg,_.Cl, GIC. The Curie-
Weiss temperature ® slightly deviates upward from the
straight line described by Eq. (3) with ®(c =1)=27.12 K,
which is different from that reported by Wiesler et al.
(23.2 K).1? This result shows that the actual Co concen-

100 T T T T T
L Stage-2 CocMgi..Cl; GIC ]
c=0.88
N
'6 —
E
>
<4 ._.
5
€
[
_I" 50F
)
>
) L
>
0 / 1 1 1 1
0 100 200 300

T(K)

FIG. 6. Reciprocal susceptibility (x —xo) ! vs T for stage-2
Co.Mg,_.Cl, GIC with nominal Co concentration c,=0.8
(sample No. 4 with ¢=0.88). H=500 Oe and Hlc. The solid
line is a least-squares fit described by Eq. (2) with ¢, and © list-
ed in Table III.

tration ¢ of stage-2 Co.Mg,_.Cl, GIC is a little larger
than the nominal Co concentration ¢,. The actual Co
concentration of stage-2 Co.Mg,_.Cl, GIC determined
from the relation ¢ =®/®(c=1) is listed in Table III.
Our result, ¢ > ¢y, is consistent with the fact that MgCl,
is a more difficult compound to intercalate into graphite
under the same condition than CoCl,. Note that the
value of A decreases monotonically from 5.21 to 1.28 as ¢
decreases from 0.99 to 0.46. Hereafter, we denote the
sample of stage-2 Co.Mg,_.Cl, GIC by the actual Co
concentration ¢. The effective magnetic moment P
(emu/av atom) for each sample can be estimated by using
the value of ¢ and is listed in Table III.

30 T T T T T [ — T
Stage-2 CocMgj_Cl; GIC .
[ ]
[ ]
[ ]
[ ]
20 - . =
[ ]
— °
< | ]
@
[ ]
10 ~ -
- .
0 [ B B L
0 0.5 1

Cp

FIG. 7. Curie-Weiss temperature ® vs nominal Co concen-
tration c, for stage-2 Co.Mg,_.Cl, GIC. The solid line is de-
scribed by Eq. (3) with ®(c=1)=27.12 K.
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We have measured the (OOL) x-ray diffraction of
stage-2 Co.Mg,_.Cl, GIC at 300 K. Figure 8 shows a
typical example of the (OOL ) x-ray diffraction pattern for
stage-2 Co.Mg,_.Cl, GIC with ¢ =0.74 (sample No. 6 in
Table III), where Q, is a scattering wave vector along the
c* axis. The Bragg reflections appear at Q.
=(2m/d)L(L =1,2,...) where d is the c axis repeat dis-
tance or simply d spacing (d =12.840 A). The values of
d spacing for stage-2 Co,Mg,_.Cl, GIC are listed in
Table III. Figure 9 shows the d spacing vs Co concentra-
tion for stage-2 Co,Mg,_.Cl, GIC. A large uncertainty
of d spacing is due to the Hendricks-Teller type stage dis-
order characterized by the oscillation of the peak shift
and full width at half-maximum of Bragg reflections with
the Bragg index of majority stage.?’ All samples used in
the present work were composed of a random arrange-
ment of the majority packages of stage-2 and minority
packages of stage-3 along the ¢ axis. For sample No. 6
(Table III) with ¢ =0.74, there are 80% of stage-2 pack-
ages and 20% of stage-3 packages. In spite of this uncer-
tainty, the relationship between d spacing and ¢ seems to
follow the Vegard’s law: the d spacing changes linearly
with the Co concentration. This result suggests that Co
and Mg ions are randomly distributed on the triangular
lattice sites within the intercalate layer. As far as we
know, there has been no report on the d spacing of stage-
2 MgCl, GIC. However, the value of d at ¢=0 is es-
timated as 12.92 A from the extrapolation of d vs ¢ in
Fig. 9. This value of d is larger than a sum of the d spac-
ings of stage-1 MgCl, GIC (9.50 A)® and pristine graphite
(3.35 A).

We have measured the dc magnetic susceptibility of
stage-2 Co.Mg,_.Cl, GIC with various Co concentra-
tions at H=100 Oe in the temperature range 1.5 K
=T <15 K. The measured dc susceptibility coincides
with the ratio of the magnetization M to the magnetic
field H. Figure 10 shows the temperature variation of
M /H (emu/Comol) for stage-2 Co,Mg,_.Cl, GIC with
¢=0.47, 0.86, and 1. For ¢ =0.86, for example, the mag-
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FIG. 8. (0OL) x-ray diffraction pattern of stage-2

Co.Mg,_.Cl, GIC with c=0‘;74 (Sample No. 6) at 300 K.
Q.=L(2w/d) with d =12.840 A.
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FIG. 9. d spacing vs Co concentration ¢ for stage-2
Co.Mg,_.Cl, GIC at 300 K.

netization M rapidly increases with decreasing tempera-
ture below 10 K, and reaches a saturated value of 90
emu/Co mol around 4 K, which is much larger than the
peak value of y for Co.Mg;_.Cl,(=1.1 emu/Co mol).
The temperature dependence of magnetization M near
the critical temperature is described by the smeared
power law. The critical temperature is assumed to have a
Gaussian distribution with average critical temperature
(T,) and width AT,. The values of (7.) and AT, are
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FIG. 10. Temperature dependence of y (=M /H ) for stage-2
Co.Mg,_.Cl, GIC with ¢ =0.47, 0.86, and 1, where H =100 Oe
and Hlec.
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FIG. 11. Real part of ac magnetic susceptibility (y’') vs T for
stage-2 Co.Mg,_.Cl, GIC with ¢=0.61, 0.65, 0.84, and 0.99.
An ac magnetic field of v=330 Hz and 4 =300 mOe is applied
along the c plane.

determined from the least-squares fits as (7,.)=6.95 K
and AT.=1.18 K for ¢=0.86, and {T,)=8.78 K and
AT,=0.62 for c=1. The value of AT, is found to in-
crease with decreasing Co concentration. For ¢=0.47,
the magnetization monotonically increases with decreas-
ing temperature like a paramagnetic susceptibility, indi-
cating no magnetic phase transition at least above 2 K.

In order to determine the magnetic phase diagram of
T, vs ¢, we have measured the ac magnetic susceptibility
of stage-2 Co,Mg,_.Cl, GIC with ¢=0.46, 0.61, 0.65,
0.74, 0.84, 0.88, 0.95, 0.99, and 1 in the temperature
range 2.6 K <7 =12 K. Figure 11 shows the tempera-
ture dependence of the real part of ac magnetic suscepti-
bility for stage-2 Co.Mg,_.Cl, GIC with ¢=0.61, 0.65,
0.84, and 0.99. The ac susceptibility for ¢ =1 shows a
broad peak at 8.2 K corresponding to the lower critical
temperature T,.! The critical temperature T, shifts to
the lower temperature side with decreasing Co concentra-
tion. Even for ¢ =0.61, the ac susceptibility still shows a
small peak at 2.82 K. For ¢ =0.46, no peak is observed
above 2.6 K for ¢ =0.46. It is concluded from these re-
sults that the percolation threshold is between 0.46 and
0.61. This is consistent with the prediction of ¢, =0.5 for
the 2D triangular lattice with NN interactions.

V. DISCUSSION

The difference between magnetic properties of
Co,Mg,_.Cl, and stage-2 Co.Mg,_.Cl, GIC arises

mainly from that between their characteristic layered
structures. The ratio of |J’| to J in Co.Mg,_.Cl,
(|J'/J|=0.1) is much larger than that in stage-2
Co,Mg,_.Cl, GIC (|J'/J|=10"3). The Co,Mg,_.Cl,
layers of the pristine Co.Mg,__.Cl, are structurally
homogeneous, while the Co.Mg,__.Cl, layers of stage-2
Co.Mg,_.Cl, GIC consist of small islands which are
characteristic of acceptor-type GICs. In both systems,
the effective antiferromagnetic coupling between adjacent
Co Mg, __Cl, layers is described by

Jog=S(S+1)E/ap)’ @)

where £ is the in-plane correlation length and a is the
in-plane lattice constant. In Co,Mg,__Cl,, the value of
|J.e| becomes of the same order of J near Ty because of
relatively strong J' and the unlimited growth of &, giving
rise to 3D spin ordering below Ty. In stage-2
Co. Mg, _.Cl, GIC, the value of |J.¢| may be still smaller
than J because of extremely weak J' and the limited
growth of £ by the size of islands near T, leading to 2D
critical behavior just above T, although 3D spin order-
ing occurs below T,. These results suggest that
Co.Mg,_.Cl, and stage-2 Co.Mg;_.Cl, GIC magneti-
cally behave like site-diluted 3D XY and 2D XY spin sys-
tems, respectively.

Figure 12(a) shows the ratio R of the critical tempera-
ture to the Curie-Weiss temperature ® of Co,Mg,_.Cl,
and stage-2 Co,Mg,_.Cl, GIC as a function of Co con-
centration. The ratio Ty /® of Co,Mg,_.Cl, decreases
from 0.60 to 0.31 as the concentration ¢ decreases from
¢=1to c=0.5. The ratio T, /® of stage-2 Co,Mg,_.Cl,
GIC decreases from 0.30 to 0.17 as the concentration ¢
decreases from c¢=1 to ¢=0.61. It is experimentally
known that the value of R decreases as the dimensionali-
ty of the system decreases.?! The value of R for
Co.Mg,_.Cl, is much larger than that for stage-2
Co.Mg,_.Cl, GIC for ¢=0.7, indicating that
Co.Mg,_.Cl, and stage-2 Co.Mg,_.Cl, GIC approxi-
mate 3D and 2D spin systems, respectively. In the
stage-2 Co.Mg,_.Cl, GIC, the value of R is assumed to
be lower than 0.1 for 0.5 =<c¢ <0.55, indicating that the
system approximates a 1D spin system. This result is
consistent with a predicted 1D character near the per-
colation threshold; for a cluster shape with high
ramification, the spin correlation from one end of the lat-
tice to the other would propagate along a 1D chain. For
example, the susceptibility of site-diluted quasi-2D XY
ferromagnet K,Cu.Zn, . F, with ¢=0.6 (c,=0.59) is
well described by the exact solution of the 1D Heisenberg
ferromagnet with S=1,/2.2

Figure 12(b) shows the plots of reduced critical temper-
ature T,(c)/T.(1) vs Co concentration for Co.Mg,_.Cl,
and stage-2 Co.Mg,_.Cl, GIC, where T.(1)=24.5 K for
Co.Mg,_.Cl, and 8.2 K for stage-2 Co.Mg,_.Cl, GIC.
The reduced critical temperature of Co,Mg,__.Cl, falls
on a straight line with an initial slope given by Eq. (5), at
least for ¢ =0.5, and reduces to zero around c¢=0.36,
which is close to the theoretical value (¢, =0.295) for the
2D triangular lattice with NN and NNN exchange in-
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teraction. The reduced critical temperature of stage-2
Co Mg, _.Cl, GIC agrees well with the same straight line
for ¢ 2 0.7, deviates from this straight line below ¢ =~0.7,
and seems to reduce to zero around ¢=0.5, which is
theoretically predicted for the 2D triangular lattice with
NN exchange interaction. The disappearance of NNN
interaction in stage-2 Co.Mg,_.Cl, GIC is consistent
with the fact that the value of J in stage-2 CoCl, is re-
duced 33% relative to that in CoCl,. It is concluded
from these results that (i) the effect of the dimensionality
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FIG. 12. (a) T,(c)/®(c) vs ¢, and (b) reduced critical temper-
ature T.(c)/T.(1) vs ¢ for stage-2 Co.Mg,_.Cl, GIC (@) and
for Co.Mg,_.Cl, (O). The solid and dotted lines are guides for
the eye.

on the dilution with Mg ions becomes important below
¢ ~0.7, and that (ii) the effect of the NNN interaction on
the dilution with Mg ions becomes significant below
¢=~0.5. The latter conclusion supports the result, de-
rived by Katsumata et al.” for Co,Mg,_.Cl,, that there
may be a possibility of an XY spin-glass phase arising
from the competition between ferromagnetic NN ex-
change interaction and antiferromagnetic NNN exchange
interaction.

As described in Sec. IV, the susceptibility perpendicu-
lar to the ¢ axis for Co,Mg,_.Cl, shows a peak at the
Néel temperature. This peak susceptibility x(Ty) in-
creases with decreasing Co concentration. We find that
the peak susceptibility of Co,Mg,_.Cl, varies with its
Neéel temperature Ty (c) as

X(Ty)=A(Ty(c))™™, (8)

with x=1.1 in the concentration range 0.5=<c¢ <0.8,
where A is constant. This result is similar to the re-
sults reported by Breed et al.? for quasi-2D antiferro-
magnet K,Mn Mg, F, and 3D antiferromagnet
KMn_ Mg, __F;. The perpendicular susceptibility extra-
polated to T=0 is proportional to the inverse of the Néel
temperature Ty(c): x =1. Enoki and Tsujikawa* have
also reported that the peak susceptibility of quasi-2D an-
tiferromagnet Ni . Mg,_.(OH), increases as the Néel tem-
perature decreases. In this case the exponent x depends
on the concentration range where the data are least-
squares fitted to Eq. (8): x=0.94, for 0.2=<c¢ =<0.5, and
x=2.02 for 0.1=c¢ 0.3 (c,~0.1). The increase of peak
susceptibility near the percolation threshold may be attri-
buted to the paramagnetic susceptibility arising from iso-
lated magnetic ions. The fraction of isolated magnetic
ions increases with the dilution of nonmagnetic atoms.
Another explanation for this effect, given by Harris and
Kirkpatrick,25 is that the balance of the two antiferro-
magnetic sublattices is destroyed by nonmagnetic atoms.

Now we discuss the value of x for Co.Mg;_.Cl, in
terms of recent scaling theory.?”2® Near the percolation
point (c =cp, T =0), which is the end of the critical line,
the susceptibility y is assumed to be described by a scal-
ing form

_ - T
)((T,c—cp)—lc—cpl Pf‘m , )

where ¢ is the percolation-crossover exponent, and v, is
a percolation-critical exponent for susceptibility in ap-
proaching the percolation point along the T =0 axis.
The scaling function f(y) is assumed to have a peak
value at y =y,. In approaching the percolation point
along the critical line defined by

Ty(c)=ypolc—c,|?, (10)

the peak susceptibility X ., is described by a scaling form
Xmax=le—c,| P=(Ty(e)) T, (11)

where y(=v,/#) is the thermal-critical exponent of
susceptibility in approaching a path along the ¢ =c, axis.
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1t is concluded from Eq. (11) that the value of x coincides
with that of y r: yr=1.1 for Co,Mg;__.Cl,. Experimen-
tal values of ¥ r for several typical systems were obtained
from neutron scattering measurements: y =2.4+0.1 for
Rb,Co Mg, F, 2D Ising),”® 1.7+0.2 for Mn.Zn,__F,
(3D Ising),® 1.50+0.15 for Rb,Mn Mg, _.F, (2D
Heisenberg),’! and 1.73+0.15 for KMn,Zn,_,F; (3D
Heisenberg).’® As described above for Ni,Mg,_.(OH),,
the exponent x is likely to increase as the concentration
range for the least-squares fits approaches the percolation
threshold. For Co,Mg,__.Cl, there are no data available
of peak susceptibility vs T in the concentration range
0.36<c¢ <0.5. The value of y derived from the data
near the percolation threshold is expected to be larger
than the result for ¥ (=1.1 for 0.5=<c¢ =0.8), which is
consistent with the large value of ¥ derived from neu-
tron scattering for typical compounds described above.

VI. CONCLUSION

We have studied magnetic phase transitions of pristine
Co.Mg,_.Cl, and stage-2 Co.Mg,_.Cl, GIC. We have
determined the Co concentration of Co,Mg,__.Cl, and
stage-2 Co,Mg,_.Cl, GIC from dc magnetic susceptibili-
ty. The Co concentration of Co,Mg;_.Cl, is the same as
the nominal Co concentration. On the other hand, the
Co concentration of stage-2 Co Mg, __.Cl, GIC is a little
larger than the Co concentration of its intercalant, which
is consistent with the fact that MgCl, is a more difficult
compound to intercalate into graphite under the same
condition than CoCl,. We have determined the magnetic
phase diagram of Co,Mg,_,Cl, and stage-2
Co.Mg,__.Cl, GIC from dc and ac magnetic susceptibili-
ty. The percolation threshold is ¢,~0.36 for
Co.Mg,_.Cl,, which is close to the theoretical value
(c,=0.295) for the 2D triangular lattice with NN and

P
NNN exchange interaction, and ¢, ~0.5 for stage-2

Co.Mg,;_.Cl, GIC, which is close to the theoretical
value (¢, =0.5) for the 2D triangular lattice with NN ex-
change interaction. It is found from the comparison be-
tween the magnetic phase diagrams of Co.Mg,_.Cl, and
stage-2 Co, Mg, _.Cl, GIC that (i) the effect of the dimen-
sionality on the dilution with Mg ions becomes important
below ¢ =0.7, and that (ii) the effect of the NNN interac-
tion on the dilution with Mg ions becomes significant
below ¢ =0.5. In Co.Mg,_.Cl, there may be a possibili-
ty of a spin-glass phase arising from the competition be-
tween ferromagnetic NN exchange interaction and anti-
ferromagnetic NNN exchange interaction. We find that
the peak susceptibility of Co.Mg;_.Cl, increases with
decreasing Co concentration. This increase of peak sus-
ceptibility near the percolation threshold may be attribut-
ed to either the paramagnetic susceptibility arising from
isolated magnetic ions or the destruction of the balance
of the two antiferromagnetic sublattices by nonmagnetic
atoms.

In conclusion, the pristine Co.Mg,_.Cl, and stage-2
Co.Mg,__.Cl, GIC provide model systems for studying
the magnetic phase transitions of site-diluted 3D XY and
2D XY spin systems. Through the present work we un-
derstand the role of the dimensionality on the magnetic
phase transitions of random spin systems. A better un-
derstanding of the percolation problem would be possible
by measurements such as heat capacity and neutron
scattering.
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