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Co,Mnl, C12-FeC13 graphite bi-intercalation compounds (GBIC s) form superlattices with a c-ayis

stacking sequence of GllG12GllG12. . ., where the Co, Mn, ,C1~ layer ( =I &) and FeC13 layer ( =I&) alter-
nate with a single graphite layer ( =G). We have studied the magnetic properties of these compounds by
low-field superconducting quantum interference device (SQUID) magnetization, and ac and dc
magnetic-susceptibility measurements. Co,Mnl, C12-FeC13 GBIC's with 0 c ~0.1 show a ferromag-
netic behavior characterized by a positive Curie-Weiss temperature, an irreversible etfect of SQUID
magnetization, and a broad peak in the ac magnetic susceptibility. This ferromagnetic behavior can be
explained in terms of either the ferromagnetic nearest-neighbor intraplanar exchange interaction of
MnClz layers, or a possible competition of Ising Fe + spins and XY Fe + spins in the FeC13 layers. For
0.25~e~0.7 the antiferromagnetic phase occurs in the FeC13 layers. For 0.45~c~0.7 this anti-

feromagnetic phase coexists with a spin-glass-like phase occurring in the Co, Mn&, C1& layers below a
characteristic temperature To (=9 K). For 0.7 & c & 1 there occurs a cluster glass phase below a critical
temperature T, in the Co, Mn, ,C12 layers, where the spin directions of ferromagnetic clusters are
frozen. The nature of this cluster glass phase is di6'erent from that for stage-2 Co, Mn&, C12 GIC's with
0.8~c ~1.

I. INTRODUCTION

The magnetic graphite bi-intercalation compounds
(GBIC's) offer possibilities for the formation of superlat-
tices with a stacking sequence of Gl&G12G1]G12 ~ . along
the c axis. Two different intercalate layers (I, and Iz) al-
ternate with a single graphite layer (6). The magnetic
properties of magnetic GBIC's have attracted consider-
able attention, ' partly because of the crossover
behavior from two-dimensional (2D) to three-dimensional
(3D). These compounds provide model systems for
studying the magnetic phase transition associated with
spin frustration effects arising from the competition
among various kinds of intraplanar and interplanar ex-
change interactions. Recently we have prepared samples
of Co, Ni, ,C12-FeC13 GBIC's (Ref. 9) and
Co, Mni, Clz-FeC13 GBIC's (Ref. 7) with well-defined c
axis stacking sequences by a method of sequential inter-
calation: I, =Co,Nit, Clz, Co, Mn, ,Clz (0~c ~ 1)
and I2=FeC13. The I&-intercalate layer of these corn-
pounds is formed of two different magnetic ions which
are randomly distributed on the triangular lattice. In the
previous paper we have reported the magnetic properties
of Co, Ni&, Clz-FeC13 GBIC's. In these compounds the
average intr aplanar exchange interaction of the
Co, Ni&, C12 layer is ferromagnetic and the intraplanar
exchange interaction of the FeC13 layer is antiferromag-
netic. The Co,Ni&, C12 layer undergoes a ferromagnetic
phase transition at the critical temperature T, which
changes from 19.48 K at c =0 to 9.10 K at c =1. Near
T, the in-plane spin-correlation length of the
Co, Ni, ,C12 layer divergingly grows, leading to the 3D-
like magnetic phase transition through an interplanar in-
teraction enhanced by the intervening FeC13 layer. The

antiferromagnetic long-range order of the FeC13 layer
around 3 K is smeared by the ferromagnetic long-range
order of Co, Ni] C12 layers. In spite of such complicat-
ed magnetic phase transitions in Co, Ni, ,C12-FeC13
GBIC's, the nature of magnetic phase transitions in
Co Ni] C12-FeC13 GBIC's seems to be independent of
the Co concentration.

In the present paper we study the magnetic properties
of Co, Mn, ,C12-FeC13 GBIC's which are expected to be
very different from those of Co, Ni, ,C12-FeC13 GBIC's.
In the Co, Mn, ,C12 layer of Co,Mn&, Clz-FeC13
GBIC's the average intraplanar exchange interaction is
expected to change from ferromagnetic to antiferromag-
netic with decreasing concentration c. The spin frustra-
tion effect arising from the competition between fer-
romagnetic and antiferromagnetic intraplanar exchange
interactions may lead to a drastic change of the effective
interplanar interaction between Co, Mn, ,C12 and FeC13
layers. We report experimental results on (OOL) x-ray
scattering, low-field SQUID magnetization, and dc and
ac magnetic susceptibility of Co, Mn, ,C12-FeC13
GBIC s. We investigate the effect of the bi-intercalation
on the magnetic phase transitions of Co, Mn, ,Clz-FeC13
GBIC's by comparing the experimental results of
Co, Mn, ,C12-FeC13 GBIC's with those of stage-2
Co, Mn, ,C12 GIC's. '

II. BACKGROUND

A. Spin Hamiltonian of stage-2 MnCl& GIC

The stage-2 MnC12 GIC magnetically behaves like a
quasi-20 XY-like spin system on the triangular lat-
tice. ' ' This compound undergoes a magnetic phase
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transition at the critical temperature T, = 1.1 K.' ' The
Curie-Weiss temperature 8 and the effective magnetic
moment P,z are given by 8= —5.94 K and P,ff

=5.83p~,
respectively. ' The g factor is almost isotropic and given
by g, = 1.912+0.005 along the c axis and

g, =1.977+0.005 along any direction perpendicular to
the c axis. ' ' The electron-paramagnetic-resonance
measurement of MnClz GIC reveals that the anisotropy
of g factor defined by 5 g( =g, —g, ) begins to appear
below 50 K, and becomes more pronounced below 30
K.' ' This anisotropy of the g factor is identi6ed as the
onset of short-range spin order below 30 K. The heat
capacity of the stage-2 MnC12 GIC shows no appreciable
anomaly at T, but exhibits a broad plateau between 5 and
10 K associated with the growth of 2D short-range spin
order. ' The real part y' of ac magnetic susceptibility has
a peak at T, . ' The remnant magnetization observed
below T, suggests a ferromagnetic behavior in MnC12
GIC. '4

It has been believed that the spin Hamiltonian of
Mn + ions in the stage-2 MnC12 GIC is described by'

H= —2J g S SJ+Dg(S ) —2J' g S S
(ij) i (i, m )

with spin S=
—,', where the z axis coincides with the c axis,

D is the single-ion anisotropy (D =0.97 K), J is the
nearest-neighbor (NN) intraplanar antiferromagnetic in-
teraction (J= —0.20 K), J' is an interplanar exchange in-
teraction, and the summation is over nearest-neighbor in-
traplanar pairs i and j, and the nearest-neighbor interpla-
nar pairs i and m. The single-ion anisotropy constant D
is positive, indicating XY spin anisotropy. It is well
known that for these XY spins all the neighboring spins
cannot align antiparallel to each other so that a
compromise has to be made to gain exchange energy,
leading to the &3Xv'3 spin structure, where the spins
are rotated successively by 120'. ' '

Recent elastic neutron scattering study shows the devi-
ation of the in-plane spin structure of MnC12 GIC from
the 120 spin structure. The magnetic Bragg rejections
are observed below 7.5 K at the in-plane wave vector
Q= IQ;+k;], where Q; is the in-plane reciprocal-lattice
vector of MnC12 layers and k; is the reciprocal-lattice
vector of the in-plane spin structure: ~Q;~ =1.965 A
The value of ~k, ~

is 0.522 A ' below 0.43 K, increases
with increasing temperature, and becomes almost con-
stant (0.532 A ') above T, . With further increasing
temperature above 5 K the value of

~ k; ~
approaches that

of 2v 3 X2V3 spin structure. This incommensurate
2+3 X2+3-like spin structure can be realized when NN,
and next-nearest-neighbor (NNN), . . . , exchange in-
teractions are taken into account in the Fourier trans-
form of a classical spin Hamiltonian. Note that the
NNN exchange interaction J, should be antiferromag-
netic and be on the same order as the ferromagnetic NN
exchange interaction Jp in magnitude. The spin frustra-
tion effect arising from the competing ferromagnetic and
antiferromagnetic intraplanar exchange interactions gives
rise to the incommensurate in-plane spin structure in
MnC12 GIC.

B. Magnetic properties
of stage-2 Co, Mn, ,C12 GIC's (Refs. 10—12)

Stage-2 Co, Mn, ,Clz GIC's are 2D random spin sys-
tems with competing intraplanar exchange interactions.
The Co + and Mn + ions are distributed randomly in the
same intercalate layer. The magnetic properties of these
compounds have been studied by dc and ac magnetic sus-
ceptibility, and low-6eld superconducting quantum in-
terference device (SQUID) magnetization. ' ' The
Curie-Weiss temperature increases monotonically with
increasing Co concentration. Its sign changes from nega-
tive to positive around c=0.2, indicating that the aver-
age intraplanar exchange interaction is antiferromagnetic
for 0+c (0.2, and is ferromagnetic for 0.2&c ~ 1. These
compounds show a magnetic phase transition between
the paramagnetic phase to the ferromagnetic phase for
c ~ 0.45. For 0.9 ~ c ~ 1 where the intraplanar ferromag-
netic interactions are dominant, a cluster glass phase ap-
pears below T, . For 0.8~c &0.9 where the antiferro-
magnetic intraplanar exchange interaction becomes com-
parable to the ferromagnetic intraplanar exchange in-
teraction, a spin-glass-like phase appears below T, .

The intraplanar exchange interactions between Co and
Co, and Mn and Mn in stage-2 Co, Mn, ,C12 GIC's are
assumed to be the same as those in stage-2 CoC12 GIC's
and stage-2 MnC12 GIC's, respectively. ' lf the spin
Hamiltonian of the stage-2 MnC12 GIC is given by Eq.
(1), the intraplanar exchange interaction between Co
and Mn + spins for stage-2 Co, Mn, ,C12 GIC's is found
to be ferromagnetic and be described by J(Co-
Mn) =1.2[J(Co-Co)

~

J(Mn-Mn)
~

]' =1.49 K, with
J(Co-Co) =7.75 K and J(Mn-Mn) = —0.2 K. The
effective magnetic moments of Co + are given by
P,s(Co)=g(Co) [S(S+1)]' =5.54ps for the g value
g(Co) =6.40 and fictitious spin S=—,'.

C. Magnetic properties of FeC13 GIC's

H= —2J(Fe-Fe) g S;.SJ+D(Fe) g (S;. )
(i,j )

(2)

where J(Fe-Fe) is the intraplanar exchange interaction
and is given by —0.47 K for stage-1 FeC13 GIC and by—0.34 K for stage-2 FeC13 GIC, respectively, and D(Fe)
is the single-ion anisotropy and is given by 0.13 K for
stage-1 FeC13 GIC and 0.23 K for stage-2 FeC13 GIC.
The dc magnetic-susceptibility data of FeC13 GIC's are
given as follows: e, = —8.2+0.8 K, e, = —11.4+1.8

Many studies have been made on the stage-1 and
stage-2 FeC13 GIC's, while very few studies have been
made on the stage-1 and stage-2 FeC12 GIC's. ' The
in-plane structure of the FeC13 layer in the FeC13 GIC s
forms a honeycomb lattice, where there are two Fe atoms
per unit cell with a lattice constant a =6.13 A. The
FeC13 layer is incommensurate with the graphite layer.
The primitive lattice vector of the FeC13 layer is rotated
by 30' with respect to that of the graphite layer. The
FeC13 GIC's magnetically behave like a quasi-2D XY-like
antiferromagnet. The spin Hamiltonian for Fe + ions
with spin S ( = —,') in FeC13 GIC's is described by
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K, P', ff =5.98+0.05@~, P', ff =5.87+0.07p~ for stage-1
FeC13 GIC, and e, = —6.0+1.0 K, e, = —9.0+2.0 K,

eff 5' 9 + ' pB Peff 5- 87+0 07pa for stage-2 FeC13
GIC. The FeC13 GIC undergoes a magnetic phase transi-
tion at the Neel temperature T~:T~=3.9+0.3 K for
stage-1 FeC13 GIC and T& =3.6+0.3 K for stage-2 FeC13
GIC.

III. EXPERIMENT

Samples of Co, Mn, ,C12-FeC13 GBIC's were prepared
by a sequential intercalation method the intercalant
FeC13 was intercalated into the empty graphite galleries
of stage-2 Co, Mn~ C12 GIC. A mixture of well-defined
stage-2 Co, Mn&, C12 GIC based on single-crystal kish
graphite and single-crystal FeC13 was sealed in vacuum
inside Pyrex glass tubing, and was kept at 330'C for two
weeks. The stoichiometry of GBIC samples, represented
by C„(Co,Mn, ,C12), b(FeC13)b, was determined from
a weight-uptake measurement. The Fe concentration of
GBIC samples denoted by b, was also determined by the
electron microprobe measurement with the use of a scan-
ning electron microscope (Model Hitachi S-450). The
electrons having a kinetic energy of 20 keV penetrate the
sample to a depth of the order of 2 pm, spreading out a
similar distance. The emitted characteristic x ray was an-
alyzed by means of the energy-dispersion method.

In order to confirm the stacking sequence of GBIC
samples the (OOL) x-ray-diffraction measurements were
made at 300 K by using a Huber double-circle
di6'ractometer with a Siemens 2.0-kW x-ray generator.
The highly sensitive measurements of magnetization were
carried out with a superconducting quantum interference
device (SQUID) magnetometer (Model VTS-905 SQUID
system, manufactured by S.H.E. Corporation). The low-
field SQUID magnetization measurements were per-
formed in the following steps: (i) A sample having a
weight of 4—7 mg was first cooled to 2 K from 300 K in 5
min in the absence of external magnetic field. A field of 1

Oe was then applied along any direction perpendicular to
the c axis. (ii) The temperature dependence of zero-field
cooled (ZFC) magnetization, MzFC, was measured while
increasing temperature from 2 to 10 K. (iii) The sample
was again cooled in the field of 1 Oe and the temperature
dependence of field-cooled (FC) magnetization, M„c, was
measured while decreasing temperature from 10 to 2 K.
The ac magnetic susceptibility was measured by an ac
Hartshorn bridge method in the temperature range be-
tween 2.8 and 14 K. An ac magnetic field with frequency
v=330 Hz and amplitude h =300 mOe was applied
along any direction in the c plane of the GBIC sample.
The dc magnetic susceptibility of these samples was mea-
sured by the Faraday balance method in the temperature
range between 1.5 and 300 K. A magnetic field of
100~H ~2 kOe was applied in any direction in the c
plane of GBIC samples.
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quence of G-Co, Mn&, C12-6-FeC13-G-. . . . A typical
example of an x-ray-di6'raction pattern is shown in Fig.
1(a) for Coo 25Mno 75C12-FeC13 GBIC as a function of the
scattering wave vector Q, . Sharp Bragg peaks appear
around

~ Q, ~

= (2m Id )L for even integer L with
d = 18.87+0. 12 A. Since the distance of 6-
Co, Mn&, C12-6 layers is similar to that of 6-FeC13 6
layers, and the atomic form factor of Co,Mn&, is almost
the same as that of Fe, the scattering intensity for odd in-
teger L is very weak. The c-axis repeat distance d is in-

0
creased from 12.871 A for stage-2 Cop 25Mnp 75C12 GIC
to 18.87 A after the sequential intercalation of FeC13.
The absence of Bragg peaks from stage-2 Cop 25Mnp 75C12
GIC indicates that the empty graphite galleries are com-
pletely filled with FeC13 layers on sequential intercalation.
The c-axis repeat distance d of Co, Mn, ,C12-FeC13

IV. RKSUI.TS

A. Sample characterization

We have measured the (OOL) x-ray-diffraction pattern
for Co, Mn&, Clz-FeC13 GBIC's having the stacking se-

FIG. 1. (a) (OOL) x-ray-diFraction pattern of Co, Mn, ,C12-

FeC1~ GBIC with c =0.25 at 300 K. Q, =L(2vrjd) with
d =18.87+0. 12 A. (b) The c-axis repeat distance d vs concen-
tration c for Co,Mn&, C12-FeC13 CUBIC's.
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B. Magnetic phase transitions

1. SQUID magnetization

We have measured the low-field SQUID magnetization
of Co, Mn& Clp-FeC13 GBIC's below 10 K. Figure 2
shows the temperature dependence of the FC magnetiza-
tion (Mzc), and ZFC magnetization (Mz„c), and the
difFerence 5 ( =M„c-Mzzc) for Co, Mn, ,C12-FeC13
GBIC's with (a) c =1, (b) 0.9, (c) 0.7, (d) 0.55, (e) 0.45, (f)
0.3, and (g) 0, where the data of c =0 were taken for the

-T'ABLE I. Stoichiometry of Co, Mn, ,C12-FeC13 GBIC sam-
ples: C„(Co,Mn&, C1,), b(FeC1, )&, ~here b and b, are the Fe
concentrations determined from weight-uptake measurements
and electron microprobe measurements, respectively, and d is
the c-axis repeat distance.

Sample No.

1

2
3

5
6
7
8
9

10
11
12
13

0
0
0.05
0.1

0.15
0.2
0.25
0.45
0.6
0.7
0.8
0.9
1

7.95
7.68
8.63
8.08
7.38

11~ 1

5.87
6.14
5.50
6.92
7.98
9.48
6.40

0.34
0.38
0.43
0.47
0.56
0.32
0.45
0.45
0.36
0.35
0.26
0.38
0.37

0.53

0.86
0.67
0.72

0.70
0.29

d (A)

18.99+0.17

18.95+0.21

18.87+0. 12
18.94+0.21
18.95+0.06
18.87+0. 13
18.85+0. 12
18.75+0.26
18.77+0.46

GBIC samples is determined from their (OOL) x-ray
diffraction and is listed in Table I. The data of d vs con-
centration c for Co, Mn, ,Clz-FeC13 GBIC's is also plot-
ted in Fig. 1(b). The c-axis repeat distance seems to vary
linearly with concentration c in spite of large uncertainty
in d because of the c-axis stacking disorder of the GBIC
samples.

The ideal stoichiometry of CoC12-FeC13 GBIC
and MnC12-FeC13 GBIC is estimated as
C„(CoClz)& b(FeC13)q with n =4.99 and b =0 40, .and
C„(MnClz)& b(FeC13)b with n =5.18 and b =0.42. The
ideal value of b for Co, Mn, ,C12-FeC13 GBIC's is ex-
pected to be between 0.40 and 0.42. The stoichiometry of
Co,Mn&, C12-FeC13 GBIC samples determined from the
weight-uptake measurements is listed in Table I. The Fe
concentration b in Co, Mn, ,C12-FeC13 GBIC's is be-
tween 0.32 and 0.47 except for c =0.15 and 0.80 samples.
These values of b are close to the ideal value. We have
also determined the stoichiometry of these GBIC's by
electron microprobe measurements. The value of Fe con-
centration defined as b, are also listed in Table I. The Fe
concentration b, of Co, Mn&, C12-FeC13 GBIC's is rela-
tively larger than that determined from the weight-
uptake measurements. The electron microprobe mea-
surement determines the average Fe concentration over
the depth of several pm from the sample surface where
bulk intercalant FeC13 may still remain.

sample No. 1 listed in Table I. The difference 5 is a mea-
sure of the irreversible effect of magnetization. Here we
define the characteristic temperature To as a temperature
above which 5 becomes zero. This value of To will be
compared with that of the critical temperature T, which
wi11 be determined from the ac magnetic susceptibility in
Sec. IVB2. For c =1 [Fig. 2(a)], Mzc drastically in-

creases as temperature decreases below To ( =9.1 K), and
reaches a value of 700 emu/av mol at 2.5 K, while Mz„c
deviates downward from M„c below To and shows a
broad peak at T,„(=7.5 K). The difFerence 5 appear-
ing below To monotonically increases with the decrease
of temperature. For c =0.9 [Fig. 2(b)], Mzzc shows a
cusplike form around T,„(=7 K). The difference 5 ap-
pearing below To ( =9 K) shows a broad peak around 5

K. For c =0.7 [Fig. 2(c)], Mzzc tends to increase in two

steps as temperature decreases. The difference 5 in-

creases with decreasing temperature below To ( =9 K),
and becomes constant below 5 K. For c=0.55 and 0.45
[Figs. 2(d) and (e)], the irreversible effect still appears
below To (=9 K), but no broad peak is observed in

Mz~c. The value of 5 at 2.5 K is much smaller than that
for c =1. For c =0.3 [Fig. 2(f)], the temperature depen-
dence of M„c a1most coincides with that of Mzzc above
4 K, indicating no irreversible effect of magnetization.
For c =0 [Fig. 2(g)], Mz„c shows a cusp-like form
around 4 K, and slightly deviates downward from M„c
below To (=9 K), slightly showing an irreversible effect
of magnetization. The value of Mzc at 2.5 K for c =0 is

relatively larger than that for c =0.3. These two results
show some evidence for the ferromagnetic behavior in
MnC12-FeC13 GBIC at low temperatures. The origin of
this ferromagnetic behavior will be discussed in Sec. V B.

Thus our data of low-field SQUID magnetization for
Co, Mn&, C12-FeC13 GBIC's shows the irreversible effect
of magnetization below To over the entire concentration
c except for c =0.3. The characteristic temperature To
seems to be independent of concentration c (TO=9 K).
On the other hand the SQUID magnetization of stage-2
Co, Mn&, C12 GIC's (Ref. 12) shows the irreversible
effect of magnetization for 0.8~c ~1 below T, :T, de-

creases with decreasing concentration c. The magnetic
properties of Co, Mn, ,C12-FeC13 GBIC's with

0.8~c (1 is found to be quite different from those of
stage-2 Co, Mn&, C12 GIC's with same concentration
range. The spin-ordering process in Co, Mn, ,C12-FeC13
GBIC's is considered to be much more complicated than
that in stage-2 Co, Mn&, C12 GIC's because of the inter-

planar interactions between Co, Mn, ,C12 layers and

FeC13 layers. The difference in the spin-ordering process
of Co, Mn, ,Clz-FeC13 GBIC's and stage-2

Co, Mn~ Clg GIC's will be discussed in detail in Sec. V.

2. ac magnetic susceptibility

In order to determine the critical temperature T„we
have measured the real part of ac magnetic susceptibility
g' for Co, Mn, ,C12-FeC13 GBIC's with O~c ~ 1 in the
temperature range between 2.8 and 14 K. Figure 3(a)
shows the temperature dependence of g' for
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FIG. 2. Temperature variation of field-cooled magnetization M&c ( O ), zero-field-cooled magnetization Mzzc (~), and
&( =Mpc MzI"c ) ( A ) for Co,Mn, ,C12-FeC13 GBIC's with (a) e = 1 (Ref. 9), (b) 0.9, (c) 0.7, (d) O.SS, (e) 0.4S, (f) 0.3, and (g) 0 (&am-

ple No. 1), where H = 1 Oe and Hlc.
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Fig. 4 that the value of T, for Co, Mn&, Clz-FeC13
GBIC's is almost the same as that for stage-2
Co, Mn, ,C12 GIC's with the same concentration c for
0.7 ~ c & 1: T, drastically decreases with decreasing con-
centration c and tends to be zero around c =0.5 corre-
sponding to the percolation threshold predicted for the
2D systems on the triangular lattice.

3. Lou-temperature dc magnetic susceptibility

We have measured the dc magnetic susceptibility for
Co, Mn, ,Clz-FeC13 GBIC's with 0 ~ c ~ 1 in the temper-
ature range between 1.5 and 30 K. The magnetic field of
100 Oe was applied along any direction perpendicular to

0

2 4 6 8 10
T(K)

FIG. 2 (Continued).

Co, Mny C12-FeC13 GBIC's with c =1, 0.9, 0.8, 0.7.
The susceptibility y' for each concentration c shows a
broad peak at a temperature which is defined as the criti-
cal temperature T, . This result implies that the spins in
the Co, Mn&, Clz layers are ferromagnetically ordered
below T, . The peak of y' drastically decreases as the
concentration c decreases from c = 1 to c =0.7. The crit-
ical temperature T, shifts to the lower temperature side
as the concentration c decreases. The concentration
dependence of T, for Co, Mn, ,C12-FeC13 GBIC's is in
contrast to that of the characteristic temperature To (Sec.
IV B 1): To seems to be independent of the concentration
c. Note that no peak in y' is observed for c =0.45, 0.25,
0.2, 0.15, 0.1, and 0.05 above 2.8 K, indicating no fer-
romagnetic phase transition for these concentrations.

We have also measured the ac magnetic susceptibility
of MnC12-FeC13 GBIC for two samples (samples No. 1

and 2). Figure 3(b) shows the temperature dependence of
y' for MnClz-FeC13 GBIC (sample No. 1). This ac sus-
ceptibility y' clearly shows a broad peak at T, =6.9 K,
although the peak value of g' is relatively smaller than
that for c =0.7. Here it should be noted that the peak
temperature of y' for c =0 is dependent on samples. We
find that y' for the sample No. 2 shows a broad peak at
T, =5.9 K which is a littler lower than that of sample
No. 1. The broad peak in y' for c =0 suggests that the
nature of the magnetic phase transition at T, is ferromag-
netic. The ferromagnetic behavior is consistent with the
irreversible effect of magnetization observed in the
SQUID magnetization of c =0 sample (Sec. IV B 1).

Figure 4 shows the concentration c dependence of T,
for Co, Mn, ,Clz-FeC13 GBIC's (closed circles) and
stage-2 Co, Mn&, Clz GIC's (open circles): T, =9.1 K
for c = 1, 7.82 K for c =0.9, 5.58 K for c =0.8, T, =3.7
K for c =0.7, and T, =5.9 K or 6.9 K for c =0 for
Co, Mn&, C12-FeC13 GBIC's, and T, =8.20 K for c =1,
7.68 K for c =0.9, 6.18 K for c =0.85, 6.62 K for
c =0.8, 3.80 K for c =0.7, and 4.16 K for c =0.6 for
stage-2 Co, Mn, ,C12 GIC's (Ref. 11). It is found from
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c = 1 (~ ), 0.9 (~ ), 0.8 (O ), and 0.7 ( A ). (b) Temperature depen-
dence of real part of ac magnetic susceptibility y' for MnC12-
FeC13 GBIC (sample No. 1). The ac magnetic field of v=330
Hz and h =300 rn Oe is applied along any direction perpendicu-
lar to the c axis.
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The peak temperatures are denoted as closed triangles in
Fig. 4.

For comparison, the temperature dependence of sus-

ceptibility M /H for stage-2 Co, Mn &,C12 GIC's
(1.5~ T 12 K) is shown in Fig. 6(a). From this figure
we can see the following results: (i) No appreciable peak
of M is observed over the entire concentration for
1.5 T 4 K, although the data of M/H vs T for
0~ c (0.45 are not shown in Fig. 6(a). (ii) The value of
M/H at 2 K for stage-2 Co, Mn&, Clz GIC's is much
larger than that for Co, Mn&, C12-FeC13 GBIC's with the
same concentration c. (iii) The GIC s with c ~0.45 un-

dergo ferromagnetic phase transitions at T, . These
features of stage-2 Co, Mn, ,C12 GIC's are in contrast to

0.2 0.4 0.6 0.8 50
(a) H = 1000e

FIG. 4. Critical temperature T, vs concentration c for
Co, Mn&, C12-FeC13 GBIC's () and stage-2 Co, Mn, ,C12

GIC s (0 ) (Ref. 10) determined from ac magnetic-susceptibility
measurements. The closed triangles (A) denote the Neel tem-
perature T& of Co,Mn&, C12-FeC13 GBIC's with O~e ~0.7
determined from dc magnetic susceptibility.
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O
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the c axis. Figure 5(a) shows the temperature dependence
of M/H for Co, Mn&, C12-FeC13 GBIC's with c =1, 0.9,
0.8, 0.7, 0.6, 0.45, and 0.25. For c =1, the susceptibility
M/H drastically increases with decreasing temperature
around T, (=9.1 K), exhibits a plateau-like form be-
tween 7 and 4 K, and then slightly decreases below =4
K. For c =0.9, the susceptibility M/H gradually in-
creases with decreasing temperature around T, (=7.82
K), shows a broad peak around 4.4 K, and then slightly
decreases below =4 K. For c =0.8, the susceptibility
M/H has a plateau-like form around 4 K. The decrease
of M/H with decreasing temperature is also observed
below 3 K. The maximum susceptibility decreases as the
concentration c decreases for 0.25 ~ c ~ 1.

Figure 5(b) shows the temperature dependence of M/H
for Co, Mn&, C12-FeC13 GBIC's with c =0.25, 0.15, 0.05,
and 0 (sample No. 1). For c =0, the susceptibility M/H
shows a broad peak around 4.5 K. This peak tempera-
ture is appreciably higher than that for c =0.25 and 0.05.
The maximum susceptibility for c=0 is about 11
emu/mol and is much larger than that for c=0.05 and
0.25, indicating the ferromagnetic behavior of this sys-
tem. This result is consistent with that derived from the
SQUID magnetization (Sec. IV B 1) and ac magnetic sus-
ceptibility (Sec. IV B2). Although the data of M/H vs T
for c =0.2 and 0.1 are not shown in Fig. 5(b), the values
of M/H for c =0.2 and 0.1 almost coincide with that for
c =0.15 at the same temperature for 1.5 ~ T ~ 10 K. The
monotonic increase of M/H for c =0.2, 0.15, and 0.1

with the decrease of temperature shows that these com-
pounds undergo no magnetic phase transition at least
above 1.5 K. We find that the dc magnetic susceptibility
of Co, Mn, ,C12-FeC13 GBIC's with c =0, 0.05, 0.25,
0.45, 0.6, and 0.7 shows a broad peak around 3—4 K.
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FIG. 5. Temperature dependence of dc magnetic susceptibili-
ty (=M/H) for Co, Mn] C12-FeC13 GBIC's, where H=100
Oe and Hic. (a) c =1 (~ ), 0.9 (~), 0.8 (o ), 0.7 (A), 0.6 (D),
0.45 ((&), and 0.25 ($). (b) c =0.25 ($), 0.15 (A ), 0.05 (0 ), and
0 (sample No. 1, ~). Note that the data for c =0.15 were taken
at H =500 0e.
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100
(a) ~ ~ c=1 H =1000e

those of Co, Mn, ,C12-FeC13 GBIC's. The broad peak of
M/H vs T near 3 —4 K is observed for Co, Mn, ,Clz-
FeC13 GBIC's with 0.25~c +0.7, but not for stage-2
Co, Mn, ,C12 GIC's. This broad peak may arise as a re-
sult of the appearance of long-range spin order in the
FeC13 layers. If this long-range spin order in the FeC13
layers is of the same type as the antiferromagnetic spin
order of FeC13 GIC, ' such a broad peak should be ob-
served near 3—4 K in the dc magnetic susceptibility of
FeC13 GIC's. In order to confirm the validity of this as-
sumption, we have measured the dc magnetic susceptibil-
ity of stage-2 FeC13 GIC, where a magnetic field of
H =750 Oe was applied along any direction perpendicu-
lar to the c axis. Figure 6(b) shows the temperature
dependence of stage-2 FeC13 GIC based on highly orient-
ed pyrolytic graphite in the temperature range between

1.5 and 20 K. The susceptibility M/H has a small peak
at the Neel temperature T~ (=3.2 K) below which the
antiferromagnetic phase appears. This Neel temperature
is a little lower than that determined by Ohhashi and
Tsujikawa ' from the Mossbauer effect: T&=3.6+0.3
K for stage-2 FeC13GIC. Therefore this result implies
that the broad peak around 3—4 K observed in
Co, Mn, ,C12-FeC13 GBIC's is due to the antiferromag-
netic spin order occurring in the FeC13 layers.

C. Paramagnetic susceptibility

We have measured the dc magnetic susceptibility of
Co, Mn, ,C12-FeC13 GBIC's with c =0, 0.05, 0.1, 0.15,
0.2, 0.25, 0.45, 0.6, 0.7, 0.8, and 0.9 in the temperature
range between 20 and 300 K. A magnetic field of H =2
kOe was applied along any direction perpendicular to the
c axis. A least-squares fit of the dc magnetic-
susceptibility data for 150+ T ~ 300 K to the Curie-Weiss
law
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yields the Curie-Weiss constant CM (emu K/av mol), the
Curie-Weiss temperature 6 (K), and the temperature-
independent susceptibility yM (emu/av mol). The Curie-
Weiss constant CM is related to the effective magnetic
moment by C~=N~p~P, tr/3k&. The parameters of 6,
C~, and I',ff for each concentration are listed in Table II.
Figure 7 shows the plots of 6 vs c for Co, Mn, ,Clz-

FeC13 GBIC's (closed circles). The data of 6 vs c for
Co, Mn, ,C12-FeC13 GBIC's are in contrast to those for
stage-2 Co, Mn, ,C12 GIC's. ' The value of 6 for
Co, Mn&, Clz-FeC13 GBIC's is positive for all concentra-
tion except for c =0,2, while the value of 6 for stage-2
Co, Mn&, Clz GIC's monotonically increases with in-

creasing concentration: 6 is negative for 0~c &0.2 and
positive for 0.2 & c & 1. It is predicted from the molecular
field theory that 6 of Co, Mn, ,Clz-FeC13 GBIC's with
the stoichiometry of C„(Co,Mn, ,Clz), b(FeC13)b is de-
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FIG. 6. (a) Temperature dependence of dc magnetic suscepti-
bility for stage-2 Co,Mn&, C12 GIC's. (Ref. 10) H =100 Oe
and Hlc. c =1 (~ ), 0.9 (~), 0.8 (0), 0.7 (A), 0.55 (6), and
0.45 (0). (b) Temperature dependence of dc magnetic suscepti-
bility for stage-2 FeC13 GIC. H =750 Oe and Hlc.

Sample No. c e (K)
CM p.e

(emu K/avmol) (p&/av atom)

1

2
3
4
5
6
7
8
9

10
11
12
13

0 12.47+0. 10
0 5.88+0.32
0.05 3.81+0.35
0.1 9.62+0.33
0.15 5.05+0.25
0.2 —1.26+0.37
0.25 9.12+0.53
0.45 6.16+0.42
0.6 3.OS+0. 34
0.7 9.97+0.45
0.8 10.38+0.47
0.9 19.69+0.44
1 21.99+0.15

4.52
4.76
4.90
4.26
4.45
4.70
4.16
3.85
4.27
4.51
4.68
3.99
3.78

6.01
6.17
6.26
5.84
5.97
6.13
5.77
5.55
5.85
6.00
6.12
5.65
5.50

TABLE II. Curie-Weiss temperature e, Curie-Weiss con-
stant C~ and average effective magnetic moment P,z for
Co, Mn, ,C12-FeC13 GBIC's.
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scribed by

(1 b—)P,ff(c;RMGIC)6(c; RMGIC)+ bP,ff(Fe + )6(Fe +
)

6(c;GBIC)=
P,ff(c; GBIC)

where P,ff(c; RMGIC) and 6(c; RMGIC) are the
effective magnetic moment and the Curie-Weiss tempera-
ture of stage-2 Co, Mn&, Clz GIC, ' respectively, P,ff(c;
GBIC} is the effective magnetic moment of
Co, Mn &,Clz-FeC13 GBIC's, and P,ff(Fe +

) and
6(Fe +

) are the effective magnetic moment and the
Curie-Weiss temperature of stage-2 FeC13 GIC, respec-
tively: P, (ffFe +)=6.57@~ and 6(Fe +)=—4. 3+0.2
K. In Fig. 7 the open circles denote the values of 6(c;
GBIC) for Co, Mn&, Clz-FeC13 GBIC's calculated from
Eq. (4) with b =0.4. Our data of 6 for Co, Mn, ,Ciz-
FeC13 GBIC's agree well with 6(c; GBIC) for
0.4&c &0.8, but greatly deviate from it for 0&c &0.2.
The sign of 8 for Co, Mn, ,Clz-FeC13 GBIC's is positive
for 0 & c & 0.2, while the sign of 8 is predicted to be nega-
tive from Eq. (4} with b =0.4. The positive sign of 6 for
0 & c & 0.2 indicates that Co, Mn&, Clz-FeC13 GBIC's
magnetically behave like a ferromagnetic system, which
is consistent with the results of SQUID magnetization, ac
magnetic susceptibility, and dc magnetic susceptibility at
low temperatures. Here we note that the data of 8 for
stage-2 Co, Mn&, Clz GIC's fit well with the predicted
values of 8 with b =0 over the entire concentration of
c. The ferromagnetic nature of Co, Mn, ,Clz-FeC13
GBIC's near c =0 will be discussed in Sec. V B.

Figure 8 shows the plots of P,ff vs c for Co, Mn&, Clz-

FeC13 GBIC's (closed circles). The concentration depen-
dence of P,ff for Co, Mn&, Clz-FeC13 GBIC's seems to be
similar to that for stage-2 Co, Mn, ,Clz GIC's they
show a broad peak around 0.7 & c &0.9 and a minimum
around 0.25 & c &0.45. It is predicted from the molecu-
lar Geld theory that P,ff of Co,Mn, ,Clz-FeC13 GBIC's is
described by

P,ff(c;GBIC)=[(1 b)P,ff—(c;RMGIC)+bP, ff(Fe +)]'

(5)

In Fig. 8 the open circles denote the values of P,ff (c;
GBIC) for Co,Mn&, Clz-FeC13 GBIC's calculated from
Eq. (5) with b =0.4, where the data of P,ff vs c for stage-2
Co,Mn&, Clz GIC's are used as P,ff(c; RMGIC). Our
data of P,z vs c for Co,Mn&, Clz-FeC13 GBIC's are in
good agreement with the open circles for 0 & c & 0.3 and
0.6 & c & 0.8. Here we note that the P,ff of stage-2
Co, Mn&, Clz GIC's is lower than the theoretical predic-
tion. ' Such a deviation of P,ff may be partly due to a
partial replacement of Mn + ions by Mn + or Mn+
ions. '

V. DISCUSSION

For Co, Mn, ,Clz-FeC13 GBIC's the resultant magnet-
ic moment associated with the ferromagnetic spin order
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FIG. 7. Curie-Weiss temperature vs concentration c for

Co,Mn&, C1~-FeC13 GBIC's (~). The open circles denote the
values of 6 for GBIC's predicted from Eq. (4) with b =0.4,
where the values of e and P,ff for stage-2 Co, Mn&, C1& GIC's
(Ref. 10) are used as e(c; RMGIC) and P,ff(c, RMGIC), respec-
tively, and the values of P,ff for Co,Mn] Clp-FeC13 GBIC's are
used as P,ff(c; GBIC). P,z(Fe +)=6.57p& and e(Fe +)=—4.3
K for stage-2 FeC13 GIC.

FIG. 8. Effective magnetic moment vs concentration c for
Co, Mn&, C1&-FeC13 GBIC's (~). The open circles denote the
values of P,ff for GBIC's predicted from Eq. (5) with b =0.4,
where the values of P,ff for stage-2 Co, Mn&, C1~ GIC's are used
as P,ff (c: RMGIC). P,z(Fe'+ ) =6.57p, & for stage-2 FeC13 GIC's
(Ref. 9).
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FIG. 9. The hcp-type structure model for MnC12-FeC13
GBIC. Open circles denote Mn + spins on the MnC12 layer and
closed circles denote Fe + spins on the FeC13 layer. The MnC12
layer and FeC13 layer are assumed to form a triangular lattice
with the same lattice constant.

in the Co, Mn, ,C12 layers drastically decreases with de-
creasing concentration c. The magnetic phase diagram of
T, vs c for Co,MnI, C12-FeC13 GBIC's are complicated
due to the spin frustration effect occurring in the
Co,Mn&, Clz layers. It consists of a ferromagnetic clus-
ter glass phase (0.7 & c & 1), a coexistence phase with an-
tiferromagnetic phase and spin-glass-like phase (0.45
& c &0.7), an antiferromagnetic phase (0.25 & c &0.45),
and ferromagnetic phase (0 & c & 0. 1). No magnetic
phase transition occurs for 0. 1 & c & 0.25. Vfe discuss the
spin-ordering mechanism of each ordered phase in detail.

A. Coexistence of spin-glass phase
and antiferromagnetic phase for 0.45 ~ c ~ 0.7

The dc magnetic susceptibility of Co,Mnl, C12-FeC13
GBIC's with 0.45 ~ c ~0.7 exhibits a broad peak around
T&=3—4 K, indicating that an antiferromagnetic phase
transition occurs in the FeC13 layers at Tz. The SQUID
magnetization of Co, Mn&, C12-FeC13 GBIC's with
c =0.7, 0.55, and 0.45 shows the irreversible effect of
magnetization and has no broad peak in Mzz&, indicating
that a spin-glass-like phase occurs in the Co, Mn&, Clz
layers below To. The coexistence of antiferromagnetic
phase and spin-glass-like phase is also seen, for example,
from the temperature dependence of the ZFC magnetiza-
tion for Co,Mn&, C1~-FeC1, GBIC with c =0.7: Mzpg
drastically changes at To and T&. These results are in
contrast to those of stage-2 Co, Mn, ,C12 GIC's with
O~c ~0.7 showing no irreversible effect of magnetiza-
tion.

The effective interplanar interaction between
Co, Mn, ,C12 layers and FeC13 layers becomes strong
around To where a 2D short-range spin order drastically
grows in the FeC13 layers. Although the spin frustration
effect arises mainly from the competition between intra-
planar ferromagnetic and antiferromagnetic exchange in-
teractions in the Co, Mn, ,C12 layers, this spin frustra-
tion effect is considered to be greatly enhanced by the
effective interplanar interaction between Co,MnI, C12

layers and FeC13 layers, leading to the spin-glass-like
phase in the Co, Mn, ,C12 layers where spin directions
are frozen. A similar type of spin-glass-like phase has
been reported for a randomly mixed quasi-2D anti-
ferromagnet and ferromagnet on the square lattice,
such as K2Cu, Mn&, F4, Rb2Cr, Mn j,F4, and
KzCu, Col, F4 (Ref. 28) with competing nearest-
neighbor exchange interactions: a ferromagnetic phase
near e =1, antiferromagnetic phase near c =0, and a
spin-glass phase in the intermediate concentration.

Here we consider some possibility that the spin-glass-
like phase may occur in the FeC13 layers. For stage-2
FeC13 GIC, Millman and Zimmerman have claimed
that a sharp peak at 1.7 K observed in the ac magnetic
susceptibility is indicative of spin-glass phase behavior.
This peak is dramatically enhanced as the number of iron
vacancies is increased. Since the number of iron vacan-
cies is inversely proportional to the island radius, their
results can be interpreted as follows. The growth of the
in-plane antiferromagnetic spin correlation length in the
FeC13 layers is limited by the size of islands, inhibiting an
antiferromagnetic long-range spin order. The peak at 1.7
K becomes large as the in-plane spin-correlation length
for antiferromagnetic order becomes short. Our spin-
glass-like phase observed in Co, Mn, ,C12-FeC13 GBIC's
is quite different from that observed by Millman and Zim-
merman. There is no peak at 1.7 K in the ac suscepti-
bility of Co, Mn, ,C12-FeC13 GBIC's. The irreversible
effect of SQUID magnetization for Co, Mn, ,Clz-FeC13
GBIC's with c =0.55 [Fig. 2(d)] and 0.45 [Fig. 2(e)] ap-
pears below To (=9 K) which is much higher than Tz
( =3 K) of the FeC13 layer. This difference suggests that
the spin-glass-like phase occurs in the Co,MnI, C12 lay-
ers, not in the FeC13 layers for Co, Mn, ,Clz-FeC13
GBIC's.

B. Ferromagnetic phase for O~c ~0. 1

There are two models which may explain the ferromag-
netic behavior of Co,Mnl, C12-FeC13 GBIC's with
0~ c ~0. 1. The first model states that the ferromagnetic
behavior occurs in the FeC13 layers due to the spin frus-
tration effect arising from (i) the competition between
ferromagnetic (Fe -Fe ) and antiferromagnetic
(Fe3+-Fe +) intraplanar exchange interactions and (ii) the
competition between the Ising and XF spin anisotropies
occurring in the FeC13 layers due to partial replacement
of Fe + by Fe . The second model states that the fer-
romagnetic behavior occurs in the Co, Mn, C12 layers
due to the ferromagnetic NN intraplanar exchange in-
teractions Jo between Mn spins which are described in
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Sec. IIA.
First we consider the first model. Several Mossbauer

studies on FeC13 GIC's (Refs. 21, 22, and 31—33) give
direct evidence for the replacement of a significant
amount of Fe + by Fe + ions. As described in Sec. II C,
the Fe + spins in FeC1& GIC magnetically behave like a
quasi-2D Ising ferromagnet on the triangular lattice,
while the Fe + spins in FeC13 GIC magnetically behave
like a quasi-2D XY antiferromagnet on the honeycomb
lattice. We assume that a part of the Fe + is replaced by
Fe + in the FeC13 layers of Co, Mn&, Clz-FeC13 GBIC s
with 0~ c ~0. 1. The magnetic phase transitions of these
systems are complicated due to the spin frustration
effects arising from competing interactions and compet-
ing spin anisotropies. We can predict the magnetic
phase diagram of (FeClz), ~(FeC13)~ intercalate layers
where a strong Ising type anisotropy of Fe + spins along
the c axis compete with a weak XY-type anisotropy of
Fe + spins in the c plane. The ferromagnetic behavior in
the Co, Mn, ,Clz-FeC13 GBIC's with 0 c 0. 1 can be
explained only if a considerable number of Fe + ions are
replaced by Fe + ions in the inner part of small islands in
the FeC13 layers. This possible large mole ratio of Fe +

to Fe + may be related to the charge transfer occurring
in the Co, Mn&, Clz layers. According to Baron et aI. ,
the charge transfer of p=0.07 electrons per carbon atom
occurs from the graphite ~ band to the periphery of is-
lands for MnClz GIC. This value for the charge transfer
is the largest observed for the acceptor-type GIC's: for
example, p=0.01 for NiClz GIC and probably for CoClz
GIC. Here we can only say that the model is appropriate
if the large mole ratio of Fe + to Fe + is realized in these
systems.

Next we discuss the second model. We consider only
the case of MnClz-FeC13 GBIC. As described in Sec.
II A, the in-plane spin structure of stage-2 MnClz GIC is
rather complicated due to the frustrated nature of the 2D
XY antiferromagnet on the triangular lattice. This in-
commensurate in-plane spin structure can be realized
when the ferromagnetic NN interaction (Jo ) competes
with the antiferromagnetic NNN (J, ), third NN (Jz),
and fourth NN ( J3 ) interactions: for example, Jo, J„Jz,
and J3 are chosen as 0.38, —0.33, —0.30, and 0.038 K,
respectively.

Sakakibara has discussed a possible spin structure of
the system with a hexagonal close-packed (hcp)-type
structure as shown in Fig. 9, where the sign of Jo, J„and
J' are not specified. He shows that (i) the triangular in-
plane spin structure is unstable against an infinitesimal
interplanar interaction J, and that (ii) two kinds of in-
commensurate spin structures appear depending on the
sign of J&. The incommensurate spin structure arises
from a kind of spin frustration effect in the hcp-type
structure. In Fig. 9 three spins S„Sz,and S3 are located
in the same layer and one spin S' is located on the adja-
cent layer. The interplanar interaction energy between
the spin S' and a set of spins S„Sz,and S3 through J',E,
is described by

E= —gp&S'. H'

where Hz is the interplanar exchange field which the spin
S' experiences and is given by

Hz=2J'(Si+Sz+S3)/gpss .

For the +3 X &3 spin structure with spins on three sub-
lattices forming an angle of 120 with respect to each oth-
er, there is no change in E with J' because ~HE ~

=0. For
an incommensurate spin structure, ~HE~ does not reduce
to zero. The reduction of the total energy occurs because
E & 0 when the direction of S' is parallel to that of HE for
J' & 0 and when the direction of S' is antiparallel to that
of HE for J'&0.

Here we consider the in-plane spin structure of
MnClz-FeC13 GBIC. The FeC13 layers forming a honey-
comb lattice is incommensurate with the MnClz layers.
For simplicity we assume that MnClz-FeC13 GBIC has a
hcp-type structure as shown in Fig. 9. The open circles
correspond to Mn + spins in the MnClz layer, the closed
circles correspond to Fe + spins in the FeC13 layer. Fol-
lowing Sakakibara's model, the in-plane spin structure of
MnClz layers of MnClz-FeC13 GBIC is considered to be
quite different from that for stage-2 MnClz GIC due to
the effective interplanar exchange interaction J' between
MnClz layers and FeC13 layers. The change in the in-

plane spin structure of MnClz layers through J' may give
rise to the increase of the intraplanar exchange interac-
tion. Therefore the stable in-plane spin structure of
MnClz layers results from the competition between inter-
planar interaction energy and intraplanar interaction en-

ergy. This possible change of the in-plane spin structure
for the MnClz layers may give rise to a dominance of the
ferromagnetic NN interaction Jo over the antiferromag-
netic second NN (Ji ) and the third NN intraplanar ex-
change interactions (Jz), although this dominance of Jo
in MnClz-FeC13 GBIC cannot be proved from this simple
model at all. Here we can only say that these competing
interactions may be the origin of the ferromagnetic
behavior in MnClz-FeC13 GBIC. The Curie-Weiss tem-
perature 6 of this system is calculated as
6=2zJoS (S+ I ) /3 = 13.3 K with S=

—,
' and z =6, where

Jo is the ferromagnetic NN interaction for stage-2 MnC1&
GIC (Jo =0.38 K). This estimated value of 6 is found to
be in good agreement with the experimental value of 6
( = 12.47 K). As described above, the positional relation-
ship between Mn + ions and Fe + ions in the MnClz-
FeC13 GBIC are much more complicated than that
shown in Fig. 9. Due to this complicated nature it is
dificult for us to elucidate the cause for the ferromagnet-
ic behavior in MnClz-FeC13 GBIC.

C. Cluster glass phase for 0.7 & c ~ 1

In the previous paper' we have presented a model of
cluster glass phase for the explanation of the irreversible
efFect of SQUID magnetization in stage-2 Co, Mn, ,Clz
GIC's with 0.8 ~ c ~ 1. The spins within small islands of
the Co, Mn&, Clz layers are ferromagnetically coupled
below To ( = T, ), forming 2D ferromagnetic clusters.
The spin directions of ferromagnetic clusters are frozen
due to the frustrated interisland interactions consisting of
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effective interplanar exchange interactions and dipole-
dipole interaction between adjacent small islands. Simi-
lar types of cluster glass phase are also observed in
Co,Ni&, Clz-FeC13 GBIC's for 0&c &1. The effective
interplanar exchange interaction between adjacent
Co, Ni&, C12 layers is enhanced by the intervening FeC13
layers through the interplanar interaction between
Co, Ni &,C12 and FeC13 layers.

As described in Sec. IVB1 the irreversible effect of
magnetization for Co, Mn~ Clp-FeC13 GBIC's with
0.7 & c & 1 is different from that for Co, Ni&, Clz-FeC13
GBIC's with 0&c &1. The characteristic temperature
To seems to be independent of the concentration c for
Co, Mn, ,Clz-FeC13 GBIC's (To=9 K), while To coin-
cides with T, for Co, Ni, ,Clz-FeC13 GBIC's. This result
suggests that the nature of cluster glass phase in
Co, Mn&, C12-FeC13 GBIC's is different from that in

Co, Ni, ,C12-FeC13 GBIC's. In the Co, Ni, ,C12 layers
of Co, Ni, ,Clz-FeC13 GBIC's the resultant magnetic
moment of the ferromagnetic clusters does not change
too much with the concentration c because all the intra-
planar interactions are ferromagnetic. The effect of 2D
antiferromagnetic short-range spin order in the FeC13
layers on the cluster glass phase is almost concealed by
the strong 2D ferromagnetic spin order in the
Co, Ni&, C12 layers, leading to the cluster glass phase in
the Co, Ni, ,C12 layers only below T, . In the
Co, Mn, ,C12 layers of Co, Mn, ,C12-FeC13 GBIC's the
spins within small islands are ferromagnetically coupled,
forming ferromagnetic clusters at low temperatures.
However, the resultant magnetic moment of the fer-
romagnetic clusters drastically decreases with decreasing
concentration c due to the spin frustration effect arising
from competing ferromagnetic and antiferromagnetic in-
traplanar interactions. The weak 2D ferromagnetic clus-
ters in the Co, Mn, ,C12 layers are effectively coupled to
the 2D antiferromagnetic short-range spin order in the
FeC13 layers through the interplanar interactions, leading
to an enhanced spin frustration effect in the
Co, Mn, ,C12 layers for T, T To.

VI. CONCLUSION

We have studied the magnetic properties of
Co,Mnt, C12-FeC13 GBIC's by low-field SQUID magne-

tization, dc and ac magnetic-susceptibility measurements.
These GBIC's with 0 c &0. 1 show a ferromagnetic
behavior characterized by a positive Curie-Weiss temper-
ature, an irreversible effect of SQUID magnetization, a
broad peak of ac magnetic susceptibility at T„and a
cusplike form of dc magnetic susceptibility at slightly
lower temperature than T, . This ferromagnetic behavior
is explained in terms of either the ferromagnetic NN in-

traplanar interaction in the MnC12 layers or the spin frus-
tration effect arising from competing Ising Fe + spins
and XFFe + spins in the FeC13 layers. The GBIC's with
0. 1 & c &0.2 show no magnetic phase transition at least
above 1.5 K. The dc magnetic susceptibility of GBIC's
with 0.25 & c &0.7 exhibits a broad peak around 3—4 K
indicating that these systems undergo an antiferromag-
netic phase transition at T& associated with the growth
of the antiferromagnetic long-range order in FeC13 layers.
For 0.45&c &0.7 the spin-glass-like phase also occurs
below To in the Co, Mn, ,Clz layers due to the spin frus-
tration effect arising from competing intr aplanar ex-
change interactions. For 0.7 & c & 1 there occurs a clus-
ter glass phase below T, where the spin directions of fer-
romagnetic clusters in the Co, Mn&, C12 layers are frozen
due to the frustrated interisland interactions. Further
studies including magnetic neutron scattering will be
needed to understand in detail the magnetic phase transi-
tions of Co, Mn& Clp-FeC13 GBIC's.
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