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Results on the resistivity of stage-1 and stage-2 CoCl& graphite intercalation compounds (GIC s)
as a function of temperature (T) and magnetic field {H) are reported. The anomalies observed in
the resistivity measurements at the magnetic phase transitions are explained by an interaction based
on ~-d electron coupling. The contrasts in the T and H dependences of the resistivity between the
stage-1 and stage-2 compounds for T & T,I and H &H, 2 are attributed to the dift'erent correlation
lengths in the e-axis antiferromagnetic ordering. The magnitude of the interplanar antiferromagnet-
ic coupling constant (J') in stage-1 CoC12 GIC's and the m-d exchange coupling constant (J d ) are
estimated from the transport measurements. Magnetic exchange mechanisms are proposed by con-
sidering the relative contributions of the superexchange, dipole-dipole, and Ruderman-Kittel-
Kasuya-Yosida (RKKY) interactions. We conclude that the superexchange interaction is the dom-
inant magnetic interplanar coupling mechanism in pristine CoCl, and stage-1 CoC12 GIC s, and is of
comparable importance to the dipole-dipole interaction in stage-2 compounds. The dipole-dipole
interaction is the dominant mechanism in higher stage GIC s (n & 3). The RKKY interaction is al-
ways found to be negligibly small, due to the quasi-two-dimensional electronic properties of these
acceptor GIC's.

I. INTRODUCTION

The magnetic properties of transition-metal chloride
graphite intercalation compounds (GIC's) have attracted
extensive study, because the magnetic anisotropy in lay-
ered transition-metal chlorides is greatly enhanced by the
insertion of nonmagnetic graphite layers, thereby provid-
ing an ideal environment for studying low-dimensional
magnetic phase transitions.

The in-plane structure and magnetic interactions of the
intercalants in the transition-metal chloride graphite in-
tercalation compounds are nearly unchanged compared
to their pristine form, while the interplanar repeat dis-
tance is enlarged by the presence of graphite layers.
Therefore, systematic studies of three-dimensional (3D) to
two-dimensional (2D) magnetic phase transitions become
possible by controlling the number of graphite layers be-
tween consecutive magnetic layers. Special interest has
been focused on CoClz GIC's and NiClz GIC's, because
the strong XY anisotropy in the pristine chlorides' should
make it possible to study the 2D Kosterlitz-Thouless tran-
sition in these GIC's. Most of the experimental studies
of their magnetic properties have been focused on neutron
scattering, magnetization, ' magnetic-susceptibility, '

and electron-spin-resonance ' measurements.
Although the magnetic properties of the CoC12 and

NiC12 GIC's have been extensively studied, the mecha-
nism for the interplanar spin coupling between the mag-
netic layers through the nonmagnetic graphene layers has
not yet been established. The exchange coupling mecha-
nism in the pristine transition-metal chlorides is dominat-

ed by the superexchange interaction. In the case of mag-
netic GIC's, the presence of conduction ~ electrons asso-
ciated with the carbon layers complicates the interplanar
superexchange interaction. In the limit of high-stage
compounds, the superexchange interaction should be-
come negligible so that only the long-range dipole-dipole
interaction is important. Another possible mechanism for
the interplanar magnetic coupling is an anisotropic
Ruderman-Kittel-Kasuya- Yosida (RKKY) interac-
tion, " ' associated with the layered distributions of the
m. conduction electrons and of the magnetic intercalate
species. By studying the transport properties of
acceptor-type magnetic GIC's, one can probe the ~-d
electron exchange interaction, study the magnetic scatter-
ing effects in various magnetic phases, and explore the
magnetic exchange mechanisms responsible for the inter-
planar coupling of magnetic GIC's.

In this paper, experimental results for the transport
properties of magnetic CoC12 GIC's are presented. In
particular, large differences in the temperature (T) and
magnetic-field (H) dependence of the resistivity between
stage-1 and stage-2 CoC12 GIC's are reported and are at-
tributed to a competition between two magnetic scatter-
ing effects. One is the typical spin-disorder scattering
effect present in magnetic systems. The other is due to an
additional scattering mechanism resulting from a
modified Fermi surface, which is a consequence of the
long-range c-axis antiferromagnetic ordering for T & T,I,
where T,I is the 3D magnetic ordering temperature. The
doubled c-axis magnetic periodicity in the antiferrornag-
netic phase extends the screening length for charged im-
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purities of the system, thereby enhancing the charged-
impurity scattering for T (T,&.

The advantage of studying CoClz GIC's (relative to
other intercalation compounds) is the strong in-plane fer-
romagnetic coupling (J =28.5 K) in pristine CoClz (Ref.
1) and the relatively weak interplanar antiferromagnetic
coupling (J'= —2. 16 K) in pristine CoClz (Ref. 1) which
simplify the theoretical analysis of the experimental data.
At low temperatures where the ferromagnetic planar spin
arrays can be approximated by a sheet of correlated spins
(called "superspins"), a one-dimensional line of super-
spins has been used to study the magnetic interactions.
Since the transport studies in CoClz GIC's are sensitive
only to the spatial low dimensionality of this system, not
to the spin low dimensionality, ' these transport mea-
surements are not useful for examining special functional
forms associated with Kosterlitz-Thouless-type phase
transitions.

In this paper, the c-axis magnetic exchange mecha-
nisms are discussed in terms of three types of interactions
and their stage dependence: (1) a c-axis superexchange in-
teraction through metal-insulator layers; (2) a RKKY in-
teraction modified to treat a quasi-two-dimensional elec-
tronic system; and (3) the dipole-dipole interaction. It is
concluded from this work that the superexchange interac-
tion is the dominant c-axis magnetic coupling mechanism
for both pristine CoClz and stage-1 CoClz GIC's; this in-
teraction decreases with increasing stage, becoming com-
parable to the dipole-dipole interaction in stage-2 sam-
ples. The dipole-dipole interaction becomes the dominant
c-axis magnetic exchange mechanism for high-stage corn-
pounds (n ~3). For all stages, the RKKY interaction is
found to be negligibly small. Many aspects of the calcula-
tions for the magnetic exchange mechanisms given in this
paper can be generalized to the whole class of transition-
metal chloride GIC's.

II. EXPERIMENTAL DETAILS

CoClz GIC's were synthesized isothermally at 560'C
for one month in pyrex glass ampoules. ' The reaction
ampoules contain the kish graphite host material, pristine
CoClz powder, and Clz gas. Various stages can be ob-
tained by varying the pressure of the Clz gas contained in
the ampoules. A room-temperature chlorine gas pressure
~700 torr was used for preparing stage-1 CoClz GIC's,
and -500 torr for stage 2. After the intercalation pro-
cess was completed, the samples were taken out of the re-
action ampoules and cleaned with diluted hydrochloric
acid (HC1) to remove the residual pristine CoClz on the
sample surfaces. The samples were then promptly dried
and kept in airtight containers with dessicant to prevent
moisture contamination.

The stage index and staging fidelity of the samples were
characterized using (00l) x-ray dift'raction. Samples used
for these transport measurements were all single-staged
GIC's (to better than 90%%uo) according to their x-ray spec-
tra. The c-axis repeat distance is I, =9.45+0.03 A for
stage-1 and I, =12.80+0.03 A for stage-2 CoClz GIC's.
A typical size of these kish graphite —based samples is-4 X 3 X0.3 mm . The in-plane resistivity in both stage-1
and stage-2 samples was measured as a function of tem-

perature (2.9 K+ T~300 K) and magnetic field (0~H
~ 1.2 kOe). The geometry for these transverse magne-
toresistance measurements is j,Hlc axis (with jlH),
where j is the current dens&ty and H is the applied field.

A standard four-point probe method was used in these
resistivity measurements. ' The electric contacts were
made with silver paint by placing electrodes uniformly
along a thin strip across the whole sample thickness to as-
sure uniform current injection through all the layers.
Low dc currents were used to avoid sample heating and
temperature gradients across the samples. Such grad. ients
would reduce the accuracy of our measurements, especial-
ly near the magnetic phase transition temperature. Sensi-
tivity is an important issue since magnetic scattering
e6'ects in acceptor-type magnetic GIC's are much smaller
than the residual resistivity in GIC's. Typical dc voltage
readings in these experiments were only a few pV at
liquid-helium temperatures, and the desired resolution
for the magnetic scattering e6'ects had to be better than
—100 nV. For these small signal measurements, we used
Keithley 181 nanovoltmeters with slow rise times (t„~8
sec) in the built-in low-pass filter. Data were acquired
through an IEEE bus to a computer. The sampling time
(typically 10—30 sec) between consecutive data points was
chosen to be long compared with the rise time of the
filter.

Samples were mounted on the sample probe assembly
after placement of the electrodes. A carbon-glass resistor
sensor built into the probe was used for temperature mon-
itoring. The resolution of the temperature readings in our
resistivity measurements was better than +0.01 K for 2.9
K~ T~12 K, and was within +0.1 K for temperatures
up to 20 K. Helium gas was used in the ampoule for heat
exchange.

The resistivity measurements on CoClz GIC samples
were carried out on three stage-1 and three stage-2 sam-
ples to assure the reproducibility of the results. Similar
measurements were also done on pristine kish graphite
and nonmagnetic GIC samples such as AlC13 GIC's and
SbC15 GIC's, using the same setup. All these measure-
ments indicate that the observed low temperature
anomalies in CoClz GIC's are uniquely related to the
magnetic scattering, in contrast to the temperature and
field dependences observed in pristine graphite and non-
magnetic GIC s, which were in agreement with previous
work. '

III. EXPERIMENTAL RESULTS

A. Temperature dependence at constant magnetic Seld

Figures 1(a) and 1(b) show plots of the in-plane resis-
tivity (p) versus temperature (T) at various constant mag-
netic fields for a typical stage-1 and two stage-2 CoClz
GIC samples, respectively. We shall first discuss the
zero-field traces in Figs. 1(a) and 1(b), which display the
following characteristics.

(1) For [(T —T,, )lT,& ] && 1, both stage-1 and stage-2
CoClz GIC's exhibit a temperature-dependent resistivity
that is typical for nonmagnetic GIC's. The resistivity
p(T) in this temperature range can be fit to a functional
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Flax. 1. Resistivity [p(H, T)] vs temperature (T) for various
constant magnetic fields: (a) stage-1 CoCl~ GIC's at H =0, 180,
360, 480, and 1200 Oe; (b) stage-2 CoCl, GIC's at H =0, 480,
and 1200 Oe. Above T,I the resistivity of (a) is almost the same
for all field values.

form' '
p( T)= 3 +BT+CT, where A represents the

residual resistivity due to defect scattering, and the BT
and CT terms in the temperature range T &200 K are
related to the electron-phonon scattering from out-of-
plane phonon vibrations, ' while interpocket electron-
phonon scattering plays an important role for T )200
K. The resistivity coefficients, 3, B, and C are fit in the
temperature range 80 K & T &300 K, where electron-
phonon scattering is dominant, and the results are sum-
marized in Table I, where it is seen that the coefficients
A, B, and C for these acceptor-type magnetic GIC's are

about 1 order of magnitude larger than those of nonmag-
netic GIC's (Table I), but of similar magnitude to the A,
B, and C values observed in the magnetic donor-GIC
C6Eu. The larger residual resistivity in the acceptor-
type magnetic GIC's is attributed to a large concentration
of structural defects and magnetic scattering effects
present in these incommensurate acceptor GIC's.
However, the physical origin for the large electron-
phonon scattering coefficients B and C remains unknown,
but may be related to anomalies observed in recent mag-
netostriction experiments on stage-1 CoC12 GIC's.

(2) As the temperature approaches the Neel tempera-
ture (T~= T,I) from above, i.e., in the temperature range
0 & [(T —T„)/T„] & 1, the resistivity exhibits a weak
temperature dependence. The resistivity in this tempera-
ture range can be fit to a functional form p( T)= A '+B'T
where B'«B. This temperature dependence is charac-
teristic of short-range spin ordering in typical magnetic
systems, as is discussed in Sec. IV.

(3) For T & T,t, the stage-1 and stage-2 data exhibit
fundamental differences with respect to the sign and mag-
nitude of the change in the resistivity with temperature:
i.e., [dp( T)/dT]„. .. &0 and [dp( T)/dT]st, s, 2 &0.
While the sharp decrease in the resistivity for
0 & [(T,I —T)/T, t ] & 1 in stage-2 CoC12 GIC's is charac-
teristic of resistivity anomalies associated with spin-
disorder scattering in a magnetic system, the behavior
for stage-1 is anomalous insofar as the resistivity increases
as T is lowered below T,I, indicating an additional
scattering effect. We attribute this additional scattering
to the presence of long-range interplanar antiferromag-
netic ordering in the stage-1 compound, as discussed in
Ref. 30. Note that the total increase in resistivity from
T,&

to lower temperatures (T =4.2 K) in the stage-1 com-
pounds is about 10% of p(T=4. 2 K), while the decrease
in p( T) for stage-2 in the same temperature range is only
about —1% of p(T=4. 2 K). This indicates that the
scattering effect associated with the antiferromagnetic or-
dering dominates over the spin-disorder scattering, there-
by giving rise to an anomalous negative sign in
[dp(T)/dT] for stage-1 CoC12 GIC's. In a separate paper
we show how to extract information on the ~-d electron
exchange coupling constant (J d) from the experimental
resistivity data.

TABLE I. Comparison of the in-plane resistivity coefficients 3, B, and C of the functional form
p(T) = 3 +BT+CT for various GIC's. The resistivity coefficients of the magnetic CHIC's are obtained
by fitting the experimental data. in the temperature range 80 & T & 300 K, where the magnetic scattering
contribution can be treated as a constant.

Sample Stage 3 (pA cm) B(~n cm/K) C(pQ cm/K )

C8K'
CqKHo 8

C,Eu'
C5 pCOC12 o3

Clo 6CoC17 03

'Reference 18.
Reference 21.

'Reference 22.

1.86
0.18

11.8
15
36

7.48 X 10-'
4.8 X 10

110X 10
65 X10-'
59X10-'

15.36 X 10
3.0X 10
6X10-'

53 X�1-'
011X�-'
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FK1. 2. Negative magnetoresistivity [ —Ap/p(O, T)] vs tem-
perature (T) for (a) stage-1 CoC12 GIC's at H =1200 and 480
Oe; and (b) stage-2 CoC12 GIC's at H = 1200 Oe. Here
hp =p(H, T)—p(0, T).

As shown in Figs. 1(a) and 1(b), the magnitudes of the
anomalies in the resistivity for both stage-1 and stage-2
CoC12 GIC's gradually decrease with increasing external
magnetic field for the geometry of the resistivity rneasure-
ments jlH, and Hlc axis. In the case of stage 1, there is
no observable field dependence for the resistivity
[p(H, T) ] in the temperature range T « T,I and the
magnetic-field range H &300 Oe [Fig. 1(a)], consistent
with the magnetoresistance data, shown in the next sub-
section. As H is increased above 300 Oe, the magnitude
of the temperature-dependent anomaly in p(H, T) in the
range T & T,I gradually decreases [Fig. 1(a)], and finally
at yet higher fields the ariornalous negative slope in
dp( T) ld T disappears. The difference in the resistivity be-
tween H =0 and H = 1.2 kOe is plotted as a function of T
in Fig. 2(a), where it is seen that the magnitude of the
negative rnagnetoresistance decreases by only a factor of 2
as T is increased between 2.9 K and 8.3 K, and then drops
rapidly as T increases close to T,I.

In contrast, the increase of the zero-field resistivity near
T,I due to the spin-disorder scattering in the stage-2 com-
pound is gradually reduced as the external field increases
[Fig. 1(b)]. The negative magnetoresistance versus T at

H =1.2 kOe is shown in Fig. 2(b), where the negative
magnetoresistance —(bpip) is defined in terms of p(H, T)
as [p(0, T) p—(1.2 kOe, T)]/p(0, 4.2 K). For T « T,i,
inelastic neutron scattering measurements on stage-2
compounds ' ' ' show that the spin system exhibits stat-
ic magnetic ordering with a magnetic coherence distance
along the c axis of about five unit cells. Therefore, the
presence of an external magnetic field only has a small
effect on suppressing the spin Auctuations, resulting in a
small negative magnetoresistance. Furthermore, when
T&&T,I, the scattering is dominated by the electron-
phonon interaction, so that the external field also has lit-
tle effect on suppressing the scattering. Only for T= T,I,
where the spin system undergoes large thermal fluctua-
tions, is the external field effective in greatly reducing the
magnetic scattering (see Sec. IV), thereby accounting for
the sharp peak at T,&

in the negative magnetoresistance in
stage-2 CoClz GIC's. The slow decrease of [—bp/p] for
T) T,I is related to the short-range spin correlation,
which contributes a weak temperature dependence to the
resistivity. Strong short-range spin correlations have
been proposed for the range T,I & T & T,„where the mag-
netic vortices bind in the Kosterlitz-Thouless state.
On the other hand, there is no observable anomaly of the
resistivity in stage-2 CoC12 GIC s at the upper critical
temperature T,„=10.3 K, indicating that the transport
measurements are not sensitive to a possible Kosterlitz-
Thouless phase transition, in contrast to the magnetic-
susceptibility measurements.

B. Field dependence at constant temperature

Figures 3(a) and 3(b) show magnetoresistance data for
the geometry j,HJc axis and jlH at varioos constant
temperatures for stage-1 and stage-2 CoClz GIC's. We
discuss the stage-2 data first because it is relatively
simpler.

At all temperatures the resistivity data in Fig. 3(b) ex-
hibit an approximately linear decrease with increasing H
in the small magnetic field range (i.e., —

[dp/dH J

=const for g*p&SH «k&T, where g* is the effective g
value), and then saturation behavior at higher magnetic
fields [—[ dp ldH I

-0 for (g 'p&SH) ))k~ T]. This H
dependence is typical for spin-disorder scattering, where
the resistivity has the functional form '

SBs(x)
p(H, T)=p(0, T) 1—

Here x—:[g*p~SH,~/ks(T —0)], where g* is the effec-
tive g value, and Bz(x) is the Brillouin function, which
has the functional form Bs (x) ~ x for x && 1 and
Bs(x)~1 for x ))1. The Curie-Weiss temperature 0 has
been shown, from the high-temperature magnetic-
susceptibility data of CoC12 GIC's, to be a small number
(i.e., 0 & 1 K). Therefore in the following discussion we
simplify the parameter x by writing x =(g'@ASH, s./
k~T). The effective field (H,s. ) for T & T,I is the sum of
the applied field (H) and the exchange field (HE). Thus
for T & T,I, the magnetoresistance approaches zero (satu-
ration behavior sets in) even for a small external field,
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p(1.2 kOe, T)—p(0, T)
p(0, 4.2 K)

(2)

and increasing rapidly to ——1.2% for T-T,I as shown
in Fig. 2(b).

In the case of the stage-1 data [Fig. 3(a)], the H depen-
dence for the trace with T )T,I [Fig. 3(a), trace E] shows
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provided that H )HE [see Fig. 3(b), traces A D]—. In
contrast, the effective field for T &.T,I is equal to the ap-
plied field and therefore the magnetoresistance shows a
linear decrease with H over the entire field range H ~ 1.2
kOe [see Fig. 3(b), traces E,E]. Thus, both the tempera-
ture and magnetic-field dependence of the resistivity pro-
vide support for the spin-disorder scattering effect in the
stage-2 compounds. (See next section. )

The total decrease of p(H, T) from H =0 to H=1.2
kOe is nearly constant for T ((T,I [see Fig. 3(b), traces
A D], t—he magnitude of the negative magnetoresistance
for T « T,I -9.2 K being about

p(1.2 kOe, T)—p(0, T)
p(0, 4.2 K)

(3)

for T=4.2 K. The magnitude of the negative magne-
toresistance defined by the left-hand side of Eq. (3) de-
creases gradually with increasing temperature, and then
drops rapidly as T approaches T,J from below. The mag-
netoresistance ranges from ——10 Jo at T=4.2 K to
——1.5% at T = T,I =9.8 K, consistent with Fig. 2(a).

These features imply a second scattering effect for the
n-conduction electrons in the stage-1 compounds below
T,I in addition to the spin-disorder scattering which dom-
inates the stage-2 behavior. Specifically, we identify the
second scattering effect with the antiferromagnetic inter-
planar ordering below T,l, and the experimental results
[Figs. 2(a) and 3(a)] show that the second scattering effect
dominates over the spin-disorder scattering effect in the
stage-1 compounds.

IV. THEORETICAL MODELING

similar behavior as was seen in the stage-2 data, indicat-
ing a decrease in the spin-disorder scattering with increas-
ing magnetic field for T & T,I-9.8 K. However, for
T & T,&, anomalous contrasts to the stage-2 behavior are
observed. Firstly, for each constant temperature trace,
the resistivity is nearly constant up to a critical field

H, 2(T) (e.g., H,2-330 Oe for T =4.2 K), above which a
rapid decrease of resistivity takes place to about 550 Oe,
and only a very weak H dependence is observed for
H &600 Oe. Secondly, the H, 2 values are found to be
nearly temperature independent for T well below T,&, and
to decrease as T increases to T,I from below. If we plot
H, z versus T [inset in Fig. 3(a)], the data points are in
good agreement with the H, 2(T) curve on the magnetic
phase diagram obtained from the magnetic susceptibility
measurements. ' The H, 2( T) curve observed from the
transport measurements corresponds to the phase transi-
tion identified from the susceptibility measurements
and the Monte Carlo simulations with the loss of antifer-
romagnetic interplanar coupling between the superspins.
The transport measurements do not give a definitive
identification of the magnetic phases at the magnetic
phase boundary, as will be discussed. Thirdly, as already
noted, the magnitude of the negative magnetoresistance
for T« T,I is about one order of magnitude larger than
that in stage 2, i.e.,

FIG. 3. Resistivity [p(H, T)] vs magnetic field (H) data
(points) at various constant temperatures: (a) Stage-1 CoC12
GIC's at T=: {A)4.2 K, {B)6.0 K, (C) 8.0 K, (D) 9.0 K, and
(E) 10.0 K ~ T,I =9.8 K. The inset is the magnetic phase dia-
gram obtained from magnetic susceptibility (lines) and resistivi-

ty (points) measurements. ' ' The critical fields (arrows) ob-
tained from these data were chosen at the fields where 10% of
the total decrease in the resistivity took place. (1) Stage-2 CoC12
GIC's at T=: (A) 4.2 K, (B) 6.0 K, (C) 7.8 K, (D) 8.5 K, (E)
9.4 K + T,I =9.2 K, and (F) 10.5 K ~ T,„=9.4 K.

In this section, we begin with a general description of
the temperature dependence of the resistivity associated
with the magnetic scattering of ~-conduction electrons in
zero Inagnetic field. We focus on the physical meanings
of the temperature-dependent resistivity in various tern-
perature regions. The detailed calculations for the zero-
field temperature dependence of the resistivity are
presented in a separate paper. We focus here on the
phenomenological calculations for the magnetic-field
dependence, compare the effects of varying T and H, and
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summarize the consistency between the experimental data
and our theoretical calculations.

A. General description

The basic concept in calculating the magnetic scatter-
ing is the exchange coupling between the m conduction
electrons and the magnetic d electrons of the cobalt ions.
This is reminiscent of the s -d electron exchange coupling
in magnetic alloys, except that in CoC12 GIC's, the m and
d electrons are separated by chlorine layers. Therefore an
explicit expression for the ~-d exchange interaction has to
include the effect of the intervening chlorine wave func-
tions. In the following calculations, we shall treat the
coupling constant J d as an empirical constant deter-
mined from experiments. The quantity J d is calculated
in a separate paper in terms of a microscopic picture of
the m electron, Co + and Cl wave functions.

For a one-carrier metallic system, which is a reasonable
assumption for low-staged GIC's, each component of the
total resistivity tensor (p„„i)can be written as

(4)
ne

where ~, is the relaxation time of the sth scattering mech-
anism for the ij component, m;* is the effective mass of
the carriers at the Fermi level, and n is the carrier densi-
ty.

In magnetic GIC's, we can assume an "easy-plane" an-
isotropy; i.e., m* =m~~Wm, *, and (1/r) =( I /r)~~.
Since we focus here on the in-plane resistivity, Eq. (4) is
written

~as 1
ptoiai

ne

axis antiferromagnetic ordering of these planes of spins in
stage-1 CoC12 GIC's for T & T,l results in a zone-folding
effect in reciprocal space, thereby splitting the original c-
axis dispersion relation into two bands, modifying the
wave functions and scattering matrix elements and
enhancing the resistivity pz, for both the in-plane and c-
axis components of the resistivity.

In the following discussion we consider the vr dex--
change interaction as the dominant mechanism for the
in-plane resistivity anomalies in CoC12 GIC s. The m-d
exchange interaction is decomposed into two contribu-
tions'

& d(r)=Jf"d+&"d
d(0) g g(kl~lk&(s„&

0 n k

gee "J „(k—k')
Wo

x(kl~lk'&IS„—(S„&~ .

Here ( S„& is the thermodynamic average of the spin an-
gular momentum, and No is the number of unit cells per
unit volume. The first term &'„'d in Eq. (7) is associated
with an additional periodicity due to the c-axis antiferro-
magnetic ordering, which results in a perturbation in the
c-axis energy dispersion relation. The second term &' d
in Eq. (7) is related to the thermal fiuctuation of the spins
(S„—(S„&), which is the origin of the spin-disorder
scattering.

B. Spin-disorder scattering

ptotal Po+Pe-ph+ pspin & (6)

where po is the temperature-independent resistivity which
includes the Coulomb impurity scattering contribution pz
and the. residual resistivity due to other defects (p„),
where po =pI +p„. Here p, ph is the resistivity from
electron-phonon scattering, which includes both the in-
trapocket scattering which is proportional to T, and the
interpocket scattering which is proportional to T in
GIC's. Finally p, ;„ is the magnetic scattering term.
Each term in Eq. (6) is highly anisotropic. Normally in
isotropic magnetic systems such as magnetic alloys, the
only source of magnetic scattering comes from spin-
disorder scattering p, ;„. However, in the highly aniso-
tropic stage-1 CoCl2 GIC, there is an additional scatter-
ing contribution associated with an increase of the
charged-impurity scattering arising from the antiferro-
magnetic ordering of the ferro magnetically ordered
planes of spins. ' It was shown that the lang-range c-

and the anisotropy effects are incorporated in the scatter-
ing matrix elements which determine the scattering rate
due to each scattering mechanism. More specifically, the
resistivity can be generally written as a combination of
several scattering processes:

1

+spin(EF )

0
xo

N,
JV(E~ )

0

X —I (0)+—,
' g I (R„,T)E(R„), (8)

n&0

where 0 is the volume of the sample, R„ is a lattice vec-
tor, F(R„) is a fast oscillatory function of k+R„(Ref. 30)
resembling the Friedel oscillation:

Since the c-axis correlation length for the antiferromag-
netic alignment of the ferromagnetic sheets of spins does
not exceed several c-axis repeat distances I, in stage-2
CoC12 GIC's, the dominant magnetic scattering efFect in
the stage-2 compounds comes from the spin-disorder
scattering. The scattering rate due to spin Auctuations is
evaluated by using &'

d from Eq. (7), and the final result
can be written as a sum of the autocorrelation and dis-
tinct spin-correlation terms. In this section, we first
give the derived analytical forms and the physical mean-
ings of these two contributions, and then show the agree-
ment between the modeling and the experimental data.

The scattering rate due to the spin-disorder scattering
can be written
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F(R„)= 2 sin(2kFR„r—r/4)

(2kFR„) ~

cos(2k~R „—m. /4)

(2kFR„)
3
)1/2

1
(9)

(2kFR„)

I (R„,T):( ISc——(Sc)J.IS„—(S„)] ) for R„AO . (10)

and I (R„,T) is the spin-spin correlation function which
is defined as

0.2
(a) Auto correlation

—0.1—
E

0
—38

( c }Background resistivity
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( b ) Short-range correlation

P I
S

0.1—

40 0
38
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where Mo= —,'N, g*p~S is the saturated sublattice magne-
tization at T =0, and the sublattice magnetization M, (T)
obeys the functional form M, (T)=Me[1—(T/T, I)]~ for
T & Td (here p represents a positive universal ex-
ponent ). Also, M, ( T )T,I ) =0 because of the break-
down of long-range spin-ordering. Thus, the scattering
rate associated with I (0, T) is nearly zero for T « T,I.
The corresponding resistivity then increases with increas-
ing T according to the functional form

p(T~ T I ) =p, I 1 —[1—(T/T I )]~I,
and finally saturates at a constant value p„since accord-
ing to Eq. (11), I (0, T,I ) =S. The contribution to the
temperature-dependent resistivity from the autocorrela-
tion function I (0) thus obtained is plotted in Fig. 4(a).

The second term in Eq. (8) is related to the short-range
spin correlation by the following considerations. The
sum over all the spins g„&&r(R„,T)F(R„) only has an
important contribution from the range near R„
-min(g, lc, 1/2kF), where min(x, y, z) refers to the small-
est value among x,y, z. The magnitude of this contribu-
tion to the scattering rate can be estimated by a phenome-
nological formula

—R/g
r(R, T)= ~ '

(12)

where the correlation length is written as g( T)
~ ~T —T„i~, in which v is a positive universal ex-
ponent. The contribution to the temperature-dependent
resistivity from the distinct spin correlation function
g„&~r(R„,T)F(R„) is shown in Fig. 4(b). In obtaining
this result, we have considered lattice vectors R„only up

Since I (R, T) is proportional to the imaginary part
of the magnetic susceptibility which is directly related
to the energy dissipation, the appearance of r(R„,T)
in the scattering rate is expected. We now discuss
the physical meanings of the autocorrelation function
I (0) and the distinct spin-correlation contribution

g„&0I (R„,T)F(R„)of Eq. (8), and then give an estimate
of the temperature dependence of each of the contribu-
tions to the in-plane resistivity.

The first contribution that we consider is the autocorre-
lation function I (0) which is not given by ((S—( S ) ) ),
but rather by

r(0)=(s.s& —(s, ) =s'+r(o, T),
M, (T)

Mo

0 10 20 30 40 0 10- 20 30 40
Temperature ( K)

FIG. 4. Theoretical plots of the contribution to the tempera-
ture dependence of the resistivity from (a) the autocorrelation
function I (0); (b) the contribution to the resistivity from the
distinct-spin contribution Q„~oI (R„,T)F(R„); (c) the best fit
of the background resistivity using the functional form
p( T)= A +BT+CT; and (d) theoretical and experimental
plots of p(T) vs temperature. The solid line is a fit based on the
sum of the contributions from (a)—(c). The points are the exper-
imental data (see text).

to the second-nearest neighbors. This simplification does
not lead to any substantial error because of the exponen-
tial decrease of I (R„,T) as well as the power-law de-
crease and oscillatory spatial dependence of F(R„)as R„
increases. Figure 4(b) shows that the distinct spin-
correlation term has a maximal value of p,

' at T,I, and de-
creases monotonically as the temperature deviates from
T,I. It is also seen that p,

'
in Fig. 4(b) is of the same order

of magnitude as I (0, T,I ) in Fig. 4(a).
The large background resistivity shown in Fig. 4(c) is a

combination of the electron-phonon scattering term and
the residual resistivity due to the impurity scattering, and
is fit to the experimental results for T))T,&. The total
resistivity, which is the sum of the autocorrelation,
short-range correlation, and the electron-phonon interac-
tion [plotted in Fig. 4(d)], results in a weak temperature
dependence in the magnetically ordered phase, a sharp in-
crease in the resistivity for T~T,I from below, a weak
temperature dependence in the temperature range
0 & ( T —T,I )/T, &

« 1, and a typical electron-phonon
scattering behavior for T))T,&. The agreement between
the numerical calculations and the experimental data
points in Fig. 4(d) indicates that the transport anomaly at
T,I for the stage-2 compounds is associated with spin-
disorder scattering, and the results are typical of spin-
disorder scattering observed in magnetic metallic sys-
tems. The exponents p and v are found from the fits in
Figs. 4(a) and 4(b), yielding P=0.46 and v=o. 5; the value
v=0. 5 corresponds to the Ginsberg-Landau mean-field
theory.

It is shown by Sugihara et aI. that the m-d exchange
coupling constant J d can be estimated from Eqs. (4) and
(8) in comparison with the observed result for b,p=p(4. 2
K) —p( T,& ), where

r(O, T()=—g I (R„,TI)F(R„)=2
n&0



TRANSPORT PROPERTIES AND MAGNETIC INTERACTIONS. . . 629

is assumed. In this comparison, the value of J d for
stage-2 CoC12 GIC's is estimated to be -5 X 10 eV, and
this value was used in the numerical estimates of Fig. 4.
It is of significance that J d for stage-2 CoClz GIC's is
approximately 1 order of magnitude smaller than the J &
value in C6Eu. ' ' This is consistent with the relatively
larger spatial separation between the n and d electrons in
the case of stage-2 CoC12 GIC's (i.e., 4.71 A) as compared
with the m-f separation of 2.43 A in C6Eu. However, the
estimate for J d must be considered very approximate
since several untested approximations and simplifications
are employed in estimating J d.

C. Fermi-surface modification eft'ect

As shown in Eq. (7), the m-d exchange interaction re-
sults in two effects on the conduction-electron scattering.
One is the spin-disorder scattering, which has been dis-
cussed in the previous subsection. The other is a Fermi-
surface modification effect which becomes dominant for
the stage-1 CoC12 GIC because of the additional magnetic
periodicity of this compound along the c axis. Detailed
mathematical calculations for this scattering effect are
provided elsewhere. Here we only comment on the
physical significance of this effect.

Typically for a metallic system at very low tempera-
ture, the electron-phonon scattering is so weak that the
dominant scattering comes from the impurity scattering
(po). Among the impurity scattering mechanisms, the po-
tential associated with the charged impurities is sensitive
to the electron-electron interactions. Typically the
charged-impurity scattering potential is a screened
Coulomb potential with a screening length determined by
the Bloch-electron wave functions and the scattering ma-
trix elements. Since an additional e-axis periodicity due
to the antiferromagnetic ordering at T (T,&

gives rise to
a zone-folding effect on the c-axis energy dispersion rela-
tion, both the scattering matrix elements and the electron
density of states are modified. Therefore a change of
resistivity is expected for both the in-plane (p, ) and c-axis
(p, ) components of the resistivity. An increase in resis-
tivity (for' both p, and p, components) in the antiferro-
magnetic phase can be expected by the following simple
argument. The Coulomb potential of the charged impuri-
ties becomes more correlated to the conduction electrons
due to the additional c-axis periodicity introduced by the
interplanar antiferromagnetic ordering. Thus the
charged-impurity Coulomb potential becomes less
screened, and the effective range of the potential is larger
in the antiferromagnetic phase, thereby imposing larger
scattering effects on the conduction electrons. Detailed
calculations considering the modifications of the scatter-
ing matrix elements, the screening length, and the
enhanced resistivity are given in Ref. 30, where it is
shown that the essential condition for the Fermi-surface
modification effect is that the dispersion along k, cannot
be neglected in writing the energy dispersion relation for

the m electrons,

E(k)=E,(k, )+E,(k, ) . (14)

D. Magnetic-field dependence

We begin with the discussion of the simpler case of the
magnetoresistance measurements on stage-2 CoC12 GIC's
[Fig. 3(b)]. For a magnetic system in the paramagnetic
state, the presence of an external magnetic field gives rise
to quantized spin states for the localized magnetic mo-
ments. The expectation values of any spin-related quanti-
ties for a paramagnetic system in a magnetic field should
be calculated by summing over all the quantized spin
states. In contrast, if a magnetic system is in a magneti-
cally ordered phase below the magnetic phase-transition
temperature, the spin configurations are primarily deter-
mined by the spin-exchange interactions, and the pres-
ence of a small external magnetic field does not have an
important effect on the spin states. However, thermal
agitations result in a deviation of the spins from their
ideal ordered phase.

It should be emphasized that the magnetic field con-
sidered in the paramagnetic phase is the external field,
while that in the magnetically ordered phase is the total
magnetic field, which is the sum of the applied field and
the internal exchange field (where the paramagnetic phase
is defined by the absence of interlayer antiferromagnetic
spin correlations). We show later that the observed T and
H dependences are consistent, with spin-disorder scatter-
ing being the dominant magnetic scattering mechanism in
stage-2 CoC12 GIC's.

If we neglect the scattering due to the second term in
the curly braces of Eq. (8) and define S as the effective
spin operator which is obtained from both the crystal-
field (for Co, ~S~ =

—,') and the trigonal-distortion correc-
tions, ' the resistivity in the paramagnetic phase is pro-
portional to

p „,cc S( S+1) SBs(x), — (15)

with g* as the adjustable parameter and S =
—,'. The best

fit in Fig. 5 provides an effective g value of g* =5, in good

where Bs(x) is the Brillouin function, x—= [g p&SHlkz(T —O)], and since 0&1 K, it can be
neglected in the T range of interest. It should be noted
that Eq. (15) recovers the expression in Eq. (1). These
simplified calculations yield results [Eq. (15)] which are
consistent with those obtained by Yosida, ' who em-
ployed a more complicated approach. Since Bs(x) a:x for
x « 1, and Bs(x)~1 for x )& 1, the H dependence of the
resistivity contribution from spin-disorder scattering has
an approximately linear negative slope Qp, ;„IdH) for
small fields and approaches a constant value at high fields.
A theoretical fit based on the above discussion and using
Eq. (15) to fit the trace E in Fig. 3(b) is shown in Fig. 5,
where the quantity [p(H, T) T,i )Ip(0, T)] is plotted as a
function of magnetic field, and is compared to the
theoretical curves

[ 1 —
[SBs (x)IS (S + 1 )] versus H j
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ic coupling energy), the superspins on all the inagnetic
planes become ahgned along the magnetic field, and the
splitting in the E,(k, ) dispersion relation disappears.
Thus, a decrease in the resistivity is expected for H )H, 2,
as is observed experimentally in Fig. 3(a).

For T«T,I the critical magnetic field H, 2 and the
interplanar antiferromagnetic coupling constant (J') are
related by

g paHe2
Sz'

FIG. 5. Comparison of the experimental data and the
theoretical calculations for the decrease of resistivity in a mag-
netic field due to spin-disorder scattering. The experimental
data are taken from Fig. 3(b) E and are normalized to their
zero-field resistivity values. The best fit for the experimental
data yields g

*=5, consistent with theory. '

Ms(H, ff, T)
p,~;„(H, T) =p(0) 1+—~ 1—

0
(16)

where p(0) and Mo =Xzg *piiS are independent of H and
T and Mz(Heff, T)=Nsg*PiiSBs(x'). For T « T,&, since
Ms(H ff T) =Mo, the resistivity due to the spin-order
scattering becomes temperature independent, consistent
with the nearly perfect magnetic ordering (e.g., antifer-
romagnetically ordered ferromagnetic sheets of spins).
On the other hand, for T~ T,I, then

Ms(H ff T T i ) Mo~s(x

and therefore Eq. (16) recovers the typical spin-disorder
scattering term in the paramagnetic phase [Eq. (15)].

Because of the sharp decrease of Ms(T) as T~T,
&

from below, the negative magnetoresistance resulting
from spin-disorder scattering has the most significant
effect near T,I, consistent with our experimental data
[Figs. 1(b) and 2(b)]. The consistency between the ob-
served temperature and magnetic-field effects supports the
spin-disorder scattering mechanism proposed for stage-2
CoC12 GIC's.
long-range antiferromagnetic ordering below T,I results
in an additional scattering effect. As the external magnet-
ic field in the basal plane is increased above H, 2 (i.e.,
H )H, 2 ~ J', where J' is the interplanar antiferromagnet-

agreement with the g* value obtained from molecular-
field theory and the high-temperature magnetic-
susceptibility measurements.

In the magnetically ordered phase, we may replace x by

x'—:[g *@ASH,fflkli( T —0)],
and H by H,z =—HE+H, where HE is the internal ex-
change field of spins in the magnetically ordered phase.
For the stage-2 CoC12 GIC, the Curie-Weiss temperature
is very small (8 & 1 K) and can be neglected. Therefore,
the spin-disorder scattering below T,I gives rise to a resis-
tivity with the functional form

Inserting the values H, 2(T=4.2 K)=330 Oe, g'=5,
S=

—,', and z'=6 into Eq. (17), we obtain J'=0.04 K, con-
sistent with the Monte Carlo calculation for the stage-1
CoC12 GIC's. We make the following argument to ex-
plain the magnetoresistance measurements on stage-1
CoC12 GIC's shown in Fig. 3(a). The c-axis energy disper-
sion relation in the antiferromagnetic phase is modified
relative to that of the paramagnetic phase by introducing
an energy gap 2h at ~lk, ~i=m/2I„where b, satisfies the
condition

(18)

in which X, is the number of Co + ions per unit volume,
and & S, ) and & Sb ) are the thermodynamic averages of
the spin angular momentum in magnetic sublattices a and
b We furth. er observe that &S, ) and &S&) are opposite
in sign for T & T,I and H &H,2. Once the external mag-
netic field exceeds the exchange coupling J', the
difference between the sublattice magnetization

~ &S, ) —
& Sb ) i

decreases with increasing magnetic field.
Therefore the energy gap 6 in the c-axis dispersion rela-
tion begins to decrease with increasing magnetic field for
applied fields H )H, z, and becomes zero if H))H, 2.
Since the decrease in the resistivity of the stage-1 com-
pound in a magnetic field is directly related to the de-
creasing energy gap b„ the field dependence of p(H, T) in
Fig. 3(a) decreases with H for H )H, 2. It should be not-
ed that the decrease of resistivity is not saturated even at
the highest available magnetic field (1.2 kOe), indicating
that the antiferrornagnetically coupled superspins are not
completely aligned. This observation is consistent with
the latest magnetostriction experiments on stage-1 CoC12
GIC's, in which other magnetic phase transitions are in-
dicated for H ) 1 kOe. In the case of stage-2 CoC12
GIC's, no critical field (analogous to H, z) was observed in
the resistivity measurements within the experimental
resolution of 10 Oe [Fig. 3(b)], indicating either a much
smaller interplanar antiferromagnetic coupling constant
(J'& 10 K), or a short-range interplanar antiferromag-
netic coupling which suppresses the Fermi-surface
modification effect. The estimate of the upper limit of J'
for stage-2 CoCl2 GIC's from the preceding discussion is
consistent with estimates of J from magnetic susceptibili-
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ty ' and neutron scattering measurements, ' ' ' which
give J'= 10 —10 K.

V. MECHANISM FOR THE INTERPLANAR MAGNETIC
COUPLING IN MAGNETIC GIC's

In the preceding section, we examined the magnetic
scattering effects through the m-d exchange interaction.
This concept naturally introduces a possible exchange in-
teraction between Co + ions through their coupling with
m electrons. In this section we consider three mechanisms
for coupling the interplanar magnetic cobalt spins in an
acceptor intercalation compound: the RKKY interac-
tion, the dipole-dipole interaction, and the superexchange
interaction. The exchange energies for each of these
mechanisms is estimated using appropriate models. Since
the acceptor-type magnetic GIC's consist of layered insu-

I

lators (metal chlorides) and metals (graphite), the inter-
planar magnetic exchange interactions are much more
complicated than the typical superexchange interaction in
insulators and the RKKY interaction in metals.

A. RKKY interaction in acceptor-type magnetic GIC's

In this section, we propose a modified RKKY calcula-
tion applicable for magnetic GIC systems and we estimate
the interplanar RKKY interaction energy for CoCl2
GIC's. The RKKY interaction for these highly aniso-
tropic magnetic superlattices is shown to be negligibly
small, in contrast to that in the dilute magnetic al-
loys 1 1 13

The RKKY interaction between magnetic species at R;
and R via the double scattering of an electron
(k k' k) at r=o is"' '

Qo Qo J,„(k,k')J,„(k',k)e
%,„(R; )= —TrI(o"S;)(o"S )I f d k f„d k'

(2m ) "F (2m)
—=J(R;.)IS; S-J,

+C.C.

(19)

where R; =R,- —R, and kF is the wave vector at the
Fermi level, while Qo denotes a unit volume, and J(R,J )
is defined as the RKKY exchange interaction energy be-
tween spin S; and spin S., and

I, CC sin (nR, /I, )
1

R,
(22)

J(R;~ }—=
Tr[(cr S, )(o"SJ)]

(S;.S~ }
(20) sin (n.R, /I, )~q =0=0 . (23)

and I, is an oscillatory function of R; . ' Since the most
important contribution to Eq. (19) comes from k-k'
-kF, the expression [J,„(k,k')J,„(k',k)] may be approxi-
mated" by the constant

~ J,„(kF, kz )
~

.
For an isotropic three-dimensional system, J(R,J) is

calculated in spherical coordinates to be"

Q,'m,'
J(R;J)= [2k~A; cos(2k+A; )

4(2n ) A' R~~J

—sin(2kFR;J )], (21)

where the exchange constant J(R; ) oscillates between
ferromagnetic and antiferromagnetic coupling, depending
on the magnitude of 2kFR,.J. The divergence at
2kzR,

&
~0 can be handled by including the k dependence

of J,„,as described in Refs. 12 and 13. In contrast, since
GIC's form c-axis superlattices and the in-plane @'-

electron dispersion relation in GIC's is approximately
linear in k, [i.e., E(k, )=kapok, ], it is convenient to
calculate the RKKY exchange constant J(R;J ) in a cylin-
drical coordinate system because of the highly anisotrop-
ic Fermi surface of GIC's. Specifically, it is shown that
for an isotropic in-plane dispersion relation the in-plane
RKKY coupling between spins in the same basal plane
becomes identically zero, because I, in Eq. (20) is then

Moreover, the c-axis RKKY interaction between spins
separated by nI, (stage n =1,2, . . . ) is also identically
zero. '

Because of the small magnitude of the RKKY interac-
tion for these quasi-two-dimensional systems, ' we con-
clude that the RKKY interaction is not the dominant
magnetic exchange mechanism for acceptor-type magnet-
ic GIC's due to their large magnetic and electronic an-
isotropy. This is in contrast to the donor-type magnetic
compound C6Eu, which exhibits three-dimensional mag-
netic interactions and a much smaller electronic anisotro-
py. Therefore the RKKY interaction calculated for 30
systems is appropriate for C6Eu, and is in fact the dom-
inant magnetic exchange mechanism for the C6Eu sys-
tem. '4

B. Dipole-dipole interaction

It is natural to consider the dipole-dipole interaction
for any magnetic system, since any localized magnetic
moment generates a dipolar magnetic field, which direct-
ly interacts with other localized magnetic moments. The
dipole-dipole energy (Ed d ) for one spin S, at the origin
interacting with all other spins S; can be written as
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~'& S)-Sq,
Ed d -(g Pa) X

l

'2 S, .S~~ 3(S, RJ)(S2J R~)

R

3(SI R;)(S2; R;)

Z Z2

=Jd d Xj Sl'S2I +Jd d g Sl'S2J +
. J

(24)

where g* is the effective g value, R; is the distance be-
tween S, and its nearest-neighbor spins, z, is the number
of the nearest spins, Jd'd denotes the corresponding
dipole-dipole coupling constant for the nearest neighbors;
R is the distance between S, and its next-nearest-J
neighbor spins, zz is the number of the next-nearest spins,
Jd d denotes the corresponding dipole-dipole coupling
constant for the next nearest neighbors, etc.

Since the magnetic coupling constants in a magnetic
Harniltonian are defined as the coupling energy between
each pair of spins, we consider the interaction energies
for a pair of nearest spins when making a comparison be-
tween the nearest-neighbor coupling constants for vari-
ous mechanisms. In this context, we estimate the inter-
planar dipole-dipole coupling constant Jd d according to
Eq. (24), which yields the following formula:

Z'

Ed d=Jd d g Si S2;,
i=l

CoC12 GIC s, the dipole-dipole interaction energy is too
small to account for the interplanar antiferromagnetic
coupling of 10 ' to 10 K observed from the experi-
ments.

C. Superexchange interaction

The superexchange interaction between two magnetic
ions through diamagnetic molecules in magnetic insula-
tors can be simplified as a consequence of the interplay
between two major types of interactions: the potential ex-
change interaction, and the kinetic exchange interac-
tion. ' The potential exchange interaction is an in-
teraction energy between the orthogonal orbitals of the
magnetic ions, which is basically the Coulomb exchange
interaction under the Hartree-Pock approximation, and
is in general ferromagnetic, while the kinetic exchange in-
teraction is determined by the hopping effect between the
nonorthogonal orbitals of the magnetic ions and the in-
tervening anions. The hopping effect results in two im-
portant consequences: One is the pairing of electrons be-
tween one set of magnetic d-electron orbitals and the s,p
orbitals of the anions, thereby forming a partially co-
valent bonding and lowering the total energy of the com-
plex; the other is the formation of magnetic coupling be-
tween the other set of unpaired anion p orbitals and the
magnetic d electrons. [This concept is schematically il-
lustrated in Fig. 6(a) for pristine CoClz GIC s.] In this
context, the sign of the kinetic exchange energy is deter-
mined by both types of interacting orbitals as well as the

=Jd d(z'S, S~), (26)

where Fd d denotes the dipole field energy associated
with the coupling between spin S& and its nearest-
neighbor spins in the adjacent layers, Jd d denotes the
corresponding pair coupling constant, z' is the number of
nearest neighbors in the adjacent layers, and Eq. (25) can
be simplified to Eq. (26) provided that the spins in each
layer are all of the same kind. We estimate Jd d as the
upper bound for the dipole-dipole interaction between
each pair of spins because

,
Id"-y*t- "
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Ed d
—= (Jd d )g Si S2; Jd dN(S, ), (27)

where ( Jd d ) is the average pair interaction and N is the
total number of Co + ions.

In carrying out the sum over nearest neighbors explic-
itly, it is found ' that the interplanar dipole-dipole in-
teraction in CoC12 GIC s gives rise to antiferromagnetic
coupling as for the case of pristine CoC12. Using the
interplanar e8'ective g factor (3.38) for pristine CoClz and
the effective spin operators S including the crystal-field
and trigonal-distortion corrections, ' we calculated the
coupling constants Jd d —7 X 10 K for stage-1 and
—3 X 10 K for stage-2 CoC12 GIC's, respectively. It
should be noted that these numbers are slightly overes-
timated, since the interplanar g values in GIC's should be
slightly reduced and higher-order terms in the sum in Eq.
(24) should be considered. Though the estimate for E~ „
is only approximate, we can conclude that in stage-1
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FIG. 6. Models for the interplanar superexchange coupling
in (a) pristine CoCl2 and (b) CoC12 GIC's. We have simplified
the c-axis stacking in these figures, since in the actual CoC12
GIC's, the bonding angles between Co +/Cl /Cl /Co + are
not exactly 180' (i.e., these atoms do not lie along a straight
line).
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bonding angles between the cations and anions. The re-
sulting sign of the superexchange interaction in the mag-
netic insulators is determined by the sum of the potential
exchange and kinetic exchange contributions. The gen-
eral rules for determining the sign of superexchange in-
teractions are well established by Goodenough and
Kanamori.

The superexchange interactions of CoC12 as well as
other transition-metal chlorides are discussed elsewhere '

using the Goodenough-Kanamori rules. The model
for the interplanar superexchange interaction in pristine
CoC12 is shown in Fig. 6(a). It should be noted that in the
pristine transition-metal chlorides, there are two layer's of
Cl ions between consecutive cation layers. Therefore
the sup erexchange interactions have to go through
modified electron wave functions between Co + and Cl
as well as through Cl -Cl exchange interactions. We
define the exchange energy between Cl -Cl ions as
Jcl c,(R,2), where R,z is the seParation between nearest
Cl layers. Since Cl -Cl can form a covalent p bond
through the Coulomb exchange interaction, an antiferro-
magnetic coupling for Jc]c] is expected to lower the ener-

gy of the system. We may therefore write the total inter-
planar Co +-Co + superexchange (sx) interaction energy
as

&=J,'„(S, Sb),

b,
'

Jsx Jcl-Cl(R12) ~

U

(28)

[Jsx ]stage-( +n11 JC1-Cl(Rn+1)

where b, is the transfer energy which gives rise to an elec-
tron transfer from a Cl anion to a neighboring Co +

cation. The quantity U is the Coulomb repulsion energy
of two d electrons in the same orbitals, and both b, IU
and Jcl c,(R,z ) are Positive in sign.

Since the kinetic exchange (b, /U ) in pristine CoC12 is
not significantly changed after intercalation [Figs. 6(a)
and 6(b)], while the Coulomb type exchange energy
([Jclc,]) between Cl -Cl is strongly weakened by the
insertion of sheets of m conduction electrons after inter-
calation [Fig. 6(b)], it is suggested that the interplanar an-
tiferromagnetic coupling in CoC12 GIC s is reduced in a
way resembling the screened Coulomb potential for
charged impurities in a free-electron gas. In other words,
since the efFective exchange interaction between
Cl -Cl layers is greatly reduced as compared to that in
pristine CoC12, we may estimate the stage dependence of
the interplanar superexchange interaction J,'„ for CoC12
GIC's according to Eq. (28), provided that the screening
constant A,„ is known:

distance between graphite layers (3.35 A). Typically
A,„—10 cm ' for n = 1, and A,„decreases with increasing
stage index n. Using the known interplanar superex-
change constant J,'„=2.16 K for pristine CoC12 and Eq.
values for various stages can be estimated. We thus ob-
tain the estimates J,', =10 ' —10 K for stage-1 CoClz
GIC's, and J,', —10 K for stage-2. It should be noted
that the estimated value for the stage-1 compound is con-
sistent with the transport data discussed in Secs. III and
IV, which yields J,'„,, =0.04 K, and the estimated value
for the stage-2 compound is also consistent with the mag-
netic susceptibility ' and neutron scattering ' experi-
ments, which give J,'„g, 2=10 K. The model for the
interplanar antiferromagnetic coupling between Co +

ions for CoC12 GIC's is depicted in Fig. 6(b). More de-
tails on the calculation of J,', based on the microscopic
picture of wave-function mixing and electron transfer are
given elsewhere.

After estimating all the interplanar coupling constants
for the superexchange, dipole-dipole, and RKKY interac-
tions, we obtain a net interplanar antiferromagnetic cou-
pling for CoC12 GIC's, and the magnitude is approxi-
mately 10 ' —10 K for stage-1 and —10 K for
stage-2 compounds, consistent with our transport mea-
surements and with other experiments. ' We find that
the dominant c-axis magnetic exchange mechanism for
pristine CoC12 and stage-1 CoC12 GIC's is the superex-
change interaction, while in the case of stage-2 CoC12
GIC's, both the dipole-dipole and the superexchange in-
teractions are equally important. In the case of higher-
stage CoC12 GIC's, (n ~ 3), the dipole-dipole interaction
dominates because of the rapid decrease of the superex-
change interaction with increasing stage index. A
schematic illustration for the superexchange and dipole-
dipole exchange coupling constants versus stage index is
shown in Fig. 7. It should be emphasized that our pro-
posed models for the c-axis magnetic exchange mecha-

Super
-exchange ~

Dipole
-djpolei

—P n + I ]An + l
—n A'n ]~0

(29)

l

2 3
Stage index

where R„=R,2+neo, and R &2 is the separation between
Cl -Cl layers in pristine CoC12, while A.„ is the screen-
ing constant for a stage-n sample and co is the interplanar

FIG. 7. Schematic comparison of the c-axis superexchange
and dipole-dipole exchange constants vs stage index. Both the
superexchange and the dipole-dipole interactions provide c-axis
antiferromagnetic coupling for the CoC12 GIC's.



634 YEH, SUGIHARA, DRESSELHAUS, AND DRESSELHAUS

nisms are generally applicable to all the magnetic
transition-metal chloride acceptor G IC's.

VI. DISCUSSION

In this section, we compare the CoC12 GIC's to other
magnetic systems and discuss the similarities and
differences. The low-temperature anomalies in the trans-
port measurements. on CoC12 GIC's were already shown
in the previous sections to be closely related to the mag-
netic ordering. It is significant that the spin-disorder
scattering effect and the short-range coupling effect,
which are discussed for T slightly higher than the Neel
temperature ( T,& ), are typical properties of magnetic met-

als, as is also seen in typical magnetic alloys. In contrast,
the anomalies observed in stage-1 CoC12 GIC's due to the
Fermi-surface modification are an unusual consequence
of the highly anisotropic electronic and magnetic proper-
ties of this compound in contrast to the isotropic magnet-
ic and electronic distributions in magnetic alloys. We ex-
pect similar eff'ects to be observed in other layered mag-
netic metals with quasi-2D electronic properties, high XY
spatial anisotropy, and a long-range c-axis antiferromag-
netic correlation length.

The transport properties of the donor-type magrietic
GIC's (C6Eu) show strong magnetic scattering effects
because of 'the direct interaction between conduction ~
electrons and the f electrons of Eu. The magnetic ex-
change coupling in C6Eu is dominated by the RKKY in-

teraction, which is in contrast to the much more com-
plicated coupling mechanisms in acceptor-type magnetic
GIC's. The complicated mechanisms in the latter case
are due to the presence of diamagnetic Cl -anion sheets
sandwiched between magnetic Co + cations and the
graphite conduction m electrons. Note that C6Eu is a
3D-Heisenberg system, which has an antiferromagnetic
nearest-neighbor in-plane coupling and ferromagnetic
interplanar coupling. The type of scattering associated
with the Fermi-surface modification in the stage-1 CoClz
GIC does not exist in C6Eu because the interplanar mag-
netic superlattices have the same periodicity as the
structural superlattices. On the other hand, although the
magnetic phase diagram of C6Eu is much more compli-
cated compared to that of CoC12 GIC's, the spin-disorder
scattering effect was also observed in both H and T-
dependent resistivity measurements in C6Eu, con-
sistent with our theoretical modeling. We also note that
for other acceptor magnetic GIC's such as MnClz GIC's,
which have in-plane nearest-neighbor antiferromagnetic
coupling and interplanar ferromagnetic coupling, spin-
disorder scattering was also observed. The spin-
disorder scattering effect is generally much smaller for
acceptor-type magnetic GIC's than that for C6Eu because
of the large separation between the spins and the m elec-
trons.

VII. SUMMARY

The transport properties of stage-1 and stage-2 CoC12
GIC's were studied as a function of temperature ( T) and
magnetic field (H). Anomalies in the resistivity are attri-
buted to various magnetic scattering effects associated
with the magnetic ordering in the CoC12 GIC's. Two

scattering effects based on the concept of m-d electron ex-
change coupling are proposed to explain the experimental
data. The coupling constant J d was estimated from the
experimental data.

The spin-disorder scattering effect was found to be the
dominant magnetic scattering effect in stage-2 CoC12
GIC's for temperatures near T,I, which is clearly illus-
trated by the consistency between the temperature and
the magnetic-field dependence. However, in stage-1
CoC12 GIC's, an additional scattering effect associated
with the long-range interplanar antiferromagnetic order-
ing is found to be about one order of magnitude larger
than the spin-disorder scattering for T & T~. Such a
scattering effect is a special feature of the stage-1 CoC12
GIC's because of the highly anisotropic electronic and
magnetic properties. This is in contrast to the spin-
disorder scattering and the short-range spin-correlation
effects, which are typical of magnetic metals and are ob-
served in both stage-1 and stage-2 CoC12 GIC's.

The temperature dependence of the transport
anomalies is qualitatively related to the magnetic proper-
ties of CoC12 GIC's in terms of universal exponents. The
magnetic-field dependence is examined by theoretical
modeling, and its consistency with the temperature
dependence supports the proposed two magnetic scatter-
ing effects in CoC12 GIC's. The interplanar antiferromag-
netic coupling constant J' for the stage-1 compound is es-
timated from the measured critical magnetic field. The
physical pictures of how the two antiferromagnetic sub-
lattices behave in an external magnetic field are also dis-
cussed.

The magnetic exchange couplings in the acceptor-type
magnetic GIC's are much more complicated than the
RKKY interaction in magnetic alloys and the superex-
change interaction in magnetic insulators. The magni-
tude of the RKKY interaction in GIC acceptor com-
pounds is shown to be negligibly small due to the large
magnetic and electronic anisotropy. The interplanar su-
perexchange couplings in GIC's are treated using a sem-
iempirical method. We conclude that the interplanar an-
tiferromagnetic coupling in stage-1 CoC12 GIC s is dom-
inated by the superexchange interaction, and the dipole-
dipole interaction is comparable to the superexchange in-
teraction in stage-2 CoC12 GIC's. The interplanar anti-
ferromagnetic coupling in higher stages (n ~3) is dom-
inated by the dipole-dipole interaction because of the rel-
atively slower power-law decrease with distance as com-
pared to the exponential decrease of the superexchange
interaction.
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