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The ac susceptibility bridge technique is applied to the measurement of a long spin-lattice relaxa-
tion time associated with the magnetic anomaly which has been reported for FeCl; graphite inter-
calation compounds at 1.75 K. Investigations of this relaxation mechanism show that the specific
heat of the spin system at low temperatures contributes to an anomaly in the relaxation time near
the temperature of the magnetic anomaly. Our results indicate that the graphite layers between the
magnetic intercalant layers act as nonmagnetic spacing layers allowing the c-axis spin-spin coupling

to be varied.

INTRODUCTION

In graphite intercalation compounds (GIC’s) the electri-
cal resistivity is one of the properties most drastically
changed by intercalation of both acceptor and donor ma-
terials,? it is also one which holds the greatest promise
for technological applications.> If one wants to use the
conventional four-probe technique to measure the resis-
tivity of these materials, the high anisotropy of GIC’s is
expected to introduce difficulties in the measurements.
As a result of these difficulties, experimentalists had
thought of alternative means to measure the resistivity for
these highly anisotropic compounds.

One of the widely-used approaches in the measurements
of the electrical resistivity in GIC’s is the low-frequency
eddy-current technique.*~® The basic concept of this
method is that when a sample is inserted into an ac field,
the induced currents in the conductor reduce the magnetic
flux which penetrates the conductor. If the signal is
detected by a standard susceptibility bridge’ the induced
eddy current, which is proportional to the resistivity of
the sample, is related to the out-of-phase or quadrature
component of the magnetic susceptibility.®

Because relaxation effects which induce an out-of-phase
signal are also associated with low-temperature magnetic
anomalies, which have been reported for a variety of
GIC’s,>!® one has to be careful in relating the out-of-
phase component of the susceptibility to the resistivity of
the system. Relaxation effects, therefore, which might
contribute to the out-of-phase signal should not be ig-
nored near a magnetic anomaly.

In our system, near the temperature of the magnetic
anomaly, a spin-lattice relaxation mechanism is suggested
as the contributor to the quadrature component of the
magnetic susceptibility. When a spin system (magnetic
ions) is disturbed from its thermal equilibrium by an
external source, such as an applied magnetic field, the
heat developed in this spin system has to be given to the
lattice. We assume that the spins are in thermal equilibri-
um with each other and at a temperature slightly different
from the lattice temperature. The transfer of heat be-
tween the spin system and the lattice is associated with a
relaxation time (7), which depends on the thermal con-
duction between the spins and the lattice and the specific
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heat of the spin system. Relaxation effects for GIC’s in
which low-temperature magnetic phase transitions were
reported have not yet been explored. As shown in the fol-
lowing sections, investigation of such effects can provide
information about the heat capacity of the system and
also about the nature of the mentioned magnetic anomaly
in these compounds.

In this work we have measured the long relaxation time
in the FeCl;-GIC system, using the susceptibility bridge
technique. We have also used the conventional four-probe
technique to investigate the electrical resistivity at the
low-temperature anomaly which has been observed in the
out-of-phase component of FeCls-intercalated graphite.’
In fact, no anomaly in the resistivity along the ¢ axis was
observed at any temperature. These resistivity results,
which will be shown in this work for comparison and
whose details are presented elsewhere, are in qualitative
agreement with the theory reported by Sugihara.!! There-
fore, it is clear that the anomaly of the out-of-phase com-
ponent of the susceptibility of FeCls-intercalated graphite
compounds is due to the relaxation effects in the system.
Although we have concentrated on the measurements of
the relaxation time of stage-6 FeCl; GIC, because of the
similarity in the magnetic anomaly between the various
stages, we can draw analogies from samples other than
that stage. Thus we have chosen stages 5 and 9 for the
comparison between the maximum in the out of phase
susceptibility and the c-axis resistivity.

The crystal structure of FeCl; is a repeated sequence of
three layers of hexagonally arranged atoms,'? these layers
are displaced relative to each other so that every iron
atom is surrounded by an octahedron of chlorine atoms.
Upon intercalation of FeCl; into the graphite, one elec-
tron is donated by the graphite host for every four iron
atoms.'® It is not yet clear what site these donated elec-
trons occupy, room temperature Mdssbauer data!*!®> and
Raman spectroscopy'® do not support the existence of
FeCl, as a result of the acceptance by FeCl; of the donat-
ed electron.!” However, there is a discrepancy in the low
temperature Mossbauer data for FeCl;. Millman and
Kirczenow!® have reported the existence of Fe?* jons at
temperatures as high as 100 K which is contradictory to
the work of Ohhashi et al.'®> More theoretical and experi-
mental work is necessary to understand the intercalation
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mechanism and the associated charge transfer in this sys-
tem.

Studies of the magnetic properties of low stage FeCl;
GIC, as well as other systems, have shown a low-
temperature phase transition and different mechanisms
were proposed”!'®!® to describe the origin of this transi-
tion. Limited transport measurements have been reported
for low-stage FeCl; GIC. In-plane thermal conductivity
data?® show a dominant electronic contribution at low
temperatures, while high-temperature data indicate a pho-
non contribution. The c-axis thermal conductivity, how-
ever, is driven by phonons at all temperatures. The au-
thors?® have also shown that the anisotropy of the thermal
conductivity is much smaller than that of the electrical
conductivity. It has been reported’! that the in-plane
resistivity data of stage-1 and -2 FeCl; GIC exhibit a
low-temperature phase transition while stage 3 or 4 did
not show any anomaly. It is the purpose of this work,
which was initiated a few years ago at Boston University,
to investigate in a full and comprehensive way the proper-
ties of the FeCl;-GIC system.

EXPERIMENTAL

The FeCl;-GIC samples were prepared using a standard
two-zone furnace technique® where stage index was con-
trolled by the temperature difference between the graphite
host [highly-oriented pyrolytic graphite (HOPG)] and the
FeCl; powder. The graphite samples were in the form of
thin rectangular plates of dimensions 1.5X0.5x0.1 cm?.
Well-staged samples were achieved by controlling the
pressure of Cl, gas inside the intercalation tube, as well as
the partial pressure of FeCl; through rigid temperature
control. After intercalation, the samples were character-
ized for identity and uniformity of staging using x-ray
(001) diffraction. The x-ray diffractograms were also
used to determine the c-axis repeat distance I, after cy-
cling the samples from room to liquid helium temperature
and showed that the cycling did not affect this staging
distance.

A standard ac bridge technique’ was employed to probe
the signal which is in-phase with the exciting field (related
to the relaxation of the system or the out-of-phase suscep-
tibility X’) and the signal which is out-of-phase with the
exciting field (related to the in-phase magnetic susceptibil-
ity of the system X’). These components were picked up
by a two-phase lock-in analyzer which can detect signals
down to 1 uV. The data were taken at several frequencies
ranging between 40—1000 Hz.

A computer-controlled system, via analog-to-digital
(A/D) and digital-to-analog (D/A) converters, was used
to operate the apparatus at all desirable conditions. The
temperatures of the samples above 2 K were measured by
a calibrated silicon diode thermometer, while tempera-
tures below 2 K were determined by means of the He va-
por pressure. The susceptibility coils, were always kept in
a cryogenic bath, thus changing the temperature of the
sample did not change the temperature of the coils. At
high temperatures (room to nitrogen temperature), the
coils were immersed in liquid nitrogen.

An ac current in the primary circuit of magnitude
about 4 mA was used to keep the amplitude of the excit-

ing ac field below 0.1 G, thus nonlinear susceptibility ef-
fects were excluded. To investigate the relaxation as a
function of the magnetic field, an external dc field in the
range of (0—50 G) was applied to the samples. The mag-
netic dc and ac fields configurations are shown in Fig. 1.
It shows schematically several layers of GIC’s with the
probing ac and the external dc magnetic fields parallel to
the a-b plane, thus the induced eddy currents would be
normal to that plane along the ¢ axis. Mechanical vibra-
tions can cause serious problems in this kind of experi-
ment, thus careful attention has been paid to ensure that
the sample was firmly attached to the sample holder and
in a rigid configuration with the susceptibility coils.

The four-probe method was used to probe the out-of-
plane resistivity, and an on-off current technique enabled
us to subtract out any ambient or spurious voltage from
that created by the measuring current. A special comput-
er program was made to transfer the data from a Symbol-
ics, Inc. MACSYM-350 (ANALOG DEVICES) comput-
er, which monitors the apparatus and collects the data, to
a Digital Equipment Corporation VAX11 minicomputer
for routine analysis.

RESULTS AND ANALYSIS

The most striking result in this work is the temperature
dependence of the out-of-phase component of the magnet-
ic susceptibility which exhibits an anomaly in the form of
a sharp peak at temperatures near 1.75+0.05 K in zero dc
magnetic field. This anomalous behavior is correlated
with the same anomaly which we have seen in the in-
phase component of the magnetic susceptibility.” Figure
2 shows the correlation between the in-phase and the out-
of-phase component as a function of temperatures for
stage-6 FeCl; GIC at f=39.7 Hz and in zero dc field.
As shown in the figure, both the in-phase part (X') and
the out-of-phase part (X'') exhibit anomalies in the form
of sharp peaks with the maximum in X" shifted to lower
temperatures.

The samples were oriented inside the coils in such a
way as to probe the in-plane susceptibility and the out-of-
plane resistivity as explained in the preceding section. To

c

o

¢4
[=]
o
>
a
m
Q
o
vy O

'
N lo
’\ |

y

GRAPHITE
ﬁj/
& vl
§ // FeCly
ll I,
IL —7
P 7

STAGE-2

FIG. 1. Layered structure for stage-2 FeCl; GIC. B,. and
By are the applied ac and dc magnetic fields along the b axis.
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FIG. 2. The in-phase and out-of-phase components of the
magnetic susceptibility versus temperatures near the transition
point for stage-6 FeCl; GIC.

determine whether the correlation between X’ and X" is
due to a resistivity anomaly or due to the long relaxation
time in the system, the four-probe resistance measurement
technique was engaged simultaneously with the suscepti-
bility measurements. Figure 3 shows the out-of-phase
components X"’ as a function of temperature for stages 5
and 9, and Fig. 4 shows the out-of-plane resistivity for the
same samples and in the same temperature range. As
shown in the figures, there is no anomaly in the electrical
resistivity measured by the four-probe method and the
resistivity basically behaves as predicted by Sugihara.'!
Therefore, we can conclude that the low-temperature
maximum in X"’ cannot be ascribed to an anomaly in the
resistivity, but is related to the relaxation of the spin sys-
tem.

Based on the above results and the theoretical descrip-
tions of Casimir and Du Pré,?? we have made a detailed
investigation of the relaxation mechanism for stage-6
FeCl; GIC. The real and imaginary parts of the complex
susceptibility are related to the relaxation time of the sys-
tem and the frequency by the following equations:**
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FIG. 3. The out-of-phase susceptibility component versus
temperature for stage-5 and -9 FeCl; GIC’s near the transition
temperature.
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FIG. 4. The c-axis resistivity versus temperature in the vicin-
ity of the magnetic anomaly for stage-5 and, -9 FeCl; GIC’s.
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where C,, and C;, are the heat capacities at constant mag-
netization and at constant field respectively, and X is the
static susceptibility. 7 is the relaxation time of the spin
system, and o is the angular frequency of the exciting
field.

The out-of-phase magnetic susceptibility component
data were taken as function of frequency and at tempera-
tures between 1.1 and 2.4 K. Since that component varied
significantly with frequency only in the temperature range
between 1.65 and 1.85 K, constant temperature cuts were
made in this temperature range and the measured values
of the quadrature component of the magnetic susceptibili-
ty at constant temperature fit to the function given in Eq.
(2). We used a nonlinear least-squares computer fitting
program allowing G and 7 to be varied to achieve the best
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FIG. 5. The out-of-phase component of the magnetic suscep-
tibility versus the angular frequency for stage-6 FeCl; GIC.
The continuous lines are the theoretical functions and the sym-
bols are the experimental data.
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fit. Figure 5 shows the fits of the measured data at tem-
peratures 1.68, 1.72, and 1.78 K. As shown in the figure,
the data indicate a good fit to the Casimir—Du Pré rela-
tion in the low-frequency region and a somewhat worse fit
at frequencies near 1 kHz. This is due to the fact that in
the high-frequency region, it is difficult to decouple the
two components of the measured susceptibility from each
other because capacitive and skin effects impose an upper
limit on the sensitivity of the bridge. The high-frequency
points, however, were given a lower weight.

The fitting parameters 7 and G were found to be tem-
perature dependent and, in fact, both of them exhibit
maxima near the temperature of the susceptibility anoma-
ly. In Fig. 6 the values of these parameters are represent-
ed as a function of the temperature and, as shown in the
figure, the peak of the relaxation time is shifted towards
lower temperature from that in G. It is interesting to note
that the out-of-phase component of the susceptibility, as
shown in Fig. 2, shifts towards lower temperatures as the
relaxation time does, while the in-phase component as
well as the fitting parameter G are shifted towards higher
temperatures.

The parameter G can be also written as

G=X(1—-X,/X,), (3)
where X, and X, are the susceptibility at constant tem-
perature and entropy, respectively. In the low-frequency
region and at low temperature, one can assume that X is
small and expect G to have a maximum which coincides
with that of the in-plane susceptibility which is propor-
tional to X,. This explains the correlation between the
graphs in Fig. 2 and Fig. 6 which showed a shift towards
higher temperatures for X' and G relative to X" and T,
respectively. Measurements at low-frequency provide an
isothermal spin system so that the spin-spin relaxation
can be ignored. The relaxation time, on the other hand,
depends on the temperature through the specific heat at
constant field of the spin system and the heat conduction
between the spin system and the lattice system. Thus, in
order to extract useful information, careful examination
has to be carried out in this case.
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FIG. 6. The fitting parameters G and 7 versus temperatures
for stage-6 FeCl; GIC. The continuous lines are used to guide
the eye.

We have also measured the spin-lattice relaxation time
in stage-3 FeCl; GIC and found that the relaxation times
in stage 3 were shorter by a factor of 4 compared to those
of stage 6. According to the Casimir—Du Pré picture, re-
laxation occurs when heat is transferred from the spin-
system, in our case FeCl; whose temperature changes in a
sinusoidal fashion, to a lattice which is at a constant tem-
perature and serves as a heat reservoir:

r=C/K, (4)

where C is the spin specific heat and K is the thermal
conductivity. If heat transfer were due to the electrons in
the bounding layers, the relaxation time 7 would be too
short for us to measure by this method. It was also shown
that the spacing between adjacent graphite layers is nearly
independent of staging.24%°

Because of this, and the fact that near a magnetic tran-
sition the specific heat is related to the magnetic suscepti-
bility X by
d(XT)

dr '’
we can attribute the difference between the stage-3 and -6
relaxation times to the differences in their respective
specific heats at the anomaly. Table I gives the relative
magnitudes of the susceptibility, normalized per iron
atom, of various stages of FeCl; GIC at the susceptibility
maximum. As shown in Table I, stage 3 has a maximum
whose size is approximately a factor of 4 smaller than
that of stage 6.

Another possible mechanism for the difference in the
relaxation times between the various stages could be the
intercalate bounding layers of graphite. One imagines
that the Fe’* spins relax to the FeCl; lattice which then
relaxes to the graphite layers mainly through the chlorine
graphite interaction due to phonons. An enhancement in
the low-frequency phonon spectrum of intercalated gra-
phite over that of HOPG was actually calculated?’ and ob-
served.?® Since high stages have a smaller density of low-
frequency phonons than low stages, according to equation
(4) the conductivity K in the low stages would be
enhanced and thus again lead to a shorter relaxation time.
However, the changes in the relaxation times can be ade-
quately accounted for by the relative size of the specific
heats without considering the changes in the thermal con-
ductivity. Thus we conclude that the change in thermal
conductivity between different stages of FeCl; is small
compared to the specific heat effect.

Therefore the maximum in the relaxation time is attri-
buted to the specific heat of the spin system which is con-

C= (5)

TABLE 1. Stage index versus the relative peak size of the in-
phase magnetic susceptibility for FeCl; GIC.

Stage Peak size
1 0.0846
2 0.2256
3 0.4381
4 1.4381
5 5.1877
6 1.8329
9 1.4706
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sistent with theoretical calculations based on a model of
two-dimensional interacting dipoles.” This model shows
an increase in the specific heat of the system near the
transition point which is similar to that exhibited by
many other systems near their critical points and is attri-
buted to critical fluctuations. Mossbauer studies®® of
anhydrous FeCl; describe the broadness of the resonance
lines near the critical temperature as a result of the in-
crease in fluctuations of the internal field direction which
are caused by the spin relaxation in the system.

If the quantity o7 is eliminated between Egs. (1) and
(2), then another representation of X' and X"’ can be given
by the following equation:

X'—Xo+ 3G +(X")P?=1G?. (6)

As long as the relaxation is controlled by one relaxation
time, Eq. (6) predicts that when X' is plotted versus X'’ the
points should lie on a circle. Figure 7 shows the experi-
mental data of X’ versus X" at different frequencies at the
peak temperatures and 1.72 K, which is about 30 mK
below the peak temperature.

The existence of the spin relaxation at the critical point
for both anhydrous FeCl; and FeCl; GIC supports the
correlation between the magnetic properties of these two
systems. Thus, qualitatively, we suggest that the three-
dimensional anomaly which is observed at about 8 K 1n
anhydrous FeCl; is the source of the low-temperature
anomaly in FeCl; GIC. The staging process decreases the
interactions between the intercalant layers in such a way
as to have a two-dimensional interacting spin system.
Our data indicate that the graphite layers between the
magnetic intercalant layers act as nonmagnetic spacing
layers allowing the c-axis spin-spin coupling to be varied.

The application of a small dc magnetic field of the or-
der of 5 G smears out the anomaly in the susceptibility*!
and thus no relaxation was observed at this field. The
out-of-phase component (X"') as a function of temperature
and in different external dc magnetic fields is represented

'—\m — X . T=1.7X% T
+ 15t .
C
o) + .
010k .
0
= .
>
5+ ; .
O 1 " A1 A A AL 1 1
0 02 04 06 08
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FIG. 7. The out-of-phase versus the in-phase components of
the magnetic susceptibility at different frequencies and at the
peak temperature and at T =1.72 K. The continuous lines are
on a circle.
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FIG. 8. The out-of-phase component of the magnetic suscep-
tibility versus temperatures for stage-6 FeCl; GIC. The B’s are
the applied dc magnetic fields in Gauss.

in Fig. 8; as shown in the figure at a field of 4.2 G the
anomaly has disappeared.

This anomaly, if it is a three-dimensional transition be-
tween two magnetic phases, is expected to exist in fields as
high as 1 kG; however, the disappearance in such a small
field emphasizes the two-dimensional nature of this phase
transition. In addition, the stage dependence of this
anomaly shows more pronounced peaks for higher stage
samples in both components of the susceptibility.

CONCLUSION

We have shown that for systems which possess a mag-
netic anomaly the out-of-phase component of the suscep-
tibility is dominated by spin-lattice relaxations, thus it
would not be reliable to relate the electrical resistivity of
these systems to the out-of-phase component. Fitting our
data to a temperature-dependent relaxation shows that the
relaxation time itself exhibits an anomaly near the transi-
tion temperature of the magnetic anomaly. On a qualita-
tive basis, and in agreement with a two-dimensional
mean-field calculation,?® we have found that the relaxa-
tion anomaly is related to a similar one in the specific
heat at constant field.

In agreement with reported thermal conductivity mea-
surements?® and phonon density calculations?’ at low tem-
peratures, the out-of-plane phonon vibrations are deter-
mined to be the carriers of the heat from the spin system
to the graphite lattice. The contribution of the conduc-
tion electrons is not significant in the temperature range
over which our measurements were carried out. Finally,
we have shown that the intercalant FeCl; controls the
magnetic properties of the FeCl;-GIC system and be-
comes more two dimensional as the stage is increased.

ACKNOWLEDGMENTS

The authors wish to acknowledge support by the U.S.
Air Force Office of Scientific Research Grant No.
AFOSR-82-0286.



34 RELAXATION EFFECTS IN GRAPHITE INTERCALATION COMPOUNDS 4229

1A. R. Ubbelohde, Proc. R. Soc. London, Ser. A 327, 289 (1972).

2F. L. Vogel, G. M. T. Foley, C. Zeller, E. R. Falardeau, and J.
Gan, Mater. Sci. Eng. 31, 261 (1977).

3M. S. Dresselhaus and G. Dresselhaus, Adv. Phys. 30, 139
(1981).

4F. L. Vogel, R. Wachnik, and L. A. Pendrys, Solid State Sci.
38, 288 (1981).

5A. K. Ibrahim, G. O. Zimmerman, and K. Galuszewski, Ex-
tended Abstracts on Graphite Intercalation Compounds, Ma-
terials Research Society Meeting, Boston, 1984 (unpublished).

6Y. Iye, O. Takahashi, S. Tanuma, and Y. Koike, Fifteenth
Biennial Conference on Carbon, Philadelphia, 1981 (unpub-
lished).

7M. D. Daybell, Rev. Sci. Instrum. 38, 1412 (1967).

8D. Shoenberg, Superconductivity (Cambridge University Press,
Cambridge, 1952).

9M. Elahy, C. Nicolini, G. Dresselhaus, and G. O. Zimmerman,
Solid State Commun. 41, 289 (1982).

10M. Suzuki, I. Oguro, and Y. Jinzaki, Extended Abstracts on
Graphite Intercalation Compounds, Materials Research So-
ciety Meeting, Boston, 1984 (unpublished).

1IK. Sugihara, Phys. Rev. B 29, 5972 (1984).

12, Blairs and R. A. J. Shelton, J. Inorg. Nucl. Chem. 28, 1855
(1966).

13G. K. Wertheim, P. M. von Attekum, H. J. Guggenheim, and
K. E. Clements, Solid State Commun. 33, 809 (1980).

14B. V. Liengme, M. W. Bartlett, and J. R. Sams, Phys. Lett. 25,
127 (1967).

ISK. Ohhashi and I. Tsujikawa, J. Phys. Soc. Jpn. 36, 422
(1974).

16N. Caswell and S. A. Solin, Solid State Commun. 27, 961

(1978).

7M. L. Dzurus and G. R. Hennig, J. Am. Chem. Soc. 79, 1051
(1957).

18§, E. Millman and G. Kirczenow, Phys. Rev. B 28, 5019
(1983).

19§, E. Millman, B. W. Holmes, and G. O. Zimmerman, Solid
State Commun. 43, 903 (1982).

203, P. Issi, J. Heremans, and M. S. Dresselhaus, Phys. Rev. B
27, 1333 (1983).

21L. A. Pendrys, T. C. Wu, C. Zeller, H. Fuzellier, and F. L.
Vogel, Extended Abstracts, Fourteenth Biennial Conference
on Carbon, 1979 (American Carbon Society, Philadelphia,
1979), Vol. 14, p. 306.

22H. B. G. Casimir and F. K. Du Pré, Physica 5, 507 (1938).

23B. W. Holmes, Ph.D. thesis, Boston University, 1980 (unpub-
lished).

24M. S. Dresselhaus and G. Dresselhaus, Adv. Phys. 30, 139
(1981).

25A. Herold, in Physics and Chemistry of Materials with Layered
Structures, edited by F. Levy (Dordrechet, Reidel, 1979), p.
323.

26M. E. Fisher, Philos. Mag. 7, 1731 (1962).

27R. Al-Jishi and G. Dresselhaus, Phys. Rev. B 26, 4523 (1982).

28G. Dresselhaus, R. Al-Jishi, J. D. Axe, C. F. Majkrzak, L.
Passel, and S. K. Satija, Solid State Commun. 40, 229 (1981).

29G. O. Zimmerman and A. K. Ibrahim (unpublished).

303, P. Stampfel, W. T. Oosterhuis, B. Window, and F. des. Bar-
ros, Phys. Rev. B 8, 4371 (1973).

31G. 0. Zimmerman, C. Nicolini, and K. Galuszewski, Extend-
ed Abstracts on Graphite Intercalation Compounds, Materials
Research Society Meeting, Boston, 1984 (unpublished).



