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Abstract

This year, because of the move of the Physics Department of Boston University
to new quarters, the research facilities and the laboratory have been significantly
upgraded. The upgrading included new pumping systems as well as control and data
acquisition devices, so that now the data can be sampled. collected and analyzed
by computer.

Although the upgrading takes some time, the improved facilities allowed certain
measurements, such as the conductivity measurement in appendix 2 which world
have been impossible before. The most significant discoveries during the past year
were the discovery of a conductivity maximum in FeC/ 3-intercalated graphite along
the c-axis. The maximum could be suppressed by a magnetic field as small as
0.4mT. An accompanying susceptibility maximum obeys the scaling law with an
exponent of approximately two.

Progress Report

During the investigation of FeCIlincalated graphite at this laboratory. several
important discoveries were made about the electric and magnetic properties of these
substances. It was found that in well characterized FeC1I samples there was a mag-
netic susceptibility maximum indicating a nrgnetic transition at 6.5 K in stage one
and at 1.72 K in stage two. At higher temperatures the magnetic susceptibility
of these samples obeyed the Curie-Weiss law with the theta indicating an antifer-
romagnetic interaction within the layers and a ferromagnetic one between layers
in stage one and antiferromagnetic interactions both within and between layers in
stage two. Figure 1 shows the susceptibilities as a function of temperature while
Figure 2 shows the inverse susceptibility and the Curie-Weiss law. Table 1 lists the
various parameters for the transitions
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sensitively on the applied magnetic field. Figure 4 shows this maximum as a function
of temperature, which is in zero (higher peak) magnetic field for a stage 6 sample.
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Figure 4

The magnetic susceptibility of stage 6 FeCl 3 intercalated graphite as a
-unction of temperature. he peak occurs at T - 1.749 K.
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Figure 5 shows the maximum in different zagnatic fields applied alonig the
c-axis while Figure 6 shows the field dependence along the a-axis.

3

2 5

FIGSRE S4

Figure 5

The nagnecic susceptibility of stage 6 FeCl 3 intercalated graphite in the
temperature region of the susceptibility mnaximum as a function of the acoiied
external magnetic field. The field is applied along the c-axis w'hile the
measuring field is icg the a-axis.



6

350

300

250

200t
150 S1

I I

1.5 1 .70 1 5 1 SO1.
T(K)

FIGURE 6

-ioure 6
Th anetic susceptibility of stage 6 FeC13 intercalated graphite in e

Meprauergoofhesseibiy maxim~a -ucto If th le

external magnetic field. -he field is applied along the b-axis while the

measurinig field is along the a-axis.



- ' - -- - - -

7

The notations near the various traces indicate the magnetic field in gauss. One
notes that a field applied along the a-a-xis is much more effective in suppressing
the maximum than a field along the c-axis. The measuring field was always along
the a-axis. In order to explore the critical properties of the system one needs to

6 apply the shape correction. since the susceptibility at the maximum in zero applied
magnetic field is very large. When such a correction is applied the peak becomes
very large and sharp. Fig. 7 shows the natural logarithm of the corrected maximum
as a fuinction of the reduced temperature t= (T- T,);2T,. The units are arbitrary
but one notes the sharpness of the maximum. Fig. 8 shows that the susceptibility
obeys a power law near the critical point.
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9

F igS. 9a and b show the logarithm of the maximu-rn susceptibility as a func-

tion of the appl ied field in gauss along the c and a axes respectively,

,A while Figures 10a and b show the temperature of the susceptibility maxima

as a function- of the applied field along the c and a axes respectively.
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Figure 9b

-.. e logarithm of the size of the suscepribilit; maxima shown in Fig. 6 as a
.'-ction of :he applied magnetic field along te;e *-axis.
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One notes that there is a distinct change in the behavior of the maxima from the low
to a high field. This change takes place at 17 gauss if the field is applied along the
c-axis while the crossover point is 7.5 gauss if the field is applied along the a-axis.
The lines denote the least squares fit to the low and high temperature behavior re-
spectively. Similar phenomena were found in NViC 2 and CoC 2 intercalated graphite.
By measuring the in-phase and out-of-phase components of the susceptibility, one
can infer that there is a resistivity maximum at the maximum in susceptibility. The
in and out of phase (quad) susceptibilities of stage 6 are shown in Figure 11 while
Figure 12 shows the conductivity as deduced from the phase shift.
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It was also shown that the size of the susceptibility maximum can be correlated.
within a stage 2 sample, with the number of vacancies in that sample as measured
by the M6ssbauer effect. This was shown for samples which have 7'o of iron sites
neighbors to vacancies. 9V% and 11T. The susceptibilities as well as the N'6ssbauer
spectra are shown in Figures 13 and 14. This. along with
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the power dependence of the susceptibility peak. corrected for the shape factor.
at temperatures above the maximum, argues strongly that the maximum is an
indication of a spin glass transition.

We have recently investigated stage 3 FeCI3 graphite and find that its charac-
teristics are similar to those of stage 2. Also, in an attempt to see a temperature
hysteretic behavior of the 1.7 K transition we cooled the sample in a magnetic field.
A different susceptibility should have been observed for a spin-glass but none was
found.

Working on this grant during the grant period were:

G. 0. Zimmerman - P.I.

Dr. C. Nicolini - Research Associate

Dr. A. Ibrahim - Research Associate

K. Galuszeewski - Graduate Student

A. Kaplan - Undergraduate Student

A. Papaconstantino - Graduate Student
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Appendix I

Publication in Extended Abstracts

'84 M.R.S. Meeting, Boston Nov. 26-30

CRITICAL WON3IIT yOF ME X4MNETIC ANMALY OF STAME-6 FoCi 2 DMCAL AT

GRAKITE+

G.O. Zimmerman. C.NicoLini. D. Solenberger. D. Gata. B. golmes
Physics Department
Boston. MA 02215

We have discovered a susceptibility maximai in all stages of FeCi, inter-
calated graphite which occurs at about 1.70(K.1,2 The size of the maxiam varies
by a factor of 30, being smallest in stage 1 and greatest in stage 6. This phe-
nomenon appears to be two dimensional in origin. The temperature of the staximu
does not vary from stage to stage. In stage 2. we have correlated the size of
the maxim with the amber of iron vacancies3. The measurements shown here are
for stage-6 FeCi, intercalated graphite where the maximu is most pronounced.

400
Hc 356-

;256 .92

L 266

Ha toois

Figure 1 P6 .9 17 .6 13

Inltercalated Graphite PT1 K)91.3 130 18
Hm is the measuring field TK
Ha and Hc are externally applied fields Figure 2

Susceptibility as a function of temperature in ani apPlied
magnetic field (numbers denote field in Gauss)

1 0 Fig. 1 shows the geometry of our arrangement. The susceptibility was meas-
ured by a standard A.C. 4 technique at 40Hz with the measuring field Han parallel

*to the graphite planes. The measuring field was always malier than 0.1 G.

* Fig. 2 shows the magnetic susceptibility as a function of temperature. The
highest peak is zero magnetic field, while the consecutively lower peaks are in
fields of 0.96, 1.92, 2.88, 3.84. 5.75. 7.67, 11.50 and 15.34 G respectively

* along the a-direction (Fig. 1). One observes that in addition to attenuating
* the maxim=, an applied field shifts the temperature of the maxim to a higher
* temperature.

*Because of the high susceptibility at the maximus the external measuring
field which each individual magnetic spin sees is shielded by the neighboring
spins and that shielding depends on the shape of the sample. Te measure text and
would like to measure V~int. where Xdenotes the magnetic susceptibil ity. )- mnt is
the response of the magnetic spin to the field it exeine whl 5et i h
response to an external field. The relation betweenrit andt'zet is5

.. . . . . . . . .A- *. . . . .



If one &esumes that at the maximum. Xint is infinite, then
I 0

When this correction is applied to the susceptibility at zero applied magnetic

field one obtains the points in Fig. 3.
12 ^12

>-,. 11

-J

- 4

-- a.
C.)

4 4

3-

-. 5 .5 27 -6 -5 -4 -3 -2
1*( T-Tc )/Tc LH( ( T-Tc )/Tc)

Figure 3 Figure 4

Natural logarithm of the susceptibility at 0 field as a function of Logarithm of the susceptibility at 0 field as a function of the
the reduced tmnperature reduced temperatum showing the universal power law behavior

+ is shiape-corrected susceofrtlity .-- T
k is uncorrected susceptibility xxT<T.

Fig. 3 shows the natural Logarithm of the susceptibility plotted against
the reduced temperature (T - Tc)/Tc where Tc is the temperature of the maximum.
The + are the corrected susceptibilities while the a are the uncorrected values.
The reduced temperature was expanded by a factor of 10.

Fig. 4 shows the natural logarithm of the susceptibility as a function of
the reduced temperature. The + are for T ) To while I denotes points for T < To.
This plot suggests that the susceptibility X&oes as

with T 1.97 + .1 for T > To and y " 1.85 ± .1 for T < To. The slopes of the
drawn lines denote the values of y. Although similar functional behavior of the 0
susceptibility has been observed in many other systems and is a consequence of
the universality of the characteristics of second order phase transitions, the
value of y is between 1 and 1.25 in three dimensional transitions, while it is
predicted to be 1.75 for a two dimensional Ising model. Our values appear to be
higher than that. We are thus dealing with a now phenomenon.

-2 ... 2 • .I -



PAGE 3

1.5.5

- ~ 4.5

X ~3
1 2 2 3 2

H/Ho N/Ho

Figure 5 Figure 6

Temperature dependence Of the maximujm as a function of Logarithm of the maximum susceptibility as a function of
the applied magnetic fil the applied magnetic field

+:Hc 4- a H
x=Ha xs~

Fig. 5 shows the magnetic field dependence of the taiiperature at the sus-
ceptibility maximii + denotes the points for the field applied along a direction
normal to the planes while x denotes the field applied parallel to the planes.
The temperature is the reduced temperature multiplied by 100 where To is the tem
perature of the maxim= at zero field. The field is the field in units of no
where Ho is 17 G for the Ho direction and 7.5 G for the Ha direction, and denotes
the transition from low field to high field behavior. A field applied along Ha
is more than a factor of 2 moret effective than that applied along Be. The slope

of (T - Tc)/Tc at low field is a factor of 3 greater than that at high field.

Fig. 6 shows the size of maxim, plotted on a logarithms scale as a func-
tion of the scaled field H/Ho with + along He and x along Ha as shown in Fig. 1.
with the sane values of Ho as in Fig. 5 again and observes a low and a high
field behavior/

with~low -1.3 .$high -0.6 for Ha and~low 1 l4high -0.4 for Ho. Similar beha-
vior was observed in other magnetic intercalation compO-A.711,s. 2

1) G.O. Zimmerman. B.W. Holmes and G. Dresselhaus, Extended Abstracts of
the 15th Biennial Conference on Carbon. University of Pennsylvania p. 42.

2) M. Elahy, C. ?icolini, G. Dresselhaus and G.O. Zimmerman, Solid State
* Communications 41, 289 (1982).

3) S.E. Millman and G.0. Zimmerman, Sournal of Physics .-=., 189 (1983).
4) E. Maxwell, Review of Sci. Inst. aL 553 (1965).

*5) D. De Ilerk, JAnR jAk 2U Phzz..k. YMZ p. 7, Springer Verlag (1956).
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Publication in Extended Abstracts

'84 M.R.S. Meeting

Boston Nov. 26-30

Electrical Conductivity of F*C1 3 Intercalated Graphite.

A. Ibrahim. G.O. Zinema. cad K. Galuszeaki

Physics Departmeut. Boston University

Boston, X& 02215

Introduct ion

The electrical conductivity of stago-6 FsC23 intercalated Hallits

was measured is the vaciaity of the 1.75K susceptibility sanmayL , by
measuring the out of phase a.*. susceptibility. The measurements were
made at frequencies betwean 40 ad 1000 Hz and as a function of the mag-
matie field. The electrieal conductivity is one of the properties most
drastically chaged byttocalation both in acceptor and donor graphite
Jtercalation composds CmJ ( an) cad spocial atteutioa has beem paid to

their ia-pla. coadetvityve
o
4 which can be a factor of 10' greater thu

that along the c-azia (perpendicular to the plaes). Oz measurements were

stimulated by the fact that we observed a axim in the ot-of-phase mag-
netic susceptibility. ( . accmpanying ca is-p soe susceptibility, .

maxzi whom the measuring field was parallel to the plIeas. No such mzi-

m was observed with the field log the c-asa which would have measured

the ia-plas conductivity. X is proportional to the conductivity, cnd
with the measuring magatic field parallel to the plane we are maily sam-

pling the changes in the conductivity aloug the c-asia. The mazim is t*
caes at a tmperature typically doew by 2 a 10--l lowsr thum that of '
as shown is Pig. (1).

1.'r 0-"

i i

t.7 1 .

In-one and out-q(-ih&%* coagonents of the Suscep-

tibility s a 5 (vction or teaosrbture in zero f1id

%
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Expe rimental

The samples were prepared by a standard technique and analyzed for
stagia# fidelity by x-ray analysis. Mossbaser analysis verified the FeCl,
content and amber of vacancies. Preparation of the sampl* and more
details about the experimental technique can be found in ref [41. The
conductivity measurements were made by a standard a bridge method operat-
Lag at frequency ia the range of 40-1000 Zz. By using a phase sensitive
detector we were able to observe both the in-phase (related to the suscep-
tibility) and the out-of-phase (proportional to the conductivity) sigaa.
The orientation of the magnetic field at the sample was perpendicular to
the a-axis. therefore the magnetic maments in the basal-plane and the con-
ductivitios c ia the s-c plans were measured with the variation coming
from the conductivity along the c-axis.

Results and Discussion

The most striking result in this work is the temperature dependence
of the s-axis conductivity which exhibits an anomaly in the form of a
sharp peak at temperatures near 1.73K in zero magnetic field. This conm-
ductivity behavior is indeed correlated with the same anomaly which we
have sqep in the ins-plane magnetic susceptibility ( 4 and reported in this
volume 2ZJ* As shown in Vig.(2) the peek is very sensitive to any external
applied magnetic field. it disappears in a field I = 56 and at frequency f

-39.7 IN. The field dependence of the conductivity may relate this ann-
to the mechansisms which causes the peek in X. IAn eahanoment in a is
expected when the system has a magnetic anomasly.

A.s shown in Plg.M3. the conductivity at the peek monotonically
decrease* as the applied magnetic field increases. This reflects the fact
that there is a microscopic process which depends on the magnetic phase of
the system and causes the peak in a. Fig. (4) shows the shift in tem-
perature of the peak. for different values of the applied field. This
shift indicates that the magnetic contribution is the dominant mechanism
to the peak in a. F(14x,

0 550 ties

"a, 1 Z 9.4..0

0.1..

-T a

FIGURE 2 FIGURSE 3

The an-plane conduct'ivty as a function of temoor- The conductivity at the peaks as a function, -$he

st n~ am n applied .Sqnetlc '1q10 appliedlmagnetic (aild and the treouency

d .. . .



ri
There are other effects which might interfere with these measure-

ments. for example, skin effect or size effect. For materials of a
matallic-Like conductivity, the skin effects can be eliminated if the fre-
queasy is in the range of f 1 2 a 106P' (f in Zz. p in uLc.). Within the
limits of the resistivity of out sampvle, a typical value of f should be
less than 20z: which is much higher then the maximis frequency which has
beam used (f 1. 1 Us) . Thp size effect would be a major factor only if
the manl free path is comparable with the sample size. Therefore, we do
not expect any contribution to our data from those effects.

Te also have measured a at different frequencies and Fig.(S) shows
the frequency dependence of a at the peak. As shown by Fig.(4) and
Fig.(S). the anomaly in a persists at all frequencies but we have observed
a variation in the magnitude of the peaks, also they are shifted to dif-
forest temperatures. This frequency behavior was compared with reported
data between the out-of-phase component and 1/fe for a similar bridge (61;
they were very consistent as far as the peak size is concerned although
the temperture variation is real. Therefore, no frequency effects inter-
fete with the data ad the observed peak size variation is just a
frequency dependence in the bridge itself.

2.51 300
I O f.39.7 Hz

aa I .. .x le "I'40 86 0. *f.397.8

IL 9D

e~eI ~. 0 s.0V
1.73 1.74 1.75 1.76 16 17 1.8 1.9 2.0

1( K) TK)
FIGURE 4 FIGURE 3

The te.perature of the peas as a function of the
hoole-1 agntic ieldandthe requncyThe nm-plant conductivity as a function ot t.oora-
5001.1 a~nticFied ed te f~qunc4 turt in a ero field and at iatforent freave*'cait

In conclusion, low temperature phase* transition of c-axis conductivi-
ty has been seen in stage-6 GIC and is related to the same phenomena which
causes the peak in the magnetic susceptibility. The above anomaly is rem-
iniscent of spngas behavior where at a certain temperature the
magnetic spins are frozen.

*Supported by the Air Force Office Of Scientific ftsea~rchk AFOSR Grant
92-0286.
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