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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
b by computer.

1 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 maximuimn in FeCls;-intercalated graphite along
o 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

\\-:L -~

During the investigation of FeClj)incalated graphite at this laboratory. several
important discoveries were mnade about the electric and magnetic properties of these
substances. It was found that in well characterized FeCi}) samples there was a mag-
netic susceptibility maximum indicating a nfgnetic transition at 6.5 K in stage one
and at 1.72 K in stage two. At higher temperatures the magnetic susceptibility
S 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 transitiogs_F
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Possibly a more important discovery was that of a susceptibility maximum which
occurs in FeCly intercalated graphite at 1.7 K. That maxirnum occurs in each stage
at the same temperature but its size becomes significantly greater with stage. Figure
3 shows this maximum in stage 1.2.4 and 6. The size of this maximum depends
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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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SUSCEPTIBLLLTY

-4
FICURE 4

The magnetic susceptibility of stage 6 FeCl; intercalated graphite as a
function of temperature. The peak occurs at T = [.749 X.
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) Figore § shows the maximum in different magnetic fields applied along the
5 c-axis while Figure 6 shows the field dependence along the a-axis.
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FIGURE 5

Figure 5

The magnetic susceptibility of stage 5 FeCl; iatercalated graphite in the
temperature region of the susceptibility maximum 25 a function of the arplied
extarnal pagnetic field. The field {s applied aiong the c-axis whila the
measuring f£ield is 1lcong the a-axis.
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Figure 6

The magnetic susceptibility of stage & FeCl: intercalated grapnite in the
: temperature region of the susceptibility maximum as a function of the applied
- external magnetic field. The field is applied along the b-axis whils the
measuring Iield is along the a-axis.

ot . “
SS S MR TN
kol B ol 2R3 Sy a

vl‘ll
Tt te




The notations near the various traces indicate the magnetic field in gauss. One
notes that a field applied along the a-axis 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
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 function of the reduced temperature : = (T - T.)/T.. 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. S
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Tigure 3 “
The naturai logarithm of the susceptibility plotted against the logarithm of the
raduced temperatura, showing that the transition obevs a power law
- = .

T-Tc with v = 1,75,
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Figs. 9a and b show the logarithm of the maximum susceptibility as a func-
tion of the applied field in gauss alomg the ¢ and a axes respectively,
while Figures 10a and b show the temperature of the susceptibility maxima
as a function- of the applied field along the ¢ and a3 axes respectively.
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Tizure 10a

The cemperatuyre of the susceptibility peak shown in Fig. 3 as a function of the
ied magneric field along the c-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 NiCl; and CoCl; 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 T
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 Mossbauer effect. This was shown for samples which have 7% of iron sites
neighbors to vacancies. 95t and 11%. The susceptibilities as well as the Mdssbauer
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.

T a o
A :
P - .

We have recently investigated stage 3 FeCl; 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.
;\ dig'erent susceptibility should have been observed for a spin-glass but none was
ound.
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Appendix I
Publication in Extended Abstracts
'84 M.R.S. Meeting, Boston Nov. 26-30 ]

QRITICAL EXPONENT y OF THE MAGNETIC ANOMALY OF STAGE-6 FeCl, INTERCALATED
GRAPHITE*

3

¥

- G.0. Zimmerman, C.Nicolini, D. Solenberger, D. Gata, B. Holmes o
. Physics Department L g
: Boston, MA 02215

We have discovered a susceptibility maxzimum in all stages of FeCl, inter
calated graphite which occurs at about 1.700K.1:2 The size of the maximum varies
by a factor of 30, being smallest in stage 1 and greatest in stage 6. This phe-
nomencon appears to be two dimemsional in origin. The temperature of the maximum
does not vary from stage to stage. In stage 2, we have correlated the size of
the maximum with the number of irom vacancies’. The measurements shown here are
for stage-6 FeCl, intercalated graphite where the maximum is most pronousmced.

490 g
He ‘ i
, 3%50%
.
- 380 ¢
-
o 2%0%
Hm = 2004
& —
O 1504 ) -
8 5.78 3
Ha » 100¢ % .
S0% 1.50 .',.1
Figure 1 L m p
Intercalated Graphite 17 1.7  1.30 1.3% =
Hm is the measuring fieid TCK) - 1
Ha and He are externaily appiied fieids Figure 2 -
Susceptibility as a function of temperature in an applied
magnetic field (numbers denote fieid in Gauss)
Fig. 1 skows the geometry of our arrangement. The susceptibility was meas-
ured by a standard A.c.4 technique at 40Hz with the measuring field H, parallel "3
to the graphite planes. The measuring field was always smaller thanm 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 additiom to attemuating o 4
the maximum, sn applied field shifts the temperature of the maximum to a higher j
tempe ratucre. :,::
Because of the high susceptibility at the maximum the external measuring -
field which each individual magnetic spin sees is shielded by the neighboring - 4
spins and that shielding depends on the shape of the sample. We measure Xext and -
would like to measure Xiant, where Ydenotes the magmetic susceptibility. X int is .jl:'
the response of the magnetic spin to the field it experiences while Xext is the R
response to ap external field. The relation between Xint and Xext i3 :I-j:
k- - kiia‘ o
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If oue assumes that at the maximum Zi.nt is iafimite, themn
{ - 3
’ o
T =® =T ,
Xt e
¥hen this correction is applied to the susceptibility at zero applied magnetic N
field oms obtains the points in Fig. 3. S
12 3 .12 .
~ . : > 1!1- .
.': i8¢+ - - 19+ ]
- : = 3l )
] 3t + *4- 2 l J
- FS “» - 8 "
- + t a
& BT - w ?4- . p
w R o Y
9 » 67 1
@ 44 N + * & . e
2 * a° °a ® 357
z 21 © 4 )
- - 31L bw
0 - . 2 L L . . 4
-1 -.3 9 - i -7 -5 -5 -4 -3 -2 o |
19#(T=-Te)/Te LNC(T=Te)/Te)
Figure 3 Figure 4
Natural logarithm of the susceptibility at O field as a function of Logarithm of the susceptibiity at O field as a function of the S
the reduced temperature reduced temperature showing the universal power law behavior ]
+ ig shape-corrected susceptibility FeT>Te .."“":
O is uncorrected susceptibility x:T<Te -
: 1
Fig. 3 shows the natural Logarithm of the susceptibility plotted against e
the reduced temperature (T - Tc)/Tc where Tc is the temperature of the maximum. N
The + are the corrected susceptibilities while the 8 are the uncorrected values. o

The reduced temperature was expanded dy s factor of 10.

“ y e 2

Fig. 4 shows the satural logarithm of the susceptibility as a functiom of
the reduced temperature. The + are for T > Tc while X denotes points for T ¢ Tec.
This plot suggests that the susceptibility ) goes as

xx T"': -r _ 1
T oL

with vy = 1,97 2 .1 for T > Tc and vy = 1.85 2 .1 for T < Tc. The slopes of the
drawn lines demote the values of y. Although similar functional behavior of the ®
susceptibility has been observed in many other systems and is a consequence of .
the universality of the characteristics of second order phase transitions, the e
valoe of vy 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 new phenomenon.
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Figure 5 Figure 6

the applied magnetic fieid

+:He
X=Ha

the applied magnetic field

+’Hc
X‘Ha

Fig. 5 shows the magnetic field dependence of the temperature at the sus-
ceptibility maximum + denmotes 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 Tc is the tem—
perature of the maximum at zero field. The field is the field im wumits of BHo
where Ho is 17 G for the Hc directionm and 7.5 G for the Ha directiom, and denotes
the transition from low field to high field behavior. A field applied along Ha
is more tham s factor of 2 more effective than that applied along He. The slope
of (T - Tc)/Tc st low field is a factor of 3 greater than that at high field.

Fig. 6 shows the size of maximum, plotted on a logarithms scale as a func-
tion of the scaled field H/Ho with + along Hc and x along Ha as shown in Fig. 1,
with the same valunes of Ho as in Fig. 5 again and observes a low and a high
field behsavior

Xao (H) = Unag (0) €19 ('%i)

withjlow - 1.3 .¢high = 0.6 for Ha ud¢lov = lﬂhigh = 0.4 for Hc. Similar beha-
vior was observed in other magnetic intercalation compounds.
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Electrical Conductivity of F0C13 Intercalated Graphite®

A. ITbrabis, G.0. Zimmerman, aad K. Gsluszewski
Physics Department, Boston University

Bostoa, MA 02215

Introduction

The electrical conductivity of stage-6 FeCl, intercalated ﬁlx?ito
was w=easured in the vacianity of the 1.75K susceptibility anomely‘'®’ by
ssasuring the out of phase a.c. susceptidbility. The measursments were
ssde at frequesncies betveen 40 and 1000 Hz and as a fanction of the mag-
setic field. The electrical conductivity is ome of the properties most
drastically chamged Dby ”tcruuun both ia scceptor and domor graphite
iatercglation u-polul.[ (OI?), and special attentioa has beem paid to
their ia~plase couuuviq[‘d which caa be & fsotor of 10° grester thaa
that ajomg the c-axis (perpeadicular to the plame). Our measurements vere
stimulated by the fact that we observed s mazimwm in tke out-of-phase mag-
netic susceptibility, < , sccompamyisg am in=-p*ese susceptibility, * ,
sazisum whea the messuriag field was parallel to the plame. No such maxi-
sum was observed with the field alomg the c-axis which would have measured
the is-plane condsctivity., X" is proportiosal to ths condmetivity. aad
with the seasuriag magaetic field parallel to the plane we are mainly sam-
pling the chasges in the conductivity along tbhe c¢c-szis. The mazimsem ia ”
comes at 3 temperature typicslly dowa by 2 x 107°K lower thas that of ¢
as shown im Fig. (1).
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In-pnase and out=-of -ohase components of Lhe suscep-
tibility a8 a function of Lemperaiture in Iero field
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Ezperimental

The samples were prepared by s standard technique and assalyzed for
stagiag fidelity by z-ray amalysis. Mossbaner snalysis verified the FeCl,
content sad namber of vscamcies. Preparation of the sample and more
detsils about the experimental techmique cam be found in ref [(4]. The
coaductivity measurements were made by s standard sc bridge method operat-
iag at frequeacy im the range of 40-1000 Hz. By usisg a phase sensitive
detector we were sble to observe both the in-phase (related to the suscep—
tidility) amd the out—-of-phase (proportiomal to the conductivity) sigmals.
The orientatios of the magmetic field at the sample was perpendicular to
the c¢-axis, therefore the magnetic moments in the basal-plane and the cosm
ductivities ¢ ia the a~g plane were measured vwith the variation coming
from the condsctivity alomg the c~axis.

Results and Discussios

The most striking result in this work is the temperature dependence
of the c¢-axzis coaductivity vhich exhibits an anomaly ian the form of a
sharp peak at temperatures near 1.73K in zero magnetic field. This com~
ductivity bdehavior is indeed correlated with the same anomaly which we
have seen in the in-plans magnetic susceptibility () and reported im this
volume (2!, Ag shown in Fig.(2) the peak is very sensitive to any extermal
applied magnetic field, it disappears in a field H = 5G and at frequency f
= 39,7 Hz. The field dependence of the conductivity may relate this amo-
to the mechasism which causes the pesk ia . An enhancment im o is
sxpected when the system has s magnetic anomaly.

As shown im Fig.(3), the conductivity at the peak monotomically
decreases as the applied magnetic field increases. This reflects the fact
that there is a microscopic process vwhich depends om the magnetic phese of
the system and causes the peak ia o. Fig. (4) shows the shift in tem—
peratare of the peaks for different values of the applied field. This
shift iadicates that the magnetic comtribution is the dominant mechanism
to the pesk in o.
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Thete sre other effscts which might interfere with tlese measars—
ments, for example, skin effect or size effect. For materials of s
mstallic-like conductivity, the skin effects can be eliminsted if the fre—
quency is is the range of f < 2 x 10°p’ (f ia KHz, p in pQcm). VWithin the
limits of the resistivity of our sample, a typical value of f should be J
less than 2MHz which is much Bigher thaa the mazimuam frequency which has
been used (f { 1 KHz). Tha size offect would be s msjor factor omly if
the mesa free path is comparable with the sample size. Therefore., we do
not expect aay contridbutios to our data from these offects.

We 3ls0 have measured o at different frequemcies and Fig.(5) shows
the frequency dependence of o at the peak. As shown by Fig.(4) and
Fig.(S5), the ancmaly ia ¢ persists at al]l frequencies but we have observed
& variation in the magnitude of the peaks, also they are shifted to dif-
fereat temperstures. This frequency behavior was comparsd with reported
dats between the ocut-of-phase component and 1/fa for s similar bridge (6]:
they vere very consisteat as far as the peak size is concerned although
the temperture variation is real. Therefore, no frequeancy ef fects inter—
fere with the data and the observed peak size variation is just &
frequency dependence in the bridge itself.
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FIGURE 4 FIGURE S
The tesperature of Lhe peaks as 3 function of the The 1n-Dlane conUCLivity a8 & funclion of tewpera :
- - unc - - L
Wwplied sagnetic field and the frequency ture In & 2ero Fleld and at 4ifferent Frequencies . _1
Ia conclasion, low tempersture phase tramsitiom of c-axis conductivi- 9
ty bhas been seen in stage-6 GIC and is related to the same phenomens which :
csuses the pesk ia the magnetic susceptibility. The sbove anomaly is rem- R
iniscent of spin~glass behavior where at & certain temperature the
sagnetic spins are frozes. 4
*Sapported by the Air Force Office of Scientific Research AFOSR Grast
82-0286.
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