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"Fe Mdssbauer spectroscopy was employed to investigate electronic charge transfer as well as the
local structural and magnetic properties of stage-2 FeCl;-graphite in the temperature range from 1.5
to 300 K. Both Fe’* and Fe?* ions were clearly identified in the intercalant layers. The highly tex-
tured absorbers, with the graphite c axis preferentially normal to the absorber plane, were investi-
gated in different orientations with respect to the y rays. In this way, the relative amount of Fe?*
ions could be determined over the whole temperature range as 19%, independent of temperature, in
disagreement with previous reports. The relaxationlike Mdssbauer spectra observed at temperatures
between 40 and 100 K reveal a thermally induced electron hopping between Fe?* and Fe’* sites,
with an activation energy of 45+20 meV. In addition, the Debye-Waller factor was found to be an-
isotropic as a consequence of a larger in-plane Fe vibrational amplitude. The magnetically split
Modssbauer spectra at temperatures below 4.2 K, which were also studied in external magnetic fields,
favor a spin-glass type of magnetic ordering of the intercalant layers.

I. INTRODUCTION

Graphite intercalation compounds (GIC’s) are widely
investigated because of their quasi-two-dimensional struc-
ture and related properties. Of particular interest are their
highly anisotropic electrical transport and magnetic prop-
erties.! Within the group of magnetic GIC’s, FeCl;-
graphite has attracted considerable attention, and so its
preparation conditions and structural properties are well
known.!~® An interesting aspect of this compound lies in
the fact that anhydrous FeCl; itself is already character-
ized by a layered structure, which is retained upon inter-
calation: FeClj-graphite therefore represents a multilay-
ered intercalant incommensurate with the graphite host
[see Fig. 1(a)]. It may be described as a weak acceptor
GIC, since the Fermi level of pristine graphite is lowered
by only ~0.7 eV upon intercalation of FeCl;, as previous-
ly concluded from x-ray photoemission spectroscopy and
electron-energy-loss spectroscopy results.”®

According to this weak electronic charge transfer from
the graphite host to the intercalant, most of the Fe ions
remain in the trivalent state. Only around 20% of the in-
tercalated Fe atoms were found, at least at low tempera-
tures, in the divalent state, corresponding to a charge
transfer of about 0.2 electrons per intercalated FeCl; mol-
ecule. This behavior is clearly reflected in the *’Fe
Mossbauer spectra of various FeCl;-graphite samples tak-
en at temperatures around 10 K, where the Fe** and
Fe?* sites can be easily distinguished by their different
spectral parameters.>>%1® At higher temperatures, how-
ever, the Fe?* site cannot be separated readily in the
Mossbauer spectra. Several explanations were presented
for this peculiar temperature behavior, ranging from a
temperature-dependent charge transfer to thermally ac-
tivated electron hopping processes. Recently, a detailed
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FIG. 1. Structure of FeCls-graphite. (a) shows the structural
model of stage-2 FeCl;-graphite (left: orthogonal to c, right:
parallel to c). (b) shows the x-ray diffraction pattern [(00)) re-
flexes] of a highly textured sample of FeCl;-graphite, obtained
using Cu K, radiation. The dashed line represents the back-
ground produced by the Kapton foil used to support the sample.
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analysis of Mdssbauer spectra of a stage-2 FeCl;-graphite
sample led to the assumption of a strong temperature
dependence of the electronic charge transfer in this com-
pound.'®

The magnetic properties of stage-2 FeCl;-graphite are
still the subject of controversial discussions. Magnetic
susceptibility measurements exhibit field-dependent maxi-
ma in the susceptibility, from which two ordering tem-
peratures around 1.7 K were derived, with a generally
in-plane  antiferromagnetic  structure.!»!?  Previous
Mossbauer investigations revealed magnetically split hy-
perfine spectra below 4 K,? with a temperature-dependent
line broadening which was assumed to be caused by mag-
netic relaxation processes. The Mossbauer results were in-
terpreted with different models, favoring either super-
paramagnetism* or an antiferromagnetic in-plane spin ar-
rangement.’ The existence of a well-defined antifer-
romagnetic structure in stage-2 FeCl;-graphite, however,
was recently questioned in two different investigations: A
neutron-diffraction study gave no evidence for long-range
order of the Fe spins,'® and, furthermore, a spin-glass
state of the iron spins was proposed in a combined
Massbauer and susceptibility study.'*

In the present paper, we report on an >’Fe Mossbauer
study of a stage-2 FeCl;-graphite sample, which was pro-
duced from natural graphite flakes by a novel intercala-
tion technique.’® Highly textured absorbers were investi-
gated with the y rays at different angles with respect to
the graphite ¢ axis. This allowed us to monitor the Fe?*
species, which is otherwise masked by fast relaxation pro-
cesses above 100 K, over the whole temperature range
from 1.5 to 300 K. The relative amount of Fe’* ions was
found to be temperature independent. The electron-
hopping rates between Fe?’* and Fe’* were found to fol-
low an Arrhenius behavior with an activation energy of
45+20 meV. Employing highly textured absorbers, we
were able to observe the anisotropy of the Debye-Waller
factor. In addition to this, the magnetic properties of
stage-2 FeCl;-graphite were investigated in the tempera-
ture range from 1.5 to 4.2 K, partly in presence of exter-
nal magnetic fields. The results favor the formation of a
spin-glass state within the intercalated layers, while there
is no evidence for superparamagnetism.
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II. EXPERIMENTAL

Natural graphite flakes from Kropfmiihl (Bavaria) with
diameters around 1 mm (type S40) were used for the inter-
calation. Due to the relatively low defect concentration,
natural graphite can be intercalated more homogeneously
than synthetic highly oriented pyrolytic graphite samples,
which were employed in most of the previous studies of
FeCl;-graphite. The intercalation was carried out in a
solution of FeCl; in CCl; under irradiation of soft uv
light." In comparison to the usual vapor phase reaction,
which takes place in the presence of FeCl; and Cl, vapor,’
this method avoids the incorporation of large amounts of
excess chlorine. As shown previously,’ the typical Cl:Fe
ratio of vapor phase doped FeCl;-graphite from S40 ma-
terial is 3.04, while a chemical analysis of the present
sample yielded 3.01. This results in a more homogeneous
intercalation. In particular, the formation of Fe vacancies
in the FeCl; sublattice is strongly reduced. An x-ray dif-
fraction analysis of the highly textured sample showed
only (00) reflections, originating from stage-2 FeCl;-
graphite with a c-axis periodicity of 12.84+0.03 A [see
Fig. 1(b)]. No evidence for the presence of unintercalated
graphite was found. A slight broadening of the (003) and
(007) reflections, as well as the absence of (005) and (006)
reflections, indicated staging defects in the sample, with a
staging uncertainty of ~0.2. This means that the stage of
the studied sample can be given as 2.0+0.2.

FeCl;-graphite, like anhydrous FeCls, is highly hygro-
scopic.>® The sample was therefore handled in a purified
argon atmosphere. When the absorbers were prepared, the
flakes oriented themselves parallel to the absorber plane,
resulting in highly textured absorbers with the graphite ¢
axis perpendicular to the absorber plane. The Mdssbauer
measurements were performed with the c axis parallel to
the y-ray direction (@ =0") or tilted by the so-called magic
angle (@ =>54.7°); measurements were also performed in an
external magnetic field which was applied parallel to the
y-ray direction, with the absorber tilted by a=72° (see
Table I). The temperature of the absorber was determined
using either a Ge diode, a Pt resistor, or the vapor pres-
sure of the liquid-He bath. In the range from 1.5 to 10 K,
the temperature varied during the measurements by less

TABLE 1. Summary of studied Mdssbauer absorbers of stage-2 FeCls-graphite (samples 1—4) and of anhydrous FeCl; (sample 5),
including details of the experimental conditions: d is the absorber thickness, Ts and T4 are the respective temperatures of the source
and the absorber, and a is the angle between the y-ray direction and the normal to the absorber plane.

d TS TA a Bext
Sample (mg/cm?) (K) (K) (deg) (T) Capsule
1 56 300 1.6—300 0 0 Al with Be windows
2 13 He 10.6 0, 54.7 0 Plastic
3 17 300 300 0, 54.7 0 Plastic
4 15 He 1.5—4.2 72 0-5 Kapton tape
5 40 300 1.5—-300 (Powder) 0 Al with Be windows




than 0.1 K, and at higher temperatures it varied by less
than 0.3 K. The Mossbauer measurements were per-
formed in standard transmission geometry with a
sinusoidally moved source; the velocity was calibrated us-
ing the magnetic splitting of natural iron metal. The iso-
mer shift of the employed *’CoRA source relative to me-
tallic iron was found to be 0.105 mm/s. In order to make
a comparison, the respective temperature dependences of
isomer shift, Debye-Waller factor and magnetic hyperfine
splitting were also investigated for anhydrous FeCl;.

III. ELECTRON HOPPING AND CHARGE TRANSFER

The electron-hopping process and the electronic charge
transfer of stage-2 FeCl;-graphite can be studied in a
straightforward way by Mossbauer spectroscopy at tem-
peratures above 10 K, where line broadenings and spectral
splittings due to magnetic hyperfine interactions are ab-
sent. This is clearly seen in the spectra in Fig. 2, which
were recorded with a=0° at temperatures between 10 and
300 K. At low temperatures a main absorption line due
to Fe** ions and a satellite line originating from Fe?*
ions is observed. The latter is part of a quadrupole doub-
let, with the other component hidden under the Fe’*
component [see also Fig. 3(a)]. With increasing tempera-
tures, the Fe?t satellite line broadens, becomes asym-
metric, and is finally no longer visible in the spectra.

In agreement with other authors,*!® we assume that an
electronic relaxation process originating from thermally
activated electron hopping between Fe?* and Fe’* ions is
responsible for the observed spectral behavior. Above 100
K the relaxation rate is so high that the different valence
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FIG. 2. Representative >’Fe Mdssbauer spectra of stage-2
FeCls-graphite (sample 1) at a=0" and at temperatures in the
range from 10 to 300 K. The solid lines through the data points
represent the results of least-squares fits (see the text).
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FIG. 3. "Fe Mdssbauer spectra of highly textured FeCl;-
graphite absorbers at two different orientations and tempera-
tures. (a) shows the spectra at 10.6 K (sample 2). The relaxa-
tion model is schematically given on top: The solid and dotted
vertical bars correspond to different nuclear transitions; the ar-
rows symbolize the two-level systems (see the text). (b) shows
the spectra at 300 K (sample 3). In the limit of fast relaxation,
each spectrum consists of two lines according to the two nuclear
transitions. The intensity ratio is the same as for the Fe?* site
at 10.6 K. Note that the resonance absorption effect at 300 K
changes only slightly upon tilting of the absorber, despite an in-
crease of the effective absorber thickness by the geometrical fac-
tor of V3.

states are no longer resolved. Electron hopping has been
investigated previously by Mdssbauer spectroscopy for
various other compounds, such as Eu;S, (Ref. 16) and
FeOCl (Ref. 17). In those cases the relaxation-modulated
resonance spectra were fitted by corresponding relaxation
models yielding rate and activation energy of the
electron-hopping processes involved. In order to investi-
gate electron hopping in FeCl;-graphite, we first discuss
the spectra obtained at low temperatures because the re-
laxation is slow enough in this region to provide a static
picture of the Fe’* and Fe?* ions.

A. Static limit

Mossbauer spectra of FeCls-graphite (sample 2) at 10.6
K are given in Fig. 3(a) for two geometries. They clearly
show the presence of a majority Fe’* site with a small
quadrupole interaction [AEy(3+4)=0.18 mm/s] and a
minority Fe?* site with a large quadrupole interaction
[AEg(2+)=—1.86 mm/s]. The quadrupole doublets of
the two sites exhibit different dependences of their ratios
of line intensity on geometry: For the Fe3+ site it is close
to 1:1 in both orientations, while for the Fe?* site, the in-
tensity ratio is 2.6:1 at @=0°, and 1:1, as expected, at
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a=54.7". At the so-called magic angle, a=54.7°, the
quadrupole doublets of textured absorbers generally exhib-
it a 1:1 intensity ratio. The observed orientation depen-
dence proves that the main axis of the electric field gra-
dient (EFG) at the Fe?* sites is directed parallel to the ¢
axis. The slight deviation from the ratio of 3:1 expected
for a=0° is caused by an incomplete texture of the stud-
ied absorber resulting in a distribution of ¢ axes with a
mean deviation of Aa~16°. This is also confirmed by the
spectra taken in the magnetically ordered state (see below).

The origins of the electric quadrupole interactions at
the two Fe sites as well as their different behavior upon
tilting of the absorber will be discussed below. We will
first describe the employed relaxation model, where we as
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sume that the axes and signs of the EFG at the Fe** sites
are randomly distributed.

B. Relaxation model

Based on the static spectra observed at 10.6 K, the re-
laxation spectra contain four components [see Fig. 3(a)].
Due to electron hopping between Fe?* and Fe’* sites,
transitions between all four components of the two quad-
rupole doublets are possible. In addition, mixing of the
two nuclear transitions may occur because of the different
quantization axes (the main axes of the EFG) of the Fe?+
and Fe’* states. Such a four-level system is difficult to
handle; on the other hand, an analytical solution exists for
the line shape of a two-level system:'®!°

rQfo—o;+il)+r(I o —oy+il) +i(p1o2+Pry)

I{w)=Im

Here w; is the line position, I'; the half linewidth, ()
the relative intensity, and p;_,; the probability for a tran-
sition from j to k. Thus, the condition of balance
r(1)p,_,=r(2)p,_,1, with r(1)+r(2)=1, must be ful-
filled. In the present case, we may describe the four-level
system in good approximation by a superposition of
several two-level systems, since the electric quadrupole in-
teraction at the Fe’* site is so small.

At 10.6 K the electric quadrupole splitting at the Fe?*+
site is by a factor of 10 larger than that at the Fe’™ site.
We may therefore neglect the Fe’* electric quadrupole
splitting in a first approximation. This means that the
nuclear quantization direction at the Fe?* site, which is
parallel to c, may also be kept for the Fe** site. The re-
laxation spectrum consists of two subsystems, given by
the +3—++ and the 5 —*+ nuclear transitions in
the Fe?* state. No mixing between these two subsystems
will take place in the Fe’* state; this means that the nu-
clear quantum numbers are well-defined during the
electron-hopping process. We can thus describe the spec-
trum as a sum of two independently relaxing two-level
systems. The intensity ratio of the contributions of the
two nuclear transitions to the Fe’* line is the same as the
polarization-dependent intensity ratio of the Fe?* quadru-
pole doublet. This simplified relaxation model satisfac-
torily describes the situation in the limit of fast relaxation
at temperatures above 100 K. In the region below ~100
K, however, the electric quadrupole interaction at the
Fe’* site must also be taken into account.

For AEp(3+)<<—AEp(2+), the system may be
described by four two-level systems as indicated by the ar-
rows in Fig. 3(a). We have to assume that both Fe’* lev-
els contribute with equal intensity to the Fe’* nuclear
transitions [shown by the solid and dotted bars in the dia-
gram of Fig. 3(a)]. Since the quantization axes of the
Fe** and Fe’t states are not parallel, a slow mixing of
the four subsystems will occur, with a rate equal to the
Fe’* quadrupole splitting. Since sign and quantization
direction of the Fe**+ EFG are unknown, this mixing can-

(0—o+il1+ip ) No—wy+iTy+ipy 1) +p1aprsy | ()

[

not be accounted for in a quantitative way in the present
relaxation model. However, by comparing the relative
magnitudes of AEy(3+) and of the linewidth W with the
relaxation rates p,, 3, and pi, _,,,, it can be shown
that this mixing gets only important in the intermediate
range of relaxation rates, where p,, 3. >W, and
Piy 24 <AE(3+4) hold.

For slow relaxation, with hopping frequencies smaller
or close to the linewidth (p, .3, < W), at most one hop-
ping event will happen in the time window defined by the
natural width. Hence, transitions between more than two
levels can be neglected because of their negligible effects
on lineshape, and no mixing has to be taken into account.
For relaxation which is fast compared to the Fe** electric
quadrupole splitting [pi, .2, >AEg(3+)], only a very
small amount of mixing will occur, since the time spent in
the Fe*+ state is too short for a change of the quantiza-
tion direction. The next relaxation event back to the Fe?*
state will reinforce the Fe?* nuclear quantum number due
to the large Fe?* electric quadrupole splitting. The Fe**
quantization axis determines the spectrum at fast hopping
rates. In the Fe’* state, the effective electric quadrupole
splitting vanishes at fast hopping rates, because the nu-
cleus feels only the average of the two energy levels during
the short time intervals it remains in the Fe’* state
(motional narrowing); this does not mean, however, that
the EFG at the Fe** site actually vanishes.

In the limit of fast relaxation the spectrum consists of
two absorption lines with relative intensities as given by
the orientation of the EFG at the Fe?* site. Such spectra
have been reported before (see for example Fig. 5b in Ref.
5), but they were interpreted as being due to two Fe’+
sites with different isomer shifts and unequal relative in-
tensities. According to the lever rule, the line positions in
the present model are given by

Li=r(3+)SG3+)+rQ2+)[S2+)+5AEp(2+)], (2a)

Ly=r(34+)S(3+)+r(2+)[SQ2+)—FAEy(24+)] . (2b)
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0.19
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1.08
1.08
1.07
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045
0.44
0.44
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a
(deg)

(K)
10
34

TABLE II. Results from least-squares fits of the Mossbauer spectra of stage-2 FeCl;-graphite in the temperature range from 10 to 300 K. T is the absorber temperature, a the tilt
65

angle, S the isomer shift, W the line width (full width at half maximum), AE, the electric quadrupole splitting, I the intensity ratio of the quadrupole doublet [I (3 +)=1:1 for all mea-

surements], 7 the reduced absorber thickness (Ref. 20), and p,, 34 the electron-hopping rate. Typical errors are AS
8t=0.01, and 8p,, _,3, =0.2. An asterix denotes that this parameter was kept constant during the fit.

Sample
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g * * g g The observed quadrupole splitting AL and the averaged

w . . r .

~ 1 88 t 1 isomer shift S are then given by

[ [= =]

S=r(3+)SG+)+r(2+)S2+) . (3b)

ERIX A § § The described relaxation model is confirmed well by the

N—=oo—~oo° results of our measurements with different orientations of
the absorber [see Fig. 3(b) and Table II]. The two absorp-
tion lines observed at 300 K (at L;=0.35 mm/s and

. % % % % L, =0.50 mm/s) show an intensity ratio of 2.8:1 at a=0°

clelelelabol and 1:1 at a=54.7". This corresponds to AL =0.15

Adda o mm/s and S =0.42 mm/s.

C. Least-squares-fit results and discussion
§ '§ °'§ 5 E 5 g The relaxation model described above yields excellent
N least-squares fits of the measured spectral shapes in the
temperature range from 1 .0 300 K (see Fig. 2). This
holds even for the spectra taken around 90 K, where the
relaxation rates are in the intermediate range between slow
and fast relaxation, that is, where p,, _,3, (~0.40 mm/s)

T58~%2388 is larger than the linewidth (=~0.30 mm/s) and p;, _,,,

S8 oS3 SS (=~0.09 mm/s) is smaller than AE4(3+) (=~0.15 mm/s).
In this region mixing effects could lead to deviations of
the relaxation-model line shapes from the actual spectra.
Appreciable deviations, however, are not observed, possi-
bly due to the narrowness of the temperature range where

§ % ;'.‘t 22 % 2 intermediate relaxation rates actually occur.

PRIDRIDR I I PR A Because of absorber thickness effects, the spectra were
fitted with line shapes obtained by the transmission in-
tegral.”® This was found to be essential in order to extract
reliable values for r(2+), especially at temperatures

< ¢ oo below 80 K. Without the use of the transmission integral,

R R RN R, a larger Fe** content [r(24)~25%) was obtained from

SO O OO COC O N
the spectra measured at temperatures below 80 K. This
would simulate a temperature-dependent charge transfer,
since at higher temperatures a smaller Fe’* content
[r(24)=~19%)] is obtained. We would like to stress here

R AN g that in earlier Mdssbauer work, where 7(2+)~25% was

— 0SS reported, fits without the use of the transmission integral
were carried out.>?! Such a comparatively large r(2+)
value at low temperatures led to an Fe?* superlattice
model,” which now becomes very doubtful in view of our

I5ESR88S results. . ‘

SS S 6o oo At fast relaxation rates, strong correlations between
S(2+), S(3+), AEp(2+), and r(2+) [see Egs. (2a) and
(2b)] are expected. In order to extract reliable results for
AEy(2+) and r(24) from the spectra recorded above 80

~ 9~ K, we assumed the temperature variation of S(34),
ceceFed caused by the second-order Doppler effect, to have the
same slope as for anhydrous FeCl; [see Fig. 4(a)]. In ad-

dition, the difference S(2+)—S(3+) was kept constant

© o at a value of 0.64 mm/s, as obtained at 10.6 K, and the

ugg8sSsSss intensity ratio of the Fe?* doublet was set equal to 2.6:1

-« MU for all temperatures studied.
As a result of these fits, we obtain the fraction of the
Fe?* ions in the intercalant, r (24 )=(19+2)%, indepen-
dent of temperature. This means that there is no

—_——N Ao temperature-induced charge transfer from the graphite
host to FeCl;, which would lead to a variation of (24 ).
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FIG. 4. (a) Isomer shift of the Fe’* site in comparison to
anhydrous FeCl;. Solid circles represent experimental values;
open circles represent adopted values, assuming the same tem-
perature variation of the isomer shift as for anhydrous FeCl;.
(b) Temperature dependence of the magnitude of the electric
quadrupole splitting, | AEg |, of the Fe?* and the Fe’* sites.
(c) Temperature dependence of the f factor obtained from the
reduced absorber thickness z. For the tilted absorber, the real
area is reduced by the geometrical factor of V3.

Our present result for r(2+4) corresponds to a charge
transfer of about 0.015 electrons per carbon atom, if the
typical sum formula for stage-2 FeCl;-graphite, C,3FeCls;,
is assumed.

The electric quadrupole splitting at the Fe?* site,
AEy(2+), varies with temperature from —1.86 mm/s at
10 K to —0.81 mm/s at 300 K [see Fig. 4(b)]. Up to
~80 K, AEy(2+) is obtained directly from the position
of the satellite line. Above that temperature, AE(2+)
must be derived indirectly from the relaxation-model fits
of the spectra. At 300 K, AEy(2+) was extracted from
the measurements with different transmission geometries
[see Fig. 3(b)] according to Eq. (3a). The observed tem-
perature dependence of AEg(2+) [see Fig. 4(b)] is typical
for ferrous Fe and arises from the temperature-dependent
occupation of the 3d ligand orbitals.”*> The direction of
the EFG axis at the Fe?* sites is most probably connected
with a distortion of the nearest-neighbor octahedron of
chlorine atoms due to interaction with the graphite planes,
giving rise to a threefold symmetry axis parallel to c. Itis
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reasonable to assume that the Fe’* ions have no Fe’*
nearest neighbors, since a strong repulsion of neighboring
Fe?* ions would be expected because they would act as
negatively charged defects in the intercalant lattice.

The obtained fit results for the electric quadrupole
splitting of the Fe’* site [see Fig. 4(b)] are strongly corre-
lated with the Fe’* linewidth; thus variations of both pa-
rameters may actually occur. AEy(3+) vanishes above
~150 K due to motional narrowing as described above.
The origin of the electric quadrupole interaction at the
Fe’* site is not obvious. In this respect we note that an
electric quadrupole interaction is not resolved in the
Mossbauer spectra of anhydrous FeCls; this gives support
to our view that the EFG at the ferric site in FeCl;-
graphite is caused by a distorted nearest-neighbor coordi-
nation shell of Cl ions.

Several reasons for the absence of a dependence of the
intensity ratio of the Fe’* quadrupole doublet on the
orientation of a textured absorber have been discussed.!®
We propose the following explanation for this observa-
tion: The EFG is caused by two components, a contribu-
tion due to chlorine neighbors with the main axis parallel
to ¢, and a contribution due to Fe?* neighbors with the
axis perpendicular to c. Therefore, the resulting EFG
tensor will not be axially symmetric, and its main axis is
expected to point in a direction close to the magic angle
relative to c. This would mean that both the asymmetry
and the orientation of the EFG tensor prevent an orienta-
tion dependence of the intensity ratio of the quadrupole
doublet. It should be close to 1:1, independent of the
direction of the y rays with respect to the orientation of
the absorber.

The electron-hopping rates are assumed to follow the
Arrhenius law:

—E, /kgT
p2+——>3+ xe ’ (4)

where E, represents the activation energy. In Fig. 5 we

T (K)
200 100 70 50 35
i 1 1 1 1
100 - o
301
£,=4520 meV -3 é:
B 10 3
= ]
e o
. a
e’ 03 ®
Cg —_
2 ro1 3
s &
8034
- 003
014
\ F0.01

T T

T T T
5 10 15 20 25 30
T (10K

FIG. 5. An Arrhenius plot of the electron-hopping rate
P2+-3+. The larger error bars at low or high temperatures are
due to strong correlations between linewidth and relaxation rate.
At low temperatures, tunneling effects contribute to the hopping
rate, causing the observed deviation from a linear relationship.



show the rates obtained from the relaxation-model fit in
the usual Arrhenius plot. Above 70 K an activation ener-
gy of 45+20 meV can be derived from the slope of the
linear dependence. Below 70 K electron tunneling events
may also contribute to the electron-hopping process: This
would readily explain the observed deviation from a linear
relationship at low temperatures. Our results for the ac-
tivation energy E, agree well with those obtained for a
similar quasi-two-dimensional system (FeOCl intercala-
tion compounds), which also contains Fe?* and Fe** ions
involved in charge fluctuations due to electron hopping.!”

IV. ANISOTROPY OF THE DEBYE-WALLER FACTOR

It is by now well established that Mossbauer spectros-
copy can monitor the anisotropy of chemical bonding at
intercalated Mossbauer atoms in GIC’s by measuring the
recoil-free fraction of y-ray absorption (f factor) in dif-
ferent directions relative to a highly textured ab-
sorber.>~% The present study of FeCls-graphite also
shows an anisotropy of the f factor. From the tempera-
ture dependence of the reduced absorber thickness ¢, mea-
sured parallel to the graphite c axis [see Fig. 4(c)], as well
as from measurements with tilted absorbers, we calculate
Debye temperatures ®% =129 K (parallel to the graphite
planes) and ®; =146 K (perpendicular to the graphite
planes, see Table III). In this analysis, the angular distri-
bution of the graphite c axes in the studied absorbers (in-
complete texture) was taken into account.

The anisotropy in the Debye temperatures and in the
related mean-squared vibrational amplitudes (see Table
III) shows that the Fe ions are stronger bound in ¢ direc-
tion than parallel to the graphite planes: This has also
been observed for other GIC’s. In FeCl;-graphite the an-
isotropy is not as strongly pronounced as in several other
GIC’s, such as Cs-graphite,?> SbFs-graphite,’* and IF;-
graphite.?* The difference may be related to the relatively
homogeneous FeCl;-sandwich structure as well as to the
quasioctahedral chlorine surrounding of the Fe ions. The
Debye temperatures extracted in the present work were
used to derive the zero-point vibrations and thereby also
the nonlinear thermal variation of the isomer shift in the
low-temperature region [see Fig. 4(a)].
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It is important to note that the averaged Debye tem-
perature of the intercalant (®, =135 K) is considerably
smaller than that of pure FeCl; powder (®p=220 K).
The latter was derived from the temperature dependence
of the f factor of a powdered FeCl; absorber [see Fig.
4(c)]. As is mentioned above, anhydrous FeCl; also forms
a layered sandwich structure.?® The lower Debye tem-
perature observed for FeCl;-graphite may be due in part
to the incommensurate intercalation of a single FeCl;
layer into the graphite planes and in part to the Fe** ad-
mixture in the intercalant.

V. MAGNETIC HYPERFINE INTERACTIONS

From the results of susceptibility measurements, stage-2
FeCl;-graphite is known to undergo magnetic ordering
around 1.7 K.!'?2 Previous Mossbauer studies of stage-2
FeCl;-graphite revealed magnetic-relaxation spectra below
3 K and a static magnetic hyperfine splitting at 65 mK.?
In the present work, the magnetic behavior of the sample
was studied in detail at temperatures between 1.6 and 4.2
K (see Fig. 6).

The spectrum recorded at 4.2 K already shows a
broadening of the Fe’* component, i.e., an increase in
linewidth, in comparison to the 10-K spectrum of the
same absorber. The spectra obtained at 3.0, 2.6, 2.2, and
1.6 K show the successive development of magnetic sextet
patterns for the Fe** site, accompanied by strong line-
broadening effects at intermediate temperatures. The ob-
served spectral shapes are typical for magnetic-relaxation
spectra.’’ On the other hand, since the broadenings of the
six lines are not identical at the onset of magnetic relaxa-
tion, a temperature-dependent distribution of hyperfine
splittings also contributes to the spectra at 2.2 and 2.6 K.
An explanation for the occurrence of these complex mag-
netic hyperfine spectra will be given below, where the re-
sults of measurements taken in external magnetic fields
are also presented.

A. Static magnetic hyperfine spectrum

We first turn to the spectrum at 1.6 K, where line-
broadening effects are almost absent. It consists of three

TABLE III. Angular dependence of Debye temperatures ®@p, of stage-2 FeCl;-graphite; for compar-
ison, the results for anhydrous FeCl; are also shown. a (ay) is the real (effective) tilt angle, where a.s
is determined from the intensity ratio of the quadrupole doublet, f is the f factor, and {x2) is the
mean-squared vibrational amplitude. Typical errors are Af =0.01, A{x2)=0.001 A2 and A®,=3 K.
The values for a.=0" and as=90" are calculated from the experimental values for =0 and

a=54.T, respectively.

a Qest ( x ) ©p

(deg) (deg) f (300 K) (A?) (K)

0 0.150 0.036 146

FeCl; graphite 0 16 0.144 0.036 144
54.7 54.7 0.109 0.042 135

90 0.098 0.046 129

Anhydrous FeCl, 0.44 0.015 220
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FIG. 6. Representative *’Fe Mossbauer spectra of stage-2
FeCl;-graphite (sample 1) with a=0°, in the temperature range
from 1.6 to 4.2 K.

subspectra, which are assigned to three different Fe sites,
labeled A, B, and C in Fig. 6 and Table IV. From now
on, we will describe the intensity ratio 3:¢:1:1:¢:3 of the
hyperfine sextet by the parameter g. On the basis of the
y-ray angular distributions of the different nuclear M1
transitions, ¢ may adopt values from O to 4.22 A is the
majority Fe* site, split by a magnetic hyperfine field of
Bs(A)=—48.6 T, with g(A)=3.4. B is the minority
Fe’* site with a smaller magnetic splitting of B.;(B)
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=—42.2 T, with g(B)=2.8, a larger linewidth, and a
smaller isomer shift. Both Fe’* sites are characterized by
a small distribution of By (AB.g~3%). C denotes the
Fe?* site, which exhibits the large electric quadrupole
splitting, which is only broadened by small (transferred)
magnetic hyperfine fields. The spectrum agrees well with
that reported in Ref. 2 for stage-2 FeCl;-graphite at 65
mK. We find, however, that the magnetic field at the
minority Fe’* site is directed more parallel to the
graphite planes than stated in Ref. 2.

The small deviation of the parameter g of site A from
the maximum value (g =4) is due to the incomplete tex-
ture of the absorber. This deviation corresponds to a
mean angle Aa~16"° of the c-axis distribution with
respect to the y rays, in excellent agreement with the
value obtained from the Fe?* quadrupole spectra at 10.6
K (see above). This indicates a full in-plane alignment of
the Fe’*(A) magnetic moments, whereas the site-B mo-
ments are less well oriented.

In agreement with previous investigations,? we attribute
the occurence of two Fe’* sites with slightly different hy-
perfine fields, g parameters, and isomer shifts to magneti-
cally and chemically different environments of the Fe’+
ions at low temperatures. The majority Fe’* site A ex-
hibits a magnetic hyperfine field at saturation, which is
practically identical with the one observed for anhydrous
FeCl; (Bg= —49.3 T, see Table IV). This prompted pre-
vious investigators to attribute site A to regular lattice
sites in the FeCl; intercalant islands, while site B was in-
terpreted to be irregular Fe’* sites at the borderline of the
intercalant islands or at Fe vacancies.”? This model
demands a very high Fe vacancy concentration or very
small intercalant island sizes. From the site-A-to-site-B
intensity ratio one can estimate an island diameter of
about 60 A, which is much smaller than was previously
observed in electron-microscopy studies (~300 A).’

There are two major differences in the magnetic proper-
ties of FeCls-graphite and anhydrous FeCl;, which we
want to point out. The latter consists of regularly ar-
ranged Fe’+ ions and possesses a complex magnetic struc-
ture with a spiral out-of-plane arrangement of the Fe’*
spins.® In our FeCl;-graphite sample, the magnetic Fe3*
ions are diluted by nonmagnetic Fe?>* ions, and the spins
of the Fe3*(A) sites lie parallel to the plane, while those of
the Fe>+(B) site are less well oriented. The Fe?* sites can
be regarded as randomly distributed, but isolated from
each other, because of the Coulomb repulsion of the nega-

TABLE IV. Hyperfine parameters for the different Fe sites in stage-2 FeCl;-graphite at 1.6 K. For the sake of comparison, the re-
sults for anhydrous FeCl; at 1.4 K are also given. S is the isomer shift, W the line width (full width at half maximum), AE, the elec-
tric quadrupole splitting, B and AB.gr the magnetic hyperfine field and its distribution, respectively, g the intensity parameter of the
hyperfine sextet (3:g:1:1:¢:3). Typical errors are AS=0.03 mm/s, AW =0.02 mm/s, A(AEy)=0.02 mm/s, A(B)=0.1 T,

A(AB)=0.1T, Ag=0.2, and Ar=2%.

S w AEQ Beff ABd‘f r
Site (mm/s) (mm/s) (mm/s) (T) (T) q (%)
Fe*+(A) 0.45 0.34 —0.01 —48.6 1.4 3.4 67
Fe’*(B) 0.35 0.47 —0.05 —422 1.4 2.8 18
Fe?+ 1.09 0.67 —2.00 0.4 19
FeCl, 0.45 0.26 0.01 —49.3 0.2 20 100
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tively charged Fe?* impurities. This means that ~57%
[37(2+)] of the Fe ions are Fe** species neighboring to
Fe?t ions, while the rest (~24%) are Fe** ions surround-
ed by Fe’* neighbors only. These values are very close to
the relative spectral weights observed for sites A and B.
We therefore present an alternative model, assigning both
sites A and B to regularly intercalated Fe** ions, with site
A surrounded by two Fe’* and one Fe?* ion, whereas site
B is coordinated by three nearest-neighbor Fe’* ions.
Hence, the out-of-plane spin orientation of site B may
have the same origin as the spiral spin arrangement in
anhydrous FeCl;, whereas the in-plane orientation of the
site-A spins is induced by Fe?* neighbors.

We should note here again that we did not observe two
different Fe** sites at temperatures above 10 K. Due to
the very small difference in isomer shift, the two sites
cannot be resolved in the spectra up to 80 K, where the
Fe’+ subspectrum is broadened by AEg(3+). At higher
temperatures, they cannot be resolved, because the
electron-hopping process leads to a relaxation between the
two Fe’* sites, causing motional narrowing. That results
in a single Fe’* component in the Mdssbauer spectrum.
Thus the existence of two different Fe3* sites at very low
temperatures will not affect the relaxation model for the
electron-hopping process described above.

The Fe’* ions remain in a nonmagnetic state. The
electric quadrupole split subspectrum of the ferrous ions
is broadened by a small magnetic hyperfine field, which is
probably transferred from the Fe’* neighbors, and which
is therefore expected to act perpendicular to the axis of
the EFG tensor. One should note here that the same
values of r(2+) and ¢ are obtained from the 10 K spec-
trum and from the magnetically split 1.6 K spectrum,
despite widely different resonance effects. This indicates
that the essential parameter in the transmission-integral
fit, that is the effective recoil-free fraction of the source
(fefr =0.54, see Ref. 20), was chosen correctly.

B. Effects of external magnetic fields

In order to gain further information on type and
strength of the in-plane magnetic order, Mdssbauer spec-
tra were taken in external magnetic fields B.,, applied in a
direction of a=72° relative to the absorber normal, but
parallel to the y-ray direction.

Representative resonance spectra measured at tempera-
tures between 1.5 and 4.2 K, with B, from 0 to 5 T, are
shown in Fig. 7. We first discuss the spectra at 1.5 K. As
is clearly seen in Fig. 7, the absorption lines broadened
slightly with increasing external field, while the magnetic
hyperfine splitting decreases. The intensities of the
second and fifth lines of the hyperfine sextet decrease
with respect to the other components, indicating an in-
creasing alignment of the Fe’* spins in the direction of
B.,;. None of the Fe subspectra show increasing magnet-
ic hyperfine splitting, which would be indicative for anti-
ferromagnetic ordering. Thus, if there exists antifer-
romagnetic ordering in the absence of external magnetic
fields, it is destroyed by fields above ~1 T. In the 3.0 and
4.2 K spectra a broadening of the resonance structures
combined with the development of a hyperfine sextet is
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FIG. 7. *"Fe Mdssbauer spectra of stage-2 FeCls-graphite
(sample 4), with the absorber tilted by a=72°, at 1.5, 3.0, and
4.2 K. The magnitude of the external magnetic field applied
parallel to the y-ray direction is also given.

observed, indicating a field-induced magnetic alignment
and/or a decrease of the relaxation rate.

To facilitate the fits of the 1.5-K spectra in the presence
of external magnetic fields, the difference B.g(A)-B.g(B),
as well as the relative isomer shifts and electric quadru-
pole interactions were set to the values found when
B.,,=0; furthermore, the values of ¢ and the field distri-
butions AB. at sites A and B were set equal.

C. Magnetic interactions in FeCl;-graphite

The effective magnetic hyperfine field at site A, B,
its distribution, AB.gr, and the parameter g, resulting from
the fits of the 1.5 K spectra, are displayed in Fig. 8 as
functions of the magnitude of the external magnetic field.
At external fields above 2 T, the magnitude of By de-
creases linearly with a slope of about —0.8; AB. in-
creases with B, and saturates at about 2 T. The parame-
ter g decreases from ¢~2.0 at B.,=0 to g~1.4 at
B, =5 T, but a saturation is not observed even at
B.,=5T.

The parameter g observed without external field corre-
sponds to an effective angle of a. =255 between the
direction of observation (parallel to B,,) and c. The
difference between a.g and the tilt angle of the absorber
plane (@=72°) is due to the distribution of the c axes of
the graphite flakes in the absorber. It should be added
here that in this experiment with a large tilt angle, the
flakes were held between two layers of Kapton tape; thus,
their average angular deviation was larger than in the oth-
er measurements, where our standard sample holders were
used.

The results of the present measurements in external
magnetic fields disagree with the assumption of super-
paramagnetism in FeCls-graphite. Superparamagnetic
particles, consisting of about 5000 ferromagnetically or-
dered Fe’* ions (corresponding to islands with diameters
of about 300 A), could be oriented in fields as small as
0.01 T at temperatures below 4.2 K. In this case, we
would not observe relaxation spectra for B, >0.5 T, in
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FIG. 8. (a) Effective magnetic hyperfine field, Bz, (b) distri-
bution of hyperfine fields, AB., and (c) parameter g (from the
3:¢:1:1:¢:3 intensity ratio of the ’Fe hyperfine sextet) at 1.5 K
versus applied external magnetic field. The dashed line in (c)
corresponds to a full in-plane alignment of the Fe moments.

contrast to our finding (see Fig. 6). In addition, B and
g would be expected to saturate at very small external
fields.

The results presented in Fig. 8 are interpreted in the fol-
lowing way: At B,,=0, the magnetic moments are or-
dered antiferromagnetically or randomly in-plane. With
increasing B.,;, the moments become more and more
aligned parallel to the in-plane component of B,,,. This
follows from the gradient of — B¢ versus B, which sat-
urates at —O0.8, corresponding to an average angle of
~37° between B, and —B.y, or a tilt angle of about
90°—37°=53°, in good agreement with a.=55". We thus
conclude that the external magnetic field is unable to turn
the magnetic moments out of the intercalant plane, indi-
cating strong in-plane magnetic interactions of the mo-
ments. This is in agreement with the observed change of
the parameter g. A full parallel in-plane alignment of the
magnetic moments would correspond to ¢ =0.8 (with
a.=>55°), in agreement with the observation that g de-
creases with B, but does not saturate (at ¢ =1.4). On
the other hand, from the slope of g versus B, is is un-
likely that the parameter g saturates at ¢ =0, which
would correspond to a spin alignment parallel to B.,. It
should be noted that the saturation of —B.g takes place
at lower values of B,,, than that of ¢q. This results from
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the different angular dependences of — B and g. g de-
pends more critically on « and is thus more sensitive to
small deviations from the full in-plane spin alignment
than — B .

A pure antiferromagnetic ordering of the Fe** ions is
not possible because of the 19% Fe?* ions acting as ran-
domly distributed, nonmagnetic impurities. In agreement
with Hohlwein et al.> and the susceptibility measure-
ments of Millman et al.,'"'* we propose a spin-glass
model for the magnetic structure of FeCl;-graphite, with
a basically antiferromagnetic arrangement of the Fe’*
spins leading to a vanishing net moment. This spin struc-
ture is modified to a more parallel in-plane alignment by
external fields of about 5 T (at 1.5 K). The observed dis-
tribution of relaxation rates in the obtained magnetic
spectra at temperatures around 2.5 K is due to different
magnetic environments of the Fe’* ions, such as Fe?*
ions, island borders, defects, or vacancies.

VI. SUMMARY AND CONCLUSION

The main results of this study of stage-2 FeCl;-graphite
concern the electronic charge transfer. From the relative
amount of Fe’* ions derived from the Mdssbauer spectra
in the temperature range from 1.5 to 300 K, a
temperature-independent charge transfer of 0.19 electrons
per intercalated FeCl; molecule is derived. Over a wide
temperature range, the transferred charge is shared by all
Fe ions through a thermally induced electron-hopping
process with an activation energy of 45+20 meV. At low
temperatures, a charge ordering occurs, giving rise to
well-defined magnetic Fe>* and nonmagnetic Fe?* sites
within the time window of the Mdssbauer measurement.
Two essential points of this study are connected with (i)
the use of highly textured samples, which were investigat-
ed in different orientations with respect to the yray direc-
tion, and (ii) the rigorous application of transmission-
integral least-squares fit procedures. The latter enabled us
to derive from the measured Mossbauer spectra reliable
values for the relative amount of Fe** ions in the inter-
calant layers.

The magnetic properties of stage-2 FeCl;-graphite are
described by a S]aain-glass model, in agreement with previ-
ous suggestions.”'* The measurements in external mag-
netic fields reveal a strong in-plane coupling of the Fe’*
spins. It should also be mentioned that, in the tempera-
ture range from 2 to 4 K, less pronounced broadening ef-
fects due to magnetic relaxation are observed in the
present work as compared to previous Modssbauer stud-
ies.>® This hints at a better intercalant structure of the
studied sample, which may be a consequence of the “soft”
intercalation technique applied. The absence in our spec-
tra of additional Fe’* sites with a strong in-plane electric
quadrupole interaction, which were reported in the work
of Millman et al.'* and which were attributed there to Fe
vacancies, further supports this view.

The present Mdossbauer results indicate that the Fe?™
ions are surrounded by Fe**. This would actually be in
agreement with the formerly presented model of an Fe?*
superlattice.’ On the other hand, such an Fe’* superlat-
tice needs an Fe?* content of 25%, in clear disagreement



with the present result. Thus, the question of Fe?* distri-
bution, which is also relevant with respect to the magnetic
interactions, remains open. Further experiments, like x-
ray or neutron diffraction, as well as extended x-ray-
absorption fine structure studies on highly textured sam-
ples should be most helpful in deciding on this question.
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