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Structural and magnetic properties of stage-2 EuCl;-graphite intercalation compounds have been
studied by using x-ray diffraction, electron diffraction, and dc magnetic susceptibility. The repeat
distance along the c axis is 13.28+0.02 A. The EuCl; intercalate layer forms a three-layer sandwich
of Cl-Eu-Cl, where the distance between Eu and CI layers is 1.67 A. The layer structure of the
EuCl; intercalate layer is similar to that of YCIl; type. The EuCl; layer is hexagonal with two Eu
ions per unit cell (lattice constant 7.38 A) and consists of domain structures generated by the rota-
tion of the (3X3) commensurate structure with respect to the graphite lattice by £6.3°, +10°,
+13.8°, and £17.5°. The EuCl; layer is modulated by the graphite layer. The dc magnetic suscepti-
bility is found to be a sum of contributions from Eu?* and Eu®* ions. The concentrations of Eu’*
and Eu?" in the EuCl, intercalate layer are 0.994 and 0.006, respectively. The susceptibility contri-
bution from Eu®" ions obeys the Curie-Weiss law with a Curie-Weiss temperature ®=10.1+1.1 K.
The susceptibility contribution from the van Vleck ion Eu’" is almost independent of temperature,
where the energy difference between ’F, and "F, levels is given by E, =538 K.

I. INTRODUCTION

Magnetic graphite intercalation compounds (GIC’s)
provide an excellent opportunity for the study on the re-
lationship between dimensionality and magnetism. In
these compounds, the magnetic intercalate layers are
periodically separated by a number (the stage number) of
graphite layers in stacks along the ¢ axis. The interplanar
interaction between adjacent magnetic intercalate layers
can be systematically reduced by increasing the stage
number, while the intraplanar interaction remains virtu-
ally unchanged. Most of the relevant studies until now
have dealt with transition-metal dichloride GIC’s such as
CoCl,, NiCl,, and MnCl, GIC."2 In contrast to these
compounds, there have been few systematic studies on
physical properties of rare-earth metal trichloride GIC’s
as far as we know. Stumpp’ has reported his success in
synthesizing GIC’s with all lanthanide trichlorides from
SmCl; to LuCl; as intercalants. The pristine SmCl; and
EuCl; have a structure of UCIl; type with three-
dimensional (3D) bonding, while the pristine DyCl;,
HoCl,, ErCl;, TmCl;, YbCl;, and LuCl; have a structure
of YCI, type with two-dimensional (2D) bonding.*> Note
that the pristine EuCl, is hexagonal with two Eu ions per
unit cell (space group P6;/m).%’ The unit cell parame-
ters are a =7.3746 A and ¢ =4.1323 A.° The Eu ions are
located on symmetry sites at (},2,1) and the chloride
ions on mirrors at £(x,y,%; —y,x —y, % y —x,—x,%)
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with x =0.389 11 and y =0.301 74. The pristine YCl; is
monoclinic with two Y ions per unit cell (space group
C2/m).® The lattice parameters are a=6.92 A,
b=11.94 A, c =6.44 A, and B=111.0°. The Y ions are
located in octahedral holes between alternate pairs of
close-packed layers of Cl ions. For the DyCl;, HoCl,,
ErCl;, TmCl;, YbCl;, and LuCl; GIC’s, the structure of
intercalate layers may be similar to that of the pristine
trichlorides because of 2D bonding. For the SmCl; and
EuCl; GIC's, it is expected that the structure of the inter-
calate layers may change from UCI; type with 3D bond-
ing to YCI; type with 2D bonding.

With considerable progress in sample preparation,
rare-earth metal trichloride GIC’s have become available
for the study of structural and magnetic properties. Until
now we know of measurements of '>'Eu Mdssbauer and
optical reflectivity only for a mixed stage-2 and -3 EuCl,
GIC sample based on highly oriented pyrolytic graphite
(HOPG).!® Recently we have succeeded in synthesizing a
well-defined stage-2 EuCl; GIC sample based on single-
crystal Kish graphite (SCKG). In this paper we report
first the structural and magnetic properties of the stage-2
EuCl; GIC which are obtained from the measurements of
x-ray scattering, electron diffraction, and dc magnetic
susceptibility. We investigate (i) the in-plane structure of
the EuCl; intercalate layer, (ii) the layer structure of the
EuCl; intercalate layer (YCl; or UCI; type), (iii) the stag-
ing structure along the ¢ axis, and (iv) the magnetic prop-
erties including the magnetic phase transition.
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II. EXPERIMENT

A powdered EuCl; sample was freshly prepared by
heating a mixture of EuCl;-6H,0 and NH,CI in a HCI
stream at 500°C. A mixture of EuCl; and SCKG was
sealed in a quartz tube with Cl, gas at 1 atm, and kept at
600°C for 5 weeks. The GIC sample thus obtained was
thoroughly washed with dimethylformamide to remove
excess EuCl;, which remained unreacted on the surface of
samples. The c-axis stacking sequence of this compound
was confirmed by (00L) x-ray diffraction to be well-
defined stage-2.

The dc magnetic susceptibility measurements of this
compound were made with a Cahn electrobalance with
an applied magnetic field H oriented perpendicular to the
¢ axis of the crystal. The GIC sample of 37.27 mg was
placed in a fused quartz sample holder of known suscepti-
bility. The dc magnetic susceptibility was measured from
35 to 300 K at 4.0 kOe and from 1.3 to 35 K at 100 Oe.
The (O0L) x-ray diffraction to this compound was per-
formed by using a Huber double-circle diffractometer (1.5
kW) with Mo Ka radiation source to determine the
structure of the intercalate layer. Electron diffraction
was also carried out to determine the in-plane structure
of the EuCl; intercalate layer using a JEOL 4000FX
transmission electron microscope operated at 400 keV.
The electron diffraction pattern was obtained from
several parts of a sample with a selected area diffraction
aperture of 0.27 um.

III. RESULT AND DISCUSSION

A. Structural properties

We have carried out (00L) x-ray diffraction experi-
ments on the stage-2 EuCl; GIC sample at 300 K. Figure
1 shows the (OOL) x-ray diffraction pattern where the
wave number along the c¢* direction is given by
Q.=L(2w/d) and the c-axis repeat distance is
d =13.2840.02 A. It is found that rather sharp Bragg
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FIG. 1. (O0L) x-ray diffraction pattern for the stage-2 EuCl,
GIC at 300 K, where Q. =L (27 /d) with c-axis repeat distance
d=13.28 A. The Bragg peaks from the Al sample holder are
denoted by Al
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reflections are observed at L =1,2,...,16. The full
width at half maximum (FWHM) AQ seems to be in-
dependent of the index L for 2=L =8: AQ=0.050 A7l
at L =3, and 0.048 A™' at L =8. This result indicates
that there is little Hendricks-Teller-type staging disorder
in this sample. Usually, a “well-defined” stage-2 sample
may still have small fractions of packages with stages 1
and 3. For a stage-2 CoCl, GIC sample based on SCKG,
for example, the random arrangement of packages with
different stages along the c axis gives rise to the oscillato-
ry behavior of FWHM of Bragg reflections with the index
L, whlilch has a minimum at L =4 and maximum at
L =6.

To examine the structure of the EuCl, intercalate layer
in the stage-2 EuCl; GIC from the intensity analysis of
(OOL) Bragg reflections, we consider the following three
models for the structure of the EuCl, intercalate layer. (i)
The EuCly intercalate layer consists of a three-layer
sandwich of Cl-Eu-Cl, where the distance between the Eu
layer and the Cl layer is given by z(0). (i) The inter-
calate layer consists of two layers. Both Eu and Cl ions
are located on each layer, where the distance between the
two layers is given by 2z,. If EuCl; is intercalated into
the graphite host without change of structure, the inter-
calate layer is assumed to have this type of layer struc-
ture. (iii) The intercalate layer consists of a single layer
on which both Eu and CI ions are located. This model
corresponds to model (i) with z =0, or model (ii) with
z;=0.

For models (i) and (iii), a package of C-CIl-Eu-CI-C-C is
assumed to align periodically along the ¢ axis. The dis-
tance between C-Cl-Eu-CI-C is 2¢;=9.93 A and the dis-
tance between C-C is 3.35 A. Then the Xx-ray scattering
intensity along the Q. [=L (27 /d)] direction is expressed
by

—B(Q, /4m)*

1(00Q,)=A4|S(Q,)|% , (1)
with
IS(Q)I1*=[2p6f(Qc)cos(Q.c1)+2pcf ci( Qe )eos(Q,z)
+ppafEal Q)T - 2)

Here A is a constant, the exponential factor with a con-
stant B is a Debye-Waller factor used by Baron et al.!? to
calculate the (OOL) x-ray intensity of MnCl, GIC. fy,
fc» and fg, are the atomic form factors of C, Cl, and Eu
atoms, and pg, pcp, and pg, are the number of C, Cl, and
Eu atoms per unit area and are described by

3+
Pazg’ Pc1:“‘2£, PEa=1, 3)
for the stage-2 EuCl; GIC with stoichiometry of
C,EuCl; 5. The weight uptake measurement of the sam-
ple for the x-ray scattering experiment before and after
intercalation leads to the relation n =17.8+2.448, where
6 is the number of extra chlorine atoms. The least-
squares fit of the integrated intensity of Bragg reflections
with L =1-16 in Fig. 1, to Eq. (1) yields the values of
A =0.755,z=1.67 A, 5=0.2, and B =7.4. The value of
8 is in good agreement with that determined from chemi-
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cal analysis by Boolchand et al.'° The agreement be-
tween observed and calculated intensities is very good, as
listed in Table 1.

For model (ii), the x-ray scattering intensity along the
Q. [=L (2w /d)] direction is expressed by Eq. (1) with

‘S(Qc)P:{szfG(Qc)cos(Qccl)
+2[paf Q) +Peu/Eu(Qc )]
Xcos(Q,z;)}?, 4)
and
3+6
pc=%, PaA= "5 PET - (5)

The agreement between the integrated x-ray intensity and
calculated intensity is poor for any permitted values of A4,
z;, 8, and B, indicating that model (ii) is not suitable for
explaining our experimental results of (O0L) x-ray scatter-
ing. Then we can conclude that the structure of the in-
tercalate layer can be well described by model (i). The
EuCl,; intercalate layer consists of a three-layer sandwich
of CI-Eu-Cl, where the distance between Eu and Cl layers
is z=1.67 A. This layer structure is similar to that of
YCl; type. The stage-2 EuCl; GIC sample used in the
present work has a stoichiometry C,;3 ;EuCl, ,, indicating
an excess of 0.2 above that associated with EuCl3.

It is well accepted for transition metal chloride GIC’s
such as CoCl,, MnCl,, NiCl,, and FeCl; GIC that (i) the
intercalate layer is formed of small islands and (ii) the ex-
cess chlorine atoms on the periphery of the islands may
provide acceptor sites to charges transferred from the
graphite layer. Here we assume that this mechanism of

TABLE 1. Experimental integrated intensity and calculated
intensities of Bragg reflections in the (OOL) x-ray scattering for
stage-2 EuCl; GIC. The calculated 1ntensmes are given by Eq.
(1) with 4=0.755, B=7.4, d=13.28 A, z,=1.67 A, and
6=0.2.

L Iexpl Icalc
1 763 452
2 1898 2455
3 5678 5413
4 3015 3005
5 2994 3070
6 1604 1507
7 372 485
8 5908 5921
9 378 388
10 273 360
11 496 467
12 100 75
13 225 205
14 180 142
15 35 49
16 333 331
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charge transfer also works for the stage-2 EuCl; GIC.
For the EuCl, intercalate layer having the stoichiometry
of EuCl, 4, the fractional chlorine excess f is defined by
f=8/3. According to Wertheim,!> the value of f is
given, in terms of the island radius R, as the ratio of the
number of Eu atoms on the boundary of the island to
three times the number of Eu atoms inside the island,
yielding

27V3R
b

—_ 1 =p
47R? ]

_ b
s 2R

V'3b2

where p is a geometrical factor and is on the order of uni-
ty, but is a little larger than unity. This expression is
somewhat different from that derived by Wertheim
[f =b/(2V'3R)]."> The value of f is estimated as 0.2/3
since the stoichiometry of our sample is given by
Ciz.3EuCly ;. As will be shown later, the in- plane lattice
constant is determined as b=3X2.46 A=7.38 A from
the electron diffraction pattern. From Eq. (6) the island
size can be calculated as 2R =pb/f =111p A. The is-
land size is on the order of 100-200 A ifp=1-2.

We have performed electron diffraction experiments on
the stage-2 EuCl; GIC at 300 K to determine the in-plane
structure of the EuCl; intercalate layer. Figure 2(a)
shows a typical in-plane diffraction pattern of the stage-2
EuCl; GIC sample, which was used for the (00L) x-ray
diffraction of Fig. 1. The Bragg reflections from the
graphite and EuCl; layers are denoted by large and small
circles, respectively. This pattern shows an eightfold
splitting in each Bragg reflection of EuCl; layers. Note
that we also observed an in-plane diffraction pattern hav-
ing no splitting of Bragg reflections for a very thin area of
the same sample, indicating the existence of a single
domain.

Here we present a model for the in-plane structure of
the EuCl; intercalate layer that explains the complicated
diffraction pattern of Fig. 2(a). In our model, the EuCl,
intercalate layer is hexagonal with two Eu ions per unit
cell as the pristine EuCl;. The unit cell dimension b
(=7.38 A) is three times larger than that of the graphite
lattice (=2.46 A), forming the (3X3) commensurate
structure. This lattice constant b is almost the same as
that of the pristine EuCl; (=7.3746 A). The eightfold
splitting of the Bragg reflections from EuCl; layers indi-
cates that the EuCl; intercalate layer consists of eight
domains in which the (3X3) commensurate structure is
rotated by 6=216.3°, +=10°, +=13.8°, and *17.5° with
respect to the graphite layer, respectively.

Figure 2(b) shows the schematic (HKO) reciprocal lat-
tice plane, which is derived from our model. Bragg
reflections from the graphite layer and the EuCl; layers
are located at wave vectors Q={G;} and {K;}, respec-
tively, where G; and K; are the fundamental reciprocal
lattice vectors of graphxte and EuC13 layers with
|G;1=2.95 A7!, |K,|=1G,|/3=0.983 A~!, G,+G,
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FIG. 2. (a) In-plane electron diffraction pattern of stage-2 EuCl; GIC at 300 K. (b) Schematic (HKO) reciprocal lattice plane for

stage-2 EuCl; GIC. Bragg reflections from the graphite and EuCl; layers are denoted by open and closed circles, respectively.1 The
and

wave vectors G; and K; are the fundamental reciprocal lattice vectors of graphite and EuCl; layers with |G;|=2.95 A
The eightfold splitting is due to the eight equivalent orientations of the commensurate (3 X 3) structure

IK;|=1G;|/3=0.983 A" .
with respect to the graphite layer. One of the eight equivalent orientations is shown. (c) Schematic interpretation of (a), where the
Bragg reflections are located at {GEtK} where {G} and {K} are the sets of the reciprocal lattice vectors of graphite and EuCl; lay-

ers, respectively.
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+G;=0, and K, +K,+K;=0. The wave vectors {G;}
and {K;} are the sets of reciprocal lattice vectors of
graphite and EuCl; layers, respectively, and are described
by {G;}=hG,+kG, (h and k are integers) and
{K;}=pK,+gK, (p and g are integers). In Fig. 2(b),
{K;} is the reciprocal lattice vector of the EuCly layer
which is obtained by the rotation of the (3 X3) commens-
urate structure by 8= +6.3° with respect to the graphite
lattice. The angle between vectors G, and K, is
6= +6.3°. This is one of the eight equivalent patterns,
and coincides with the in-plane diffraction pattern ob-
served by us for the single domain sample. The extinc-
tion rule for the 2D hexagonal lattice with two Eu ions
shows that the intensity of Bragg reflections at Q= {K,}
with p +¢ =3m (m is an integer) is much stronger than
that of Bragg reflections with p +¢+#3m for L =0. At
the present we do not know about the stacking sequence
of the EuCl; layers along the c axis in this compound. If
this compound has a stacking sequence of a-f3-y type, the
intensity of Bragg reflections with p +¢+3m is reduced
to zero at L =0. For simplicity, only the Bragg
reflections with p +¢g =3m are shown in Fig. 2(b).

The complicated electron diffraction pattern of Fig.
2(a) is explained by assuming that the EuCl; intercalate
layer is modulated by the graphite potential. The 2D
hexagonal Eu lattices are subjected to lateral periodic po-
tentials due to the rigid graphite lattice. The static dis-
tortion from the ideal hexagonal lattice position (R;) of
Eu ions, v(R;,R,), can be described by

v(R;,Rp)=3 ugsin[G+(R;—Ry)] , (7)
G

where R, is the origin of potential of graphite and |ug] is
much smaller than the lattice constant. Then the scatter-
ing intensity I (Q) is given by

I(Q)=E |3 8(Q—{K})
K

+ 3 lugQI?8(Q—{G=K}) |, (8)
G,K

where {GEK]} is a combination of {G;} and {K;}, and E
is a constant. The first term of Eq. (8) yields the Bragg
reflections at Q={K} from the ideal hexagonal lattice.
The second term is due to the periodic modulation with
wave vector G, and gives rise to the sidebands at
Q={G=xK]}. Figure 2(c) shows the position of these
sidebands on the (HKO) reciprocal lattice plane. Each
graphite reflection is surrounded by the Bragg reflections
from the EuCl; layer. The sidebands around the graphite
reflection (G,) are shown in Fig. 2(c). These sidebands
are located at Q=G;—2K,;—K, (point 4), G;—K,;+K,
(point B), G;+K;+2K, (point C), G;+3K, (point D),
and so on. The in-plane diffraction pattern of Fig. 2(a)
seems to agree qualitatively with the schematic (HKO0) re-
ciprocal lattice plane of Fig. 2(c). The intensity of the
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sidebands is proportional to |ug-Ql|? which is charac-
teristic of the static distortion of the EuCl; layer by the
graphite potential. In Fig. 2(a), the intensity of Bragg
reflections 4 and B of the sidebands around the graphite
reflection G, seems to be stronger than the Bragg
reflections at {K;}. This suggests that the distortion |ug|
from the uniform hexagonal lattice may be fairly large.
Thus we can conclude that (i) the EuCl; layer is hexago-
nal; (ii) the EuCl; intercalate layer consists of eight
domains in which the (3X3) commensurate structures
are rotated by 6==16.3°, £10°, £13.8°, and £17.5° with
respect to the graphite layer; and (iii) the EuCly layer is
modulated by the graphite potential.

B. Magnetic properties

Figure 3 shows the dc magnetic susceptibility of the
stage-2 EuCl; GIC perpendicular to the ¢ axis, as a func-
tion of temperature. No magnetic phase transition is ob-
served at temperatures above 1.5 K. In order to analyze
these data, we assume that Eu sites in the EuCl; inter-
calate layer are occupied by Eu?* ions and Eu®" ions in
the concentration ratio of ¢: (1—¢) with 0=c =1. The
ground state of the Eu?" ion is 3S;,, with (4f)7 electron
configuration, so that each Eu’" ion has spin § =1 with
zero orbital angular momentum. The ground state of
Eu’" is a nondegenerate ’F,,. There exist J-state levels of
'F,, 'F,, and "F, states above the ground state ’F,. For
the pristine EuCl;, the energy difference between ground
state and these three levels are 355.05 cm ™! (=510.84 K),
1022.54 cm™' (=1471.2 K), and 1846.77 cm™'
(=2657.10 K).!> Then the dc magnetic susceptibility
x(T) is assumed to be a sum of susceptibility contribu-

Stage-2 EuCly GIC
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FIG. 3. dc magnetic susceptibility of stage-2 EuCl; GIC per-
pendicular to the ¢ axis as a function of temperature. The
theoretical susceptibility, given Eq. (9) with all parameters
shown in the text, is denoted by the solid line. The theoretical
susceptibility from the Eu’" and core diamagnetism is denoted
by dotted line.
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tions from Eu?" and Eu®™,
X( T):CXEU2+(T)+(I_C)XEU3+(T)+Xcore . 9)

Here the susceptibility from Eu?>' obeys the Curie-Weiss
law and is given by!®

_ Cu
XE“H_-T——(B_ ) (10)
Naug ([ 8 4.5 15 8
— —+ = _——
Xewt = T, E, T & —E E

Here E, and E, are the energy differences between 'F,
and ’F,, and between 'F, and 'F,, respectively. When
E, =511 K and E,=1471 K are used to calculate the
temperature dependence of Eu’" susceptibility, it is
found that the Eu®" susceptibility is almost independent
of temperature below 50 K, and is assumed to be equal to
the value at 7=0 K, which is theoretically given by
Xp,3+(0)=(N 4% /kp)(8/E ). In Eq. (9), Xcor is the di-
amagnetic core susceptibility, which is independent of
temperature and is estimated as Y .= —213 X107 °
emu/Eumol for the stoichiometry of C;5 ;EuCl; , by us-
ing the following diamagnetic core susceptibility values:
—6X107% emu/mol for C, —26X107° emu/mol for
Cl™, —20X107% emu/mol for Eu’*", and —22X107°
emu/mol for Eu?".!8 Since the diamagnetic core suscep-
tibility of Eu?* is almost the same as that of Eu®", the di-
amagnetic core susceptibility is assumed to be indepen-
dent of concentration c¢. Note that here the value for
Eu? is adopted as the value for Eu in the calculation of

Xcorew Then dc magnetic susceptibility of the stage-2
EuCl; GIC can be simply expressed by
(=M (12)
X - T—0 Xo »

below 50 K, where ), is the temperature-independent
susceptibility and is described by

Xo=(1—c)xg3+(0) +Xeore - (13)

The least-squares fit of the dc magnetic susceptibility
data, taken in the temperature range between 20 and 50
K, to Eq. (12) yields the values of ¢C,,=4.9X107?
(emuK/Eumol), ®=10.1+1.1 K, and x,=5.33X1073
emu/Eumol. If the theoretical value of C,, for Eu®*
(=7.8745 emu K/Eumol) is used, the concentration of
Eu’" is estimated as ¢ =0.006. If the value of C,,
(=6.78 emu K/Eumol) determined for Eu*" in C¢Eu is
used, then the value of ¢ is determined as ¢ =0.007. This
result implies that 99.4% of Eu sites in the EuCl; inter-
calate layer are occupied by Eu**t, which is slightly

—E /T
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with the Curie-Weiss constant C,; and Curie-Weiss tem-
perature ®. The theoretical value of C,, for Eu?" is
given by  Cp=(N,u}/3kg)[gVIT+1)]*=7.8745
emu K/Eumol where g is a Landé factor (g =2) and
=1. For the donor type GIC, stage-1 Eu GIC (C4Eu),
Eu ion is found to exist as Eu?". The dc magnetic sus-
ceptibility of C¢Eu for the direction perpendicular to the
¢ axis obeys the Curie-Weiss law with C,,=6.78
emuK/Eumol, and ®=1.3+1.0 K."” Since Eu’" is a
van Vleck ion, the susceptibility from Eu3" is given by'®

/(1+3e‘E1”)]. (11)

different from the result derived by Boolchand et al.!®
They have found from *'Eu Mdssbauer experiments on
the mixed stage-2 and -3 EuCl; GIC based on HOPG
that Eu is present only as Eu’" in the EuCl, intercalate
layer. We believe that the dc susceptibility at low tem-
perature is much more sensitive to the concentration of
Eu?* compared to the 'Eu Mdssbauer experiment, be-
cause the dc susceptibility from Eu®* is much larger than
that from Eu®" at low temperatures.

The positive value of ® indicates that the intraplanar
exchange interaction J between Eu?" ions is ferromagnet-
ic. The Curie-Weiss temperature ® is expressed in terms
of J as

®=%[(g—1)2m+1)11. (14)

Here note that the component of spin S along the J direc-
tion is given by (g —1)J. Since J=S =71, and g =2 for
Eu’?, the expression for the Curie-Weiss temperature ®
reduces to the conventional form in terms of spin S,

®=3§—JS(S+1), (15)

where Z is the number of nearest-neighbor Eu atoms in
the intercalate layer (Z =3). From Eq. (15) the value of
J is determined as J =0.32 K. The susceptibility from
Eu’" at 0 K is obtained by subtracting X ... from x,:
Xp3+(0)=5.54X1073/(1—¢)=5.58X 10" emu/Eumol

with ¢ =0.006. The energy difference E; between 'F,
and ’F; can be calculated from the value of Xg,3+(0) as

E =538 K, which is a little larger than the value of E,
reported for the pristine EuCl;. In Fig. 3 also shown is
the theoretical susceptibility using Eq. (9) with all param-
eters determined by our analysis. The agreement between
experiment and theory is excellent except for low temper-
atures below 20 K, verifying the simple model that the
susceptibility of Eu?>t and Eu®" is additive. The devia-
tion of the experimental data from the theoretical suscep-
tibility Eq. (9) below 20 K may be due to a short-range
spin order which may begin to grow around 20 K
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through the ferromagnetic intraplanar exchange interac-
tion J (=0.32 K), although no magnetic phase transition
of this compound is observed above 1.5 K.

IV. CONCLUSION

We have investigated the structural and magnetic
properties of the stage-2 EuCl; GIC with a stoichiometry
of C,5 ;EuCl; , by x-ray, electron diffraction, and dc mag-
netic susceptibility measurements. The EuCl; intercalate
layer consists of a three-layer sandwich of Cl-Eu-Cl
where the separation between Eu layer and Cl layer is
z=1.67 A._ The repeat distance along the c axis is
13.28+0.02 A. This indicates that the layer structure of
the EuCl, intercalate layers changes from UCl, type with
3D bonding to that of YCI; type with 2D bonding. The
EuCl; layer is hexagonal with two Eu ions per unit cell
(lattice constant 7.38 A), and consists of eight domain
structures in which the (3 X3) commensurate structure is
rotated by £6.3° +10°, £13.8° and *+17.5° with respect
to the graphite lattice. The EuCl; intercalate layer is
formed of §mall islands, which diameter is on the order of
100-200 A. The excess chlorine of 0.2 existing in the
form of EuCl; , may exist on the periphery of these is-
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lands and provide acceptor sites for charge transfer from
the graphite layer. It has been revealed through the dc
magnetic susceptibility that 0.6% and 99.4% of Eu sites
are occupied by Eu?' and Eu?* ions. The existence of
Eu?? is confirmed from the susceptibility contribution
from Eu’", showing a Curie-Weiss law with ®=10.1 K
below 50 K. The susceptibility contribution from Eu®*
ion shows a van Vleck susceptibility with E; =538 K,
which is almost independent of temperature. No magnet-
ic phase transition is observed at temperatures above 1.5
K from the dc magnetic susceptibility. We plan to do the
ac susceptibility of this compound in the future to exam-
ine the possibility of magnetic phase transition.
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FIG. 2. (a) In-plane electron diffraction pattern of stage-2 EuCl; GIC at 300 K. (b) Schematic (HKO0) reciprocal lattice plane for
stage-2 EuCl; GIC. Bragg reflections from the graphite and EuCl; layers are denoted by open and closed circles, respeclivg]y.! The
wave vectors G, and ol(,lare the fundamental reciprocal lattice vectors of graphite and EuCl; layers with |G,|=2.95 A and
|K;|=|G,;|/3=0.983 A . The eightfold splitting is due to the eight equivalent orientations of the commensurate (3X3) structure
with respect to the graphite layer. One of the eight equivalent orientations is shown. (c) Schematic interpretation of (a), where the
Bragg reflections are located at {G+K | where { G| and [K] are the sets of the reciprocal lattice vectors of graphite and EuCl; lay-

ers, respectively.



