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Magnetic phase transitions of CrCl3 graphite intercalation compound

Masatsugu Suzuki and Itsuko S. Suzuki
Department of Physics, State University of New York at Binghamton, Binghamton, New York 13902-6016

~Received 2 September 1997!

Magnetic phase transitions of stage-2 CrCl3 graphite intercalation compound have been studied using ac
superconducting quantum interference device~SQUID! magnetic susceptibility and dc SQUID magnetization.
This compound is a two-dimensional~2D! Heisenberg ferromagnet with smallXY anisotropy and very weak
antiferromagnetic interplanar exchange interaction: interplanar exchange interactionJ (55.8660.05 K), ef-
fective anisotropy fieldHA

out(5193 Oe), andHE8 (551 Oe). This compound undergoes magnetic transitions at
Tc1(511.5 K), Tc2(510.3– 10.5 K),Tc3(58.67– 9.70 K), andTg(55.7– 7 K). BelowTc1 a 2D ferromag-
netic long-range order with spin component along thec axis appears, forming an axial ferromagnetic phase.
Below Tc2 a 2D ferromagnetic long-range order of spin component perpendicular to thec axis appears,
forming an oblique phase. BelowTc3 there appears a 3D antiferromagnetic order accompanying spin-glass-like
behavior. BelowTg the system enters into a reentrant spin glass phase arising from the competition between a
ferromagnetic Cr31-Cr31 interaction and possible antiferromagnetic Cr21-Cr21 interactions. The role of Cr21

spins with Ising symmetry may be crucial for the axial ferromagnetic and oblique phases.
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I. INTRODUCTION

Magnetic binary graphite intercalation compoun
~GIC’s! provide a model system for studying magnetic pha
transitions of two-dimensional~2D! spin systems.1,2 The
magnetic dimensionality of GIC’s can be controlled by va
ing the stage number, the number of graphite layers betw
adjacent magnetic intercalate layers. The intraplanar
change interactions are almost the same as those of
pristine forms, while the interplanar exchange interactio
are dramatically decreased with increasing stage num
Among these GIC’s it is well known that stage-2 CoCl2 GIC
magnetically behaves like a 2DXY-like ferromagnet on the
triangular lattice.1,2 So far, a considerable amount of wo
has been done on the magnetic phase transition of this c
pound. Detailed magnetic measurements including neu
scattering indicate successive transitions with a 2D lo
range spin order in the intermediate phase.

In this paper we study the magnetic phase transitions
stage-2 CrCl3 GIC. In contrast to stage-2 CoCl2 GIC, there
has been very little work on the magnetic properties
stage-2 CrCl3 GIC, partly because of the difficulty in prepa
ing this compound with a well-defined staging structure. W
show that stage-2 CrCl3 GIC magnetically behaves like a 2D
Heisenberg ferromagnet with very smallXY anisotropy~see
Sec. IV A!. Cr31 ions with spinS(53/2) are located on the
honeycomb lattice of the intercalate layers. Here we exam
the magnetic properties of stage-2 CrCl3 GIC based on
highly oriented pyrolytic graphite~HOPG! using ac super-
conducting quantum interference device~SQUID! magnetic
susceptibility and dc SQUID magnetization measureme
along thec plane~perpendicular to thec axis! and thec axis.
The effect of an external magnetic field on the phase tra
tions is also examined. Like stage-2 CoCl2 GIC, stage-2
CrCl3 GIC undergoes successive magnetic phase transiti
However, the details of the phase transitions in stage-2 C3
GIC are different from those of stage-2 CoCl2 GIC. Several
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different kinds of long-range spin order occur in this com
pound, including a 2D axial ferromagnetic phase, a 2D
lique phase, a 3D antiferromagnetic phase, and a reen
spin glass phase. The nature of these ordered phases is
cussed~Secs. IV B and IV C!.

Pristine CrCl3 has a hexagonal layered-type crystal stru
ture. The magnetic properties of CrCl3 have been reported in
detail.3–9 Pristine CrCl3 undergoes a magnetic phase tran
tion below 16.8 K to an antiferromagnetic state and simila
to CoCl2 and NiCl2, with the spin directions lying in thec
plane and forming ferromagnetic layers which alternate
direction along thec axis. The magnetic structure of CrCl3 is
indicative of a ferromagnetic interaction within the metal io
layers and an antiferromagnetic interaction between lay
The in-plane structure of the CrCl3 intercalate layer in
stage-2 CrCl3 GIC is the same as that of pristine CrCl3,
while the interplanar distance between adjacent CrCl3 layers
greatly increases from 5.78 to 12.80 Å on intercalation10

This suggests that the ferromagnetic intraplanar exchang
teractionJ remains unchanged, but that the magnitude
antiferromagnetic interplanar exchange interactionJ8(,0)
is greatly reduced upon intercalation. There have been
eral works on the magnetic properties of mainly stag
CrCl3 GIC using dc magnetic susceptibility, magnetizatio
nonlinear magnetic susceptibility, and electron spin re
nance experiments. Here we present a simple review of
magnetic phase transitions of stage-3 CrCl3 GIC.11–15 A
zero-field-cooled magnetizationMZFC in the presence of an
external magnetic fieldH(52 Oe) along thec plane shows a
single peak around 10 K, while a field-cooled magnetizat
MFC has an inflection point at 11.360.2 K and drastically
increases with decreasing temperature between 10 and 1
The deviation ofMZFC from MFC occurs below 11.3 K.12

The nonlinear magnetic susceptibilityx2 shows a sharp pea
at 11.4 K and changes its sign at 9.7 K. Herex2 is defined by
x2524M 8(3v)/h3 in the limit of h→0 andv→0, where
10 674 © 1998 The American Physical Society
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57 10 675MAGNETIC PHASE TRANSITIONS OF CrCl3 . . .
M 8(3v) is a real part of third harmonic in-phase compone
of ac magnetization andh is the amplitude of ac magneti
field with angular frequencyv.11

II. EXPERIMENTAL PROCEDURE

A stage-2 CrCl3 GIC sample was prepared by heating
mixture of anhydrous CrCl3 and HOPG sealed in a vacuu
in a quartz tubing. The reaction was made at 850 °C fo
month. The stoichiometry of this compound is determined
C20.9CrCl3 from weight uptake measurements. The sta
number of this compound was confirmed from~00L! x-ray
diffraction to be well-defined stage 2 with ac-axis repeat
distance of 12.8060.02 Å. The sample used in the magne
measurement has a rectangular form with a b
2.60 mm33.81 mm and a thickness of 0.64 mm along thec
axis.

The ac magnetic susceptibility and dc magnetization w
measured using a SQUID magnetometer~Quantum Design,
MPMS XL-5! with a ultralow-field capability option.~i! ac
magnetic susceptibility: The sample was cooled from 2
to 1.9 K in a zero magnetic field~less than 3 mOe!. Then the
temperature (T) dependence of dispersionx8 and absorption
x9 was measured between 1.9 and 18 K in the absence
presence ofH. The amplitude of the ac magnetic fieldh is
50 mOe, and the frequency (f ) range is between 0.1 Hz an
1 kHz. ~ii ! dc magnetization: The sample was cooled fro
298 to 1.9 K in a zero magnetic field. Then an external m
netic field H (51 Oe) is applied at 1.9 K. The zero-field
cooled magnetization (MZFC) was measured with increasin
temperature from 1.9 to 25 K, and the field-cooled magn
zation (MFC) was measured with decreasing temperat
from 25 to 1.9 K.~iii ! The dc magnetic susceptibility wa
also measured while the sample was cooled from 300 to
in the presence ofH(51 kOe).

The intrinsic susceptibilityx in in units of emu/mol is re-
lated to the measured onexe by x in5xe /(12NAxe), where
N is the demagnetizing factor andA is a factor defined by the
density r divided by the molar mass of the stoichiomet
C20.9CrCl3, andr is calculated as 1.94 g/cm3. The value ofA
is estimated as 4.7431023. We assume that the demagnet
ing factorN is equal to 4p and 0 parallel and perpendicula
to the c axis. Here the data forHic are presented withou
correction of the demagnetizing effect.

III. RESULT

A. dc magnetic susceptibility

We have measured the dc magnetic susceptibility
stage-2 CrCl3 GIC based on HOPG in the presence ofH
(51 kOe) along thec plane andc axis. We find that the dc
magnetic susceptibility along thec plane,xa , obeys a Curie-
Weiss law in the temperature range 50<T<300 K. The least
squares fit of the data to

x i5
Ci

T2Q i
1x i

0 ~ i 5a and c! ~1!

yields the Curie-Weiss temperatureQa524.0560.05 K and
the Curie-Weiss constantCa51.38860.002 emu K/mol.
Figure 1~a! shows the reciprocal magnetic susceptibil
t
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(xa2xa
0)21 of stage-2 CrCl3 GIC as a function of tempera

ture. The deviation of data from a straight line exhibiting t
Curie-Weiss law becomes appreciable below 30 K, imply
the growth of short-range spin order. This result is consist
with the electron spin resonance result of stage-3 CrCl3 GIC
that the linewidth divergingly increases with decreasing te
perature below 35 K.13–15 The value ofQa is close to that
reported by Chehabet al.13 (Qa526 K) for stage-3 CrCl3

GIC. The effective magnetic momentPeff
(a) is calculated from

the value ofCa as Peff
(a)5(3.33260.005)mB , which is rela-

tively smaller than 3.87mB for the complete quenching o

FIG. 1. Reciprocal dc magnetic susceptibility (x i2x i
0)21 vs T

for stage-2 CrCl3 GIC. H51 kOe. ~a! i 5a (H'c) and ~b! i 5c
(Hic). The inset shows the field dependence of magnetizationMi

and dc magnetic susceptibilityx i (5Mi /H) at 1.9 K.
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10 676 57MASATSUGU SUZUKI AND ITSUKO S. SUZUKI
orbital angular momentum:Peff52@S(S11)#, with S53/2.
Here we note that the value ofPeff for pristine CrCl3 is
estimated as 3.90mB from the dc magnetic susceptibility3 and
as 2.7260.10 for L53, 3.0460.20 for L59, and 3.20
60.40 forL515 from the intensities of the~00L! antiferro-
magnetic Bragg reflection in magnetic neutron scatterin5

The positiveQa indicates that the intraplanar exchange
teraction is ferromagnetic. The intraplanar ferromagnetic
change interaction is estimated asJ53.2160.01 K from the
relation Q52zJS(S11)/3, wherez(53) is the number of
nearest-neighbor Cr atoms. This value ofJ is much smaller
than that of pristine CrCl3 (J55.25 K) obtained from the
spin wave analysis.6

The dc magnetic susceptibility along thec axis,xc , obeys
the Curie-Weiss law in the temperature range 150<T
<300 K. The least squares fit of the data to Eq.~1! yields
Qc543.9460.67 K and Cc50.91660.008 emu K/mol.
Even if the demagnetizing effect is taken into account,
values ofQc andCc do not change at all. Figure 1~b! shows
the reciprocal magnetic susceptibility (xc2xc

0)21 of stage-2
CrCl3 GIC as a function of temperature. The value ofPeff

(c) is
estimated asPeff

(c)5(2.7160.12)mB , which is much smaller
than Peff

(a) , but is in agreement with that estimated from t
intensity of ~003! antiferromagnetic Bragg reflection i
CrCl3.

5 Note that the value ofQc is very different from that
reported by Chehabet al.13 (Qc525 K) for stage-3 CrCl3
GIC. The value ofJ is estimated asJ55.8660.09 K from
Qc(543.94 K), which is a little larger than that of pristin
CrCl3 (J55.25 K). Since the in-plane structure remains u
changed on intercalation, it may be reasonable to assume
the value ofJ does not change so much. So we adhere to
value ofJ(55.86 K).

The insets of Figs. 1~a! and 1~b! show the field depen
dence of magnetizationMa and dc magnetic susceptibilit
xa(5Ma /H) and Mc and xc at 1.9 K, respectively. The
susceptibilityxa has a sharp peak atH560 Oe correspond
ing to a spin flop field HSF, while xc has a broad
peak around H5200 Oe corresponding to theXY-
symmetry-preserving fieldHA

out ~see Sec. IV A for details!.
The value ofMa(59.13103 emu/mol) atH51 kOe is still
relatively smaller than the saturation magnetization
scribed by Ms

(a)5NAgamBS5(5.5853103)gaS51.675
3104 (emu/mol) forga'2, whereNA is the Avogadro num-
ber. The value ofMc is smaller than that ofMa , indicating
the XY spin symmetry of this system.

B. M ZFC and M FC

Figure 2~a! shows theT dependence of the magnetizatio
MZFC

a andMFC
a along thec plane whenH(51 Oe) is applied

along thec plane. The magnetizationMZFC
a has a broad peak

at 10.1 K and a shoulder at 11.5 K. The deviation ofMFC
a

from MZFC
a occurs below 12.1 K, indicating an irreversib

effect of magnetization.
Figure 2~b! shows theT dependence ofMZFC

c and MFC
c

along thec axis whenH(51 Oe) is applied along thec axis.
No correction of demagnetization is taken for this data. T
magnetizationMZFC

c has a peak at 10.5 K and a shoulder
11.5 K. The deviation ofMFC

c from MZFC
c occurs below 12.1

K. The magnetizationMFC
c drastically increases around 12
.
-
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e

-
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e

-

e
t

with decreasing temperature, showing a very broad p
around 5.2 K. With further decreasing temperature,MFC

c

slightly decreases.

C. xaa8 and xaa9 at H 50

Figure 3 shows theT dependence of dispersionxaa8 at
various frequencies, whereh is applied along thec plane.
The dispersionxaa8 has a peak at 10.3 K forf 50.1 Hz. This
peak slightly shifts to the high temperature side with incre
ing frequency: 10.50 K atf 51 kHz. The dispersionxaa8
has a shoulder at 11.5 K independent of frequency@see Fig.
8~a! for details#. Note that the magnitude ofxaa8 strongly
depends on frequency at fixed temperatures below 11.5

FIG. 2. T dependence ofMFC and MZFC ~a! along thec plane
(H'c) and ~b! along thec axis (Hic). H51 Oe.
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57 10 677MAGNETIC PHASE TRANSITIONS OF CrCl3 . . .
Figure 4~a! shows theT dependence of absorptionxaa9 for
various frequencies. The absorptionxaa9 has a peak at a tem
perature Tp ~58.67 K at f 50.1 Hz and 9.71 K for f
51 kHz! and a small peak at 11.5 K independent of fr
quency@see the inset of Fig. 4~a!#. The absorptionxaa9 for
0.1< f <10 Hz also has a plateaulike form in the temperat
range between'6 K and Tp . In the inset of Fig. 4~b!, we
show the plot ofTp as a function of frequency. The pea
temperatureTp monotonically increases with increasing fr
quency, suggesting the occurrence of a spin glass phas
this system. Here we assume thatxaa9 has a peak atvt51
(v52p f ), wheret is an average relaxation time. In Fig
4~b! we make the plot oft vs T, showing a drastic increas
of t with decreasing temperature. The most likely source
such a divergence oft is a critical slowing down near a
critical temperatureT* . The least squares fit of these data

t5t0~T/T* 21!2x ~2!

yields t051.13310212 sec, T* 57.0461.37 K, and x
519.20612.82, wheret0 is a time constant,T* is a critical
temperature, andx is a dynamic critical exponent. The valu
of x is too large and is unphysical. The large uncertainty ix
arises mainly from the limited number of data.

Figures 4~c! and 4~d! show the frequency dependence
absorption xaa9 at various temperatures for 0.1< f
<1000 Hz. The form ofxaa9 vs f depends on the tempera
tures: ~i! xaa9 decreases with increasing frequency (1.9<T
<5.7 K), ~ii ! it is almost independent of frequency arou
5.9–6.1 K,~iii ! it increases with increasing frequency, ha
ing a small local maximum aroundf 51 Hz (6.3<T
<8.9 K), ~iv! it increases with increasing frequency (9
<T<10.1 K), and ~v! it decreases with increasing fre
quency, having a local minimum around 10 Hz and, in tu

FIG. 3. T dependence ofxaa8 for various frequenciesf
(50.1– 1000 Hz).h550 mOe.h'c. H50. The inset shows a de
tail of xaa8 vs T for 9<T<11.5 K.
-

e

in

r

,

increasing with further increasing frequency (10.3<T
<12.1 K). We assume thatxaa9 may be described by a re
laxation function

xaa9 'G~vt!

5
sin@p~12a!/2#~vt!12a

11~vt!2~12a!12 cos@p~12a!/2#~vt!12a , ~3!

where 0<a,1 anda50 for the Debye-type relaxation. Th
relaxation functionG(vt) is proportional to (vt)12a for
vt!1 and proportional to (vt)211a for vt@1. The above
result suggests that the average relaxation timet divergingly
increases with decreasing temperature below 5.9–6.1 K.
spin glass phase may occur below these temperatures. A
shown on the data at 4.7 K in Fig. 4~c!, the broad spectra
width of up to 4 decades in frequency full width at ha
maximum~FWHM! ~compared to a single time Debye fixe
width of 1.14 decades! reflects an extremely broad distribu
tion of relaxation times:a'1.

D. xaa8 and xaa9 at H

Figure 5~a! shows theT dependence of dispersionxaa8 at
various magnetic fields applied along thec plane, wheref
5100 Hz. The dispersionxaa8 has a peak atTp(H50)
510.50 K at H50. This peak ofxaa8 shifts to the high-
temperature side and is smeared out with increasing m
netic field, implying that the in-plane ferromagnetic order
apparently enhanced by the application ofH. In the inset we
show the plot ofTp as a function ofH. The peak heightxmax8
monotonically decreases as the magnetic field increases.
peak height is described by

xmax8 'H2l, ~4!

for 20<H<1000 Oe withl50.85560.016. The deviation
of peak temperatureTp(H) from Tp(0) is well described by

Tp~H !2Tp~0!'Hm, ~5!

for 20<H<1000 Oe with exponentm50.52460.030. In
Fig. 5~b! we show a plot of the normalized susceptibili
xaa8 /xmax8 as a function of t/Hm for m50.524, wheret
5T/Tp(H50)21. Almost all the data aboveTp(H) seem to
fall on a single-valued scaling functionF(t/Hm), while the
data at temperatures betweenTp(0) and Tp(H) are rather
scattered. Similar behaviors are observed in K2CuF4: m
50.8360.05 andl50.8260.05.16 Thus the dispersionxaa8
for T.Tp(H) is expressed by

xaa8 'H2lC~H/t1/m!, ~6!

whereF(t/Hm)5F„(H/t1/m)2m
…5C(H/t1/m). This scaling

form coincides with a conventional scaling form for th
static susceptibility whenb5(12l)/m andg5l/m, where
b andg are the critical exponents for spontaneous magn
zation and magnetic susceptibility, respectively. The val
of b and g are estimated asb50.2860.01 andg51.63
60.02, respectively. These exponents are in good agreem
with those of the 2DXY-like ferromagnet K2CuF4 for t>7
31022: b50.33 from neutron scattering17 andg51.7– 1.9
from ac magnetic susceptibility.18
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FIG. 4. ~a! T dependence ofxaa9 for various frequenciesf , whereh550 mOe,h'c, andH50. The inset shows a detail ofxaa9 vs T for
10<T<13 K. ~b! Average relaxation timet vs T derived from the relation of peak temperature vs frequency shown in the inset.~c! and~d!
Frequency dependence ofxaa9 for various temperatures.
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Figure 5~c! shows theT dependence of absorptionxaa9 at
various magnetic fields applied along thec plane, wheref
5100 Hz. The absorptionxaa9 has a broad peak at 9.30
and a shoulder around 6.7 K forH50. For H55 Oe this
shoulder changes into a broad peak at 6.9 K, which shift
the low-temperature side with increasing field: 6.48 K f
H550 Oe. The peak completely disappears above 70
Such a decrease of peak temperature withH may be related
to the Almeida-Thouless transition: the spin glass freez
temperature decreases with increasingH. In contrast, the
broad peak at 9.30 K forH50 Oe shifts to the high-
to
r
e.

g

temperature side with increasing field: 10.32 K forH
550 Oe. This behavior is related to the appearance of
in-plane ferromagnetic state which is enhanced by the ap
cation ofH along thec plane.

E. xcc8 and xcc9 at H 50

Figure 6~a! shows theT dependence of dispersionxcc8 at
various frequencies, whereh is applied along thec axis. The
absorptionxcc8 has a sharp peak at 11.5 K independent
frequency. This peak temperature coincides with a temp
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FIG. 5. ~a! T dependence ofxaa8 for various magnetic fieldsH ('c), wheref 5100 Hz,h550 mOe, andH50 ~d!, 10 ~s!, 20 ~m!, 30
~n!, 50 ~j!, 70 ~h!, 100~l!, 200~L!, 500~.!, and 1000~,! Oe. The inset shows the plot of peak temperatureTp vs H. ~b! Scaling plot
of xaa8 /xmax8 vs t/Hm for variousH wheret5T/Tp(H50)21, Tp(0)510.50 K, andm50.524.~c! T dependence ofxaa9 for various magnetic
fieldsH ('c), wheref 5100 Hz,h550 mOe, andH50 ~d!, 1 ~s!, 5 ~m!, 10 ~n!, 20 ~j!, 30 ~h!, 50 ~l!, 70 ~L!, 100~.!, and 200~,!
Oe.
t

s

en
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and
the
ncy
h-
m-
ture wherexaa9 has a small peak andxaa8 has a shoulder. It
also agrees well with that (T511.4 K) obtained from the
nonlinear magnetic susceptibilityx2 . These results sugges
that the transverse component~along thec axis! of spins
orders below 11.5 K, forming an axial ferromagnetic pha
~see Sec. IV C!. The dispersionxcc8 is smaller thanxaa8 be-
low 18 K, which is the highest temperature in the pres
measurement. Here we note a possibility thatxcc8 may be
simply a part ofxaa8 because of misalignment or mosa
spread of the sample. However, this is not the case for
e

t

ur

system: the magnitude ofxcc8 is much larger than that esti
mated based on this possibility.

Figure 6~b! shows theT dependence of absorptionxcc9 for
various frequencies. The absorptionxcc9 at f 50.1 Hz has a
very broad peak around 6–6.5 K, a sharp peak at 10.1 K,
a shoulder around 11.5 K. In the inset we show a plot of
peak temperature around 10.1 K as a function of freque
for 0.1< f <1000 Hz. The sharp peak shifts to the hig
temperature side with increasing frequency. This peak te
perature is close to that ofxaa8 .
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F. xcc8 and xcc9 at H

Figure 7~a! shows theT dependence of dispersionxcc8 for
various fields applied along thec axis. In Fig. 7~b! we show
a plot of the peak temperature as a function ofH. The peak
temperature decreases with increasing field, having a l
minimum around 50–70 Oe, and in turn increases with
creasing field. This may be qualitatively explained as f
lows. In general, the easy-plane-type anisotropy fieldHA

out is
significant to the phase transition of the system withXY spin
symmetry. In the absence of an external field, the criti

FIG. 6. ~a! T dependence ofxcc8 for various frequenciesf ,
whereh550 mOe,hic, andH50. The inset shows a detail ofxcc8
vs T for 10<T<12 K. ~b! T dependence ofxcc9 for various fre-
quenciesf , whereh550 mOe,hic, andH50. The inset shows the
plot of peak temperatureTp vs f .
al
-
-

l

behavior is mainly supported by this fieldHA
out. When the

field is applied along thec axis, this symmetry-preserving
field decreases to the value of the order of (HA

out2H). For
H,HA

out the essential nature of the in-plane spin order d
not change, since the field is not a conjugate variable to
two-component order parameter in the easy plane. The
plane spin order is partly reduced by the field, but is s
responsible for the phase transition, leading to the lower
of the peak temperature with increasingH.19 For H.HA

out,
however, the spin vector has a component along thec axis
and the in-plane component is reduced, giving rise to a cro
over of the spin symmetry fromXY to Heisenberg character
Once the spins are aligned along thec axis, the ferromag-
netic state is enhanced by the application of magnetic fi
along thec axis. Thus the critical temperature increases w
increasing field. In Sec. IV A we show thatHA

out is equal to
193 Oe at 1.9 K. The complicated behavior below 100
may be related to the existence of the axial ferromagn
phase~see Sec. IV C!.

Figure 7~c! shows theT dependence of absorptionxcc9 for
various fields along thec axis, wheref 5100 Hz. The peak
around 10.3 K does not shift as the field increases up to
Oe and completely disappears at 100 Oe. A very broad p
is observed around 6–7 K forH5100 Oe, suggesting the
existence of a reentrant spin glass phase~see Sec. IV C!.

IV. DISCUSSION

A. Spin Hamiltonian

The spin Hamiltonian of Cr31 in stage-2 CrCl3 GIC may
be written as

H522J(
^ i , j &

Si•Sj1D(
i

~Si
z!222J8 (

^ i ,m&
Si•Sm , ~7!

with S53/2, whereJ (.0) andJ8 (,0) are the intraplanar
and interplanar exchange interactions, respectively,D
(.0) is the single-ion anisotropy, and thez axis coincides
with thec axis. Using this Hamiltonian, the in-plane susce
tibility ( xa) and the perpendicular susceptibility (xc) can be
derived from simple calculations as20

xa5
NA~gamB!2

4kBz8uJ8u
~8!

and

xc5
NA~gcmB!2

kB~2D14z8uJ8u!
. ~9!

SinceD.0 andJ8,0, xa is larger thanxc . Experimentally,
we obtain xa5MFC

a /H5163.22 emu/mol andxc5MFC
c /H

532.48 emu/mol atT51.9 K. Here, asxc , we use the value
of 34.23 emu/mol after the correction of demagnetizing
fect is taken. Using Eqs.~8! and ~9!, the parametersD and
z8uJ8u can be estimated asD51.7331022 K and z8uJ8u
52.3031023 K. For convenience, these interactions are e
pressed by the following effective magnetic fields at 0
HA

out5DS/gcmB5193 Oe, HE52zJS/gamB5393 kOe, and
HE852z8uJ8uS/gamB551 Oe, wherega'gc'2. Note that
the value of HA

out is in good agreement with tha
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FIG. 7. ~a! T dependence ofxcc8 for various magnetic fieldsH (ic) wheref 5100 Hz,h550 mOe, andhic. ~b! Peak temperatureTp vs
H. ~c! T dependence ofxcc9 for various magnetic fieldsH (ic).
re

2

it

-
(5200 Oe) derived from the result ofxc vs H at 1.9 K @see
the inset of Fig. 1~b!#. These effective magnetic fields a
compared to those of pristine CrCl3 and K2CuF4: HA

out

52.846 kOe,HE5352 kOe, andHE850.84 kOe for CrCl3
~Ref. 7! and HA

out52zJAS/gcmB52.3 kOe, HE5293 kOe,
and HE85126 Oe for K2CuF4,

17 whereJA is an anisotropic
exchange interaction. Whenz852 is assumed for stage-
CrCl3 GIC, the ratiouJ8u/J is estimated as 231024, which is
much smaller than that of CrCl3 (57.831023) and is on the
same order as that of stage-2 CoCl2 GIC.2 The degree ofXY
character defined by the percentage of the ratioHA

out/HE is
0.05% for stage-2 CrCl3 GIC and 0.8% for both CrCl3 and
K2CuF4. These results indicate that stage-2 CrCl3 GIC mag-
netically behaves like a 2D Heisenberg ferromagnet w
 h

very smallXY anisotropy. The universality class of this com
pound is close to that of stage-2 NiCl2 GIC.1

From the inset of Fig. 1~a!, the spin flop fieldHSF of
stage-2 CrCl3 GIC is obtained asHSF560 Oe at 1.9 K. The
spin flop fieldHSF is theoretically predicted as

HSF5F 2HA
inHE8

12xc /xa
G1/2

, ~10!

whereHA
in is an anisotropy field in thec plane. UsingHE8

551 Oe andxc /xa50.21 at 1.9 K, the fieldHA
in is estimated

as HA
in528 Oe, which is larger than that of pristine CrCl3

(510 Oe).
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B. Magnetic phase transitions

Before discussing the magnetic phase transitions of
compound, we summarize our results on theT dependence
of xaa8 , xcc8 , xaa9 , andxcc9 for stage-2 CrCl3 GIC. To facili-
tate the comparison, we show theT dependence of the dis
persion xaa8 and xcc8 for various frequencies in Fig. 8~a!.
Clearly, the peak temperature ofxaa8 (510.3– 10.5 K) is dif-
ferent from that ofxcc8 (511.5 K). A kink in xaa8 is observed
at 11.5 K. In Fig. 8~b! we show theT dependence of the
absorptionxaa9 andxcc9 . A broad peak inxaa9 is observed at
8.67–9.70 K depending on frequency and a small pea
observed at 11.5 K. A sharp peak and a small shoulder inxcc9
are observed at 10.3 and 11.5 K, respectively. Furtherm

FIG. 8. ~a! T dependence ofxaa8 andxcc8 with various frequen-
cies. ~b! T dependence ofxaa9 andxcc9 with various frequencies.f
50.1 ~d,s!, 1 ~m,n!, 10 ~j,h!, 100~l,L!, and 1000~.,,! Hz.
h550 mOe.
is

is

e,

the absorptionxaa9 andxcc9 show anomalies at 5.7–7 K with
characteristics of a spin glass phase. These results sug
that the system undergoes four kinds of magnetic phase t
sitions: Tc1 (511.5 K), Tc2 (510.3– 10.5 K), Tc3

(58.67– 9.70 K), andTg (55.7– 7 K). The system is in the
paramagnetic phase aboveTc1 . A transverse component o
spins ~along thec axis! orders belowTc1 , forming a 2D
axial ferromagnetic phase. A longitudinal component
spins ~along thec plane! orders belowTc2 , forming a 2D
oblique phase where the spin easy axis is slightly tilted fr
thec plane. A 3D antiferromagnetic long-range order acco
panying a spin-glass-like behavior appears belowTc3 , where
the 2D ferromagnetic intercalate layers are antiferromagn
cally stacked along thec axis. Below Tg there may be a
reentrant spin glass phase. The finite size of small isla
formed in the CrCl3 layers is a crucial element in the sp
orderings atTc2 and Tc3 . The growth of the in-plane spin
correlation length is limited by the existence of islands, ma
ing the effective interplanar exchange interaction finite a
suppressing the 3D spin ordering to a lower temperature t
Tc2 . At Tc2 a 2D ferromagnetic spin order develops insi
each island. BetweenTc2 and Tc3 the 2D ferromagnetic
long-range order is established. The in-plane spin correla
length grows to the order of the island size, leading to
order belowTc3 . Similar behavior is observed in stage
CoCl2 GIC.2

Here it is interesting to compare our result of stage
CrCl3 GIC with that of stage-3 CrCl3 GIC obtained by Hagi-
wara et al.11 We believe that the magnetic properties
stage-3 CrCl3 GIC are essentially the same as those
stage-2 CrCl3 GIC. The singularity of nonlinear susceptibi
ity x2 is used to examine the nature of long-range order:
sign of x2 changes when the spatial magnetic symmetry
the system changes.21 Hagiwaraet al.11 have shown thatx2
~f 50.01, 0.1, and 1 Hz! along thec plane for stage-3 CrCl3
GIC changes its sign from positive to negative at 9.7 K w
increasing temperature and has a negative hump around
K and a negative divergence at 11.4 K. These results indi
that the spatial magnetic symmetry breaking as a whole
tem occurs only at 9.7 K. The spatial magnetic symmetry
not broken at 10.3 and 11.4 K, because the long-range o
may occur within intercalate layers. These results supp
our result that the 2D spin orders occur atTc1 andTc2 and
that the 3D spin order occurs atTc3 . The T dependence of
x2 below Tc3 shows no indication of a spin glass phas
which is inconsistent with our result that the reentrant s
glass phase occurs belowTg .

What is the origin of the reentrant spin glass phase be
Tg? There is some possibility that a part of Cr31 ions is
replaced by Cr21 ions ~disproportionation!.12 The charge
transfer mechanism in CrCl3 GIC is expected to be similar to
that in FeCl3 GIC. Mössbauer spectroscopy measurements
FeCl3 GIC’s reveal that almost 20% of Fe ions is Fe21.22 If
this is true for CrCl3 GIC, it follows that the CrCl3 intercalate
layers are formed of a random mixture of Cr31 and Cr21.
There exist three kinds of intraplanar exchange interactio
Cr31-Cr31, Cr21-Cr21, and Cr31-Cr21 interactions. The in-
traplanar exchange interaction between Cr21 spins may be
antiferromagnetic because Cr21 spins in pristine CrCl2 are
antiferromagnetically coupled with the exchange interact
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J (525.6 K) within each chain.23 The spin frustration aris-
ing from the competition between ferromagnetic interactio
(Cr31-Cr31) and possible antiferromagnetic interactio
(Cr21-Cr21) may lead to the reentrant spin glass phase be
Tg .

C. Oblique phase

In stage-2 CrCl3 GIC, xcc8 has a sharp peak andxaa8 has a
shoulder atTc1 , while xaa8 has a sharp peak andxcc8 shows
no anomaly atTc2 . A very similar behavior is observed in
2D random mixture K2CucCo12cF4 (0.95,c,0.98) with
competing orthogonal spin anisotropies.24 The easy plane~c
plane! of Cu21 ions is perpendicular to the easy axis~c axis!
of Co21 ions. The interaction between Cu21 spins is ferro-
magnetic, while the interaction between Co21 is antiferro-
magnetic. The competition of the orthogonal anisotrop
leads to an oblique phase, where the spin easy axis is t
from thec plane. The dc magnetic susceptibility24 and neu-
tron scattering25 clearly show the onset of successive ferr
magnetic orderings of transverse and longitudinal spin co
ponents atTc

(c) (56.0 K) andTc
(a) (54.6 K), respectively:

an axial ferromagnetic phase with the easy spin axis al
thec axis betweenTc

(c) andTc
(a) and an oblique phase belo

Tc
(a) . The existence of Co21 ions is crucial to the occurrenc

of the axial ferromagnetic and oblique phases. These p
nomena may be qualitatively explained as follows. AtTc

(c) ,
Co21 spins with easy axis (zic) are ordered. Through th
off-diagonal interaction of the form22J0Si

xSj
z , the Cu21

spins are forced to align along the easy axis (xia) and form
an ordered state. When theSz component is ordered, th
molecular field ofJ0^S

z& is produced on the site ofSx, where
^ & denotes the thermal average. This molecular field is n
random field.
.
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How can we explain the successive phase transitions
served in stage-2 CrCl3 GIC? A possible existence of Cr21 is
responsible for the axial ferromagnetic and oblique phas
From the similarity of Co21 in K2CucCo12cF4, Cr21 spins
should have an Ising symmetry with the spin easy axis al
thec axis. This is similar to Fe21 with the Ising symmetry in
XY-like antiferromagnet FeCl3 GIC. The interaction between
Cr21 spins should be antiferromagnetic, which is consist
with the assumption made for the explanation of the re
trant spin glass phase belowTg .

V. CONCLUSION

We have discussed the magnetic phase transitions
stage-2 CrCl3 GIC, which magnetically behaves like a 2
Heisenberg ferromagnet with very smallXY anisotropy. This
compound undergoes four kinds of magnetic phase trans
at Tc1 , Tc2 , Tc3 , andTg . The role of Cr21 spins with Ising
symmetry may be significant to the axial ferromagnetic a
oblique phases. The spin frustration effect arising from
competing ferromagnetic (Cr31-Cr31) and possible antifer-
romagnetic (Cr21-Cr21) interactions leads to the reentra
spin glass phase belowTg . The assumption of Cr21 ions
existing in the intercalate layers is essential to our model.
this end the existence of Cr21 should be confirmed from
some direct measurements. Neutron scattering studies
also required in order to examine the spin structure of e
phase under a special condition such that the remanent m
netic field be completely removed.
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