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Magnetic phase transitions of CrCk graphite intercalation compound
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Magnetic phase transitions of stage-2 Gr@taphite intercalation compound have been studied using ac
superconducting quantum interference dey8@UID) magnetic susceptibility and dc SQUID magnetization.
This compound is a two-dimension@D) Heisenberg ferromagnet with smadlY anisotropy and very weak
antiferromagnetic interplanar exchange interaction: interplanar exchange interd¢tios.86+ 0.05 K), ef-
fective anisotropy fieldH3"{(=193 Oe), andH(=51 Oe). This compound undergoes magnetic transitions at
Tc1(=11.5K), Tep(=10.3-10.5K), T5(=8.67-9.70 K), andlo(=5.7-7 K). BelowT, a 2D ferromag-
netic long-range order with spin component along ¢haxis appears, forming an axial ferromagnetic phase.
Below T, a 2D ferromagnetic long-range order of spin component perpendicular tc #hds appears,
forming an oblique phase. BeloW; there appears a 3D antiferromagnetic order accompanying spin-glass-like
behavior. BelowT, the system enters into a reentrant spin glass phase arising from the competition between a
ferromagnetic CGF'-Cr?" interaction and possible antiferromagneti@GEr" interactions. The role of &f
spins with Ising symmetry may be crucial for the axial ferromagnetic and oblique phases.
[S0163-182698)02218-9

I. INTRODUCTION different kinds of long-range spin order occur in this com-
pound, including a 2D axial ferromagnetic phase, a 2D ob-
Magnetic binary graphite intercalation compoundslique phase, a 3D antiferromagnetic phase, and a reentrant
(GIC’s) provide a model system for studying magnetic phasepin glass phase. The nature of these ordered phases is dis-
transitions of two-dimensiona(2D) spin system$:? The cussedSecs. IV B and IV Q.
magnetic dimensionality of GIC’s can be controlled by vary-  pristine CrC} has a hexagonal layered-type crystal struc-
ing the stage number, the number of graphite layers betweegire. The magnetic properties of Ck®iave been reported in
adjacent magnetic intercalate layers. The intraplanar exge(4i|3-° pristine CrC} undergoes a magnetic phase transi-
change interactions are almost the same as those of thgjp, pejow 16.8 K to an antiferromagnetic state and similarly
pristine forms, while the interplanar exchange interactions CoCl, and NiCb, with the spin directions lying in the

are dramatically decreased with increasing stage numbef)‘lane and forming ferromagnetic layers which alternate in

Among these GIC’s it is well known that stage-2 CoGIC S . 4
: . . direction along the axis. The magnetic structure of Cel$
magnetically behaves like a 2RY-like ferromagnet on the .~ =~ g . . .
indicative of a ferromagnetic interaction within the metal ion

triangular latticet? So far, a considerable amount of work X L :
has been done on the magnetic phase transition of this Cor#a}yers and an antiferromagnetic interaction between layers.
;J;he in-plane structure of the CrClintercalate layer in

pound. Detailed magnetic measurements including neutro ’ =
scattering indicate successive transitions with a 2D longStage-2 CrQ GIC is the same as that of pristine CsCl

range spin order in the intermediate phase. while the interplanar distance between adjacent Cli&glers

In th|S paper we Study the magnetic phase transitions Ogl’eatly increases from 5.78 to 12.80 A on intercalaﬁbn.
stage-2 CrGJ GIC. In contrast to stage-2 CoOGIC, there This suggests that the ferromagnetic intraplanar exchange in-
has been very little work on the magnetic properties ofteractionJ remains unchanged, but that the magnitude of
stage-2 CrGJ GIC, partly because of the difficulty in prepar- antiferromagnetic interplanar exchange interactidg<0)
ing this compound with a well-defined staging structure. Wes greatly reduced upon intercalation. There have been sev-
show that stage-2 CrgGIC magnetically behaves like a 2D eral works on the magnetic properties of mainly stage-3
Heisenberg ferromagnet with very smAlY anisotropy(see = CrCl; GIC using dc magnetic susceptibility, magnetization,
Sec. IV A). Cr*" ions with spinS(=3/2) are located on the nonlinear magnetic susceptibility, and electron spin reso-
honeycomb lattice of the intercalate layers. Here we examineance experiments. Here we present a simple review of the
the magnetic properties of stage-2 GyGBIC based on magnetic phase transitions of stage-3 GrGIC™° A
highly oriented pyrolytic graphitédHOPG using ac super- zero-field-cooled magnetizatiod zrc in the presence of an
conducting quantum interference devi@QUID) magnetic  external magnetic fielth (=2 Oe) along the plane shows a
susceptibility and dc SQUID magnetization measurementsingle peak around 10 K, while a field-cooled magnetization
along thec plane(perpendicular to the axis) and thec axis. Mg has an inflection point at 11430.2 K and drastically
The effect of an external magnetic field on the phase transincreases with decreasing temperature between 10 and 12 K.
tions is also examined. Like stage-2 CoQ3IC, stage-2 The deviation ofM zrc from Mg occurs below 11.3 K2
CrCl; GIC undergoes successive magnetic phase transition$he nonlinear magnetic susceptibility shows a sharp peak
However, the details of the phase transitions in stage-2,CrClat 11.4 K and changes its sign at 9.7 K. Hgreis defined by
GIC are different from those of stage-2 Co@IC. Several y,=—4M’(3w)/h% in the limit of h—0 andw—0, where
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M’ (3w) is a real part of third harmonic in-phase component stage-2 CrCl; GIC
of ac magnetization ant is the amplitude of ac magnetic 200
field with angular frequency.*

Il. EXPERIMENTAL PROCEDURE

A stage-2 CrC GIC sample was prepared by heating a 150

mixture of anhydrous CrGland HOPG sealed in a vacuum
in a quartz tubing. The reaction was made at 850 °C for 1
month. The stoichiometry of this compound is determined as
C,o LrCl; from weight uptake measurements. The stage
number of this compound was confirmed frd60L) x-ray
diffraction to be well-defined stage 2 with @axis repeat
distance of 12.860.02 A. The sample used in the magnetic
measurement has a rectangular form with a base 50
2.60 mmx3.81 mm and a thickness of 0.64 mm along the

axis.

The ac magnetic susceptibility and dc magnetization were
measured using a SQUID magnetomg®@uantum Design, 0 last? | ‘ ‘ L
MPMS XL-5) with a ultralow-field capability option(i) ac 0 50 100 150 200 250 300
magnetic susceptibility: The sample was cooled from 298
to 1.9 K in a zero magnetic fieldess than 3 mOe Then the
temperature T) dependence of dispersigri and absorption
x" was measured between 1.9 and 18 K in the absence and

100

(ta-xa")" (emu/mol)!

T(K)

stage-2 CrCl; GIC

presence oH. The amplitude of the ac magnetic fieidis 300 ' ‘ w0
50 mOe, and the frequency § range is between 0.1 Hz and . () ¢
1 kHz. (ii) dc magnetization: The sample was cooled from 250 o E
298 to 1.9 K in a zero magnetic field. Then an external mag- I
netic fieldH (=1 Oe) is applied at 1.9 K. The zero-field- _ 7 §
cooled magnetizationM zrc) was measured with increasing = 200 6 g
temperature from 1.9 to 25 K, and the field-cooled magneti- £ 5
zation (Mg was measured with decreasing temperature g 5 v OO‘(‘)
from 25 to 1.9 K.(iii) The dc magnetic susceptibility was f’f 150 | H (Oe) :
also measured while the sample was cooled from 300to 2 K &}
in the presence afi (=1 kOe). =

The intrinsic susceptibilityy;, in units of emu/mol is re- = 100 - .
lated to the measured ong by xin=xe/(1—NAy,), where H=1kOe
N is the demagnetizing factor ardis a factor defined by the Hile
density p divided by the molar mass of the stoichiometry 50 1 g ]
C,0 LCrCls, andp is calculated as 1.94 g/émThe value ofA M%
is estimated as 4.2410 3. We assume that the demagnetiz- 0 | |
ing factorN is equal to 4r and O parallel and perpendicular 0 50 100 150 200 250 300
to the c axis. Here the data folic are presented without
correction of the demagnetizing effect. T(K)

FIG. 1. Reciprocal dc magnetic susceptibilitg(ie)(io)’1 vsT
Il RESULT for stage-2 CrG GIC. H=1kOe. (8 i=a (HLc) and(b) i=c
A. dc magnetic susceptibility (Hlic). The inset shows the field dependence of magnetization

) o and dc magnetic susceptibility, (=M;/H) at 1.9 K.
We have measured the dc magnetic susceptibility of

stage-2 CrQ GIC based on HOPG in the presence Hbf _ .
(=1kOe) along the plane andc axis. We find that the dc (xa=xa) ' of stage-2 CrQJ GIC as a function of tempera-

magnetic susceptibility along theplane, y, , obeys a Curie- ture. The deviation of data from a straight line exhibiting the
Weiss law in the temperature ranges50<300 K. The least Curie-Weiss law becomes appreciable below 30 K, implying

squares fit of the data to the growth of short-range spin order. This result is consistent
with the electron spin resonance result of stage-3 £CGIC
C, 0 that the linewidth divergingly increases with decreasing tem-
X=7-g +x? (i=a and c) (1)  perature below 35 R3~1*The value of@, is close to that

reported by Chehaket al® (0,=26 K) for stage-3 CrGl
. . . _ : : a) :
yields the Curie-Weiss temperatufe,=24.05-0.05 K and  GIC. The effective magnetic momel‘arﬁsz is calculated from
the Curie-Weiss constanC,=1.388+0.002 emu K/mol. the value ofC, as P&=(3.332+0.005)ug, Which is rela-
Figure Xa) shows the reciprocal magnetic susceptibility tively smaller than 3.84g for the complete quenching of
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orbital angular momentum: Pz=2[S(S+1)], with S=3/2.
Here we note that the value dt.; for pristine CrC} is
estimated as 3.90; from the dc magnetic susceptibilitand

as 2.72:0.10 for L=3, 3.04-0.20 for L=9, and 3.20
+0.40 forL =15 from the intensities of théD0OL) antiferro-
magnetic Bragg reflection in magnetic neutron scatteting.
The positive®, indicates that the intraplanar exchange in-
teraction is ferromagnetic. The intraplanar ferromagnetic ex-
change interaction is estimated &s 3.21+0.01 K from the
relation ® =2zJ3S+1)/3, wherez(=3) is the number of
nearest-neighbor Cr atoms. This valueJols much smaller
than that of pristine CrGl(J=5.25 K) obtained from the
spin wave analysiS.

The dc magnetic susceptibility along tbexis, x., obeys
the Curie-Weiss law in the temperature range <50
<300 K. The least squares fit of the data to Eb. yields
0.=43.94-0.67K and C.=0.916+0.008 emu K/mol.
Even if the demagnetizing effect is taken into account, the
values of® . andC, do not change at all. Figurgld) shows
the reciprocal magnetic susceptibility {— Xg)*l of stage-2
CrCl; GIC as a function of temperature. The valueR¥) is
estimated a®$=(2.71+0.12)ug, which is much smaller
than P&, but is in agreement with that estimated from the
intensity of (003 antiferromagnetic Bragg reflection in
CrCl,.° Note that the value 0 is very different from that
reported by Chehalet al'® (0.=25K) for stage-3 CrGl
GIC. The value of] is estimated ag=>5.86=0.09 K from
0.(=43.94 K), which is a little larger than that of pristine
CrCl; (J=5.25 K). Since the in-plane structure remains un-
changed on intercalation, it may be reasonable to assume that
the value of] does not change so much. So we adhere to the
value of J(=5.86 K).

The insets of Figs. (B) and Xb) show the field depen-
dence of magnetizatioM, and dc magnetic susceptibility
Xa(=M,/H) and M. and x. at 1.9 K, respectively. The
susceptibility y, has a sharp peak & =60 Oe correspond-
ing to a spin flop fieldHge, while y. has a broad
peak around H=200 Oe corresponding to theXY-
symmetry-preserving fieltH3" (see Sec. IV A for detai)s
The value ofM ,(=9.1x 10° emu/mol) atH=1 kOe is still
relatively smaller than the saturation magnetization de-
scribed by M®=Npg,usS=(5.585% 10°)g,S=1.675
x 10* (emu/mol) forg,~ 2, whereN, is the Avogadro num-
ber. The value oM, is smaller than that oM ,, indicating
the XY spin symmetry of this system.
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B. M zec and M ¢

FIG. 2. T dependence oM - and Mz (a) along thec plane

with decreasing temperature, showing a very broad peak

Figure 2a) shows theT dependence of the magnetization around 5.2 K. With further decreasing temperatuigc

M3-c andM&. along thec plane wherH (=1 Oe) is applied
along thec plane. The magnetizatiod - has a broad peak
at 10.1 K and a shoulder at 11.5 K. The deviationMf
from M3 occurs below 12.1 K, indicating an irreversible
effect of magnetization.

Figure 2b) shows theT dependence oM - and M{.
along thec axis whenH (=1 Oe) is applied along the axis.

slightly decreases.

C. x4a and xz,at H=0

Figure 3 shows thél dependence of dispersiop,, at
various frequencies, whette is applied along the plane.
The dispersiory}, has a peak at 10.3 K fdr=0.1 Hz. This
peak slightly shifts to the high temperature side with increas-

No correction of demagnetization is taken for this data. Theng frequency: 10.50 K af=1kHz. The dispersion,,
magnetizatiorM 5. has a peak at 10.5 K and a shoulder athas a shoulder at 11.5 K independent of frequeseg Fig.
11.5 K. The deviation oM ¢ from M3 occurs below 12.1  8(a) for detaild. Note that the magnitude of,, strongly
K. The magnetizatioM . drastically increases around 12 K depends on frequency at fixed temperatures below 11.5 K.
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stage-2 CrCl; GIC increasing with further increasing frequency (0B
80 = — T ‘ <12.1 K). We assume tha{,, may be described by a re-
”s laxation function
70 F35 5 - ,
E Xaa=G(w7)
o0 I i} ~ sif 7(1-a)/2)(wr)' 2 .
= 50| 1 " T (@’ 2cof m(1- a2l (@n 2 O
§ where O<a<1 anda=0 for the Debye-type relaxation. The
£ 40 N relaxation functionG(w7) is proportional to (7)1 2 for
e w7<1 and proportional tody7) ~1*2 for wr>1. The above
= 30 | — result suggests that the average relaxation trdavergingly
increases with decreasing temperature below 5.9-6.1 K. The
20 | . - spin glass phase may occur below these temperatures. As is
° shown on the data at 4.7 K in Fig(a}, the broad spectral
10 | . i width of up to 4 decades in frequency full width at half
« 1000 Hz "y maximum(FWHM) (compared to a single time Debye fixed
0 | j | ! ! width of 1.14 decadeseflects an extremely broad distribu-
0 2 4 6 8 10 12 14 tion of relaxation timesa~1.
T(K) D. xa, @nd xa, atH
FIG. 3. T dependence ofy,, for various frequenciesf Figure 5a) shows theT dependence of dispersigy,, at
(=0.1-1000 Hz).h=50 mOe.hLc. H=0. The inset shows a de- various magnetic fields applied along tbeplane, wheref
tail of xz, vs T for 9<T<11.5K. =100 Hz. The dispersiony,, has a peak aff,(H=0)

=10.50K atH=0. This peak ofy,, shifts to the high-

Figure 4a) shows theT dependence of absorptif, for  temperature side and is smeared out with increasing mag-
various frequencies. The absorptigh, has a peak at a tem- netic field, implying that the in-plane ferromagnetic order is
perature T, (=8.67K at f=0.1Hz and 9.71 K forf apparently enhanced by the applicatiort+bfin the inset we
=1kH2z) and a small peak at 11.5 K independent of fre-show the plot ofT, as a function oH. The peak heighy
quency[see the inset of Fig.(4)]. The absorptionyy, for monotonically decreases as the magnetic field increases. The
0.1=f=<10 Hz also has a plateaulike form in the temperaturgpeak height is described by
range betweern=6 K and T,. In the inset of Fig. &), we ’ N
show the plot ofT, as a function of frequency. The peak Xma=H ", 4

temperaturel’, monotonically increases with increasing fre- for 20=H=1000 Oe withx = 0.855+0.016. The deviation

guency, suggesting the occurrence of a spin glass phase e peak temperatur&,(H) from T.(0) is well described by
this system. Here we assume thdt, has a peak abr=1 P P

(w=27f ), wherer is an average relaxation time. In Fig. To(H) = To(0)=~HH, (5)
4(b) we make the plot ofr vs T, showing a drastic increase )
of 7 with decreasing temperature. The most likely source fofor 20sH=<1000 Oe with exponenjx=0.524+0.030. In
such a divergence of is a critical slowing down near a Fig. Sb) we show a plot of the normalized susceptibility
critical temperaturd™* . The least squares fit of these data toXaa Xmax @ @ function oft/H* for u=0.524, wheret
=T/T,(H=0)—1. Almost all the data abovE,(H) seem to
7= ro(TIT* —1) % ) fall on a single-valued scaling functich(t/H#), while the
data at temperatures betwe&p(0) and T,(H) are rather
yields 7,=1.13x10 2 sec, T*=7.04:1.37K, and x scattered. Similar behaviors alt(rie observed. |§Ciﬂ.:4: ;u
—19.20+ 12.82, wherer, is a time constanfT* is a critical ~ — 0-83£0.05 and\ =0.82£0.05:" Thus the dispersioy,,
temperature, ang is a dynamic critical exponent. The value for T>Ty(H) is expressed by
of x is too large and is unphysical. The large uncertainty in , _
arises mainly from the limited number of data. Xaa~H W (HIE), ©®
Figures 4c) and 4d) show the frequency dependence of \yhere d (t/H~) = ((H/tY*) ~#)=W (H/tY~). This scaling
absorption x;, at various temperatures for X  form coincides with a conventional scaling form for the
<1000 Hz. The form ofy;, vs f depends on the tempera- static susceptibility whe=(1—\)/x andy=N\/u, where
tures: (i) xa, decreases with increasing frequency &® g and vy are the critical exponents for spontaneous magneti-
<5.7K), (ii) it is almost independent of frequency around zation and magnetic susceptibility, respectively. The values
5.9-6.1 K,(iii) it increases with increasing frequency, hav- of g and y are estimated a@=0.28+-0.01 andy=1.63
ing a small local maximum around=1Hz (6.3<T +0.02, respectively. These exponents are in good agreement
<8.9K), (iv) it increases with increasing frequency (9.1 with those of the 2DXY-like ferromagnet KCuF, for t=7
<T=<10.1K), and(v) it decreases with increasing fre- X102 8=0.33 from neutron scatterihngand y=1.7—-1.9
quency, having a local minimum around 10 Hz and, in turnfrom ac magnetic susceptibilify.
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FIG. 4. (a) T dependence of, for various frequencie§, whereh=50 mOe,h1 ¢, andH=0. The inset shows a detail gf , vs T for
10<T=<13 K. (b) Average relaxation time vs T derived from the relation of peak temperature vs frequency shown in the (osahd(d)
Frequency dependence g}, for various temperatures.

Figure Hc) shows theT dependence of absorptigf, at

temperature side with increasing field: 10.32 K fér
various magnetic fields applied along theplane, wheref

=50 Oe. This behavior is related to the appearance of an
=100 Hz. The absorptiols, has a broad peak at 9.30 K in-plane ferromagnetic state which is enhanced by the appli-
and a shoulder around 6.7 K fét=0. For H=5 Oe this  cation ofH along thec plane.

shoulder changes into a broad peak at 6.9 K, which shifts to
the low-temperature side with increasing field: 6.48 K for / " _
H=50 Oe. The peak completely disappears above 70 Oe. E. Xcc and xec at H=0

Such a decrease of peak temperature Witmay be related Figure &a) shows theT dependence of dispersior at

to the Almeida-Thouless transition: the spin glass freezingarious frequencies, whereis applied along the axis. The
temperature decreases with increaskg In contrast, the absorptiony,. has a sharp peak at 11.5 K independent of
broad peak at 9.30 K foH=0 Oe shifts to the high- frequency. This peak temperature coincides with a tempera
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FIG. 5. (a) T dependence of,, for various magnetic fieldsl (L c), wheref =100 Hz,h=50 mOe, andi=0 (®), 10(O), 20(4A), 30
(A), 50(m), 70(0), 100( @), 200(<), 500(¥), and 100Q'V) Oe. The inset shows the plot of peak temperafyyes H. (b) Scaling plot
Of Xaal Xmax VS t/H* for variousH wheret=T/T,(H=0)—1, T;(0)=10.50 K, andu=0.524.(c) T dependence of,, for various magnetic
fieldsH (L c), wheref =100 Hz,h=50 mOe, andH=0 (®), 1 (O), 5(A), 10(A), 20 (W), 30(J), 50( ), 70(<), 100(¥), and 200(V)
Oe.

ture wherey,, has a small peak angl,, has a shoulder. It system: the magnitude ¢f.. is much larger than that esti-
also agrees well with thatT=11.4 K) obtained from the mated based on this possibility.

nonlinear magnetic susceptibility,. These results suggest  Figure 6b) shows theT dependence of absorptig, for

that the transverse componefationg thec axis) of spins  various frequencies. The absorptigfi, at f=0.1 Hz has a
orders below 11.5 K, forming an axial ferromagnetic phasevery broad peak around 6-6.5 K, a sharp peak at 10.1 K, and
(see Sec. IV € The dispersiony is smaller thany;, be-  a shoulder around 11.5 K. In the inset we show a plot of the
low 18 K, which is the highest temperature in the presenpeak temperature around 10.1 K as a function of frequency
measurement. Here we note a possibility tyat may be for 0.1<f<1000 Hz. The sharp peak shifts to the high-
simply a part of y,, because of misalignment or mosaic temperature side with increasing frequency. This peak tem-
spread of the sample. However, this is not the case for oyperature is close to that gf,, .
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stage-2 CrCl; GIC behavior is mainly supported by this fieldS". When the
T T T ; field is applied along the axis, this symmetry-preserving
. field decreases to the value of the order Bi{'—H). For
H<HS" the essential nature of the in-plane spin order does
not change, since the field is not a conjugate variable to the
two-component order parameter in the easy plane. The in-
plane spin order is partly reduced by the field, but is still
responsible for the phase transition, leading to the lowering
of the peak temperature with increasifig'® For H>HS",
however, the spin vector has a component alongctlais
and the in-plane component is reduced, giving rise to a cross-
over of the spin symmetry frofKY to Heisenberg character.
Once the spins are aligned along thexis, the ferromag-
01Hz ™® netic state is enhanced by the application of magnetic field
1 Hz " along thec axis. Thus the critical temperature increases with
increasing field. In Sec. IV A we show thet3" is equal to
1000 Hz 193 Oe at 1.9 K. The complicated behavior below 100 Oe
0 ; ‘ | | may be related to the existence of the axial ferromagnetic
2 4 6 8 10 12 14 phase(see Sec. IV ¢
Figure 7c) shows theT dependence of absorptigi,, for
T(K) various fields along the axis, wheref =100 Hz. The peak
around 10.3 K does not shift as the field increases up to 50
stage-2 CrCl; GIC Oe and completely disappears at 100 Oe. A very broad peak
is observed around 6—7 K fdd =100 Oe, suggesting the
(b) existence of a reentrant spin glass phase Sec. IV ¢

X'ce (€Mu/mol)

h =50 mOe
s | hilc

| 08
—
o
I
N
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IV. DISCUSSION

L3 -
*58 > b
|

A. Spin Hamiltonian

The spin Hamiltonian of CF in stage-2 CrGJ GIC may
s § be written as

q
g,
and=>

x"ec (€mu/mol)

H=—2J<E> S-§+DX (SqZ)Z—zJ'(E> SSn. (@

i i i,m

with S=3/2, where]J (>0) andJ’ (<0) are the intraplanar

Q@ and interplanar exchange interactions, respectively,
!aql (>0) is the single-ion anisotropy, and tleaxis coincides

with the ¢ axis. Using this Hamiltonian, the in-plane suscep-
tibility ( x,) and the perpendicular susceptibility ) can be
derived from simple calculations As

N N
oom

ITTIITNO
NNNNNII

T(K) :M (8)
Xa™ kg2 [3']
FIG. 6. (8 T dependence of.. for various frequencies,
whereh=50 mOe,hilc, andH=0. The inset shows a detail gf, ~ and
vs T for 10<T=<12K. (b) T dependence of.. for various fre-

2
quencied, whereh=50 mOe,hlic, andH =0. The inset shows the _ Na(9cup) 9)
plot of peak temperaturg, vs f. Xc kg(2D+4z'[J'])"
) . SinceD>0 andJ’ <0, y, is larger thany. . Experimentally,
F. Xcc and xc at H we obtain y,=M2aJ/H=163.22 emu/mol andy.=M¢gJ/H
Figure 7a) shows theT dependence of dispersigii, for ~ =32.48 emu/mol al =1.9 K. Here, ag., we use the value

various fields applied along theaxis. In Fig. 7b) we show  of 34.23 emu/mol after the correction of demagnetizing ef-
a plot of the peak temperature as a functiorHofThe peak fect is taken. Using Eq€8) and (9), the parameter® and
temperature decreases with increasing field, having a locdl'|J’| can be estimated a®=1.73x10"? K and z'|J’|
minimum around 50-70 Oe, and in turn increases with in—=2.30Xx 10_3 K. For convenience, these interactions are ex-
creasing field. This may be qualitatively explained as fol-pressed by the following effective magnetic fields at 0 K:
lows. In general, the easy-plane-type anisotropy fiéflis  Ha'=DS/geus=193 Oe, Hg=22J9g,us=393 kOe, and
significant to the phase transition of the system Witfispin ~ Hg=22"|J"|S/g,ug=51 Oe, whereg,~g.~2. Note that
symmetry. In the absence of an external field, the criticathe value of H3" is in good agreement with that
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FIG. 7. (8) T dependence of,, for various magnetic fields! (lic) wheref =100 Hz,h=50 mQe, andic. (b) Peak temperaturg, vs
H. (c) T dependence aof.. for various magnetic fields (lic).

(=200 Oe) derived from the result qf, vs H at 1.9 K[see  very smallXY anisotropy. The universality class of this com-
the inset of Fig. (b)]. These effective magnetic fields are pound is close to that of stage-2 NjGBIC.!

compared to those of pristine CeChnd K,CuF,: HS" From the inset of Fig. &), the spin flop fieldHgg of
=2.846 kOe,Hg =352 kOe, andH.=0.84kOe for Crgj  Stage-2 CrGJ GIC is obtained a#is=60 Oe at 1.9 K. The
(Ref. 7 and H"=22J,S/g.up=2.3 kOe, Hg=293 kOe, ~ SPIN flop fieldHge is theoretically predicted as

and HE=126 Oe for KCuF,,'’ whereJ, is an anisotropic

exchange interaction. Wherl =2 is assumed for stage-2

CrCl; GIC, the ratio]J'|/J is estimated as 2 10~ 4, which is Hse=
much smaller than that of Crg{=7.8x 10 3) and is on the

same order as that of stage-2 CoGIC 2 The degree oK Y ,

character defined by the percentage of the retf/Hg is ~ whereHy is an anisotropy field in the plane. UsingH¢
0.05% for stage-2 CrGIGIC and 0.8% for both CrGland =51 Oe andy./x,=0.21 at 1.9 K, the field}, is estimated
K,CuF,. These results indicate that stage-2 GrGIC mag- asHy=28 Oe, which is larger than that of pristine C4Cl
netically behaves like a 2D Heisenberg ferromagnet with(=10 Oe).

(10

2HIMHL r’z
1_Xc/Xa ’
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stage-2 CrCl; GIC
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FIG. 8. (8 T dependence of,, and x.. with various frequen-

cies.(b) T dependence of’, and x,. with various frequencies.
=0.1(@,0),1(A,A),10(W,0), 100(#,<), and 1000 VY,V) Hz.
h=50 mOe.

Before discussing the magnetic phase transitions of thlsr
compound we summarize our results on thelependence

Of Xaar Xcer Xaar @NAXcc
tate the comparison, we show tfiledependence of the dis-

B. Magnetic phase transitions

for stage-2 CrG GIC. To facili-

persion x., and x.. for various frequencies in Fig.(8.

Clearly, the peak temperature gf, (=10.3—10.5 K) is dif-
ferent from that ofy.. (=11.5 K). A kink in x,, is observed
at 11.5 K. In Fig. &) we show theT dependence of the
absorptiony’, and x¢.

. A broad peak inys,

is observed at

57

the absorptiory,, and x.. show anomalies at 5.7—7 K with
characteristics of a spin glass phase. These results suggest
that the system undergoes four kinds of magnetic phase tran-
sitions: T.; (=11.5K), T, (=10.3-10.5K), T¢3
(=8.67-9.70K), and 4 (=5.7-7 K). The system is in the
paramagnetic phase aboVg;. A transverse component of
spins (along thec axis) orders belowT;, forming a 2D
axial ferromagnetic phase. A longitudinal component of
spins (along thec plane orders belowT,, forming a 2D
oblique phase where the spin easy axis is slightly tilted from
thec plane. A 3D antiferromagnetic long-range order accom-
panying a spin-glass-like behavior appears belQy, where
the 2D ferromagnetic intercalate layers are antiferromagneti-
cally stacked along the axis. Below T, there may be a
reentrant spin glass phase. The finite size of small islands
formed in the Cr{d layers is a crucial element in the spin
orderings afT., and T.3. The growth of the in-plane spin
correlation length is limited by the existence of islands, mak-
ing the effective interplanar exchange interaction finite and
suppressing the 3D spin ordering to a lower temperature than
Teo. At T, a 2D ferromagnetic spin order develops inside
each island. BetweeiT,, and T.; the 2D ferromagnetic
long-range order is established. The in-plane spin correlation
length grows to the order of the island size, leading to 3D
order belowT.;. Similar behavior is observed in stage-2
CoCl, GIC?2

Here it is interesting to compare our result of stage-2
CrCl; GIC with that of stage-3 CrGIGIC obtained by Hagi-
wara et all! We believe that the magnetic properties of
stage-3 CrG GIC are essentially the same as those of
stage-2 CrG GIC. The singularity of nonlinear susceptibil-
ity x» is used to examine the nature of long-range order: the
sign of y, changes when the spatial magnetic symmetry of
the system changé$ Hagiwaraet al!! have shown thag,
(f=0.01, 0.1, and 1 Hzalong thec plane for stage-3 Crgl
GIC changes its sign from positive to negative at 9.7 K with
increasing temperature and has a negative hump around 10.3
K and a negative divergence at 11.4 K. These results indicate
that the spatial magnetic symmetry breaking as a whole sys-
tem occurs only at 9.7 K. The spatial magnetic symmetry is
not broken at 10.3 and 11.4 K, because the long-range order
may occur within intercalate layers. These results support
our result that the 2D spin orders occurTa and T, and
that the 3D spin order occurs @t;. The T dependence of
x2 below T.3 shows no indication of a spin glass phase,
which is inconsistent with our result that the reentrant spin
glass phase occurs beloly .
What is the origin of the reentrant spin glass phase below
? There is some possibility that a part of3Crions is
replaced by Cr" ions (disproportionation'? The charge
transfer mechanism in CrgGIC is expected to be similar to
that in FeC} GIC. Mossbauer spectroscopy measurements of
FeCk GIC's reveal that almost 20% of Fe ions is?Fe? If
this is true for CrC GIC, it follows that the CrGintercalate
layers are formed of a random mixture of*€rand CF*.
There exist three kinds of intraplanar exchange interactions:
crt-crt, CP*-Cr?*, and CF™-Cr*" interactions. The in-

8.67-9.70 K depending on frequency and a small peak igaplanar exchange interaction betweerf'Cspins may be

observed at 11.5 K. A sharp peak and a small shouldgfin

antiferromagnetic because Crspins in pristine CrGl are

are observed at 10.3 and 11.5 K, respectively. Furthermorentiferromagnetically coupled with the exchange interaction
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J (= —5.6 K) within each chaif® The spin frustration aris- How can we explain the successive phase transitions ob-
ing from the competition between ferromagnetic interactionsserved in stage-2 CreGIC? A possible existence of Eris
(CP*-Cr**) and possible antiferromagnetic interactionsesponsible for the axial ferromagnetic and oblique phases.

(Cr*-Cr*) may lead to the reentrant spin glass phase belovrrom the similarity of C8" in K,CuCo,_cFy, Cr*" spins
T should have an Ising symmetry with the spin easy axis along

o thec axis. This is similar to F& with the Ising symmetry in

XY-like antiferromagnet FeGIGIC. The interaction between

Cr?>" spins should be antiferromagnetic, which is consistent
In stage-2 Crd GIC, x. has a sharp peak and, has a  with the assumption made for the explanation of the reen-

shoulder aff¢;, while x;, has a sharp peak ang, shows trant spin glass phase beldTy.

no anomaly afl .,. A very similar behavior is observed in a

C. Oblique phase

2D random mixture KCu.Co; . F, (0.95<c<0.98) with V. CONCLUSION
competing orthogonal spin anisotropf@sThe easy planéc
plang of CL?" ions is perpendicular to the easy akisaxis) We have discussed the magnetic phase transitions of

of Co** ions. The interaction between &uspins is ferro-  stage-2 CrGl GIC, which magnetically behaves like a 2D
magnetic, while the interaction between“Cds antiferro-  Heisenberg ferromagnet with very smAlY anisotropy. This
magnetic. The competition of the orthogonal anisotropiesompound undergoes four kinds of magnetic phase transition
leads to an oblique phase, where the spin easy axis is tilteat T¢;, Tc,, Tcz, andTy. The role of Cf* spins with Ising
from thec plane. The dc magnetic susceptibifityand neu-  symmetry may be significant to the axial ferromagnetic and
tron scattering’ clearly show the onset of successive ferro-oblique phases. The spin frustration effect arising from the
magnetic orderings of transverse and longitudinal spin comeompeting ferromagnetic (€t-Cr**) and possible antifer-
ponents aff® (=6.0K) andT® (=4.6 K), respectively: romagnetic (CGi"-Cr**) interactions leads to the reentrant
an axial ferromagnetic phase with the easy spin axis alongpin glass phase belowy. The assumption of &f ions

thec axis betweeﬁ'(cc) andTga) and an oblique phase below existing in the intercalate layers is essential to our model. To
T@®  The existence of G ions is crucial to the occurrence this end the existence of €r should be confirmed from

of the axial ferromagnetic and oblique phases. These ph&ome direct measurements. Neutron scattering studies are
nomena may be qualitatively explained as foIIows.Té&), also required in ord_er to examine the spin structure of each
Cc** spins with easy axisZ(c) are ordered. Through the pha_se_under a special condition such that the remanent mag-
off-diagonal interaction of the form-2J,S'S/, the cg+  netic field be completely removed.

spins are forced to align along the easy axia) and form
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