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Spin-glass phases in stage-2 FeCl3 graphite intercalation compound
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The magnetic phase transitions of stage-2 FeCl3 graphite intercalation compound have been studied using
superconducting quantum interference device dc and ac susceptibility measurements in the temperature range
between 1.9 and 18 K. The temperature, frequency, and field dependence ofxaa8 , xaa9 , xcc8 , andxcc9 clearly
show that this compound undergoes two kinds of spin-glass phase transition atTSG

(h) ('4.5– 6.1 K) andTSG
( l )

('2 – 2.5 K), respectively. Bothxaa9 and xcc9 have peaks atTSG
(h) that shift to the low-temperature side with

decreasing frequency. The spin-glass phase belowTSG
(h) may result from a competition between the antiferro-

magneticXY-like Fe31 spins as the majority and the ferromagnetic Ising Fe21 spins as the minority. The
absorptionxaa9 has a peak atTSG

( l ) that shifts to the low-temperature side with decreasing frequency. No anomaly
in xcc9 is observed atTSG

( l ) , indicating that only theXY components of spins contribute to this transition. The
spin-glass transition belowTSG

( l ) may result from a competition between the intraplanar nearest-neighbor anti-
ferromagnetic and next-nearest-neighbor ferromagnetic intraplanar exchange interaction, which is responsible
for a possible incommensurate in-plane spin structure at low temperatures.@S0163-1829~98!01725-1#
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I. INTRODUCTION

FeCl3 graphite intercalation compounds~GIC’s! provide a
model system for studying the magnetic phase transition
two-dimensional~2D! spin system. The magnetic properti
of FeCl3 GIC’s have been studied by many researchers
almost three decades.1–20 The pioneering work of the mag
netic study on FeCl3 GIC’s was made by Karimov and
co-workers.1 They showed that the magnetic susceptibility
polycrystalline samples has a peak at 3.6 K for stage-1 G
and at 7 K for stage-2 GIC, which is identified as the onse
antiferromagnetic and ferromagnetic phase transitions,
spectively. Ohhashi and Tusjikawa2,3 made the Mo¨ssbauer
and dc magnetic susceptibility measurements of stage-1
stage-2 FeCl3 GIC based on highly oriented pyrolytic graph
ite ~HOPG! and a single crystal of kish graphite~SCKG!.
They showed that both stage-1 and stage-2 compounds
dergo antiferromagnetic phase transitions at the Ne´el tem-
peratureTN53.9 K for stage 1 and 3.6 K for stage 2, whe
spins lie in thec plane perpendicular to thec axis. Holwein
et al.4 made the Mo¨ssbauer and dc magnetic susceptibil
measurements of stage-1 FeCl3 GIC. They showed that the
Curie-Weiss temperature isQ525 K, indicating an antifer-
romagnetic exchange interaction. The temperature varia
of the hyperfine field leads toTN54.160.2 K. Millman and
co-workers5 measured the ac susceptibility of stage-1 a
stage-2 FeCl3 GIC’s based on HOPG for orientations bo
parallel and perpendicular to thec axis. They showed tha
stage-1 and stage-2 compounds undergo a magnetic p
transition at 4.360.2 K and 1.360.2 K, respectively. Mill-
man and Zimmerman6 measured the ac magnetic susceptib
ity of stage-2 FeCl3 GIC based on HOPG. They showed th
the ac magnetic susceptibility has a sharp peak at 1.7 K.
peak is dramatically enhanced as the number of Fe31 sites,
which are nearest neighbors to iron vacancies, is increa
from 7 to 11%. Ibrahim and Zimmerman7,8 measured the ac
magnetic susceptibility of stage-1 to stage-6 FeCl3 GIC
PRB 580163-1829/98/58~1!/371~14!/$15.00
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along thec plane and thec axis. They showed that the a
magnetic susceptibility along thec plane has a sharp peak
1.7 and 1.8 K for all stages. The peak is dramatically redu
when a magnetic field of the order of 5 Oe along thec plane
is applied. As the magnetic field increases, the peak shift
the high-temperature side, indicating the occurrence of a
romagnetic phase transition with 2D character. No peak
observed in the ac susceptibility along thec axis.

Miyoshi et al.9 measured the temperature dependence
the ac magnetic susceptibility for stage-3 FeCl3 GIC includ-
ing the dispersionx8, absorptionx9, and nonlinear magnetic
susceptibilityx2 . The dispersionx8 shows a peak at tem
peratureTh ('5.2 K) for f 53.7 Hz that shifts to the high-
temperature side with increasing frequencyf . The absorp-
tion x9 rapidly increases nearTh and seems to have a
inflection point atTh . These behaviors inx8 andx9 suggest
an occurrence of a spin-glass phase atTh . The nonlinear
magnetic susceptibilityx2 shows a sharp negative pea
around Th , suggesting further evidence of the spin-gla
phase.

In spite of a considerable amount of work it seems t
the magnetic phase transition of FeCl3 GIC has not been
sufficiently understood compared to that of the other tran
tion metal dichloride GIC’s such as CoCl2 GIC and NiCl2
GIC.10,11 In particular, the relation between the phase tran
tion at 1.7 K and that near 4 K remains unclear. In this pape
we report an extensive study on the magnetic phase tra
tions of stage-2 FeCl3 GIC using dc superconducting quan
tum interference device~SQUID! magnetization~zero-field-
cooled magnetization and field-cooled magnetization! and ac
SQUID magnetic susceptibility. Since the magnetic pha
transition of stage-2 FeCl3 GIC is expected to be very sens
tive to the remanent magnetic field, all these measurem
are made after the system is cooled from 300 to 1.9 K in
zero magnetic field~typically less than 3 mOe!. The fre-
quency, temperature, and magnetic-field dependence o
dispersion (xaa8 and xcc8 ) and the absorption (xaa9 and xcc9 )
371 © 1998 The American Physical Society
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372 PRB 58MASATSUGU SUZUKI AND ITSUKO S. SUZUKI
along thec plane and thec axis, respectively, are examine
in detail. The magnetic phase transitions of stage-2 Fe3
GIC are very complicated because of spin frustration effe
arising from competing interactions and spin anisotrop
We will show that two kinds of spin-glass phase occur
temperaturesTSG

(h) andTSG
( l ) .

In Sec. II we present a simple review of the experimen
results on Mo¨ssbauer and magnetic neutron scattering
stage-1 and stage-2 FeCl3 GIC’s. In Secs. III and IV the
experimental procedure and results are given. In Sec. V
results are discussed in the light of the spin-glass phase
compared with data reported previously.

II. MAGNETIC PROPERTIES OF FeCl 3 GIC’S

A. Mössbauer effect

The Mössbauer effect of FeCl3 GIC’s has been exten
sively studied by several groups.2,4,12–16 Millman and
Kirczenow16 have shown that there are three kinds of Fe s
in the FeCl3 intercalate layers of stage-1 and stage-2 Fe3
GIC’s. Their results for stage-2 FeCl3 GIC are as follows.~i!
The majority Fe31 ions ~site A) have the same isomer shi
(d50.58 mm/s) as pristine FeCl3. It possesses a small qua
rupole splitting DEQ50.2360.03 mm/s with symmetric
peak intensities. The percent contribution of majority Fe31

decreases from 86.6% at 90 K to 75.6% at 10 K. The ma
axis of the electric-field-gradient tensor lies along thec plane
perpendicular to thec axis. The full six-line hyperfine pat
tern with the intensity ratio of 3:4:1:1:4:3 is observed at lo
temperatures for theg ray parallel to thec axis, indicating
that the easy axis of the majority Fe31 spins lies in thec
plane.~ii ! The minority Fe21 ions ~site B) have an isomer
shift d51.21 mm/s and a quadrupole splittingDEQ5
21.85 mm/s. The percent contribution of Fe21 ions in-
creases from 4% at 90 K to 17% at 10 K as the tempera
decreases. Note that the isomer shift of siteB is the same as
that for FeCl2 GIC’s. Ohhashi and Tsujikawa17 have shown
that there are two kinds of Fe21 sites in stage-2 FeCl2
GIC: d51.21 mm/s and DEQ52.20 mm/s, and d
51.20 mm/s, DEQ51.35 mm/s. The major axis of th
electric-field-gradient tensor lies along thec axis, suggesting
that the Fe21 spins are aligned along thec axis. ~iii ! The
minority Fe31 ions ~site C) that are next neighbors to iro
vacancies haved50.58 mm/s andDEQ51.27 mm/s. The
percent contribution of Fe31 ions with siteC remains un-
changed: 7.4% at 90 and 10 K. The number of iron vac
cies is one third of the number of Fe31 sites nearest neigh
bors to iron vacancies~2.8%!. The full six-line hyperfine
pattern with the intensity ratio of 3:2:1:1:2:3 is observed
65 mK, when theg-ray direction is parallel to thec axis. No
change ind was observed between 10 K and 65 mK, ind
cating no occurrence of a magnetically ordered phase.

Ohhashi and Tsujikawa2 reported that the percent contr
bution of majority Fe21 is less than 3%, which is rathe
different from that~17% at 10 K! derived by Millman and
Kirczenow.16 According to the comment by Millman an
Kirczenow,16 a careful reexamination of the spectra
Ohhashi and Tsujikawa2 shows that there is a noticeable co
centration of Fe21 present in their sample in spite of the
claim. Holweinet al.4 have reported that the percent cont
l
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bution of Fe21 is 20% for stage-1 FeCl3 GIC. The internal
magnetic fieldHn (5500 kOe at 0 K! from the hyperfine
splitting dramatically decreases with increasing tempera
and reduces to zero atTN (54 K) for stage-1 and stage-
FeCl3 GIC’s. This result is a little different from that ob
tained by Millman and co-workers:12 Hn5452 kOe at 0 K
for stage 1 and stage 2, andTN54.260.5 K for stage 1 and
2.061.5 K for stage-2 FeCl3 GIC.

B. Magnetic neutron scattering

There have been few studies on the magnetic neu
scattering of FeCl3 GIC’s. Here we present a simple revie
on the magnetic neutron-scattering studies on stage-1
stage-2 FeCl3 GIC’s that were done by Simonet al.18–20

They have shown that there are two types of phase
samples of FeCl3 GIC’s: a phase andb phase. Theb phase
is usually found in powdered FeCl3 GIC’s, while thea phase
exists in FeCl3 GIC’s based on HOPG and SCKG. The a
tion of water in air on thea phase leads to theb phase. No
difference in structure is observed between thea and b
phases. The principal axis of the FeCl3 lattice is rotated by
30° with respect to that of the graphite lattice. In the FeC3
intercalate layers the Fe atoms form a honeycomb lat
with a lattice constantah56.12 Å in the octahedral sites o
the chlorine lattice. The fundamental reciprocal lattice ve
tors are given bya* and b* with ua* u5ub* u54p/()ah)
51.185 Å21.

For stage-1 FeCl3 GIC with b phase, the magnetic Brag
peaks appear at the in-plane wave vectorQ5k1 , k2 , a*
2k1 , a* 2k2 , and so on. Herek1 and k2 are the in-plane
reciprocal lattice vectors for the incommensurate magn
modulation: uk1u5uk2u50.394ua* u50.467 Å21 and the
angle betweenk1 andk2 is 60°. The angle betweenk1 and
a* , u, is determined from a relation

cosu5
uk1u21ua* u22uk12a* u2

2uk1uua* u
. ~1!

Whenuk12a* u50.72 Å21 the value of cosu is nearly equal
to 1, suggesting thatk1 is parallel to a* . The integrated
magnetic scattering intensity atQ5k1 decreases to zero a
3.8 K, indicating the occurrence of a magnetic phase tra
tion. A strong 2D spin correlation develops below 30 K.

For stage-2 FeCl3 GIC with b phase, the magnetic Brag
peak also appears atQ5k1 with uk1u/ua* u50.394. The mag-
netic peak is asymmetric and has a Warren shape chara
istic of 2D spin correlations. The integrated magnetic sc
tering intensity increases gradually as the tempera
decreases, showing no evidence for the magnetic phase
sition. A strong 2D spin correlation develops below 30 K

For stage-1 FeCl3 GIC with a phase, the magnetic Brag
peak appears at the commensurate in-plane wave vectQ
5k1 with uk1u50.25ua* u'0.30 Å21 where the angle be
tweenk1 anda* may be zero. Weakness of signal indicat
that only a small part of the spins are ordered below 1.7
where the ac susceptibility shows a peak.

III. EXPERIMENTAL PROCEDURE

Our samples were prepared by intercalating a single c
tal of FeCl3 into HOPG using the two-bulb method. Th
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temperatures of graphite and FeCl3 were held at 300 °C and
380 °C, respectively. This condition is the same as those
ported by Mizutaniet al.21 The reaction was made in a Pyre
glass tubing sealed in vacuum for two weeks. The stoic
ometry of the sample was determined as C13.7760.01FeCl3
from the weight uptake measurement when Fe ions are
sumed to exist as FeCl3 in the intercalate layer. The samp
was confirmed from the~00L! x-ray diffraction to be well-
defined stage 2 with thec axis repeat distance 12.7
60.02 Å. The ideal stoichiometry is estimated
C12.38FeCl3 when Fe ions are ideally situated on the hone
comb lattice with the lattice constantah56.12 Å. The filling
factor is estimated as 89.9% if the sample is formed of o
stage 2.

The ac magnetic susceptibility and dc magnetization w
measured using a SQUID magnetometer~Quantum Design,
MPMS XL-5! with an ultralow-field capability option.~i! ac
magnetic susceptibility measurement. The sample
cooled from 298 K to 1.9 K in a zero magnetic field~less
than 3 mOe!. Then the temperature (T) dependence of dis
persionx8 and absorptionx9 was measured between 1.9 a
18 K in the absence and presence ofH. The amplitude of the
ac magnetic fieldh was 500 mOe and 25 different freque
cies between 0.01 Hz and 1 kHz were chosen.~ii ! dc mag-
netization measurement. The sample was cooled from 29
to 1.9 K in a zero magnetic field~less than 3 mOe!. Then an
external magnetic fieldH (51 Oe) was applied at 1.9 K
The zero-field-cooled magnetization (MZFC) was measured
with increasing temperature from 1.9 to 25 K and the fie
cooled magnetization (MFC) was measured with decreasin
temperature from 25 to 1.9 K.~iii ! The dc magnetic suscep
tibility was also measured between 1.9 and 300 K in
presence ofH (1<H<50 kOe).

IV. RESULTS

A. dc magnetization and magnetic susceptibility

Figure 1~a! shows the temperature (T) dependence of the
dc magnetic susceptibilityxa along thec plane andxc along
the c axis in the presence of an external magnetic field
H51 kOe. The susceptibilityxa is larger thanxc in the
temperature range between 1.9 and 300 K, showing an e
plane-type spin anisotropy of this system. The susceptib
xa has a peak at 2.6160.02 K, whilexc has no anomaly a
any temperature. The susceptibilityxa and xc obey the
Curie-Weiss law at high temperatures. The least-square
of the data ofxa vs T andxc vs T to the Curie-Weiss law for
150<T<300 K yields the Curie-Weiss temperatureQ and
Curie-Weiss constantC: Qa525.6461.12 K, Ca55.22
60.06 emu K/mol, andQc5210.9460.98 K, Cc55.04
60.05 emu K/mol. These values are in good agreement w
those for stage-2 FeCl3 GIC reported by Ohhashi an
Tsujikawa:3 Qa526.061.0 K, Ca54.4660.10 emu K/
mol, Qc529.062.0 K, and Cc54.3060.05 emu K/mol.
Figure 1~b! shows theT dependence of reciprocal suscep
bility ( x i2x i

0)21 for i 5a andc, wherex i
0 is a temperature-

independent susceptibility determined from the least-squ
fit.

The inset of Fig. 1~a! shows the field (H) dependence o
the magnetizationMa at 1.9 K in the presence ofH along the
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c plane. The normalized magnetization defined
Ma /gNAmB corresponds to the average spin^S&, where
gNAmB51.1173104 emu/mol withg52. ~i! ^S&50 for H
'0, suggesting the antiferromagnetic intraplanar excha
interaction. ~ii ! the slope defined byd^S&/dH changes
aroundH530 kOe wherê S&'S/3 with S5 5

2 , suggesting
that the spin-flop fieldHSF is of the order of 30 kOe.

In Fig. 2 we show theT dependence of zero-field-coole
magnetizationMZFC and field-cooled magnetizationMFC in
the presence ofH (51 Oe) along thec plane and thec axis,

FIG. 1. ~a! T dependence ofxa (H'c) and xc (Hic) at H
51 kOe for stage-2 FeCl3 GIC. The inset shows theH dependence
of normalized magnetizationMa /NAgmB(5^S&) at 1.9 K forH'c
with g52 andNAmB55.5853103 emu. ~b! T dependence of re-
ciprocal susceptibilities (x i2x i

0)21 at H51 kOe for i 5a andc.
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respectively. BothMZFC
a and MZFC

c have broad peaks at 4.
K. Note that a discontinuity inMZFC observed around 4 K
may be due to an uncertainty of temperature occurring d
ing the measurements. The deviation ofMFC from MZFC ap-
pears at 14.7 K for thec plane and 24 K for thec axis,
indicating the occurrence of an irreversible effect of mag
tization. BothMFC

a andMFC
c tend to saturate below 4 K and

3.1 K, respectively. The value ofMFC
a is larger than that of

MFC
c at least for 1.9<T<25 K, indicating theXY spin an-

isotropy of this system.

B. ac magnetic susceptibilityxaa8 and xaa9 for H 50

Figure 3~a! shows theT dependence of the dispersionxaa8
for typical frequencies. The dispersionxaa8 exhibits a small
shoulder at low temperatureTl and a broad peak at hig
temperatureTh . A broad peak atTh shifts to the high-
temperature side with increasing frequency: 5.26 K fof
50.01 Hz to 6.72 K forf 51 kHz. A shoulder atTl also
shifts to the high-temperature side:Tl'2.3 K for 0.01 Hz
to '3 K for 1 kHz. The peak height atTh is strongly depen-
dent on frequency: it decreases with increasingv as
xaa8 max'v20.036760.0005.

Figure 3~b! shows theT dependence of absorptionxaa9 for
typical frequencies. The absorptionxaa9 exhibits a small peak
at low-temperatureTl and a broad peak at high-temperatu
Th . A broad peak atTh shifts to the high-temperature sid
with increasing frequency: 4.52 K at 0.01 Hz to 6.07 K f
1 kHz. The peak height of the broad peak atTh is dependent
on frequency: it decreases with increasingv as xaa9 max

'v20.016260.0010. Figure 3~c! shows theT dependence o
xaa9 around Tl . The small peak atTl shifts to the high-
temperature side with increasing frequency: 1.95 K at 0
Hz to 2.52 K at 1 kHz@see also Fig. 3~d! shown later#. This
result suggests that the transition is similar to one from

FIG. 2. T dependence of zero-field-cooled magnetizationMZFC

and field-cooled magnetizationMFC for H'c andHic. H51 Oe.
r-

-

1

e

paramagnetic~PM! phase to the spin glass~SG! phase. Thef
dependence of this peak height is rather different from tha
Th . The peak height atTl slightly decreases with increasin
f for 0.01< f <10 Hz. It has a local minimum at 20 Hz, an
rapidly increases with increasing frequency. Figure 3~d!
shows thef dependence of the peak temperaturesTh for
xaa8 , xaa9 , xcc8 , and xcc9 and Tl for xaa9 . Note that theT
dependence ofxcc8 and xcc9 will be discussed below. The
peak temperatureTh of xaa8 is higher than the peak tempera
ture Th of xaa9 by 0.65–0.74 K at the same frequency. T
frequency dependence ofTh for xaa9 will be discussed in
more detail in Sec. V.

C. ac magnetic susceptibilityxaa8 and xaa9 for H
along the c plane

TheT dependence ofxaa8 andxaa9 with f 51, 10, and 100
Hz was measured in the presence ofH along thec plane. In
Fig. 4~a! we show theT dependence ofxaa8 with f 51 Hz for
various magnetic fields. The broad peak atTh shifts to the
low-temperature side with increasingH: 6.35 K at H50
and 3.85 K at 2 kOe. This may indicate that the lo
temperature phase is an antiferromagnetic one with spins
ing in the c plane. It seems that the shoulder atTl remains
unchanged at low fields but disappears above 200 Oe. In
4~b! we show theT dependence ofxaa9 with f 51 Hz for
various magnetic fields. It clearly shows a broad peak atTh
55.03 K and a small peak atTl52.14 K at H50 Oe. The
broad peak atTh shifts to the low-temperature side with in
creasingH (Th53.1 K atH5500 Oe) and disappears abov
700 Oe. The small peak atTl slightly shifts to the low-
temperature side asH increases (Tl52.07 K at H
5200 Oe) and disappears above 500 Oe. Figure 4~c! shows
the H dependence of the peak temperatureTh for xaa8 and
xaa9 with f 51, 10, and 100 Hz. The peak temperatureTh for
xaa8 andxaa9 is related to magnitude ofH through a power-
law form described by

Th~H !5Th~H50!F12S H

H0
D 1/aG , ~2!

wherea is an exponent. The least-squares fit of the data
Th vs H for xaa8 andxaa9 in the limited field ranges yields the
values ofTh(H50), H0 anda for f 51, 10, and 100 Hz tha
are listed in Table I. This exponenta that is dependent on
frequency and the kind of susceptibility is a little small
than that (a51.50) predicted by Almeida and Thouless22 for
the field dependence of freezing temperature at the trans
between the PM and SG phases. In contrast, the peak
peratureTl for xaa9 remains almost unchanged with increa
ing H for 0<H<100 Oe: Tl52.14– 2.07 forf 51 Hz, Tl
52.27– 2.21 K for f 510 Hz, andTl52.38– 2.44 K for f
5100 Hz.

The peak heightxaa8 max at Th is dependent on the magn
tude of H. The H dependence ofxaa8 max is described by a
power law form in the field range between 20 and 200 O
xaa8 max'H2l with the exponentl50.48560.037 for f
51 Hz, 0.44460.040 for f 510 Hz, and 0.42360.045 for
f 5100 Hz.
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FIG. 3. ~a! T dependence of dispersionxaa8 at various frequencies: 0.01~d!, 0.03~s!, 0.1 ~m!, 0.3 ~n!, 1 ~j!, 3 ~h!, 10 ~l!, 30 ~L!,
100~.!, 330~,!, and 1000 Hz~:!. h'c. h5500 mOe.H50. ~b! T dependence of absorptionxaa9 at various frequencies.~c! T dependence
of xaa9 at various frequencies below 3 K.~d! f dependence of peak temperaturesTh andTl for xaa8 ~d!, xaa9 ~m, j! xcc8 ~s!, andxcc9 ~n!.
th
e
r

re
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s

.
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D. ac magnetic susceptibilityxcc8 and xcc9 without H

Here we notice that a sample holder used only for
measurement ofxcc8 and xcc9 gives rise to an appreciabl
frequency-dependent baseline to the ac susceptibility fof
.100 Hz partly because of the small values ofxcc8 andxcc9 .
Therefore, any data ofxcc8 and xcc9 for f >200 Hz are not
used for discussing the magnitude ofxcc8 and xcc9 . Figure
5~a! shows theT dependence ofxcc8 for f <100 Hz in the
absence ofH. The dispersionxcc8 has a broad peak atTh ,
which shifts to the high-temperature side with increasing f
quency: Th54.92 K at 0.1 Hz to 6.01 K at 1 kHz. The pea
e

-

temperatureTh of xcc8 is almost the same as that ofxaa9 at the
same frequency@see Fig. 3~d!#. The peak height decrease
with increasing frequency asxcc8 'v20.027060.0004 for 0.1
< f <100 Hz. No anomaly inxcc8 is observed near 2–3 K
This is in contrast to the shoulder observed inxaa8 near 2–3
K. This result may suggest that only theXY spin components
contribute to the spin ordering process atTl . Figure 5~b!
shows theT dependence ofxcc9 for 0.1< f <1 Hz. The ab-
sorptionxcc9 has a relatively sharp peak atTh , which shifts
to the high-temperature side with increasing frequency:Th
53.57 Hz at 0.1 Hz to 4.74 K at 1 kHz. The peak tempe
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FIG. 4. T dependence of~a! xaa8 and~b! xaa9 for various magnetic fieldsH (H'c). f 51 Hz andh5500 mOe (h'c). The denotation for
each field in~a! is the same as that in~b!. ~c! H dependence of peak temperatureTh for xaa8 ~d, m, j!, andxaa9 ~s, n, h! for f 51, 10,
and 100 Hz, respectively. The solid lines are the least-squares fits of data to Eq.~2! with parameters listed in Table I.
tic

k
tureTh of xcc9 is lower than that ofxcc8 by 1.27–1.35 K at the
same frequency. Also, no anomaly inxcc9 is observed around
Tl .

E. ac magnetic susceptibilityxcc8 and xcc9 with H
along the c axis

Figures 6~a! and 6~b! show theT-dependence ofxcc8 and
xcc9 with f 5100 Hz in the presence of various magne
fields along thec axis. Figure 6~c! shows theH dependence
of the peak temperatureTh for xcc8 andxcc9 . The peak tem-
peratureTh of xcc8 does not change withH for H<200 Oe,
TABLE I. The exponenta for the field dependence of the pea
temperatureTh for xaa8 andxaa9 defined by Eq.~2!.

f ~Hz! Th (H50) H0 ~kOe! a
Field range
of fitting

1 (xaa8 ) 5.75 K 2.86 1.45560.009 0–700 Oe
10 (xaa8 ) 6.02 K 3.04 1.34660.104 0–1 kOe
100 (xaa8 ) 6.35 K 3.13 1.29760.121 0–1 kOe

1 (xaa9 ) 5.03 K 0.93 1.22760.065 0–200 Oe
10 (xaa9 ) 5.37 K 1.32 1.3060.078 0–200 Oe
100 (xaa9 ) 5.69 K 2.15 1.42360.142 0–500 Oe
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while the peak temperatureTh of xcc9 decreases withH. The
peak heightsxcc8

max and xcc9
max at Th are weakly dependen

on the magnitude ofH. The H dependence ofxcc8
max is de-

scribed by a power-law form (xcc8
max'H2l) in the limited

field range: l50.18260.008 in xcc8 for 50 Oe<H
<2 kOe, 0.05960.003 inxcc9

max for 30<H<500 Oe.

V. DISCUSSION

A. Spin Hamiltonian

The spin Hamiltonian of stage-2 FeCl3 GIC may be de-
scribed by

FIG. 5. T dependence of~a! xcc8 and~b! xcc9 for various frequen-
cies.H50. h5500 mOe.hic.
H522J(
^ i , j &

Si•Sj1D(
i

~Si
z!2, ~3!

with S5 5
2 where J is the intraplanar exchange interactio

andD is a single-ion anisotropy. According to Yosida,23 the
high-temperature susceptibilityxa andxc along thec plane
and along thec axis are given by

xa5
C

T

1

12 Q/T S 11
p

TD'
C

T2Q2p
, ~4!

xc5
C

T

C

12 Q/T S 12
2p

T D'
C

T2Q12p
, ~5!

respectively, whereC (5NAmB
2 Peff

2 /3kB) is the Curie-Weiss
constant andQ @52zJS(S11)/3# is the Curie-Weiss tem-
perature. The value ofz is the number of nearest-neighbo
Fe31 ions andz53. The parameterp is expressed byp
5D@2S(S11)/1521/10#. The average susceptibilityxav

@5(xc12xa)/3# is derived from Eqs.~4! and~5! as a Curie-
Weiss lawx5C/(T2Q). The least-squares fit of the data
x vs T to this Curie-Weiss law yieldsQ527.2860.83 K
and C55.1660.04 ~emu K/mol! in the temperature rang
between 150 and 300 K. The values ofJ and the effective
magnetic moment Peff are estimated asJ520.415
60.047 K andPeff56.4260.03mB , respectively. A negative
sign ofJ indicates that the intraplanar exchange interaction
antiferromagnetic. The value ofPeff is a little larger than the
spin-only-dependent valueg@S(S11)#55.91 for g52. The
difference of two susceptibilitiesxd (5xa2xc) is calculated
as xd5xav (3p/T). The least-squares fit of the da
(xd /xav) vs T yields the value ofp (50.78260.093) in the
temperature range between 150 and 300 K. Note that
values ofQ and p can be also estimated using the relatio
Q5(2Qa1Qc)/3 and p5(Qa2Qc)/3: Q527.41
61.07 K andp51.7760.70 K for our result (Qa525.64
61.12 K andQc5210.9460.98 K) andQ527.061.3 K
andp51.061.0 K for the results of Ohhashi and Tsujikaw
(Qa526.061.0 K and Qc529.062.0 K).3 The uncer-
tainty of p thus obtained is much larger than that obtained
the first method.

SinceD515p/16 with p50.78260.093 K, the value of
D is estimated asD50.73360.087 K. The positive sign of
D is indicative of the easy-plane spin anisotropy of this s
tem: spins lie in thec plane. Our value ofD for stage-2
FeCl3 GIC is close to that (50.58 K) for the pristine FeCl3
determined by Stamfelet al.24 from Mössbauer measure
ments.

Once the values ofJ andD are determined, the intrapla
nar exchange fieldHE (2zuJuS/gmB), the anisotropy field
HA

out (5DS/gmB), and the spin-flop ~SF! field
@'(2HEHa

out)1/2# can be estimated asHE546.365.3 kOe,
HA

out513.661.6 kOe, andHSP535.5 kOe, respectively. This
value of HSF is comparable to that of the field (H
530 kOe) at whichdMa /dH at 1.9 K slightly changes as
shown in the inset of Fig. 1~a!. The susceptibilityxc is ex-
pressed byxc5NAg2mB

2/4zuJu53/(8zuJu). For z53 and
uJu50.415 K, the value of xc is estimated as xc
50.30 emu/mol, which is in good agreement with the va
of xc (50.368 emu/mol) at 1.9 K.
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FIG. 6. T dependence of~a! xcc8 and~b! xcc9 for various magnetic fields (Hic). f 5100 Hz andh5500 mOe (hic). The denotation for
each field in~a! is the same as that in~b!. ~c! H dependence of peak temperatureTh for xcc8 andxcc9 with f 5100 Hz.
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B. Estimate of next-nearest-neighbor exchange interactions

According to Simonet al.18–20 stage-1 FeCl3 GIC has a
rather complicated in-plane spin structure characterized
the parameterd (5uk1u/ua* u): d50.25 for a phase andd
50.394 forb phase. As far as we know, there has been
work on the magnetic neutron scattering of stage-2 Fe3
GIC with a phase to which our system based on HOPG m
belong. Here it may be reasonable to assume that the
plane spin structure of stage-2 FeCl3 GIC with a phase is the
same as that of stage-1 FeCl3 with a phase as is the case fo
the in-plane spin structure ofb phase that exists in bot
stage-1 and stage-2 FeCl3 GIC’s. It is evident that these in
plane spin structures cannot be explained by the spin Ha
y

o
l
y
in-

il-

tonian given by Eq.~3! having only a nearest-neighbor~NN!
intraplanar exchange interaction. The next-nearest-neigh
~NNN! intraplanar exchange interaction should be taken i
account for the explanation of in-plane spin structures. T
spin Hamiltonian of this system is assumed to consist of
intraplanar exchange interaction

H522(
^ i , j &

J~Ri j !Si•Sj , ~6!

whereSi is the classicalXY spin vector of an Fe31 ion at the
site Ri on the regular honeycomb lattice, andRi j 5Ri2Rj .
The parameterJ(Ri j ) is the exchange interaction betwee
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the spinSi at the siteRi and the spinSj at the siteRj , where
J(2Ri j )5J(Ri j ). The parametersJ0 andJ1 are the NN and
the NNN intraplanar exchange interactions. Note that the
isotropic exchange interaction and the interplanar excha
interactions are not included in Eq.~6!. The ground-state
energyUG of this system is described by

UG52NS2J~Q!, ~7!

where J(Q) is the sum of the Fourier components of t
intraplanar exchange interaction

J~Q!5(
j

J~Ri j !exp~ iQ•Ri j !, ~8!

and N is the total number of spins. The interactionJ~Q! is
assumed to have a maximum at the wave vector given
Q5(Q1a* 1Q2b* )/2p and a* and b* are the reciproca
lattice vectors of the in-plane lattice structure. The angle
tweena* andb* is 120°. There are two Fe31 ions per unit
cell with uau5ubu56.12 Å, where the angle betweena andb
is 60°. There are three nearest-neighbor Fe31 ions for each
Fe31 ions. Taking into account two Fe31 sites in the unit cell,
J0(Q) for the NN interactions andJ1(Q) for the NNN inter-
actions can be expressed as

J0~Q!52J0$cos@~Q11Q2!/3#

1cos@~22Q11Q2!/3#1cos@~Q122Q2!/3#% ~9!

and

J1~Q!54J1@cos~Q1!1cos~Q2!1cos~Q12Q2!#, ~10!

respectively. For fixed values ofJ0 andJ1 the values ofQ1
and Q2 for the stable in-plane spin structure can be de
mined from the following two conditions:

]J~Q!

]Qi
50 and

]2J~Q!

]Qi]Qj
,0, ~11!

with i , j 51,2, whereJ(Q)5J0(Q)1J1(Q). Note that the
Curie-Weiss temperatureQ is described by

Q5
2

3
S~S11!S J~Q50!

2 D5
2

3
S~S11!~3J016J1!.

~12!

For thea phase the magnetic Bragg peak appears atuQu
50.25ua* u, where the exact position ofQ in the reciprocal
lattice plane has not been reported. For simplicity we c
sider the two cases~i! Q1/2p50.25 andQ250 for the rota-
tion angle u50° betweenQ and a* , and ~ii ! Q1/2p5
2Q2/2p50.25/A3 for u530°. Then the above condition
~11! and~12! with Q527.2860.83 K lead to antiferromag
netic J0 and ferromagneticJ1 for both cases: J0520.763
60.087 K andJ150.17460.020 K for case~i! and J05
20.75360.086 K andJ150.16960.019 K for case~ii !. The
values ofJ0 and J1 are almost independent of the rotatio
angleu. The magnitudeuJ1u is not negligibly small compared
to J0 . The competition between antiferromagneticJ0 and
ferromagnetic exchange interactionsJ1 gives rise to a spin
frustration effect.
n-
ge

y

-

r-

-

On the other hand, for theb phase the magnetic Brag
peak appears atQ560.394a* ,60.394b* ,60.394(a*
1b* ), which corresponds to the case ofQ150.394 and
Q250. The conditions~11! and~12! lead to the values ofJ0
and J1 , which seem to be unphysical:J05213.522
60.717 K andJ152.95060.335 K. This implies that the in-
commensurate spin structure cannot be explained by
above model: the higher-order interactions or interpla
interactions may not be neglected.

C. Nature of spin-glass phases atTSG
„h… and TSG

„ l …

Here we show that two different kinds of spin-glass pha
occur at Th5TSG

(h) (54.3– 6.1 K) and Tl5TSG
( l )

(52 – 2.5 K). Figure 7 shows thef dependence ofxaa8 at
various T for 0.01< f <1000 Hz. The dispersionxaa8 de-
creases with increasingf at least in the temperature rang
1.9<T<9.6 K. The f dependence ofxaa8 is described by a
power-law form (xaa8 'v2x) over the whole frequency rang
except for 5.8<T<7.2 K. The least-squares fit of the data
this power-law form yields the exponentx for eachT. Figure
8 shows theT dependence ofx thus obtained: it has a sma
peak (x'0.023) at 2.15 K and a large peak (x'0.05) at 5.0
K. Note that theT dependence ofx is very similar to that of
xaa9 at f 51 Hz having a small peak at 2.14 K and a bro
peak at 5.0 K.

Figures 9~a!–9~b! show thef dependence ofxaa9 at vari-
ous T for 0.01< f <1000 Hz. Thef dependence ofxaa9 is
rather different from that ofxaa8 . For 1.9<T<2.3 K, xaa9
seems to have a peak atf l in the low-frequency region in
spite of the noisy signals. This peak shifts to the hig
frequency side with increasing temperature. The relation oT

FIG. 7. f dependence ofxaa8 at various temperatures.h
5500 mOe.H50. T51.9 ~d!, 2.3 ~s!, 2.9 ~m!, 3.5 ~n!, 4.1 ~j!,
4.7 ~h!, 5.9 ~l!, 6.5 ~L!, 7.1 ~.!, and 7.7 K~,!. The solid lines
are the least-squares fits of data to the power-law form (xaa8
'v2x).
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vs f l thus obtained is equivalent to that ofTl vs f @see Fig.
3~d!# derived from the data ofxaa9 vs T with frequency as a
parameter: Tl clearly increases with increasing frequenc
Such behavior is common to spin-glass phases. The p
temperatureTl may correspond to the spin-glass freezi
temperatureTSG

( l ) . The inset of Fig. 10 shows the avera
relaxation timet l as a function of temperature, wheret l is
determined using the relation that the peak ofxaa9 vs T ap-
pears whenvt l51 is satisfied. The average relaxation tim
t l divergingly increases with decreasingT. The most likely
source for such a dramatic divergence oft l is a critical slow-
ing down. The relaxation timet l can be described by
power-law form

t l5t l
~0!~T/Tl* 21!2xl, ~13!

where xl is a critical exponent andTl* is a finite critical
temperature. The least-squares fit of the data for 1.9<T
<2.6 K to Eq. ~13! yields the parametersTl* 51.02
60.55 K andxl522.52610.45. The uncertainty ofxl is too
large. The value ofTl* may be appropriate.

For 2.4<T<3 K, instead of a peak,xaa9 has a local mini-
mum at a characteristic frequency that shifts to the lo
frequency side with decreasing temperature@see Fig. 9~b!#.
For 3.1<T<4.3 K, xaa9 decreases with increasing frequen
@see Fig. 9~c!#. The f dependence ofxaa9 can be well de-
scribed by a power-law form (xaa9 'v2y) in the limited low-
frequency range 0.01< f <20 Hz. The exponenty also de-
pends on temperature: the exponenty has a shoulder
('0.065) around 2.9 K and a broad peak (50.085) around 4
K. The value ofy is larger than that ofx for the sameT
contrary to the prediction from the Kramers-Kronig relati
thaty should be the same asx. According to the fluctuation-
dissipation theorem, the Fourier spectrumSaa(v) of the
time-dependent magnetization fluctuation^Ma(0)Ma(t)& is
related toxaa9 (v) by

FIG. 8. T dependence of exponentsx, wherexaa8 'v2x.
.
ak

-

Saa~v!5E
2`

`

^Ma~0!Ma~ t !&e2 ivtdt5
2kBT

\v
xaa9 ~v!,

~14!

where Ma(t) is the time-dependent magnetization. Thu
Saa(v) has the formv2(11y), indicating that̂ Ma(0)Ma(t)&
varies witht as ty.

For 4.5<T<6.1 K xaa9 shows a peak at a characterist
frequencyf h that increases with increasing frequency. T
relation ofT vs f h thus obtained is equivalent to that ofTh vs
f @see Fig. 3~d!# derived from the data ofxaa9 vs T with
frequency as a parameter:Th clearly increases with in-
creasing frequency. Such behavior is common to spin-g
phases. The peak temperatureTh may correspond to the spi
freezing temperatureTSG

(h) . In Fig. 10 we show theT depen-
dence of the average relaxation timeth , whereth is deter-
mined using the relation that the peak ofxaa9 vs T appears
whenvth51 is satisfied. The least-squares fit of the data
th vs T for 4.5<T<6.1 K to Eq. ~13! with the index h
instead ofl yields the parametersxh523.0264.05 andTh*
52.2260.52 K. The value ofxh is unphysically large. Note
that xh513.861.4 for the reentrant spin-glass phase tran
tion in stage-2 CucCo12cCl2 GIC with c50.8.25 In Fig. 11
we show a scaling plot ofxaa9 /xaa9 max as a function ofvth ,
wherexaa9 max is the peak height ofxaa9 at vth51. We find
that almost all the data fall a universal curve for 1024

<vth<105. The part of this curve for 100<vth<104 is
well described by a scaling function defined by

xaa9

xaa9 max5
G~vth!

G~vth51!
, ~15!

with

G~vth!5
cos~pa/2!/2

cosh@~12a!ln~vth!#1sin~pa/2!
, ~16!

wherea50.8560.05. The value ofa50 corresponds to the
Debye equation for relaxation with a single time consta
The high value ofa indicates that an extremely broad distr
bution of relaxation times persists throughout the whole te
perature range studied.

There are several other bits of evidence for the occurre
of the spin-glass phase belowTSG

(h) . The first is, as shown in
Fig. 2, that the magnetizationMZFC deviates fromMFC be-
low Tf514.7 K for thea axis andTf524 K for thec axis.
This behavior is also common to spin-glass phases. Un
typical spin glasses, the freezing temperatureTf is much
larger thanTSG

(h) . The second bit of evidence lies in theT
dependence of the nonlinear susceptibilityx2 , wherex2 is
defined byx2524M 8(3v)/h3 in the limit of h→0 andv
→0. M 8(3v) is a real part of the third harmonic in-phas
component of the ac magnetization andh is the amplitude of
the ac magnetic field with angular frequencyv. The singu-
larity of x2 is used to examine the nature of long-range
der. For the usual ferromagnet and antiferromagnet wh
the spatial magnetic symmetry changes at the transition,
sign of x2 changes from negative to positive at the pha
transition from the high-temperature PM phase to the lo
temperature ordered phase. For a spin glass where the sp
magnetic symmetry does not change at the transition,x2
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FIG. 9. f dependence ofxaa9 at various temperatures.H50 andh5500 mOe.~a! T51.9 ~d!, 2.0 ~s!, 2.1 ~m!, 2.2 ~n!, and 2.3 K~j!.
~b! T52.4 ~d!, 2.6 ~s!, 2.8 ~m!, and 3.0 K~n!. ~c! T53.1 ~d!, 3.3 ~s!, 3.5 ~m!, 3.7 ~n!, 3.9 ~j!, 4.1 ~h!, 4.3 ~l!, 4.5 ~L!, 4.7 ~.!, and
4.9 K ~,!. The solid lines are the least-squares fits of data to the power-law form (xaa9 'v2y) for 0.01< f <20 Hz. ~d! T55.1 ~d!, 5.3 ~s!,
5.5 ~m!, 5.7 ~n!, 5.9 ~j!, 6.1 ~h!, 6.3 ~l!, 6.5 ~L!, 6.7 ~.!, and 6.9 K~,!.
k
es
rs
c

nt

be-
shows a negative divergence at the transition. Miyoshiet al.9

have reported theT dependence ofx2 for f 53.7, 11, 37, and
311 Hz in stage-3 FeCl3 GIC. The nonlinear susceptibilityx2
at f 5311 Hz shows a negative peak around 7 K and changes
sign around 5.5 K, whilex2 at f 53.7 Hz shows a sharp pea
around 6 K without the change of sign at lower temperatur
The latter result suggests that the spin-glass phase occu
TSG

(h) without change of the spatial magnetic symmetry. Sin
.
at

e

the magnetic behavior in stage-3 FeCl3 GIC is assumed to be
similar to that in stage-2 FeCl3 GIC, this result supports the
conclusion that a spin-glass phase occurs atTSG

(h) in stage-2
FeCl3 GIC. The third bit of evidence is found in the expone
a for the field dependence of the peak temperatureTh for
xaa8 andxaa9 listed in Table I. The exponenta is rather close
to that (a51.5) predicted by Almeida and Thouless22 for the
field dependence of freezing temperature at the transition
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tween the PM phase and the SG phase. Note that the
quency dependence ofa is not sufficiently understood a
present.

D. Origin of the spin-glass phase atTSG
„h…

We consider here the origin of the spin-glass phase
TSG

(h) . As described in Sec. II, the Mo¨ssbauer measuremen
show that there are three kinds of Fe site in the Fe3

layers: the majority Fe31 ~site A), the minority Fe21 ~site
B), and the minority Fe31 ~siteC). The percent contribution
of majority Fe31 is 75.6% at 10 K. The easy axis of majori
Fe31 spins lies in thec plane. The intraplanar exchange i
teraction between Fe31 is antiferromagnetic: J520.415
60.047 K. The percent contribution of Fe21 ions is 17% at
10 K as the temperature decreases. The easy axis of min
Fe21 spins is along thec axis. The intraplanar exchang
interaction between Fe21 spins may be ferromagnetic. Th
magnetic behavior of Fe21 spins in FeCl3 GIC may be simi-
lar to those of Fe21 spins in stage-2 FeCl2 GIC that behaves
like a 2D Ising ferromagnet on the triangular lattice. Ohha
and Tsujikawa17 have reported that the dc magnetic susc
tibility of stage-2 FeCl2 GIC obeys a Curie-Weiss law a
Qc51661 K and Qa51461 K. Sincez56 is the number
of nearest-neighbor Fe21 ions and spinS (51) of Fe21 ions
is a fictitious spin, the intraplanar ferromagnetic exchan
interaction between Fe21 spins is estimated asJ51.75
60.13 K from Qa , which is stronger than the intraplana
antiferromagnetic exchange interactionJ between Fe31

spins. The spin-glass phase atTSG
(h) may result from~i! the

competition between spin anisotropy (XY for Fe31 and Ising

FIG. 10. T dependence of average relaxation timeth derived
from the assumption thatxaa9 has a peak atvth(T)51 for each
frequencyf . The inset shows theT dependence oft l in the low-
temperature range. The solid lines are the least-squares fits of
to Eq. ~13!.
re-

at

l

ity

i
-

e

for Fe21) and ~ii ! the competition between intraplanar e
change interactions~antiferromagnetic for Fe31 and ferro-
magnetic for Fe21).

The minority Fe31 ions~siteC) are next neighbors to iron
vacancies. The percent contribution of these Fe31 ions re-
mains unchanged: 7.4% at 10 K. The number of iron
cancies is one third of the number of Fe31 sites nearest
neighbors to iron vacancies~2.8%!. The increase in the num
ber of vacancies is equivalent to the dilution of the syst
with nonmagnetic impurities. In FeCl3 GIC’s with a honey-
comb lattice withz53, the percolation thresholdcp is pre-
dicted ascp50.70. Forc,cp , no long-range spin order ex
ists. Since the concentration of Fe ions may coincide w
c50.972, the existence of vacancies is not so significan
the spin-glass phase.

Here we discuss theT dependence ofxaa8 , xcc8 , xaa9 , and
xcc9 . As shown in Figs. 3~a! and 5~a!, the peak height ofxaa8
at TSG

(h) is about 40% larger than that ofxcc8 at the same
frequency, while as shown in Figs. 3~b! and 5~b! the peak
height ofxaa9 is about 50% larger than that ofxcc9 . The full
width at half maximum of the peak inxcc9 is narrower than
that in xaa9 . These results suggest that there exist compe
spin anisotropies between theXY symmetry for majority
Fe31 spins and the Ising symmetry for the minority Fe21

spins. The system still magnetically behaves like aXY anti-
ferromagnet but the effect of Ising anisotropy on the ma
netic behavior cannot be neglected. The strong divergenc
the peak inxcc9 is indicative of the Ising symmetry of Fe21.
As shown in Fig. 3~d!, the peak temperature ofxaa9 is higher
than that ofxcc9 : 4.78 K for xaa9 and 3.57 K forxcc9 at f
50.1 Hz ~6.07 K for xaa9 and 4.74 K forxcc9 at f 51 kHz).
The peak temperature ofxaa8 is also higher than that o

ata

FIG. 11. Scaling plot ofxaa9 /xaa9 max as a function ofvth , where
th5th

0 (T/T* 21)2xh with th
0544.6 s, xh523.02, and Th*

52.22 K. The scaling function given by Eq.~15! is shown by the
solid line (a50.85).



e
g-
e

he
ur
do

e
r
ra
on

l
s
ll

e
e

e
g

y
te
u

s

t

a
ro

-
e
ng

it

s
ee
la

in
t
th

ld

e.

-

l
la-

e
ian
bors

-

age

the
lly
h

N

ally
-

sult
pin
N

e
ne,
ns
o-
ced
etic
er

nsi-

di-
ple is
tic

f

ge

nd
ts,

of
of

-

PRB 58 383SPIN-GLASS PHASES IN STAGE-2 FeCl3 GRAPHITE . . .
xcc8 : 5.50 K for xaa8 and 4.92 K forxcc8 at f 50.1 Hz ~6.72

K for xaa8 and 6.01 K forxcc8 at f 51 kHz). When the system
goes into the low-temperature phase from the paramagn
phase, theXY components of spins are first antiferroma
netically ordered. Through an off-diagonal interaction b
tween the spinXY component and the Ising component, t
spin Ising component starts to order at a lower temperat
Similar behavior has also been observed in quasi-2D ran
spin systems K2CucCo12cF4 ~Ref. 26! where the ferromag-
netic Cu21 spins withXY spin anisotropy compete with th
antiferromagnetic Co21 spins with Ising anisotropy. Fo
0.50,c,0.84 there are two kinds of SG freezing tempe
ture, corresponding to the freezing of spin components al
the c axis ~at the high-temperature side! and in thec plane
~at the low-temperature side!, respectively.

It is known that the FeCl3 layers are formed of smal
islands in FeCl3 GIC.27 We consider how the spin-glas
phase transition atTSG

(h) is affected by the existence of sma
islands. The effective interplanar exchange interactionJeff8 is
defined byJeff8 5J8N(ja) whereJ8 is the interplanar exchang
interaction andN(ja) is the number of spins over th
in-plane spin correlation length ja : N(ja)5(p/
A3)(ja /ah)2. The in-plane spin correlation length increas
on approachingTSG

(h) from the high-temperature side, leadin
to a dramatic increase ofuJeff8 u. However, the further growth
of the in-plane spin correlation length is partly limited b
island size, making the effective interplanar exchange in
actionuJeff8 u finite and suppressing the 3D spin ordering. Th
the existence of the spin-glass phase atTSG

(h) is energetically
favorable for the system formed of small islands that ha
small probability of crossover from 2D to 3D.

E. Origin of the spin-glass phase atTSG
„ l …

Here we discuss the origin of spin-glass phase atTSG
( l ) .

The peak height ofxaa9 at TSG
( l ) is much smaller than that a

TSG
(h) . There is no anomaly observed inxcc8 andxcc9 , imply-

ing that the spin component along thec axis does not con-
tribute to the spin ordering mechanism. This spin-glass ph
may result from the competition between the NN antifer
magnetic exchange interactionJ0 and the NNN ferromag-
netic exchange interactionJ1 . The competing spin anisotro
pies may not be the main cause for the spin-glass phas
TSG

( l ) . Similar spin-glass behavior has been reported in Isi
type dilute antiferromagnets FecMg12cCl2,

28 where Fe21

ions are diluted with nonmagnetic Mg21 ions. The concen-
tration c50.5 corresponds to the in-plane percolation lim
For 0.5,c<0.6 the PM-AF ~antiferromagnetic! transition
occurs atTN and the AF-RSG~reentrant spin glass! transi-
tion at TRSG (,TN). For 0.3<c<0.5 the PM-SG transition
occurs atTSG. The appearance of the SG and RSG phase
low temperatures is probably due to the competition betw
NN intraplanar ferromagnetic interaction and NNN intrap
nar antiferromagnetic interaction.

Similar spin-glass-like behavior is also observed
stage-2 MnCl2 GIC.29–31The dispersionxaa8 shows a peak a
Tc (51.20 K) that shifts to the low-temperature side wi
decreasing frequency.30 The absorptionxaa9 appears below
Tc . The peak temperatureTc decreases with increasing fie
tic
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e.
m

-
g

s

r-
s

a

se
-

at
-

.

at
n

-

applied along thec plane and is well described by Eq.~2!
with a52.3360.11 andTc(0)51.20 K.29 This value ofa is
relatively larger than that from the Almeida-Thouless lin
The in-plane spin structure aroundTc has been studied by
magnetic neutron scattering.31 The magnetic Bragg peaks ap
pear at the in-plane wave vectorQ5k1 , k2 , a* 2k1 , a*
2k2 , and so on. Herek1 and k2 are in-plane reciproca
lattice vectors for the incommensurate magnetic modu
tion: uk1u5uk2u50.522 Å21 and ua* u51.965 Å21. The
angle betweena* and k1 is 30°. The ground-state in-plan
spin configuration is explained by an exchange Hamilton
that includes no fewer than three shells of nearest neigh
in the plane: small ferromagnetic NN interactionJ0 , a rela-
tively large antiferromagnetic second NNJ1, and third NN
exchange interactionJ2 . The spin-glass-like behavior in
stage-2 MnCl2 GIC may result from these competing intra
planar exchange interactions.

Here we note that our result for stage-2 FeCl3 GIC is
rather different from the data of a sample with the same st
that have been reported by Ibrahim and Zimmerman.8 The
dispersionxaa8 shows a peak at 1.745 K atH50. This peak
shifts to the high-temperature side with increasing field in
low-field range. This implies that the system magnetica
behaves like anXY ferromagnet. This is inconsistent wit
our result that the peak ofxaa8 shifts to the low-temperature
side with increasing field, reflecting an antiferromagnetic N
exchange interactionJ0 . What is the origin of this type of
phase transition? Note that this peak at 1.7 K is dramatic
enhanced as the number of Fe31 sites that are nearest neigh
bors to iron vacancies is increased from 7 to 11%. This re
may be explained as follows in terms of our model. The s
frustration effect results from the competing NN and NN
interactions. For a Fe31 ion next to an empty Fe site th
number of NN antiferromagnetic bonds decreases by o
while the number of NNN ferromagnetic couplings remai
unchanged. This may imply that the contribution of ferr
magnetic NNN bonds to the in-plane spin order is enhan
by an increase in the number of empty sites. The magn
phase transition atTSG

( l ) may have a ferromagnetic charact
as the number of empty sites increases.

VI. CONCLUSION

We have observed two kinds of spin-glass phase tra
tion at TSG

(h) andTSG
( l ) in stage-2 FeCl3 GIC using SQUID ac

and dc magnetic susceptibility under an experimental con
tion such that the measurements are made after the sam
cooled from room temperature to 1.9 K in zero magne
field ~typically 3 mOe!. The FeCl3 layers may be formed o
majority Fe31 spins withXY spin anisotropy and minority
Fe21 spins with Ising anisotropy. The intraplanar exchan
interaction between Fe31 spins is antiferromagnetic, while
the intraplanar exchange interaction between Fe21 spins is
ferromagnetic. Both the competing spin anisotropies a
competing interactions give rise to spin frustration effec
leading to spin-glass behavior aroundTSG

(h) . The spin-glass
behavior atTSG

(h) is characterized by an irreversible effect
magnetization and the frequency and field dependence
xaa8 , xcc8 , xaa9 , and xcc9 . The spin-glass transition atTSG

( l )

may result from spin frustration effect arising from the com
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petition between the NN antiferromagnetic and NNN fer
magnetic intraplanar exchange interactions. Magn
neutron-scattering studies on the in-plane spin structure
low TSG

( l ) are required for the further understanding of t
spin-glass phase.
.
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