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The magnetic phase transitions of stage-2 E@Cphite 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 dependeRte, ofa,. Xec. andxe. clearly
show that this compound undergoes two kinds of spin-glass phase transifi¢y] &4.5—-6.1 K) andT{)
(=~2-2.5K), respectively. Botlys, and x¢. have peaks arghg that shift to the low-temperature side with
decreasing frequency. The spin-glass phase bm@vmay result from a competition between the antiferro-
magneticX Y-like Fe* spins as the majority and the ferromagnetic Ising*Fepins as the minority. The
absorptiony,, has a peak fi[g)ethat shifts to the low-temperature side with decreasing frequency. No anomaly
in x¢c is observed aﬁ'gé, indicating that only theX'Y components of spins contribute to this transition. The
spin-glass transition belowg()3 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 tempergt8f4$63-18208)01725-1

[. INTRODUCTION along thec plane and the axis. They showed that the ac
magnetic susceptibility along treeplane has a sharp peak at
FeCk graphite intercalation compoundSIC’s) provide a 1.7 and 1.8 K for all stages. The peak is dramatically reduced
model system for studying the magnetic phase transition of ahen a magnetic field of the order of 5 Oe along thelane
two-dimensional2D) spin system. The magnetic properties is applied. As the magnetic field increases, the peak shifts to
of FeCk GIC’s have been studied by many researchers fothe high-temperature side, indicating the occurrence of a fer-
almost three decadés?® The pioneering work of the mag- romagnetic phase transition with 2D character. No peak is
netic study on FeGlGIC's was made by Karimov and observed in the ac susceptibility along thexis.
co-workerst They showed that the magnetic susceptibility of ~ Miyoshi et al® measured the temperature dependence of
polycrystalline samples has a peak at 3.6 K for stage-1 GIGhe ac magnetic susceptibility for stage-3 FeGIC includ-
and at 7 K for stage-2 GIC, which is identified as the onset oing the dispersiory’, absorptiony”, and nonlinear magnetic
antiferromagnetic and ferromagnetic phase transitions, resusceptibilityy,. The dispersiony’ shows a peak at tem-
spectively. Ohhashi and Tusjikavhmade the Mesbauer peratureT,, (~5.2 K) for f =3.7 Hz that shifts to the high-
and dc magnetic susceptibility measurements of stage-1 anédmperature side with increasing frequerfcyThe absorp-
stage-2 FeGIGIC based on highly oriented pyrolytic graph- tion y” rapidly increases nedf, and seems to have an
ite (HOPQ and a single crystal of kish graphit&€CKG). inflection point atT,,. These behaviors ig’ and x” suggest
They showed that both stage-1 and stage-2 compounds uan occurrence of a spin-glass phaseTat The nonlinear
dergo antiferromagnetic phase transitions at thelNem-  magnetic susceptibilityy, shows a sharp negative peak
peratureTy=3.9 K for stage 1 and 3.6 K for stage 2, where around T,,, suggesting further evidence of the spin-glass
spins lie in thec plane perpendicular to theaxis. Holwein  phase.
et al* made the Mesbauer and dc magnetic susceptibility In spite of a considerable amount of work it seems that
measurements of stage-1 Fe@IC. They showed that the the magnetic phase transition of Fe@IC has not been
Curie-Weiss temperature 8= —5 K, indicating an antifer-  sufficiently understood compared to that of the other transi-
romagnetic exchange interaction. The temperature variatiotion metal dichloride GIC's such as CoOGIC and NiC),
of the hyperfine field leads t6y=4.1+0.2 K. Milman and  GIC.1%!In particular, the relation between the phase transi-
co-workers measured the ac susceptibility of stage-1 andion at 1.7 K and that nea K remains unclear. In this paper
stage-2 FeGIGIC's based on HOPG for orientations both we report an extensive study on the magnetic phase transi-
parallel and perpendicular to theaxis. They showed that tions of stage-2 FeGIGIC using dc superconducting quan-
stage-1 and stage-2 compounds undergo a magnetic phasen interference devic€SQUID) magnetization(zero-field-
transition at 4.3 0.2 K and 1.30.2 K, respectively. Mill-  cooled magnetization and field-cooled magnetizatamd ac
man and Zimmerm&rmeasured the ac magnetic susceptibil-SQUID magnetic susceptibility. Since the magnetic phase
ity of stage-2 FeGIGIC based on HOPG. They showed that transition of stage-2 Fe€GIC is expected to be very sensi-
the ac magnetic susceptibility has a sharp peak at 1.7 K. Thigve to the remanent magnetic field, all these measurements
peak is dramatically enhanced as the number df Bites,  are made after the system is cooled from 300 to 1.9 K in the
which are nearest neighbors to iron vacancies, is increasetero magnetic fieldtypically less than 3 mQe The fre-
from 7 to 11%. Ibrahim and Zimmermafmeasured the ac quency, temperature, and magnetic-field dependence of the
magnetic susceptibility of stage-1 to stage-6 ReGIC  dispersion ., and x..) and the absorptionx(, and x¢.
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along thec plane and the axis, respectively, are examined bution of Fé" is 20% for stage-1 FeGIGIC. The internal

in detail. The magnetic phase transitions of stage-2 feClmagnetic fieldH, (=500 kOe at 0 K from the hyperfine

GIC are very complicated because of spin frustration effectgplitting dramatically decreases with increasing temperature

arising from competing interactions and spin anisotropiesand reduces to zero & (=4 K) for stage-1 and stage-2

We will show that two kinds of spin-glass phase occur atreCk GIC's. This result is a little_different from that ob-

temperature & and TYL. tained by Millman and co-worker$: H,=452 kOe at 0 K
In Sec. Il we present a simple review of the experimentafor stage 1 and stage 2, afigj=4.2=0.5 K for stage 1 and

results on Mssbauer and magnetic neutron scattering o2.0+1.5 K for stage-2 FeGIGIC.

stage-1 and stage-2 FQGBIC's. In Secs. Il and IV the

experimental procedure and results are given. In Sec. V the B. Magnetic neutron scattering

results are discussed in the light of the spin-glass phase and

compared with data reported previously. There have been few studies on the magnetic neutron

scattering of FeGIGIC's. Here we present a simple review
on the magnetic neutron-scattering studies on stage-1 and

Il. MAGNETIC PROPERTIES OF FeCl ; GIC'S stage-2 FeGl GIC’s that were done by Simoet al18-20 .
) They have shown that there are two types of phase in
A. Mossbauer effect samples of FeGIGIC's: « phase ang phase. Thes phase

The Massbauer effect of FegIGIC's has been exten- is usually found in powdered FeQBIC’s, while thea phase
sively studied by several groupé!?-16 Milman and exists in FeG GIC's based on HOPG and SCKG. The ac-
Kirczenow® have shown that there are three kinds of Fe siteion of water in air on thex phase leads to thé phase. No
in the FeC} intercalate layers of stage-1 and stage-2 Eec|difference in structure is observed between theand B
GIC's. Their results for stage-2 Fe@BIC are as follows(i) ~ Phases. The principal axis of the FeGittice is rotated by
The majority F&" ions (site A) have the same isomer shift 30° with respect to that of the graphite lattice. In the ReCl
(5=0.58 mm/s) as pristine Feglit possesses a small quad- in_tercalate_ layers the Fe atoms_form a honeycomb lattice
rupole splitting AE4=0.23=0.03 mm/s with symmetric with a lattice constana,=6.12 A in the octahedral sites of
peak intensities. The percent contribution of majority’ Fe the chlorine lattice. The fundamental reciprocal lattice vec-
decreases from 86.6% at 90 K to 75.6% at 10 K. The majofors are given bya* and b* with [a*|=|b*|=4=/(V3ay)
axis of the electric-field-gradient tensor lies along thglane ~ =1.185 A%,
perpendicular to the axis. The full six-line hyperfine pat-  For stage-1 FeGIGIC with g phase, the magnetic Bragg
tern with the intensity ratio of 3:4:1:1:4:3 is observed at lowpeaks appear at the in-plane wave vedprk;, k;, a*
temperatures for the ray parallel to thec axis, indicating —Ki, a* —kz, and so on. Her&, andk, are the in-plane
that the easy axis of the majority Fespins lies in thec reciprocal lattice vectors for the incommensurate magnetic
plane. (i) The minority F&" ions (site B) have an isomer Mmodulation: |k|=[k,|=0.394a*|=0.467 A™! and the
shift =1.21mm/s and a quadrupole splitingE,= ~ angle betweerk, andk; is 60°. The angle betwee, and
—1.85mm/s. The percent contribution of ¥eions in- &, 6, is determined from a relation
creases from 4% at 90 K to 17% at 10 K as the temperature IKky|2+ [a¥ 2= [k, — a* |2
decreases. Note that the isomer shift of 8ites the same as cos f= —+ 1 (1)
that for FeC} GIC’s. Ohhashi and Tsujikawahave shown 2|k, |a*|
that there are two kinds of Eé sites in stage-2 Fegl When|k,—a*|=0.72 A~ the value of co® is nearly equal
GIC: é=121mm/s and AEo=2.20mm/s, and & {5 1 suggesting thak, is parallel toa*. The integrated
=1.20 mm/s, AEq=1.35mm/s. The major axis of the magnetic scattering intensity &=k, decreases to zero at
electric-field-gradient tensor lies along thexis, suggesting 3 g, indicating the occurrence of a magnetic phase transi-
that the Fé+ spins are aligned along the axis. (i) The  {jon. A strong 2D spin correlation develops below 30 K.
mmonty Fe" ions (site C) that are next neighbors to iron For stage-2 FeGIGIC with 8 phase, the magnetic Bragg
vacancies ha_veS_: 0.58 mm/_s andA_EQf 1.27 mm/_s. The peak also appears &=k, with |k,|/|a*| = 0.394. The mag-
percent contribution of Fé ions with siteC remains un-  petic peak is asymmetric and has a Warren shape character-
changed: 7.4% at 90 and 10 K. The number of iron vacanistic of 2D spin correlations. The integrated magnetic scat-
cies is one third of the number of Fesites nearest neigh- tering intensity increases gradually as the temperature
bors to iron vacancies2.8%9. The full six-line hyperfine  gecreases, showing no evidence for the magnetic phase tran-
pattern with the intensity ratio of 3:2:1:1:2:3 is observed atsjtjon. A strong 2D spin correlation develops below 30 K.

65 mK, when they-ray direction is parallel to the axis. NO  For stage-1 FeGIGIC with a phase, the magnetic Bragg
change iné was observed between 10 K and 65 mK, indi- peak appears at the commensurate in-plane wave vextor
cating no occurrence of a magnetically ordered phase. =k, with |k;|=0.25a*|~0.30 A1 where the angle be-

Ohhashi and Tsujikawaeported that the percent contri- tweenk, anda* may be zero. Weakness of signal indicates

bution of majority Fé" is less than 3%, which is rather that only a small part of the spins are ordered below 1.7 K
different from that(17% at 10 K derived by Millman and \yhere the ac susceptibility shows a peak.

Kirczenow?® According to the comment by Millman and
Kirczenow!® a careful reexamination of the spectra of
Ohhashi and Tsujikavashows that there is a noticeable con-
centration of F&" present in their sample in spite of their ~ Our samples were prepared by intercalating a single crys-

claim. Holweinet al* have reported that the percent contri- tal of FeC} into HOPG using the two-bulb method. The

Ill. EXPERIMENTAL PROCEDURE
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temperatures of graphite and Fg@lere held at 300 °C and stage-2 FeCl; GIC

380 °C, respectively. This condition is the same as those re- 0.7 ‘ ‘

ported by Mizutanit al?! The reaction was made in a Pyrex 14—
glass tubing sealed in vacuum for two weeks. The stoichi- (a) 120 149k ..'°-'
ometry of the sample was determined ag; 6. 01FeCk 06 | 1t Hic o 1]

from the weight uptake measurement when Fe ions are as-
sumed to exist as Fegin the intercalate layer. The sample
was confirmed from th€0OL) x-ray diffraction to be well- 0.5
defined stage 2 with the axis repeat distance 12.78
+0.02A. The ideal stoichiometry is estimated as
Ci, 3 €eCk when Fe ions are ideally situated on the honey-
comb lattice with the lattice constaat=6.12 A. The filling
factor is estimated as 89.9% if the sample is formed of only
stage 2.

The ac magnetic susceptibility and dc magnetization were
measured using a SQUID magnetome@uantum Design,
MPMS XL-5) with an ultralow-field capability option(i) ac
magnetic susceptibility measurement. The sample was
cooled from 298 K to 1.9 K in a zero magnetic figlgss | | ;
than 3 mOg¢ Then the temperaturel] dependence of dis- 0 5 10 15 20
persiony’ and absorptiory” was measured between 1.9 and
18 K in the absence and presencéHofThe amplitude of the T(k)
ac magnetic fielcdh was 500 mOe and 25 different frequen- stage-2 FeCl. GIC
cies between 0.01 Hz and 1 kHz were chosé@n.dc mag- 9 3
netization measurement. The sample was cooled from 298 K
to 1.9 K in a zero magnetic fieldess than 3 mOe Then an
external magnetic fieldd (=1 Oe) was applied at 1.9 K. 60 |-
The zero-field-cooled magnetizatioM{rc) was measured
with increasing temperature from 1.9 to 25 K and the field-
cooled magnetizationM o) was measured with decreasing
temperature from 25 to 1.9 Kiii) The dc magnetic suscep-
tibility was also measured between 1.9 and 300 K in the
presence oH (1<H=50kOe).
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IV. RESULTS
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A. dc magnetization and magnetic susceptibility

Figure Xa) shows the temperaturd) dependence of the
dc magnetic susceptibility, along thec plane andy. along
the ¢ axis in the presence of an external magnetic field of
H=1kOe. The susceptibilityy, is larger thany. in the 0 ‘
temperature range between 1.9 and 300 K, showing an easy- 50 0 50 100 150 200 250 300
plane-type spin anisotropy of this system. The susceptibility
Xa has a peak at 2.610.02 K, while y. has no anomaly at

any temperature. Th_e susceptibility, and x. obey the _ FIG. 1. (@ T dependence of, (HLc) and y. (Hlc) at H
Curie-Weiss law at high temperatures. The least-squares fit 1 \oe for stage-2 FeGIGIC. The inset shows thel dependence

of the data ofy, vs T andy vs T to the Curie-Weiss law for - of normalized magnetizatioM , /Nagus(=(S)) at 1.9 K forHL c
150<T<300K yields the Curie-Weiss temperatuteand  with g=2 andNaug=>5.585<10° emu. (b) T dependence of re-

Curie-Weiss constan€: 0,=—-5.64+-1.12K, C,=5.22  ciprocal susceptibilities); — x°) ~* at H=1 kOe fori=a andc.

+0.06 emu K/mol, and®.=-10.94-0.98 K, C.=5.04

+0.05 emu K/mol. These values are in good agreement witk plane. The normalized magnetization defined by

those for stage-2 FegIGIC reported by Ohhashi and M,/gNaug corresponds to the average spiB), where

Tsujikawa® ©,=-6.0+1.0K, C,=4.46+0.10 emu K/ gNpug=1.117x10* emu/mol withg=2. (i) (S)=0 for H

mol, ®.=—-9.0=2.0K, and C.=4.30+0.05 emu K/mol. =0, suggesting the antiferromagnetic intraplanar exchange

Figure Ib) shows theT dependence of reciprocal suscepti- interaction. (ii) the slope defined byd(S)/dH changes

bility (x;—x°) ~* fori=a andc, wherey! is a temperature- aroundH =30 kOe where(S)~S/3 with S=3, suggesting

independent susceptibility determined from the least-squardbat the spin-flop fieldH g is of the order of 30 kOe.

fit. In Fig. 2 we show thd dependence of zero-field-cooled
The inset of Fig. 1a) shows the field KI) dependence of magnetizationM z-c and field-cooled magnetizatid ¢ in

the magnetizatioM , at 1.9 K in the presence &f along the the presence dfl (=1 Oe) along the plane and the axis,

10 |-

T(K)
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FIG. 2. T dependence of zero-field-cooled magnetizafiby:c
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paramagneti¢PM) phase to the spin glagSG) phase. Thd
dependence of this peak height is rather different from that at
T, . The peak height &af, slightly decreases with increasing
f for 0.01=f<10 Hz. It has a local minimum at 20 Hz, and
rapidly increases with increasing frequency. Figur@)3
shows thef dependence of the peak temperatuigsfor
Xaar Xaar Xec» and xo. and T, for x.,. Note that theT
dependence of.. and x.. will be discussed below. The
peak temperatur&,, of x., is higher than the peak tempera-
ture Ty, of x2, by 0.65-0.74 K at the same frequency. The
frequency dependence df, for x., will be discussed in
more detail in Sec. V.

C. ac magnetic susceptibilityx;, and x4, for H
along the ¢ plane

TheT dependence of,, and x5, with f=1, 10, and 100
Hz was measured in the presencabflong thec plane. In
Fig. 4@ we show theTl dependence of,, with f=1 Hz for
various magnetic fields. The broad peakTatshifts to the
low-temperature side with increasid: 6.35 K atH=0
and 3.85 K at 2 kOe. This may indicate that the low-
temperature phase is an antiferromagnetic one with spins ly-
ing in thec plane. It seems that the shoulderTatremains
unchanged at low fields but disappears above 200 Oe. In Fig.

respectively. BottM 3. and M. have broad peaks at 4.5 4(b) we show theT dependence oj,, with f=1Hz for
K. Note that a discontinuity iVl ;- observed around 4 K various magnetic fields. It clearly shows a broad peakat
may be due to an uncertainty of temperature occurring dur=5.03 K and a small peak at=2.14 K atH=0 Oe. The

ing the measurements. The deviation\bf from M ;¢ ap-
pears at 14.7 K for the plane and 24 K for the axis,

broad peak af,, shifts to the low-temperature side with in-
creasingH (T,,=3.1 K atH=500 Oe) and disappears above

indicating the occurrence of an irreversible effect of magne700 Oe. The small peak & slightly shifts to the low-

tization. BothM . and M{ tend to saturate belo4 K and
3.1 K, respectively. The value ofl ¥ is larger than that of
Fc at least for 1.&=T<25K, indicating theXY spin an-

isotropy of this system.

B. ac magnetic susceptibilityx,, and x5, for H=0

Figure 3a) shows thel dependence of the dispersigf,
for typical frequencies. The dispersiar, exhibits a small
shoulder at low temperatur€ and a broad peak at high
temperatureT,,. A broad peak afT, shifts to the high-
temperature side with increasing frequency: 5.26 K ffor
=0.01Hz to 6.72 K forf=1kHz. A shoulder afT; also
shifts to the high-temperature sideT,~2.3 K for 0.01 Hz
to ~3 K for 1 kHz. The peak height &, is strongly depen-
it decreases with increasingas

dent on frequency:

r max__ —0.0367-0.0005
Xaa ~@ :

Figure 3b) shows thel dependence of absorptiai, for
typical frequencies. The absorptigtj, exhibits a small peak

temperature side asH increases T;=2.07K at H
=200 Oe) and disappears above 500 Oe. Figucg shows
the H dependence of the peak temperattiyefor y,, and
Xag With f=1,10, and 100 Hz. The peak temperatliefor
X4a @nd xa . is related to magnitude dfi through a power-
law form described by
H 1/
a (H—)

where« is an exponent. The least-squares fit of the data of
Ty, vsH for x4, and x4, in the limited field ranges yields the
values ofT,(H=0), Hy anda for f=1, 10, and 100 Hz that
are listed in Table I. This exponet that is dependent on
frequency and the kind of susceptibility is a little smaller
than that ¢=1.50) predicted by Almeida and Thoulé&for

the field dependence of freezing temperature at the transition
between the PM and SG phases. In contrast, the peak tem-

Th(H)=Th(H=0) : 2

at low-temperaturd; and a broad peak at high-temperatureperatureT, for Xaa f€Mains almost unchanged with increas-
Th. A broad peak aff}, shifts to the high-temperature side ing H for 0<H<100 Oe: T,;=2.14-2.07 forf=1Hz, T,
with increasing frequency: 4.52 K at 0.01 Hz to 6.07 K for =2.27-2.21 K forf=10 Hz, andT,=2.38-2.44K forf

1 kHz. The peak height of the broad peakTgtis dependent
it decreases with increasiagas y

on frequency:

=100 Hz.
The peak heighg, " at T}, is dependent on the magni-

~ @~ 0:0162:0.0010 Figyre 3c) shows theT dependence of tude ofH. The H dependence of,, * is described by a

Xaa aroundT,. The small peak aff, shifts to the high-

power law form in the field range between 20 and 200 Oe:

temperature side with increasing frequency: 1.95 K at 0.0%44 ~~H™ with the exponent\=0.485+0.037 for f

Hz to 2.52 K at 1 kHZ see also Fig. @) shown late}. This

=1Hz, 0.444-0.040 for f=10 Hz, and 0.4230.045 for

result suggests that the transition is similar to one from thd =100 Hz.



PRB 58

SPIN-GLASS PHASES IN STAGE-2 FeCGRAPHITE . . .

stage-2 FeCl, GIC

stage-2 FeCl; GIC

375

1 T T T T 0.02 T T T T r
(c) .
0.019 N
L]
0.018 N
o © A
5 3 0.017[* o .’ s
] : O, o
3 3 °] o’ : : R . . R
§ § 0016 & [fess . . .
8 8 4 ° 48
= = 0015} . ° a . -
» . o 4 o [} . A A
0014 ° AN s
N e 0.01Hz NN
0.013 o 0.1 a N
a1
0.3 | | | | 0.012 l s 10 | |
4 5 6 7 8 9 10 2 2.2 2.4 2.6 2.8 3
T(K) T(K)
stage-2 FeCl, GIC stage-2 FeCl; GIC
g 3 g9 3
0.07 T T T 7 T T T
. (b) (d) Lottt
% ] . o **
0.06 | .8 A:ASAAA 6 |- Xaa.. 'Y R L4 AAH
* ‘abé‘%b o oo **’ L at® '
0.05 - o ta e - oy Lot
cc
_ .oo ‘A AA '.DO‘AA. Eﬁ 5 | ‘2 QQQQQ o] i
=] .. & & ‘;:D. ob s " = A‘ 4
% 0.04 ‘OOA W2 'D ..o“A . - 1 \!{ X"aa A
o 4o oo 4 - ~ B and B
CIE) o 4 A-'g ..oA‘A- - '.—E 4 s ab
g 0.03 P et T - = e
=>‘<“ ) .Da] “ 2;‘AAI X ce
a L=
oA =N | |
0.02 wn - °
. e 0.01Hz E . «uat
o 01 M 'I'L n® as
a1 wmge Twommm EE -
0.01 s 10 2y = .
« 100 &
o 1000
0 | | 1 ! | |
2 3 4 5 6 7 8 0.01 0.1 1 10 100 1000

T(K) f(Hz)

FIG. 3. (@ T dependence of dispersig, at various frequencies: 0.0®), 0.03(O), 0.1(A), 0.3(A), 1 (M), 3(0), 10(e), 30(0),
100(¥), 330(V), and 1000 HZ®). h.L c. h=500 mOe.H =0. (b) T dependence of absorptigii, at various frequenciegc) T dependence
of x%, at various frequencies below 3 Kd) f dependence of peak temperatufgsandT, for x., (@), xa, (A, H) x.. (O), andyz. (D).

D. ac magnetic susceptibilityx. and x¢. without H temperaturd, of x.. is almost the same as thatgf,, at the

Here we notice that a sample holder used only for thesame frequencysee Fig. &)]. The peak height decreases
measurement of.. and x”. gives rise to an appreciable With increasing frequency ag¢.~w 2’09 for 0.1
frequency-dependent baseline to the ac susceptibilityf for <f=<100 Hz. No anomaly iny.. is observed near 2-3 K.
>100 Hz partly because of the small valuesygf andx,...  This is in contrast to the shoulder observedyip near 2—3
Therefore, any data of.. and x¢. for =200 Hz are not K. This result may suggest that only tXé&¥ spin components
used for discussing the magnitude pf. and x.. Figure contribute to the spin ordering processTat Figure %b)
5(a) shows theT dependence of.. for f<100 Hz in the shows theT dependence of;. for 0.1<f<1 Hz. The ab-
absence oH. The dispersiony,. has a broad peak &t,, sorption x.. has a relatively sharp peak &, which shifts
which shifts to the high-temperature side with increasing freto the high-temperature side with increasing frequenGy:
quency: Tp=4.92K at0.1 Hzto6.01 K at 1 kHz. The peak =3.57 Hz at 0.1 Hz to 4.74 K at 1 kHz. The peak tempera-
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FIG. 4. T dependence dB) x,, and(b) x4, for various magnetic fieldsl (HLc). f=1 Hz andh=500 mOe {i.L c). The denotation for
each field in(a) is the same as that ifb). (c) H dependence of peak temperatiliefor x., (®, A, W), andyz, (O, A, O) for f=1, 10,
and 100 Hz, respectively. The solid lines are the least-squares fits of data () Bdth parameters listed in Table .

TABLE I. The exponentx for the field dependence of the peak

tureT,, of x~. is lower than that of.. by 1.27—-1.35 K at the
h O% Xce Ko DY temperaturél, for x., and x4, defined by Eq(2).

same frequency. Also, no anomaly . is observed around

T Field range
f (Hz) T, (H=0) H, (kOe @ of fitting

E. ac magnetic Z‘fjﬁeﬂEZ'gtﬁ’f{fg and xce with H 1 (xL0) 5.75 K 286 14530009 0-700 Oe

9 10 (x4a) 6.02 K 3.04  1.3460.104 0-1kOe

Figures §a) and Gb) show theT-dependence af.. and 100 (x;,) 6.35 K 3.13 1.2970.121 0-1 kOe

" . _ . . .

Xcc with f=100 H; in .the presence of various magnetic; X 5.03 K 0.93 12270.065 0-200 Oe
fields along thec axis. Figure Gc/) shows"theH dependence 1, ¥ 537 K 1.32 1.380.078  0-200 Oe
of the peak temperaturg, for x.. andy... The peak tem- 41qg o 5.69 K 2.15 1.4230.142 0-500 Oe

peratureT,, of x/. does not change withl for H=<200 Oe,
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FIG. 5. T dependence aB) x.. and(b) x.. for various frequen-
cies.H=0. h=500 mOe.hllc.

while the peak temperatuf®, of x¢. decreases withi. The
peak heightsy, " and y. "™ at T, are weakly dependent
on the magnitude ofi. TheH dependence of . is de-
scribed by a power-law formy("~H") in the limited
field range: A=0.182£0.008 in x.. for 50 Oe<H

<2 kOe, 0.05%0.003 inyr " for 30<H=<500 Oe.

V. DISCUSSION
A. Spin Hamiltonian

The spin Hamiltonian of stage-2 FeQEIC may be de-
scribed by
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H=-232 S-S§+D> (S)? (3)
(i) [

with S=3 where J is the intraplanar exchange interaction

andD is a single-ion anisotropy. According to Yositfthe

high-temperature susceptibility, and y. along thec plane

and along the axis are given by

_C 1 p C 4
“riem T e @
Cc C 2p C .
X~Ti—em |t T T-erp

respectively, wher€ (=Nau3P2/3kg) is the Curie-Weiss
constant and® [ =2zJ5 S+ 1)/3] is the Curie-Weiss tem-
perature. The value dof is the number of nearest-neighbor
Fe** ions andz=3. The parametep is expressed by
=D[2S(S+1)/15-1/10]. The average susceptibility,
[=(xct2x2)/3] is derived from Eqgs(4) and(5) as a Curie-
Weiss lawy=C/(T—0). The least-squares fit of the data of
x Vs T to this Curie-Weiss law yield®) = —7.28+0.83 K
and C=5.16+0.04 (emu K/mo) in the temperature range
between 150 and 300 K. The values.bfind the effective
magnetic moment P, are estimated asJ=-0.415
+0.047 K andP4=6.42+0.03ug , respectively. A negative
sign ofJ indicates that the intraplanar exchange interaction is
antiferromagnetic. The value & is a little larger than the
spin-only-dependent valug{ S(S+1)]=5.91 forg=2. The
difference of two susceptibilitiegy (= xa— x.) is calculated

as xq=xav (3p/T). The least-squares fit of the data
(xd/xay VST yields the value op (=0.782£0.093) in the
temperature range between 150 and 300 K. Note that the
values of® andp can be also estimated using the relations
0=(20,+0.)/3 and p=(0,—0,)/3: =-741
+1.07K andp=1.77£0.70 K for our result @ ,=—5.64
+1.12K and®.,=—-10.94-0.98 K) and®=-7.0+1.3K
andp=1.0+1.0 K for the results of Ohhashi and Tsujikawa
(0,=-6.0+1.0K and ®,=—-9.0-2.0K).> The uncer-
tainty of p thus obtained is much larger than that obtained by
the first method.

Since D =15p/16 with p=0.782+-0.093 K, the value of
D is estimated a® =0.733+-0.087 K. The positive sign of
D is indicative of the easy-plane spin anisotropy of this sys-
tem: spins lie in thec plane. Our value oD for stage-2
FeCk GIC is close to that £ 0.58 K) for the pristine FeGl
determined by Stamfeet al?* from Mossbauer measure-
ments.

Once the values o andD are determined, the intrapla-
nar exchange fieldHg (22]J|S/gug), the anisotropy field
HY (=DS/gug), and the spin-flop (SP field
[~(2HgHS"Y2] can be estimated adg=46.3+5.3 kOe,
HQ"'=13.6+ 1.6 kOe, andHge=35.5 kOe, respectively. This
value of Hge is comparable to that of the fieldH(
=30 kOe) at whichdM,/dH at 1.9 K slightly changes as
shown in the inset of Fig.(&). The susceptibilityy. is ex-
pressed byy.=Nag?u3/4z|d|=3/(82|J|). For z=3 and
|J|=0.415K, the value of x, is estimated asy,
=0.30 emu/mol, which is in good agreement with the value
of x. (=0.368 emu/mol) at 1.9 K.
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each field in(a) is the same as that ifb). (c) H dependence of peak temperatdtefor x . and x¢. with f=100 Hz.

B. Estimate of next-nearest-neighbor exchange interactions  tonian given by Eq(3) having only a nearest-neighb@iN)
According to Simonet al18-2 stage-1 FeGIGIC has a intrapla_nar exchange interac_tion. The next-nearest-neig_hbor
rather complicated in-plane spin structure characterized byNNN) intraplanar exchange interaction should be taken into
the parametep (=|k,|/|a*|): &=0.25 for a phase ands ccount f(_Jr th.e explarjanon of m-plane spin structures. The
—0.394 for 8 phase. As far as we know, there has been ngPin Hamiltonian of th!s system is assumed to consist of the
work on the magnetic neutron scattering of stage-2 Eemmtraplanar exchange interaction
GIC with « phase to which our system based on HOPG may
belong. Here it may be reasonable to assume that the in- _
plane spin structure of stage-2 FgeGIC with « phase is the H= 2%:) J(R;)S-S;, ©®
same as that of stage-1 Fg@lith « phase as is the case for
the in-plane spin structure g8 phase that exists in both whereS is the classicaKY spin vector of an F¥ ion at the
stage-1 and stage-2 Fe@IC's. It is evident that these in- site R; on the regular honeycomb lattice, aRg =R, —R; .
plane spin structures cannot be explained by the spin HamilFhe parameted(R;;) is the exchange interaction between



PRB 58 SPIN-GLASS PHASES IN STAGE-2 FeCGRAPHITE . . . 379

the spinS at the siteR; and the spir; at the siteR; , where stage-2 FeCl; GIC
J(—Rjj)=J(Rjj). The parameterd, andJ; are the NN and 1 T T T

the NNN intraplanar exchange interactions. Note that the an-
isotropic exchange interaction and the interplanar exchange
interactions are not included in E¢6). The ground-state
energyU¢ of this system is described by

Ug=—-NSJ(Q), (7

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

X' aa (€EMU/mMoOl)

J<Q>=; J(Rij))exgiQ-Ryj), (8)

andN is the total number of spins. The interactid) is

assumed to have a maximum at the wave vector given by

Q=(Qa* +Q,b*)/2w and a* and b* are the reciprocal

lattice vectors of the in-plane lattice structure. The angle be-

tweena* andb* is 120°. There are two Bé ions per unit

cell with |a| =|b|=6.12 A, where the angle betwearandb 001 04 1 10 100 1000

is 60°. There are three nearest-neighbot Fens for each f (Hz)

Fe*" ions. Taking into account two Bé sites in the unit cell,

Jo(Q) for the NN interactions and;(Q) for the NNN inter- FIG. 7. f dependence ofy,, at various temperaturesh

actions can be expressed as =500 mOe.H=0.T=1.9(@®), 2.3(0), 2.9(A), 3.5(A), 4.1(m),
4.7(0),5.9(¢), 6.5(<0), 7.1(V¥), and 7.7 K(V). The solid lines

Jo(Q)=2Jp{cog (Q1+Q,)/3] are the least-squares fits of data to the power-law fon, (

~w ).
+oog(~2Qu+ Q)31+ cog (Q:-2Qu)/31)  (9) ’
and On the other hand, for th@ phase the magnetic Bragg
peak appears atQ==*0.394a*,+0.394b*,+0.394@*
J1(Q)=4J,[cogQ;)+cogQ,)+cogQ;—Q,)], (100  +b*), which corresponds to the case Qf=0.394 and

_ _ Q,=0. The conditiong11) and(12) lead to the values af,
respectively. For fixed values dg andJ; the values 0Q;  gpqg Ji, which seem to be unphysicalJy=—13.522

and Q, for the stable in-plane spin structure can be deter--g 717 kK andJ; = 2.950+ 0.335 K. This implies that the in-

mined from the following two conditions: commensurate spin structure cannot be explained by the
5 above model: the higher-order interactions or interplanar
Q) -0 and J J(Q)<0 (11) interactions may not be neglected.
dQ; dQidQ;
with i,j=1,2, whereJ(Q)=J,(Q)+J;(Q). Note that the C. Nature of spin-glass phases af {¢ and T¢}

Curie-Weiss temperatui® is described by Here we show that two different kinds of spin-glass phase

) 30=0)| 2 occur at T,=T® (=43-6.1K) and T,=TY

0= 3 S(S+ 1)(T_> =3 S(S+1)(3Jy+6J,). (=2-2.5K). Figure 7 shows thé dependence of,, at

(12 various T for 0.01<f<1000 Hz. The dispersiory;, de-

creases with increasinfj at least in the temperature range

For the « phase the magnetic Bragg peak appear€Qat 1.9<T<9.6 K. Th,ef deﬁpxendence ok ., is described by a
—0.25|a*|, where the exact position @ in the reciprocal Power-law form f,,~w ") over the whole frequency range
lattice plane has not been reported. For simplicity we coneXcept for 5.8T=<7.2 K. The least-squares fit of the data to
sider the two case@) Q,/2m=0.25 andQ,=0 for the rota- this power-law form yields the exponex_lfor eaghT. Figure
tion angle #=0° betweenQ and a*, and (i) Q.27 = 8 shows thél' dependence of thus obtained: it has a small
—Q,/2m=0.25/;3 for 6=30°. Then the above conditions Peak k~0.023) at 2.15 K and a large peak~0.05) at 5.0
(11) and(12) with ® = —7.28+0.83 K lead to antiferromag- K. Note that theT dgpendence of is very similar to that of
netic J, and ferromagnetid, for both cases: Jo=—0.763  Xaa at f=1Hz having a small peak at 2.14 K and a broad
+0.087 K andJ;=0.174-0.020 K for case(i) and J,=  Peakat5.0 K.

—0.753+0.086 K andJ; =0.169+0.019 K for casdii). The Figures 9a)-9(b) show thef dependence of;, at vari-
values ofJ, andJ; are almost independent of the rotation ous T for 0.01=f<1000 Hz. Thef dependence o}, is
angled. The magnitudeJ,| is not negligibly small compared rather different from that ofy,,. For 1.9<T<2.3K, xi,

to Jo. The competition between antiferromagnelig and seems to have a peak ftin the low-frequency region in
ferromagnetic exchange interactiodg gives rise to a spin  spite of the noisy signals. This peak shifts to the high-
frustration effect. frequency side with increasing temperature. The relatioh of
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stage-2 FeCl, GIC o ot 2kgT
0.06 ‘ ‘ ‘ Saa(w):j7 (M4(0)M,(1))e™'tdt= P Xaal®),

(14)

0.05 | - where M,(t) is the time-dependent magnetization. Thus,
;ﬁg S,a(®) has the formw ™~ *Y) indicating thaf M ,(0)M 4(t))
: varies witht astY.
: . For 4.5<T=<6.1K x7, shows a peak at a characteristic
s frequencyf,, that increases with increasing frequency. The
_-' relation of T vs f,, thus obtained is equivalent to thatBf vs
: I f [see Fig. 8&d)] derived from the data ofj, vs T with
!.' frequency as a parameterT, clearly increases with in-
002 L N- %. | creasing frequency. Such behavior is common to spin-glass
phases. The peak temperatiiiemay correspond to the spin
\ freezing temperatur&Yl . In Fig. 10 we show th& depen-
0.01 b - dence of the average relaxation timg, wherer, is deter-
\ mined using the relation that the peak df, vs T appears
whenwm,=1 is satisfied. The least-squares fit of the data of
0 ’ ‘ ‘ m, vs T for 4.5<T<6.1K to Eq.(13) with the indexh
0 2 4 6 3 10 instead ofl yields the parameters,=23.02-4.05 andT}
T(K) =2.22+0.52 K. The value ok, is unphysically large. Note
that x,=13.8+ 1.4 for the reentrant spin-glass phase transi-
FIG. 8. T dependence of exponents wherey},~ o . tion in stage-2 CuCo,_.Cl, GIC with c=0.8%° In Fig. 11

we show a scaling plot of, ./ xaa  as a function ofwr,,

vs f| thus obtained is equivalent to that f vs f [see Fig. where y2."® is the peak height of,, at wm,=1. We find
3(d)] derived from the data of., vs T with frequency as a that almost all the data fall a universal curve for 10
parameter: T, clearly increases with increasing frequency. <wr,<10°. The part of this curve for =wr,<10" is

Such behavior is common to spin-glass phases. The peadell described by a scaling function defined by

temperatureT, may correspond to the spin-glass freezing

0.04 -

x 0.038 |-

temperatureTgé. The inset of Fig. 10 shows the average Xaa _ G(wTh) (15)
relaxation timer, as a function of temperature, whergis Xaa GlwTh=p)’
determined using the relation that the peaky§f vs T ap- .
: L . v with
pears whenw =1 is satisfied. The average relaxation time
7 divergingly increases with decreasiig The most likely (o) coq wal2)/2 19
source for such a dramatic divergencerpfs a critical slow- WTh)= — - ,
ing down. The relaxation timer, can be described by a cosii(1-a)in(wm)]+sin(wal2)
power-law form wherea=0.85+0.05. The value of=0 corresponds to the
Debye equation for relaxation with a single time constant.
n=nTITF —1)7%, (13)  The high value of indicates that an extremely broad distri-

bution of relaxation times persists throughout the whole tem-
perature range studied.
There are several other bits of evidence for the occurrence

where x, is a critical exponent and} is a finite critical
temperature. The least-squares fit of the data for<T.9

<2.6K to Eg. (13 vyields the parametersT{=1.02 4 the spin-glass phase beloW). The first is, as shown in
+0.55 K andx,= 22.§2t 10.45. The unpertamty of) is too Fig. 2, that the magnetizatioM ,-c deviates fromM g be-
large. The value of ' may be appropriate. low T¢=14.7 K for thea axis andT;=24 K for thec axis.

For 2.4<T<3K, instead of a peaky;, has a local mini-  Thjs pehavior is also common to spin-glass phases. Unlike
mum at a characteristic frequency that shifts to the low-ypical spin glasses, the freezing temperatiireis much
frequency side with decreasing temperatisee Fig. ®)].  |arger thanT{. The second bit of evidence lies in tife
For 3.1=T=<4.3 K, x,, decreases with increasing frequency dependence of the nonlinear susceptibijity, where y, is
[see Fig. &)]. The f dependence of;, can be well de-  defined byy,=—4M’(3w)/h? in the limit of h—0 andw
scribed by a power-law formyG,~ » ) in the limited low- 0. M’(3w) is a real part of the third harmonic in-phase
frequency range 0.64f<20 Hz. The exponeny also de- component of the ac magnetization a@md the amplitude of
pends on temperature: the expongnthas a shoulder the ac magnetic field with angular frequeney The singu-
(~0.065) around 2.9 K and a broad peak@.085) around 4 Ilarity of y, is used to examine the nature of long-range or-
K. The value ofy is larger than that ok for the sameT  der. For the usual ferromagnet and antiferromagnet where
contrary to the prediction from the Kramers-Kronig relation the spatial magnetic symmetry changes at the transition, the
thaty should be the same a&s According to the fluctuation- sign of y, changes from negative to positive at the phase
dissipation theorem, the Fourier spectrg,(w) of the transition from the high-temperature PM phase to the low-
time-dependent magnetization fluctuatiov ,(0)M4(t)) is  temperature ordered phase. For a spin glass where the spatial
related toy,,(w) by magnetic symmetry does not change at the transitjgn,
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FIG. 9. f dependence of}, at various temperaturesl=0 andh=500 mOe.(a) T=1.9(®), 2.0(O), 2.1(A), 2.2(A), and 2.3 K(H).
(b) T=2.4(@), 2.6(0), 2.8(A), and 3.0 K(A). (c) T=3.1(@), 3.3(0), 3.5(A), 3.7(A), 3.9(W), 4.1(0O0), 4.3(4),4.5(0), 4.7(¥), and
4.9 K (V). The solid lines are the least-squares fits of data to the power-law fgfga=( ) for 0.01<f<20 Hz. (d) T=5.1(®), 5.3(0O),

5.5(A), 5.7 (A), 5.9 (W), 6.1(0), 6.3(#), 6.5(0), 6.7(¥), and 6.9 K(V).

shows a negative divergence at the transition. Miyeskail °
have reported th& dependence of, for f=3.7, 11, 37, and
311 Hz in stage-3 FegGIC. The nonlinear susceptibility,
atf=2311 Hz shows a negative peak ardunK and changes

the magnetic behavior in stage-3 FeGIC is assumed to be
similar to that in stage-2 FeCGIC, this result supports the
conclusion that a spin-glass phase occur§(§%

FeCk GIC. The third bit of evidence is found in the exponent

in stage-2

sign around 5.5 K, whilg, at f =3.7 Hz shows a sharp peak « for the field dependence of the peak temperaflyjefor
arourd 6 K without the change of sign at lower temperatures.y/, and x,, listed in Table I. The exponent is rather close
The latter result suggests that the spin-glass phase occurstatthat (@= 1.5) predicted by Almeida and Thoulé&for the

T(ShG) without change of the spatial magnetic symmetry. Sincdield dependence of freezing temperature at the transition be-
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frequencyf. The inset shows th& dependence of, in the low- ~ =2.22 K. The scaling function given by E(L5) is shown by the
temperature range. The solid lines are the least-squares fits of datglid line (2=0.85).
to Eqg. (13).

for FE') and (i) the competition between intraplanar ex-

tween the PM phase and the SG phase. Note that the frenange ‘interactiongantiferromagnetic for F& and ferro-
guency dependence af is not sufficiently understood at magnetic for F&")

present.

The minority Fé" ions(site C) are next neighbors to iron
vacancies. The percent contribution of thesé'Fiens re-
mains unchanged: 7.4% at 10 K. The number of iron va-
cancies is one third of the number of *fesites nearest

We consider here the origin of the spin-glass phase a@eighbors to iron vacanci€8.8%). The increase in the num-
T{ . As described in Sec. II, the fdsbauer measurements Per of vacancies is equivalent to the dilution of the system
show that there are three kinds of Fe site in the FeClWith nonmagnetic impurities. In FeCGIC's with a honey-
layers: the majority F¥ (site A), the minority F&* (site cgmb lattice withz=3, the percolation threshol_q) is pre-

B), and the minority F& (siteC). The percent contribution dicted asc,=0.70. Forc<cy, no long-range spin order ex-
of majority F&" is 75.6% at 10 K. The easy axis of majority ists. Since the concentration of Fe ions may coincide with
F&* spins lies in the;: lane Thé intraplanar exchange in- ¢=0.972, the existence of vacancies is not so significant to
P P ” pian g the spin-glass phase.

teraction between Pé is antiferromagnetic: J=—0.415 ; , , "

- . : Here we discuss th€& dependence of,,. Xcc: Xaa, and
+0.047 K. The percent contribution of Feions is 17% at " L ; )

: ... As shown in Figs. @) and Ha), the peak height of/,

10 K as the temperature decreases. The easy axis of minori ) - ,

o . : t Tgé is about 40% larger than that of.. at the same
Fe* spins is along thec axis. The intraplanar exchange f hil h in Figs(tB and §b) th K
interaction between Fé spins may be ferromagnetic. The re_quency,ﬁw_ e as s o(\)/vn N FIgs® an , € pea
magnetic behavior of P& spins in FeGJ GIC may be simi- h?'ght Of Xaa IS abput 50% larger thqn”th_at 8f.. The full
lar to those of F&" spins in stage-2 FeEGIC that behaves Width at”half maximum of the peak iR, is narrower than
like a 2D Ising ferromagnet on the triangular lattice. OhhashiNat inxa,- These results suggest that there exist competing
and Tsujikawd’ have reported that the dc magnetic suscepSPIN anisotropies between theY symmetry for majority
tibility of stage-2 FeGJ GIC obeys a Curie-Weiss law as F€ " spins and the Ising symmetry for the minority*Fe
0.=16+1K and©®,=14=1K. Sincez=6 is the number SPiNs. The system still magnetically behaves lik& anti-
of nearest-neighbor B& ions and spirS (=1) of F&* ions  ferromagnet but the effect of Ising anisotropy on the mag-
is a fictitious spin, the intraplanar ferromagnetic exchangé€tic behavior cannot be neglected. The strong divergence of
interaction between Bé spins is estimated ag=1.75 the peak inx. is indicative of the Ising symmetry of Fe.
+0.13K from ©,, which is stronger than the intraplanar As shown in Fig. 8d), the peak temperature gf , is higher
antiferromagnetic exchange interactiah between F&  than that ofyi.: 4.78 K for 2, and 3.57 K foryg. at f
spins. The spin-glass phase'bﬁ‘G) may result from(i) the  =0.1Hz(6.07 K for x, and 4.74 K fory¢. at f =1 kHz).
competition between spin anisotropX Y for Fe* and Ising  The peak temperature of,, is also higher than that of

D. Origin of the spin-glass phase aff {2
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Xie: 5.50 K for x., and 4.92 K fory.. atf=0.1 Hz(6.72  applied along the plane and is well described by E(P)

K for x,,and 6.01 K fory/. atf=1 kHz). When the system with a= 2.33%0.11 and¢(0)=1.20 K*° Th's value ofar IS
goes into the low-temperature phase from the paramagnetl; latively larger than that from the Almeida-Thouless line.
phase, theXY components of spins are first antiferromag- he m-plane Spin structgr%e arourg has been studied by
netically ordered. Through an off-diagonal interaction be-Magnetic negtron scatterifigThe magnetic Bra,?g peaks*ap-
tween the spirKY component and the Ising component, thePear at the in-plane wave vectq-= kl.’ kz, a _kl.’ a
spin Ising component starts to order at a lower temperatur Kz, and so on. Herd, and k, are in-plane reciprocal
Similar behavior has also been observed in quasi-2D rando ttice vectors for the |n£:l()mmen5Lirate magn?tllc modula-
spin systems KCu.Co, _.F, (Ref. 26 where the ferromag- tion: [ky|=k,|=0522 A" and |a*|=1.965A % The

netic Cf" spins withXY spin anisotropy compete with the angle betweer" andk; is 30°. The ground-state in-plane
antiferromagnetic G5 spins with Ising anisotropy. For spin configuration is explained by an exchange Hamiltonian

0.50<c<0.84 there are two kinds of SG freezing tempera—f[hat includes no fewer than three shells of nearest neighbors
the plane: small ferromagnetic NN interactidg, a rela-

ture, corresponding to the freezing of spin components alon : X .
the c axis (at the high-temperature sidand in thec plane vely Iarge_anuferr_omagnetlc sec;ond NN’. and th'rd.NN.
exchange interactio,. The spin-glass-like behavior in

(at the low-temperature siferespectively. R
It is known that the FeGllayers are formed of small stage-2 MnGJ GIC.: may rgsult from these competing intra-
planar exchange interactions.

islands in FeGl GIC2” We consider how the spin-glass .
9 PIn-g Here we note that our result for stage-2 FeGIC is

h)
rather different from the data of a sample with the same stage

phase transition af{ is affected by the existence of small
islands. The effective interplanar exchange interaclignis that have been reported by Ibrahim and Zimmerfhaine
dispersiony_,, shows a peak at 1.745 K &t=0. This peak

defined byl z=J'N(&) whereJ’ is the interplanar exchange
shifts to the high-temperature side with increasing field in the

interaction andN(¢,) is the number of spins over the
in-plane  spin _correlauon_ length §_ai N(ga)_:(W/ low-field range. This implies that the system magnetically
V3)(¢a/ay)?. The in-plane spin correlation length increasespenayes like arX'y ferromagnet. This is inconsistent with
on approaching & from the high-temperature side, leading oy result that the peak of., shifts to the low-temperature
to a dramatic increase ¢dcq. However, the further growth  gide with increasing field, reflecting an antiferromagnetic NN
of the in-plane spin correlation length is partly limited by exchange interactiod,. What is the origin of this type of
island size, making the effective interplanar exchange interphase transition? Note that this peak at 1.7 K is dramatically
action|Jeg| finite and suppressing the 3D spin ordering. Thusenhanced as the number of¥fesites that are nearest neigh-
the existence of the spin-glass phas& %@ is energetically  bors to iron vacancies is increased from 7 to 11%. This result
favorable for the system formed of small islands that has anay be explained as follows in terms of our model. The spin
small probability of crossover from 2D to 3D. frustration effect results from the competing NN and NNN
interactions. For a Fé ion next to an empty Fe site the
number of NN antiferromagnetic bonds decreases by one,
E. Origin of the spin-glass phase afl £, while the number of NNN ferromagnetic couplings remains

Here we discuss the origin of spin-glass phasél'(s%. unchanged. This may imply that the contribution of ferro-

Th k height of”. at T i h ller than that at Mmagnetic NNN bonds to the in-plane spin order is enhanced
e peak height o, at T is much smaller " an that a by an increase in the number of empty sites. The magnetic

T® . There is no anomaly observed ji. and imply- o :
| SG : omaly M ane Xee. IMPYY phase transition af) may have a ferromagnetic character
ing that the spin component along theaxis does not con- as the number of empty sites increases

tribute to the spin ordering mechanism. This spin-glass phas
may result from the competition between the NN antiferro-
magnetic exchange interactialy and the NNN ferromag- VI. CONCLUSION
netic exchange interactiahy . The competing spin anisotro-
pies may not be the main cause for the spin-glass phase at We have observed two kinds of spin-glass phase transi-
TYL. Similar spin-glass behavior has been reported in Isingtion at T and TY), in stage-2 FeGIGIC using SQUID ac
type dilute antiferromagnets 5‘391402128 where Fé&* and dc magnetic susceptibility under an experimental condi-
ions are diluted with nonmagnetic ¥igions. The concen- tion such that the measurements are made after the sample is
tration c=0.5 corresponds to the in-plane percolation limit. cooled from room temperature to 1.9 K in zero magnetic
For 0.5<c=<0.6 the PM-AF (antiferromagnetic transition  field (typically 3 mOg. The FeC{ layers may be formed of
occurs atTy and the AF-RSGreentrant spin glagdransi- ~ majority FE* spins with XY spin anisotropy and minority
tion at Treg (<Ty). For 0.3<c<0.5 the PM-SG transiton F€* spins with Ising anisotropy. The intraplanar exchange
occurs afTsg. The appearance of the SG and RSG phases #fiteraction between Bé spins is antiferromagnetic, while
low temperatures is probably due to the competition betweethe intraplanar exchange interaction betweeR*Fgpins is
NN intraplanar ferromagnetic interaction and NNN intrapla-ferromagnetic. Both the competing spin anisotropies and
nar antiferromagnetic interaction. competing interactions give rise to spin frustration effects,
Similar spin-glass-like behavior is also observed inleading to spin-glass behavior aroufﬁé"g. The spin-glass
stage-2 MnGJ GIC 2°~31 The dispersiony,, shows a peak at behavior atT{. is characterized by an irreversible effect of
T. (=1.20K) that shifts to the low-temperature side with magnetization and the frequency and field dependence of
decreasing frequency. The absorptiony”, appears below x.., xic. Xaa» and xi.. The spin-glass transition &td)
T.. The peak temperatufE, decreases with increasing field may result from spin frustration effect arising from the com-
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