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Magnetic properties of palladium-graphite multilayers
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dc magnetization and ac magnetic susceptibility of Pd graphite based on natural graphite have been mea-
sured using a superconducting quantum interference device magnetometer. In Pd-G, Pd multilayers are sand-
wiched between adjacent graphite layers. This sandwich structure is periodically stacked along thec axis. Pd
layers are formed of Pd nanoparticles in the form of either a one-dimensional chain or two-dimensional
platelets. There are two kinds of magnetic behavior depending on sample. Pd-G(1) is an itinerant spin system
with an antiferromagnetic ordered phase belowTN(53.8 K). No spin-glass-like behavior occurs aroundTN .
Pd-G(2) is a quasi-two-dimensionalXY-like ferromagnet with very weak antiferromagnetic interplanar inter-
action. It undergoes two magnetic phase transitions atTcu(514.260.2 K) andTcl(511 K). BetweenTcu and
Tcl , a two-dimensional ferromagnetic spin order is established within nanoparticles in the Pd layers. BelowTcl

there appears a three-dimensional antiferromagnetic ordered phase.
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I. INTRODUCTION

Metal graphites have received considerable atten
partly because of physical and chemical properties relate
the low dimensional nature of metal atoms encapsulate
the interlamellar space between graphite layers.1–7 A metal
graphite has a unique layered structure. Ideally, metal at
~such as V, Cr, Mn, Fe, Co, Ni, Cu, Mo, Pd, Ta, and W!
form a metal monolayer sandwiched between adjac
graphite layers. Such sandwich structures are periodic
stacked along thec axis perpendicular to the graphite laye
In reality, the observed bodies are likely to consist of me
multilayers, but not a single layer, since sample prepara
of the metal graphite is carried out at high temperatu
where surface diffusion becomes significant. Each m
layer is formed of nanoparticles in the form of either a on
dimensional~1D! chain or two-dimensional~2D! platelets.4,5

Unlike graphite intercalation compounds~GIC’s! no charge
transfer occurs between metal monolayers and graphite
ers. The interplanar interaction between metal and grap
layers in metal graphite is considered to be of the van
Waals type and is much weaker than that in GIC’s beca
of the absence of attractive Coulomb interactions.

Pristine Pd metal has a face-centered-cubic~fcc! structure
with a lattice constant (a53.8898 Å). It has an almost filled
narrowd band and a partly filleds band, which can be des
ignated formally as (4d)102j(5s)j (j'0). Pd has the larg-
est Pauli susceptibility with a Stoner factor (s59.37).8 This
enhancement brings Pd metal close to a ferromagnetic in
bility. However, Pd is still paramagnetic because the Sto
criterion for the occurrence of ferromagnetism is not sa
fied. This means that the Fermi energy of Pd is not situate
an energy where the density of states has a peak. Su
situation may change in Pd graphite~Pd-G! where Pd atoms
form multilayers in the limited space. Theoretically Bouar
et al.9 have studied how the positional relation between
peak energy in the density of states and the Fermi ene
PRB 620163-1829/2000/62~21!/14171~10!/$15.00
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changes with the number of Pd metal layers. They have
dicted that the system is ferromagnetic for two to five laye
and is paramagnetic for systems with a monolayer or m
than five layers. Thus it is expected that Pd-G may exhibit a
quasi-2D ferromagnetic behavior.

In this paper we report our experimental dc and ac m
netic susceptibility results of Pd-G based on natural graphit
~NG! using a superconducting quantum interference dev
~SQUID! magnetometer. The static and dynamic propert
of spin fluctuations are extensively studied. We show t
Pd-G shows magnetic phase transitions around either 3.
@for convenience this sample is denoted as Pd-G(1)# or 14 K
@Pd-G(2)#, depending on the sample. An irreversible effe
of magnetization is observed, suggesting the frustrated
ture of granular systems. The magnetic properties
Pd-G(2) will be discussed in comparison with those
stage-2 NiCl2 GIC,10 where the ferromagnetic layers are a
tiferromagnetically stacked along thec axis. Here we note
that the SQUID dc magnetization of Pd-G(2) was already
measured by Mendozaet al.1 The zero-field-cooled magne
tization (MZFC) at an external magnetic fieldH ~5 10 Oe!
shows a small peak around 14 K in addition to a broad ma
mum above 50 K which is typically observed in pristine P
metal.

II. BACKGROUND: STRUCTURE OF Pd- G

PdCl2 GIC belongs to an acceptor type GIC, where cha
transfer occurs from graphite layer to intercalate layer.11 In
the Raman spectra of PdCl2 GIC the graphite signal is shifted
up in wave number relative to that of pristine graphite.6 The
synthesis of Pd-G can be made from the reduction of PdC2
GIC as a precursor material. The reduction can be carried
~i! in liquid Li diphenlide at room temperature6 or ~ii ! in the
gaseous phase by contact with hydrogen gas at high temp
ture ~350–400 °C!.5,7 The structural properties of Pd-G are
different for these two methods of reduction. In Pd-G pre-
14 171 ©2000 The American Physical Society
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14 172 PRB 62SUZUKI, SUZUKI, AND WALTER
pared by method~i!, there is charge transfer between C a
Pd.6 In fact, the Raman spectrum is similar but not identic
to that of PdCl2 GIC precursor. The Pd nanoparticles for
mainly monolayers. The size of the Pd nanoparticles is r
tively small. The in-plane structure of Pd nanoparticles
commensurate with the graphite lattice, forming ap(333)
superlattice.6

In Pd-G prepared by method~ii !,7 Pd nanoparticles form
mainly multilayer systems with an average thickness
trilayers. The size of Pd nanoparticles is larger than tha
Pd nanoparticles prepared by method~i!. The Raman spec
trum is similar to that of graphite, suggesting that no cha
transfer occurs between C and Pd. The in-plane structur
nanoparticles is almost commensurate with that of the gra
ite host, forming either ap(232) or a p(333) within a
mismatch of'4% in lattice constant.7 Note that such a mis
match of'4% is quite often observed between bulk mater
and nanoparticles of the same material.

III. EXPERIMENTAL PROCEDURE

In the present work we used two kinds of Pd-G samples
@denoted as Pd-G(1) and Pd-G(2)#. Both samples were pre
pared from hydrogen reduction of PdCl2 GIC based on natu
ral graphite flakes~grade: RFL 99.9 S! from Kropfmuhl,
Germany. Pd-G(1) was reduced for 2 h at 350 °C and
Pd-G(2) for 2 days at 400 °C. The structure was studied
transmission electron microscope~TEM!/selected area elec
tron diffraction ~SAED! for Pd-G(1) and Pd-G(2) and ad-
ditionally by x-ray photoelectron spectroscopy~XPS! for
Pd-G(2). Bright field transmission electron microscop
~TEM! images showed encapsulated nanoparticles. The
responding SAED pattern from areas occupied by partic
and empty regions showed that the reduction was comp
No reflections from the PdCl2 GIC precursor could be ob
tained. On the other hand all SAED patterns showed refl
tions from carbon and additional reflections from palladiu
if nanoparticles were examined. These Pd particles sho
hexagonal and hcp reflections6,7 which are quite distinguish
able from the common fcc Pd. Commensurate superst
tures to graphite were observed.6,7 A comparison of XPS
core level spectra from PdCl2 GIC precursor and Pd-G
showed that the reduction was complete. Diffraction patt
as well as the XPS signal gave no hint for Pd-hydride f
mation. The majority of the Pd particles had oval shap
Their sizes ranged~measured on the long axis of the ov
shaped particles! from 20 to 2000 Å. The average size wa
5306340 Å. Nanoparticles remain immobile because
their relatively large sizes and high masses. They are not
to diffuse from the carbon lattice. So far no determinati
has been made for the composition of Pd-G samples. The
stoichiometry of stage-3 PdCl2 GIC as a starting material i
known as C14.8PdCl2.

12 If only Cl atoms leave as HCl during
the reduction, the composition of Pd-G is considered to be
described by CnPd with n514.8. The dc magnetization an
ac magnetic susceptibility of Pd-G were measured using
SQUID magnetometer~Quantum Design, MPMS XL-5! with
an ultra-low-field capability option.

~i! SQUID dc magnetization. Before setting up a sampl
at 298 K, a remanent magnetic field in the superconduc
magnet was reduced to less than 3 mOe using an ultra-
l
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field capability option. For convenience, hereafter this re
anent field is noted as the stateH50. The sample was coole
from 298 to 1.9 K atH50. After an external magnetic field
~H! was applied at 1.9 K, the zero-field-cooled magnetizat
(MZFC) was measured with increasingT from 1.9 to 298 K.
Subsequently, the field-cooled magnetization (MFC) was
measured with decreasingT from 298 to 1.9 K in the pres-
ence of the sameH. After the measurement ofMZFC and
MFC at H were completed, a series of measurements ofMFC
were carried out at higherH in the following way. The
sample was heated from 1.9 to 298 K. The magnetic fieldH
was changed at 298 K. ThenMFC was measured with de
creasingT from 298 to 1.9 K in the presence ofH.

~ii ! SQUID ac magnetic susceptibility(x5x81 ix9). A
sample was cooled from 298 to 1.9 K atH50. Then bothx8
and x9 were simultaneously measured with increasingT
from 1.9 K to high temperatureTh in the absence and pres
ence of H, where the frequency and amplitude of the
magnetic field weref 50.07 Hz– 1 kHz andh51 – 2 Oe, re-
spectively. After eachT scan the magnetic fieldH was
changed at high temperatureTh . The sample was cooled
from Th to 1.9 K. Then the measurement was repeated w
increasingT from 1.9 K toTh in the presence ofH.

IV. RESULT

A. Pd-G„1…

The sample used in the present work consists of m
flakes whosec axis are assumed to be randomly aligned o
all directions. Figure 1 shows theT dependence ofMZFC and
MFC for Pd-G(1) at H51 Oe. The deviation ofMZFC from
MFC starts to appear below 298 K, showing a behavior re
niscent of spin glasses.MZFC shows a sharp peak around 3

FIG. 1. T dependence ofMZFC ~d! andMFC ~s! for Pd-G(1).
H51 Oe.
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PRB 62 14 173MAGNETIC PROPERTIES OF PALLADIUM-GRAPHITE . . .
K, while MFC shows a peak around 3.9 K~see the inset!.
Figure 2 shows theT dependence ofxFC(5MFC/H) for
Pd-G(1) atH53 kOe. The susceptibilityxFC obeys a Curie-
Weiss law over a wide temperature range (40<T<298 K).
The least-squares fit of the data to the Curie-Weiss form

xg5
Cg

T2Q
1xg

0 ~1!

yields Cg5(1.38960.020)31022 emu K/g, Q52679.2
66.0 K, andxg

05(21.18960.012)31025 emu/g, whereQ
is the Curie-Weiss temperature,Cg is the Curie-Weiss con
stant, andxg

0 is the temperature-independent susceptibil
The inset of Fig. 2 shows the reciprocal susceptibility d
fined by (xg2xg

0)21 as a function ofT. The data are well
fitted with a straight line described by Eq.~1!. The negative
sign of Q indicates that the interaction between Pd atom
antiferromagnetic. The susceptibilityxg

0 is negative, reflect-
ing the nature of diamagnetic susceptibility arising fro
graphite layers. If the magnetic moment is assigned to ev
Pd atom and the composition is given by C14.8Pd for
Pd-G(1), the effective magnetic momentPeff can be esti-
mated asPeff55.6260.04mB . For further discussion, in Sec
V A we define the effective magnetic moment per Pd ato
pc , which is related toPeff through the relationPeff

2 5pc(pc

12): pc54.71mB . What is the saturation magnetizationMs?
Since we have no data ofM vs T at H above 3 kOe, the value
of Ms cannot be exactly determined experimentally. In sp
of that, we assume thatMs is roughly equal to the value o
MFC at 2 K for H53 kOe. Then we haveMs54.32
31022 emu/g512.29 emu/Pd mol if the composition C14.8Pd
is assumed. The saturation magnetic moment per Pd a

FIG. 2. T dependence ofxFC(5MFC/H) for Pd-G(1). H
53 kOe. The inset shows theT dependence of the reciprocal su
ceptibility, where the straight line is denoted by Eq.~1! with param-
eters given in the text.
.
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ps(5Ms /NAmB) can be estimated asps52.231023mB .
This value ofps is much smaller than that ofpc . The ratio
pc /ps is 2141. Note that this ratio is independent of t
composition and mass used in the calculation.

Figure 3~a! shows theT dependence ofx8 for Pd-G(1) at
variousf in the absence ofH. The amplitude of the ac field is
h52 Oe. The dispersionx8 shows a sharp peak atTN
(53.8 K). This peak temperature is independent off for
0.07< f <1000 Hz, suggesting that no spin-glass-like beh
ior occurs aroundTN in spite of the irreversible effect o
magnetization below 298 K~Fig. 1!. In contrast, the value o

FIG. 3. T dependence of~a! x8 and ~b! x9 for Pd-G(1) at
variousf. H50 Oe. h52 Oe.
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14 174 PRB 62SUZUKI, SUZUKI, AND WALTER
x8 is strongly dependent onf, reflecting the nature of disor
dered spin system. In the presence of an external magn
field H, the peak ofx8 shifts to the low-temperature side wit
increasingH ~3.3 K atH5140 Oe!, indicating the antiferro-
magnetic phase belowTN . Figure 3~b! shows theT depen-
dence ofx9 for Pd-G(1). A drastic decrease ofx9 with
increasingT is observed near 3.5 K just belowTN .

Figure 4~a! shows thef dependence ofx8 for Pd-G(1) at
variousT. The dispersionx8 decreases with increasingf. Fig-
ure 4~b! shows thef dependence ofx9 for Pd-G(1) at vari-
ousT. For anyT between 2 and 8 K,x9 is almost indepen-

FIG. 4. f dependence of~a! x8 and~b! x9 for Pd-G(1) at vari-
ousT. h52 Oe. H50 Oe.
tic

dent of f below 10 Hz but drastically increases wit
increasingf above 10 Hz. Here we assume thatx9 is de-
scribed by a Debye-type relaxation with a single charac
istic relaxation timet given by

x9'
vt

11~vt!2 , ~2!

which has a peak atvt51. Our data suggest that the pea
may exist for f .1000 Hz for anyT between 2 and 8 K,
implying that the relaxation timet is at least shorter than
1.631024 sec.

B. Pd-G„2…

Figures 5~a! and~b! show theT dependence ofMZFC and
MFC for Pd-G(2) at H51 Oe. The magnetizationMZFC
shows a broad peak around 52 K and a sharp peak at 1
The deviation ofMZFC from MFC starts to appear below 29
K, showing a behavior reminiscent of spin glasses. This
havior may be due partly to spin frustration effects arisi
from competing interactions among nanoparticles: spins m
be partially ordered within nanoparticles even at 298 K. T
magnetizationMFC dramatically increases with decreasingT
below 14–15 K. TheT dependence ofMFC can be well de-
scribed by a power-law form given by

MFC5A@~T02T!/T0#b1B, ~3!

for 9<T<14.4 K, where T0514.8160.05 K, b50.367
60.009, A50.029860.0002~emu/g!, and B50.0791
60.0004~emu/g!. The critical exponentb of magnetization
thus obtained is close to that predicted for 3D spin syste
b50.31 for Ising symmetry,b50.33 forXY symmetry, and
b50.35 for Heisenberg symmetry.13 This result suggests
that a 3D long-range spin order may develop belowT0 .

Figure 6 shows theT dependence ofxFC for Pd-G(2) at
H53 kOe. The measurement was done with increasingT in
the presence ofH. The susceptibilityxFC obeys a Curie-
Weiss behavior in the limited temperature range (100<T
<270 K). The least-squares fit of these datax vs T to Eq.~1!
yields Cg5(5.004160.098)31022 emu K/g, Q525.42
61.25 K, andxg

05(21.43160.035)31024 emu/g. The in-
set of Fig. 6 shows the reciprocal susceptibility defined
(xg2xg

0)21 as a function ofT. The data are well fitted with
a straight line described by Eq.~1! within the limited tem-
perature range. The positive sign ofQ suggests that the in
traplanar exchange interactions between Pd atoms ma
ferromagnetic. SinceT0514.81 K andQ525.42 K, the ratio
T0 /Q is estimated as 0.58, which is much smaller than 1
predicted by the molecular-field theory. This result sugge
that the system magnetically behaves like a quasi-2D s
system. Here we assume that Pd nanoparticles act as l
ized spins and the effective magnetic moment is assigne
every Pd atom. If the composition of Pd-G(2) is given by
C14.8Pd, the effective magnetic momentPeff can be estimated
as Peff510.7660.08mB . Correspondingly, another effectiv
magnetic momentpc per Pd atom is given bypc59.81mB .

Figure 7 shows theH dependence ofMFC for Pd-G(2) at
various T. The magnetization drastically changes around
characteristic fieldHa

0'200 Oe, reflecting a transition from
the antiferromagnetic state to the ferromagnetic state. Sim
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behavior is also observed in stage-2 NiCl2 GIC.10 Here we
note that Fig. 7 is derived from the data ofMFC vs T for
variousH, but not the data obtained directly from the me
surement ofMFC vs H with increasingH for eachT. What is
the saturation magnetizationMs in Pd-G(2)? From Fig. 7
the saturation magnetizationMs is roughly estimated asMs

55 emu/g or 1421 emu/Pd mol atH540 kOe when the com
position of C14.8Pd is assumed. If the saturation magnetiz
tion is assigned to every Pd atoms, the saturation magn
moment per Pd atomps(5Ms /NAmB) can be estimated a
ps50.25mB . This value ofps is very different from that of
pc . The ratiopc /ps is 39.2.

Figures 8~a! and~b! show theT dependence ofx8 andx9

FIG. 5. ~a! and~b! T dependence ofMZFC ~d! andMFC ~s! for
Pd-G(2). H51 Oe.
-

-
tic

for Pd-G(2) at variousf, whereh51 Oe. The dispersionx8
exhibits a peak at 14.3 K and a small shoulder around 11
The T dependence ofx8 in Pd-G(2) is similar to that of
stage-2 NiCl2 GIC.17 The peak temperature~514.3 K! is

FIG. 6. T dependence ofxFC at H53 kOe for Pd-G(2). The
inset shows theT dependence of the reciprocal susceptibility, whe
the straight line is denoted by Eq.~1! with parameters given in the
text.

FIG. 7. H dependence ofMFC at variousT for Pd-G(2).
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14 176 PRB 62SUZUKI, SUZUKI, AND WALTER
independent off for 0.07< f <1000 Hz. In contrast, the valu
of x8 drastically decreases with increasingf at the sameT,
reflecting the nature of disordered spin systems. The abs
tion x9 also shows a sharp peak atTcu(514.2 K) and a small
shoulder aroundTcl(511 K). The peak temperature ofx9 is
almost independent off for 0.07< f <1000 Hz, suggesting
that no spin-glass-like behavior occurs aroundTcu in spite of
the irreversible effect of magnetization below 298 K@Fig.
5~a!#.

FIG. 8. T dependence of~a! x8 and ~b! x9 for Pd-G(2) at
variousf. H50 Oe. h51 Oe.
rp-

Figure 9 shows theT dependence ofx8 and x9 for
Pd-G(2) in the absence ofH, where f 5100 Hz and h
51 Oe. The data are taken with increasingT. Both x8 and
x9 exhibit a peak around 14 K. Above this temperaturex9
exhibits a very broad peak around 100 K. Note thatMZFC at
H51 Oe for Pd-G(2) has a broad peak around 52 K@see the
inset of Fig. 5~a!#, while the dc magnetic susceptibility o
pristine Pd has a very broad peak around 85 K.8

Figures 10~a! and ~b! show theT dependence ofx8 and
x9 for Pd-G(2) in the presence ofH, respectively, whereh
51 Oe andf 5100 Hz. The peak ofx8 slightly shifts to the
higher temperature side with increasingH: 14.3 K atH50
and 14.85 K atH570 Oe. This peak disappears above
Oe. This implies that the in-plane ferromagnetic order is
parently enhanced by the application ofH. In contrast, the
peak ofx9 shifts to the low-temperature side with increasi
H: 14.3 K atH50 and 13.19 K atH55 Oe. The peak dis-
appears above 10 Oe, suggesting that the anisotropy fie
the c plane,HA

in , is on the order of 5 Oe.
Figure 11~a! shows thef dependence ofx8 for Pd-G(2) at

various T. It is found thatx8 can be well described by a
power-law form (x8'v2x) over the whole frequency rang
used in the present work. Figure 11~b! shows theT depen-
dence ofx for Pd-G(2), which is similar to theT depen-
dence ofx9 at H50 @see Fig. 8~b!#. The exponentx is posi-
tive and very close to zero, and exhibits a local maximu
aroundTcu as well as a broad shoulder aroundTcl . Similar
behavior is observed in stage-2 NiCl2 GIC,10 where the value
of x takes a local maximum at 16.5 K just belowTcl
(517.2 K) and at 21.1 K just aboveTcu(520.5 K).

Figure 12 shows thef dependence ofx9 for Pd-G(2) at
various T. The f dependence ofx9 for f ,20 Hz is rather
different from that forf >20 Hz depending onT. Below 17 K
the absorptionx9 decreases with increasingf for f ,20 Hz,

FIG. 9. T dependence of~a! x8 and ~b! x9 for Pd-G(2). H
50 Oe. f 5100 Hz. h51 Oe.
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while it increases with increasingf for f .20 Hz. Note that
such behavior is also observed in stage-2 NiCl2 GIC.10

V. DISCUSSION

A. Itinerant spin systems

Before discussion, we summarize the magnetic proper
of Pd-G(1) and Pd-G(2). Pd-G(1) shows an antiferromag
netic phase transition atTN53.8 K. The Curie-Weiss tem
perature is given byQ52679.266.0 K. The ratio of the

FIG. 10. T dependence of~a! x8 and ~b! x9 for Pd-G(2) at
variousH. f 5100 Hz. h51 Oe.
es

magnetic momentspc /ps is about 2140. This ratio may b
overestimated because the magnetization used in this ca
lation is not saturated at 3 kOe which is the highest field
the experiment on Pd-G(1). In contrast, Pd-G(2) undergoes
two magnetic phase transitions atTcu(514.2 K) and Tcl
(511 K). The Curie-Weiss temperature isQ525.42
61.25 K. The intraplanar interaction is strongly ferroma
netic, while the interplanar interaction is weakly antiferr
magnetic. The ratio of the magnetic momentspc /ps is 39.
Such a large ratio ofpc /ps is a feature common to itineran

FIG. 11. ~a! f dependence ofx8 for Pd-G(2) at variousT. h
51 Oe.T59 ~d!, 11 ~s!, 12 ~m!, 13 ~n!, 13.5~j!, 14 ~h!, 14.5
~l!, 15 ~L!, 15.5~.!, 16 ~,!, and 16.5 K~(!. ~b! T dependence
of exponent x (x8'v2x) ~d! and Y@5(2/p)(x9/x8)# at f
50.07 Hz~s! and 1 Hz~n!.
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14 178 PRB 62SUZUKI, SUZUKI, AND WALTER
spin systems where thed electrons responsible for magn
tism are mobile. According to Moriya,14 there is some cor-
relation betweenpc /ps vs TC for ferromagnetic metals
where TC is the Curie temperature. In the local limit fo
well-defined localized moment, the ratiopc /ps is indepen-
dent ofTC and is nearly equal to 1. In the opposite weak
ferromagnetic limit, the theory predicts the divergence of t
ratio asps→0 or TC→0, since the Curie-Weiss constant
this case is independent ofps or TC . The ratio pc /ps is
much larger than 1 for smallTC and the ratio is generally
close to 1 for very largeTC . The Rhodes-Wohlfarth plo
(pc /ps vs TC! ~Ref. 15! for various spin systems clearl
indicates that the values ofpc /ps are distributed almost con
tinuously between these two extremes. The spin density fl
tuations show various properties ranging between the
opposite extremes: the local moment limit~spin fluctuations
localized in real space! and the limit of weakly ferro- and
antiferromagnetic metals~spin fluctuations localized in re
ciprocal space; extended in real space!. It has been believed
that the Curie-Weiss law is attributed exclusively to the lo
spin system. However, this law is also observed in the i
erant spin system. In conclusion, Pd-G(1) is an itinerant spin
system with mainly antiferromagnetic interactions, wh
Pd-G(2) is an itinerant spin system with mainly ferroma
netic interactions. We note that the magnetic properties
Pd-G strongly depend on the reaction times required for
hydrogen gas reduction: ferromagnetic nature for the lo
reaction time@Pd-G(2)# and the antiferromagnetic natur
for the short reaction time@Pd-G(1)#. This result suggests
that the magnetic property of Pd-G is closely related to the
structure of Pd nanoparticles.

FIG. 12. f dependence ofx9 for Pd-G(2) at variousT. h
51 Oe. The same notations are used as in Fig. 11~a!.
s
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o

l
-
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e
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B. Effect of Pd nanoparticles on magnetic susceptibility
in Pd-G„1…

We discuss the magnitude of the temperature-indepen
susceptibility xg

05~211.8960.12!31026 emu/g for
Pd-G~1!. We assume thatxg

0 may be described by

xg
05@12.011n xg

0~C!1106.4xg
0~Pd!#/~12.011n1106.4!,

~4!

for Pd-G having the composition CnPd, wherexg
0~C! and

xg
0~Pd! are the susceptibility per gram of pristine graph

and Pd, respectively. Forn514.8, xg
0 can be rewritten as

xg
050.626xg

0~C!10.374xg
0~Pd!. The susceptibility xg

0~C!
corresponds to a powder-averaged susceptibility of grap

given byxg
0(C)5( 2

3 )xg
a1( 1

3 )xg
c , wherexg

c along thec axis
is diamagnetic and weakly dependent onT. The susceptibil-
ity xg

a is positive and almost independent ofT. Note that the
magnitude ofxg

c is much larger than that ofxg
a

It is interesting to estimate the value ofxg
0 as a function of

T using the data of pristine graphite~highly oriented pyro-
lytic graphite, HOPG! ~Ref. 16! and pristine Pd. The data o
pristine Pd is obtained by van Leeuwenet al.8 The calculated
value ofxg

0 is dependent onT. It decreases with decreasin
T:21.6931026 emu/g at 290 K to22.3831026 emu/g at
100 K. These values are relatively larger than the experim
tal value ofxg

0(5211.8931026 emu/g) for Pd-G(1). What
is the cause of this discrepancy? One possibility is that
diamagnetic susceptibility of graphitexg

0~C! may be de-
scribed byxg

c because samples are formed of small flak
which may be rather different from ideal powders:xg

0~C!
5xg

c . When the formulaxg
050.626xg

c10.374xg
0~Pd! is

used, we find that the calculated value ofxg
0 decreases with

decreasingT:29.73431026 emu/g at 290 K to213.420
31026 emu/g at 100 K. These values are close to the exp
mental result. A second possibility is that the susceptibi
from Pd may decrease with decreasing size of nanopartic
In fact, in Pd clusters/colloids with diameters ranging fro
25–150 Å, van Leeuwenet al.8 have observed a dramati
reduction of the susceptibility with particle size.

C. Nature of spin ordering in Pd-G„2…

Pd-G(2) approximates a quasi-two-dimensional~2D! XY-
like ferromagnet with an extremely weak antiferromagne
interplanar exchange interaction, in spite of the characte
itinerant spin systems. The effective spin Hamiltonian
Pd-G(2) may be described by

H522J(
^ i , j &

Si•Si1D(
i

~Si
z!222J8 (

^ i ,m&
Si•Sm , ~5!

where\S is the effective spin angular momentum, thez axis
coincides with thec axis, J ~.0! is the ferromagnetic in-
traplanar interaction,D(.0) is the single ion anisotropy
term, andJ8(,0) is the antiferromagnetic interplanar inte
action. For convenience the equivalent interaction fields a
K are defined asHA

out5DS/gcmB , HE852z8uJ8uS/gamB ,
HE52zJS/gamB , andHSF5@2HA

inHE8#
1/2 wherega andgc

are theg values along thec plane andc axis ~ga5gc52 is
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assumed!. HE is the intraplanar exchange field,HE8 the in-
terplanar exchange field,HSF the spin flop field,HA

in the an-
isotropy field in thec plane,HA

out the anisotropy field along
thec axis, andz andz8 the numbers of interacting neighbo
in and between thec plane, respectively (z5z856). The
value of S is estimated as 4.9 from the relationPeff5g@S(S
11)#1/2 with Peff510.7660.08mB . The value ofJ is calcu-
lated to beJ50.2260.01 K from the relationQ52zJS(S
11)/3kB . The value ofHE8 is estimated asHE85Ha

0/2
5100 Oe~see Ref. 10 for this relation! using the value ofHa

0

derived from Fig. 7. The value ofHA
in is also estimated a

HA
in'5 Oe from Fig. 10~b!, leading toHSF'30 Oe. Then the

value of uJ8u is on the order of 2.831024 K, which is much
weaker than the intraplanar interaction:uJ8u/J'1.331023.

What is the mechanism of two magnetic phase transiti
at Tcu andTcl in Pd-G(2)? The Pdlayers of this compound
are formed of Pd nanoparticles. This finite size of nanop
ticles is a crucial element in the magnetic phase transitio
this compound. The effective interplanar exchange inter
tion Jeff8 between spins over the in-plane spin correlat
lengthj in adjacent Pd layers is described byJeff8 5J8(j/a)2,
whereJ8 is the interplanar exchange interaction anda is the
in-plane lattice constant. The growth ofj is limited by island
size asT is decreased. Suppression of the increase inJeff8
leads to the realization of 2D spin ordering betweenTcu and
Tcl . BelowTcl there occurs a 3D spin ordering where the 2
ferromagnetic layers are antiferromagnetically stacked al
the c axis. Note that similar behavior is observed in stag
NiCl2 GIC with Tcu(520.560.2 K) andTcl(517.2 K).10

D. Origin of magnetic interaction

It is well known that pristine Pd is close to ferroma
netism, but not a ferromagnet. The enhanced susceptibilit
pristine Pd is described byxg~Pd!5sxg

0~Pd! with xg
0~Pd!

52mB
2Nd(EF), where s is a Stoner factor (s59.37) and

Nd(EF) is the density of states ford-band electrons per spi
at the Fermi levelEF . The value ofs is much larger than tha
of other metals. What is the origin of the intraplanar ferr
magnetic interaction in Pd-G(2)? This ferromagnetic nature
is considered to be related to the Stoner condition of fe
magnetism. WhenU is the Coulomb interaction betweend
electrons belonging to the same atom, the ferromagnetic s
can exist at T50 K only for U.Ucr , where Ucr
51/Nd(EF). Ferromagnetism is more favorable asUcr be-
comes as small as possible. This means that Fermi en
should be located at a maximum of the density of states

The origin of the interplanar antiferromagnetic exchan
interaction may be similar to that of CoCl2 GIC. According
to Yehet al.,17 the dominant interplanar exchange interacti
in stage-1 CoCl2 GIC is the superexchange interaction, wh
both the dipole-dipole interaction and superexchange in
action are equally important in stage-2 CoCl2 GIC. For
higher stage CoCl2 GIC, the dipole-dipole interaction domi
nates because of the rapid decrease of the superexch
interaction with increasing stage number. For the large se
ration distance the interplanar exchange interaction may
described by the dipole-dipole interaction betweenSi and
Sm ,
s
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Hd2d5~gamB!2S Si•Sm

Rim
3 2

3~Si•Rim!~Sm•Rim!

Rim
5 D . ~6!

If we assume that the direction of spinSi is perpendicular to
Rim ~or perpendicular to thec axis!, then the Hamiltonian
Hd-d can be approximated as a form of 2Jd-d(Si•Sm) where
Jd-d5(gamB)2/2(Rim)3 is positive and favors the antiferro
magnetic interplanar interaction. The value ofJd-d is calcu-
lated as 1.246d23 @K#53.031024 K, where ga52 is as-
sumed andd is the c axis repeat distance in units of Å:d
516.6 Å for stage-3 PdCl2 GIC.11 This value ofJd-d is in
good agreement with the value ofuJ8u(52.831024 K) de-
rived above.

E. Nature of dynamic spin fluctuations in Pd-G„2…

We have shown that the power-law form (x8'v2x) is
valid over the whole frequency range at anyT in Pd-G~2!.
Thenx9 can be calculated as10,18

x9~v!5
px

2
x8~v!sgn~v!, ~7!

using the Kramers-Kronig relation

x9~v!52
1

p
PE

2`

`

dv8
1

v82v
@x8~v8!2x`#, ~8!

where the notation@sgn~v!#, which is 1 forv.0 and21 for
v,0, is included in Eq.~7! becausex9 should be an odd
function of v, and x` is the complex susceptibility atv
5` and is assumed to be zero here. In Fig. 11~b! we also
show theT dependence ofY@5(2/p)x9/x8# at f 50.07 and
1 Hz. Although the value ofY is a little larger than that ofx
at eachT, theT dependence ofY is very similar to that ofx.
These results are consistent with the prediction from Eq.~7!.
According to the fluctuation-dissipation theorem, the Four
spectrumS(v) of the time-dependent magnetization fluctu
tion ^M (0)M (t)& is related tox9(v) by

Saa~v!5E
2`

`

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

qv
xaa9 ~v!,

~9!

where t is time andM (t) is the time-dependent magnetiz
tion. It is expected from Eq.~7! thatx9 at low frequencies is
described by the same power-law form asx8: x9'v2x.
Thus S(v) has the form v2(11x), indicating that
^M (0)M (t)& varies with t as tx. In the limit of x→0,
^M (0)M (t)& has a logarithmic time dependence. As sho
in Fig. 5~a! at temperatures below 298 K, the magnetizati
MZFC is much smaller than the magnetizationMFC corre-
sponding to the magnetization in thermal equilibrium. T
magnetizationMZFC may increase and reachMFC with t as
ln(t).

As shown in Fig. 12,x9 for Pd-G~2! has the characteristic
f dependence:x9 decreases with increasingf for f <20 Hz
and then increases withf above 20 Hz. This may be ex
plained in terms of the following model. AroundTcu andTcl ,
the internanoparticle spin correlation is still random with
each Pd layer. The magnetization of each Pd nanopar
will fluctuate and change direction relative to other Pd na
particles on a certain characteristic time scale depending
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the nanoparticle size and internanoparticle interaction. Th
are two kinds of relaxation time associated with intranan
particle fluctuation (t in) and internanoparticle fluctuation
(tout). The relaxation timetout is assumed to be much longe
than the relaxation timet in . Correspondingly the character
istic frequenciesf in and f out are defined by (2pt in)

21 and
(2ptout)

21, respectively:f in@ f out. When the relaxation of
these fluctuations is of the Debye type,x9 may be described
by10,18

x95x in~Q50!
vt in

11~vt in!2 1xout~Q50!
vtout

11~vtout!
2 ,

~10!

where x in(Q) and xout(Q) are the wave-vector-depende
susceptibilities related to the intrananoparticle and interna
particle fluctuations, respectively. The absorptionx9 has two
peaks atvt in51 ~or f 5 f in! andvtout51 ~or f 5 f out!. Our
results indicate that~i! f out is lower than 0.07 Hz and that~ii !
f in is higher than 1 kHz at least below 17 K. NoT depen-
dence off in and f out is observed.

VI. CONCLUSION

The structure of Pd-G is characterized by multilayered P
nanoparticles. Different reduction conditions lead to differe
degrees of developed nanoparticles. The magnetic prope
a

s

J

re
-

o-

t
ies

of Pd-G are dependent on the reduction conditions: the a
ferromagnetic nature for the short reaction time@Pd-G(1)#
and ferromagnetic nature for the long reaction tim
@Pd-G(2)#. Pd-G(1) magnetically behaves like a antiferro
magnetic itinerant spin system. It undergoes antiferrom
netic phase transition atTN(53.8 K). No spin-glass-like be-
havior occurs aroundTN . Pd-G(2) magnetically behaves
like a quasi-2DXY-like ferromagnet with very weak antifer
romagnetic interplanar interaction. It undergoes magn
phase transitions atTcu(514.260.2 K) andTcl(511 K). Be-
tween Tcu and Tcl a 2D ferromagnetic spin order is esta
lished within each Pd nanoparticle in the Pd layer. The
dered phase belowTcl is a 3D antiferromagnetic one. Th
existence of Pd nanoparticles in a reduced dimension is a
to understanding the uniqueness of spin ordering in Pd-G
be more conclusive on the nature of nanoparticles, furt
studies are required using small-angle neutron scatter
x-ray scattering, and so on.
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