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

Jirgen Waltet
Osaka National Research Institute, AIST, MITI, 1-8-31, Midorigaoka, |keda, Osaka 563-8577, Japan
(Received 15 March 2000; revised manuscript received 12 June 2000

dc magnetization and ac magnetic susceptibility of Pd graphite based on natural graphite have been mea-
sured using a superconducting quantum interference device magnetometeiGJriPBdnultilayers are sand-
wiched between adjacent graphite layers. This sandwich structure is periodically stacked alomgithd>d
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 sampf&(Bdis an itinerant spin system
with an antiferromagnetic ordered phase belby(=3.8 K). No spin-glass-like behavior occurs arouRgl.
Pd-G(2) is a quasi-two-dimensionaY-like ferromagnet with very weak antiferromagnetic interplanar inter-
action. It undergoes two magnetic phase transition.dt=14.2+0.2 K) andTy(=11K). BetweenT, and
T, atwo-dimensional ferromagnetic spin order is established within nanoparticles in the Pd layersTBelow
there appears a three-dimensional antiferromagnetic ordered phase.

[. INTRODUCTION changes with the number of Pd metal layers. They have pre-
dicted that the system is ferromagnetic for two to five layers,
Metal graphites have received considerable attentio@nd is paramagnetic for systems with a monolayer or more
partly because of physical and chemical properties related tdhan five layers. Thus it is expected that @dnay exhibit a
the low dimensional nature of metal atoms encapsulated ifluasi-2D ferromagnetic behavior.
the interlamellar space between graphite layefsA metal In this paper we report our experimental dc and ac mag-
graphite has a unique layered structure. Ideally, metal atometic susceptibility results of PG-based on natural graphite
(such as V, Cr, Mn, Fe, Co, Ni, Cu, Mo, Pd, Ta, and W (NG) using a superconducting quantum interference device
form a metal monolayer sandwiched between adjacertSQUID) magnetometer. The static and dynamic properties
graphite layers. Such sandwich structures are periodicall@f Spin fluctuations are extensively studied. We show that
stacked along the axis perpendicular to the graphite layer. Pd-G shows magnetic phase transitions around either 3.8 K
In reality, the observed bodies are likely to consist of metaifor convenience this sample is denoted asd{d-)] or 14 K
multilayers, but not a single layer, since sample preparatiohPd-G(2)], depending on the sample. An irreversible effect
of the metal graphite is carried out at high temperature®f magnetization is observed, suggesting the frustrated na-
where surface diffusion becomes significant. Each metajure of granular systems. The magnetic properties of
layer is formed of nanoparticles in the form of either a one-Pd-G(2) will be discussed in comparison with those of
dimensional1D) chain or two-dimensionalD) platelets>  stage-2 NiG} GIC !° where the ferromagnetic layers are an-
Unlike graphite intercalation compound8IC’s) no charge tiferromagnetically stacked along theaxis. Here we note
transfer occurs between metal monolayers and graphite layhat the SQUID dc magnetization of Relt2) was already
ers. The interplanar interaction between metal and graphiteeasured by Mendozet al* The zero-field-cooled magne-
layers in metal graphite is considered to be of the van defization (M) at an external magnetic field (= 10 Og
Waals type and is much weaker than that in GIC’s becausghows a small peak around 14 K in addition to a broad maxi-
of the absence of attractive Coulomb interactions. mum above 50 K which is typically observed in pristine Pd
Pristine Pd metal has a face-centered-cuuc) structure ~ metal.
with a lattice constantg=3.8898 A). It has an almost filled

narrowd band and a partly fille@ band, which can be des- Il. BACKGROUND: STRUCTURE OF Pd- G
ignated formally as (d)° ¢(5s)¢ (¢~0). Pd has the larg- ' '
est Pauli susceptibility with a Stoner fact@=9.37) & This PdCl, GIC belongs to an acceptor type GIC, where charge

enhancement brings Pd metal close to a ferromagnetic instéransfer occurs from graphite layer to intercalate ldyen

bility. However, Pd is still paramagnetic because the Stonethe Raman spectra of PdQBIC the graphite signal is shifted
criterion for the occurrence of ferromagnetism is not satis-up in wave number relative to that of pristine grapfifEhe

fied. This means that the Fermi energy of Pd is not situated aynthesis of Pds can be made from the reduction of P¢Cl

an energy where the density of states has a peak. Such@C as a precursor material. The reduction can be carried out
situation may change in Pd graphifed-G) where Pd atoms (i) in liquid Li diphenlide at room temperatuter (i) in the

form multilayers in the limited space. Theoretically Bouarabgaseous phase by contact with hydrogen gas at high tempera-
et al® have studied how the positional relation between theiure (350—400 °G.>’ The structural properties of R@-are
peak energy in the density of states and the Fermi energgifferent for these two methods of reduction. In Bdpre-
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pared by methodi), there is charge transfer between C and Pd-graphite (1)
Pd® In fact, the Raman spectrum is similar but not identical 1x10° ———

to that of PdCJ GIC precursor. The Pd nanoparticles form

mainly monolayers. The size of the Pd nanopatrticles is rela-

tively small. The in-plane structure of Pd nanoparticles is .
commensurate with the graphite lattice, forming@x 3) 8x10°
superlatticé.

In Pd-G prepared by methodi),” Pd nanoparticles form
mainly multilayer systems with an average thickness of
trilayers. The size of Pd nanoparticles is larger than that of
Pd nanoparticles prepared by meth@d The Raman spec-
trum is similar to that of graphite, suggesting that no charge
transfer occurs between C and Pd. The in-plane structure of 4x10*
nanoparticles is almost commensurate with that of the graph- |
ite host, forming either @(2X2) or ap(3x3) within a
mismatch of~4% in lattice constant.Note that such a mis-
match of~4% is quite often observed between bulk material
and nanopatrticles of the same material.
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Il. EXPERIMENTAL PROCEDURE OO 50 100 150 200 250 300
In the present work we used two kinds of Bdsamples T(K)
[denoted as P&(1) and Pd&(2)]. Both samples were pre-
pared from hydrogen reduction of Pd@IC based on natu- FIG. 1. T dependence dfl ;- (®) andM g (O) for Pd-G(1).
ral graphite flakesgrade: RFL 99.9 Sfrom Kropfmuhl, H=1 Oe.
Germany. Pds(1) was reduced fo2 h at 350°C and

Pd-G(2) for 2 days at 400 °C. The structure was studied byf. Id bili . E . h tter thi
transmission electron microscoEEM)/selected area elec- \eld capapl Ity option. FFor convenience, hereafter this rem-
tron diffraction (SAED) for Pd-G(1) and Pd&(2) and ad- anent field is noted as the stade=0. The sample was F:oc?led
ditionally by x-ray photoelectron spectroscogyPS) for from 298 to _1.9 K atH=0. After an_external magnetic _flelql
Pd-G(2). Bright field transmission electron microscope (H) was applied at 1.9 K, the zero-field-cooled magnetization
(TEM) images showed encapsulated nanoparticles. The cokMzrc) was measured with increasifigfrom 1.9 to 298 K.
responding SAED pattern from areas occupied by particleSubsequently, the field-cooled magnetizatiod () was
and empty regions showed that the reduction was complet&€asured with decreasingfrom 298 to 1.9 K in the pres-
No reflections from the PAEGIC precursor could be ob- €nce of the samél. After the measurement dflz-c and
tained. On the other hand all SAED patterns showed reflecV rc atH were completed, a series of measurements! g¢
tions from carbon and additional reflections from palladium,Were carried out at higheH in the following way. The

if nanoparticles were examined. These Pd particles showet®mple was heated from 1.9 to 298 K. The magnetic field
hexagonal and hcp reflectiditswhich are quite distinguish- Was changed at 298 K. TheWc was measured with de-
able from the common fcc Pd. Commensurate superstrudreasingT from 298 to 1.9 K'in the presence &f.

tures to graphite were observBd.A comparison of XPS (i) SQUID ac magnetic susceptibilitiy=x'+ix"). A
core level spectra from PdOBIC precursor and PG Sample was cooled from 298 to 1.9 KHat=0. Then bothy’
showed that the reduction was complete. Diffraction patter@nd x” were simultaneously measured with increasihg
as well as the XPS signal gave no hint for Pd-hydride for-from 1.9 K to high temperatur&, in the absence and pres-
mation. The majority of the Pd particles had oval shapesénce ofH, where the frequency and amplitude of the ac
Their sizes rangedmeasured on the long axis of the oval magnetic field werd =0.07 Hz—1 kHz anch=1-2 Oe, re-
shaped particlésfrom 20 to 2000 A. The average size was spectively. After eachT scan the magnetic fieltH was
530+=340A. Nanoparticles remain immobile because ofchanged at high temperatuilg,. The sample was cooled
their relatively large sizes and high masses. They are not abféeom Ty, to 1.9 K. Then the measurement was repeated with
to diffuse from the carbon lattice. So far no determinationincreasingT from 1.9 K to Ty, in the presence dfi.

has been made for the composition of Bdsamples. The

stoichiometry of stage-3 PACGIC as a starting material is

known as G, 2dCh.*? If only Cl atoms leave as HCI during IV. RESULT
the reduction, the composition of R&lis considered to be A. PA-G(1)
described by ¢Pd withn=14.8. The dc magnetization and '

ac magnetic susceptibility of P@-were measured using a  The sample used in the present work consists of many
SQUID magnetometgiQuantum Design, MPMS XL¥with  flakes whose axis are assumed to be randomly aligned over
an ultra-low-field capability option. all directions. Figure 1 shows tledependence d¥l ,-c and

(i) SQUID dc magnetizatiorBefore setting up a sample Mg for Pd-G(1) atH=1 Oe. The deviation oM ¢ from
at 298 K, a remanent magnetic field in the superconducting/l ¢ starts to appear below 298 K, showing a behavior remi-
magnet was reduced to less than 3 mOe using an ultra-lowziscent of spin glasseM ;- shows a sharp peak around 3.8
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K, while Mc shows a peak around 3.9 (6ee the inset 9x10°© ;..%5

Figure 2 shows thel dependence ofygc(=Mgc/H) for - §§§§
Pd-G(1) atH=3 kOe. The susceptibility-c obeys a Curie- o
Weiss law over a wide temperature range €40<298 K). :
The least-squares fit of the data to the Curie-Weiss form
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yields Cgy=(1.389-0.020)x 10 2emuK/g, ©=-679.2 - égo ]
+6.0K, andyg=(—1.189-0.012)x 10 °emu/g, whered f h=20e 'ggﬁgg
is the Curie-Weiss temperatur€, is the Curie-Weiss con- - £ E
stant, and)(g is the temperature-independent susceptibility. 6x10° [ o
The inset of Fig. 2 shows the reciprocal susceptibility de- X
fined by (Xg—Xg)*l as a function ofT. The data are well
fitted with a straight line described by E(.). The negative 2 25 3 35 4 45 5 55 6
sign of ® indicates that the interaction between Pd atoms is T(K)
antiferromagnetic. The susceptibili]sgg is negative, reflect-
ing the nature of diamagnetic susceptibility arising from FIG. 3. T dependence ofa) x’ and (b) x” for Pd-G(1) at
graphite layers. If the magnetic moment is assigned to everyariousf. H=0 Oe.h=2 Oe.
Pd atom and the composition is given by;,@d for
Pd-G(1), the effective magnetic momer®.; can be esti- py(=M¢/Naug) can be estimated aps=2.2<x10 3ug.
mated ad;=5.62+ 0.04up . For further discussion, in Sec. This value ofp, is much smaller than that gf.. The ratio
V A we define the effective magnetic moment per Pd atomp,/pg is 2141. Note that this ratio is independent of the
pc, Which is related taP; through the relationDﬁﬁ:pc(pC composition and mass used in the calculation.

+2): p.=4.71ug . What is the saturation magnetizatibvh,? Figure 3a) shows theTl dependence of’ for Pd-G(1) at
Since we have no data & vs T atH above 3 kOe, the value variousf in the absence dfl. The amplitude of the ac field is
of M cannot be exactly determined experimentally. In spitth=2 Oe. The dispersiory’ shows a sharp peak afy
of that, we assume tha¢ is roughly equal to the value of (=3.8K). This peak temperature is independentfdbr
Mgc at 2 K for H=3 kOe. Then we haveM =4.32 0.07<f=<1000Hz, suggesting that no spin-glass-like behav-
X 102 emu/g=12.29 emu/Pd mol if the compositionGPd  ior occurs aroundly in spite of the irreversible effect of
is assumed. The saturation magnetic moment per Pd atomagnetization below 298 KFig. 1). In contrast, the value of
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dent of f below 10 Hz but drastically increases with
increasingf above 10 Hz. Here we assume thdtis de-
scribed by a Debye-type relaxation with a single character-
istic relaxation timer given by

” wT 2
X' = 1 (wr)? 2
which has a peak ab7=1. Our data suggest that the peak
may exist forf>1000Hz for anyT between 2 and 8 K,
implying that the relaxation time- is at least shorter than
1.6x 10 “*sec.

B. Pd-G(2)

Figures %a) and(b) show theT dependence d¥1 ;- and
Mgc for Pd-G(2) at H=1 Oe. The magnetizatioM ;g
shows a broad peak around 52 K and a sharp peak at 14 K.
The deviation oM z¢ from M ¢ starts to appear below 298
K, showing a behavior reminiscent of spin glasses. This be-
havior may be due partly to spin frustration effects arising
from competing interactions among nanopatrticles: spins may
be partially ordered within nanoparticles even at 298 K. The
magnetizatiorM - dramatically increases with decreasifig
below 14-15 K. TheTl dependence dfl: can be well de-
scribed by a power-law form given by

Mec=Al(To—T)/Tol+B, ()

for 9<T=<14.4K, where T;=14.81+0.05K, B=0.367
+0.009, A=0.02980.0002(emu/g, and B=0.0791
+0.0004(emu/g. The critical exponenB of magnetization
thus obtained is close to that predicted for 3D spin systems:
B=0.31 for Ising symmetry3=0.33 for XY symmetry, and
B=0.35 for Heisenberg symmetly. This result suggests
that a 3D long-range spin order may develop belyv

Figure 6 shows thd dependence ofc for Pd-G(2) at
H=23 kOe. The measurement was done with increasiimy
the presence oH. The susceptibilityygc obeys a Curie-
Weiss behavior in the limited temperature range &00
<270K). The least-squares fit of these dates T to Eq.(1)
yields C,=(5.0041-0.098)< 10 2emuK/g, ©=25.42
+1.25K, andxgz (—1.431+0.035)x 10 *emu/g. The in-
set of Fig. 6 shows the reciprocal susceptibility defined by
(Xg—xg)*l as a function ofT. The data are well fitted with
a straight line described by E@l) within the limited tem-
perature range. The positive sign ©fsuggests that the in-
traplanar exchange interactions between Pd atoms may be
ferromagnetic. Sinc&,=14.81 K and® = 25.42 K, the ratio
To/0 is estimated as 0.58, which is much smaller than 1 as
predicted by the molecular-field theory. This result suggests

X' is strongly dependent ofy reflecting the nature of disor- that the system magnetically behaves like a quasi-2D spin
dered spin system. In the presence of an external magnetiystem. Here we assume that Pd nanoparticles act as local-
field H, the peak ofy’ shifts to the low-temperature side with ized spins and the effective magnetic moment is assigned to

every Pd atom. If the composition of R&(2) is given by

increasingH (3.3 K atH= 140 Og, indicating the antiferro-
magnetic phase beloW, . Figure 3b) shows theT depen-
dence ofy’ for Pd-G(1). A drastic decrease of’ with
increasingT is observed near 3.5 K just beloVy .

Figure 4a) shows the dependence of’ for Pd-G(1) at
variousT. The dispersiory’ decreases with increasifigrig-
ure 4b) shows thef dependence of” for Pd-G(1) at vari-
ousT. For anyT between 2 and 8 Ky” is almost indepen-

C144Pd, the effective magnetic momdni;; can be estimated
asP.t=10.76-0.08ug . Correspondingly, another effective
magnetic momenp. per Pd atom is given bp.=9.81ug.
Figure 7 shows thél dependence d1 - for Pd-G(2) at
various T. The magnetization drastically changes around a
characteristic fieldH2~200 Oe, reflecting a transition from
the antiferromagnetic state to the ferromagnetic state. Similar
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3 s 101 text.
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5 o ° 3 The T dependence of' in Pd-G(2) is similar to that of
= .009]- 4 5 e 1009 &  stage-2 NiCJGIC.Y The peak temperaturé=14.3 K) is
,‘ oo . ]
' .. m
7 £ ZFe > w..u-f 0.085 Pd-graphite (2)
0.008 |- .,o" Oo”-'*: S [T
- ‘. OO ] |
K %% 0.08 .
r'd | L 2 K * A
0007t 4 L o 5 e © A |
0 5 10 15 20 | . 8 FLI :
I s 12 o it
T(K) |« 15 . %48 77
L) Ha
— . v;vg 8 3 ]
FIG. 5. (a) and(b) T dependence d1 ;- (®) andM ¢ (O) for \? 3 0 o 21 é g §§§E é
v v g ol
Pd-G(2). H=1 Oe. £ ’ gg : § 5e
g ) 35 8
behavior is also observed in stage-2 NiGIC.*° Here we 2 | : ‘412 2 -
note that Fig. 7 is derived from the data ®fgc vs T for s 50
variousH, but not the data obtained directly from the mea- E
surement oM g vs H with increasingH for eachT. What is 1 E
the saturation magnetizatiod in Pd-G(2)? From Fig. 7 B _ é ]
the saturation magnetizatidvi ¢ is roughly estimated abl %
=5 emu/g or 1421 emu/Pd mol Ht=40 kOe when the com- i LI
position of G, 2d is assumed. If the saturation magnetiza- 0 L ul I T
tion is assigned to every Pd atoms, the saturation magnetic 1 10 100 1000 10% 105
moment per Pd atorps(=Ms/N,,g) can be estimated as
ps=0.25ug. This value ofps is very different from that of H (Oe)

p.. The ratiop./ps is 39.2.
Figures 8a) and(b) show theT dependence of’ andy”

FIG. 7. H dependence dfl . at variousT for Pd-G(2).
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Figure 9 shows theT dependence ofy’ and x” for
Pd-G(2) in the absence oH, where f=100Hz andh
=1 Oe. The data are taken with increasihgBoth y’ and
x" exhibit a peak around 14 K. Above this temperatyfe
exhibits a very broad peak around 100 K. Note thigt-¢ at
H=1 Oe for Pd&(2) has a broad peak around 53 $ee the
inset of Fig. %a)], while the dc magnetic susceptibility of
pristine Pd has a very broad peak around 8% K.

Figures 10a) and (b) show theT dependence of’ and
x" for Pd-G(2) in the presence dfl, respectively, wheré&
=1 Oe andf=100Hz. The peak of’ slightly shifts to the
higher temperature side with increasiflg 14.3 K atH=0
and 14.85 K atH=700Oe. This peak disappears above 70
Oe. This implies that the in-plane ferromagnetic order is ap-
parently enhanced by the application léf In contrast, the
peak ofy” shifts to the low-temperature side with increasing
H: 14.3 K atH=0 and 13.19 K aH=5 Oe. The peak dis-
appears above 10 Oe, suggesting that the anisotropy field in
the c plane,HY, is on the order of 5 Oe.

Figure 11a) shows the dependence of’ for Pd-G(2) at
various T. It is found thaty’ can be well described by a
power-law form ('~ w~*) over the whole frequency range
used in the present work. Figure (bl shows theT depen-
dence ofx for Pd-G(2), which is similar to theT depen-
dence ofy” atH=0 [see Fig. 8)]. The exponenk is posi-
tive and very close to zero, and exhibits a local maximum
aroundT., as well as a broad shoulder aroung. Similar

reflecting the nature of disordered spin systems. The absorfehavior is observed in stage-2 NiGIC,*° where the value

tion x” also shows a sharp peakTaf,(=14.2 K) and a small
shoulder around (=11 K). The peak temperature gf is
almost independent of for 0.07<f<1000Hz, suggesting
that no spin-glass-like behavior occurs arodngin spite of
the irreversible effect of magnetization below 298[Kig.

5(a)].

of x takes a local maximum at 16.5 K just beloWy,
(=17.2K) and at 21.1 K just abovEg, (=20.5K).

Figure 12 shows thé dependence of” for Pd-G(2) at
various T. The f dependence of” for f<20Hz is rather
different from that forf =20 Hz depending ofi. Below 17 K
the absorptiony” decreases with increasirigor f<20 Hz,
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FIG. 11. (a) f dependence of’ for Pd-G(2) at variousT. h
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FIG. 10. T dependence Ofa) X and (b) X for Pd-G(Z) at of eXpOnentX (X"*w_x) (') and Y[:(2/7T)(X"/X’)] at f

variousH. f=100Hz.h=1 Oe. =0.07 Hz(O) and 1 Hz(A).

while it increases with increasinigfor f>20Hz. Note that

such behavior is also observed in stage-2 MELC. X magnetic momentp./ps is about 2140. This ratio may be

overestimated because the magnetization used in this calcu-
lation is not saturated at 3 kOe which is the highest field for
V. DISCUSSION the experiment on P&(1). In contrast, Pd5(2) undergoes
A. ltinerant spin systems two magnetic phase transitions &t (=14.2K) and T
' (=11K). The Curie-Weiss temperature i®=25.42
Before discussion, we summarize the magnetic properties 1.25 K. The intraplanar interaction is strongly ferromag-
of Pd-G(1) and Pd&(2). PdG(1) shows an antiferromag- netic, while the interplanar interaction is weakly antiferro-
netic phase transition &iy=3.8K. The Curie-Weiss tem- magnetic. The ratio of the magnetic momeptg p is 39.
perature is given by =—-679.2£6.0K. The ratio of the Such a large ratio op./ps is a feature common to itinerant
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B. Effect of Pd nanoparticles on magnetic susceptibility
in Pd-G(1)
We discuss the magnitude of the temperature-independent
susceptibility  xg=(—11.82+0.12x10°® emu/g  for
Pd-G(1). We assume thaitg may be described by

X9=[12.011h x3(C)+106.4¢3(Pd)]/(12.011+106.9,
4

for Pd-G having the composition (d, wherexg(C) and
(Pd) are the susceptibility per gram of pristine graphite
and Pd, respectlvely Far=14.8, X can be rewritten as
Xg 062@(g(C)+O 37¢(9(P0) The susceptibility Xg(C)
corresponds to a powder-averaged susceptibility of graphite

° given by xo(C)=(3) x5+ (3) x§, wherey§ along thec axis
is diamagnetic and weakly dependentriThe susceptibil-
ity XS is positive and almost independentTfNote that the
magnitude ofyg is much larger than that off

It is interesting to estimate the value pf as a function of
T using the data of pristine graphitlighly oriented pyro-
Iytic graphite, HOP@ (Ref. 16 and pristine Pd. The data of
pristine Pd is obtained by van Leeuwenal® The calculated
value ofxg is dependent off. It decreases with decreasing
T:—1.69x10 ®emu/g at 290 K to—2.38<x10 ®emu/g at
100 K. These values are relatively larger than the experimen-
tal value ofyj(=—11.89< 10" ®emu/g) for PdS(1). What
is the cause of this discrepancy? One possibility is that the
diamagnetic susceptibility of graphitgg(C) may be de-
scribed be because samples are formed of small flakes
which may be rather different from ideal powdeipgs;J C

1x10%7

5x10°[0 . oo e e
10 100 1000

f (Hz)

FIG. 12. f dependence ofy” for Pd-G(2) at variousT. h
=1 Oe. The same notations are used as in Figa)11

spin systems where the electrons responsible for magne-
tism are mobile. According to Moriy¥, there is some cor-
relation betweenp./ps vs T for ferromagnetic metals,
where T is the Curie temperature. In the local limit for =xg. When the formulayg=0.626¢5+0.374¢g(Pd is
well-defined localized moment, the ratin./p, is indepen-  used, we find that the calculated valuexgf decreases with
dent of T¢ and is nearly equal to 1. In the opposite Weak|ydecreasmgT —9.734<10 °emu/g at 290 K to—13.420
ferromagnetic limit, the theory predicts the divergence of thisX 10™® emu/g at 100 K. These values are close to the experi-
ratio asps—0 or Tc—0, since the Curie-Weiss constant in mental result. A second possibility is that the susceptibility
this case is independent @f or Tc. The ratio p./ps i from Pd may decrease with decreasing size of nanopatrticles.
much larger than 1 for small¢ and the ratio is generally In fact, in Pd cIusters/coII0|ds8 with diameters ranging frqm
close to 1 for very largel-. The Rhodes-Wohlfarth plot 25_15_0 A, van Lee“"ve_ﬂi _al. have oi_Jserv_ed a dramatic
(pe/ps Vs To) (Ref. 15 for various spin systems clearly reduction of the susceptibility with particle size.

indicates that the values @f./ps are distributed almost con-
tinuously between these two extremes. The spin density fluc-
tuations show various properties ranging between the two pd.G(2) approximates a quasi-two-dimensiof2D) XY-
opposite extremes: the local moment lir8pin fluctuations  Jike ferromagnet with an extremely weak antiferromagnetic
localized in real spageand the limit of weakly ferro- and interplanar exchange interaction, in spite of the character of
antiferromagnetic metaléspin fluctuations localized in re- itinerant spin systems. The effective spin Hamiltonian of
ciprocal space; extended in real spadehas been believed Pd-G(2) may be described by

that the Curie-Weiss law is attributed exclusively to the local
spin system. However, this law is also observed in the itin-
erant spin system. In conclusion, Bq4) is an itinerant spin
system with mainly antiferromagnetic interactions, while
Pd-G(2) is an itinerant spin system with mainly ferromag- where#S is the effective spin angular momentum, thaxis
netic interactions. We note that the magnetic properties ofoincides with thec axis, J (>0) is the ferromagnetic in-
Pd-G strongly depend on the reaction times required for theraplanar interactionD(>0) is the single ion anisotropy
hydrogen gas reduction: ferromagnetic nature for the londerm, andJ’(<0) is the antiferromagnetic interplanar inter-
reaction time[Pd-G(2)] and the antiferromagnetic nature action. For convenience the equivalent interaction fields at O
for the short reaction timgPd-G(1)]. This result suggests K are defined asH"'=DS/g.up, He =22'|'|S/gaus,

that the magnetic property of Ré-is closely related to the Hg=2zJSg,ug, andHgg= [2H'“HE 1¥2 whereg, andg,
structure of Pd nanoparticles. are theg values along the plane andc axis (g;=9.=2 is

C. Nature of spin ordering in Pd-G(2)

H=—2J<Z>s-s+02 (32>2—2J'<_2>s-sm, (5)
i, 1 i,m
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assumefl He is the intraplanar exchange fiellg the in- L[S Sm 3(SRim)(Sw Rim)

terplanar exchange fielt s¢ the spin flop fieldH)y the an- Ha-a=(9ams)’| 5~ R )

isotropy field in thec plane,H3" the anisotropy field along .'m ) _'m ]

thec axis, andz andz’ the numbers of interacting neighbors T We assume that the direction of sphis perpendicular to

in and between the plane, respectivelyz=z'=6). The Ry, (or perpendlcul_ar to the axis), then the Hamiltonian

value of Sis estimated as 4.9 from the relatidhy=9[S(S Ha.q can be ?pproxwgngted as a form aJi2u(S - S) where

+1)]? with Po4=10.76+0.08ug . The value of] is calcu- Ja.a=(Gars) /2(Rm)” is positive and favors the antiferro-

lated to bed=0.22+0.01K from the relation® =2zJSS magnetic mterp_lanar |nteract|orl. The valueJqfy is (_:alcu—

3 — 4 —

+1)/3kg. The value ofHg: is estimated aHg =H%/2 lated as 1.246 " [K]=3.0<10 “K, whereg,=2 is as-
B- E’ ) . E’ as sumed andl is the ¢ axis repeat distance in units of A

=100 Oe(see Ref. 10 for this relat|()m5|ng the value oH, —16.6 A for stage-3 PAGIGIC! This value ofJgq is in

derived from Flg 7. The value Cl'f'lg1 is also estimated as good agreement with the value h’f’|(=2_8>< 1074 K) de-

Hx~5 Oe from Fig. 10b), leading toHs=~30 Oe. Then the rived above.

value of|J’| is on the order of 2.8 10 *K, which is much

weaker than the intraplanar interactigd’|/J~1.3x 10" 3. E. Nature of dynamic spin fluctuations in Pd-G(2)

What is thg mechanism of two magnetic p.hase transitions We have shown that the power-law forny'(=w ™) is
atTe, andTg in Pd-G(2)? The Pdayers of this compound \4jid over the whole frequency range at afyin Pd-G(2).
are formed of Pd nanoparticles. This finite size of nanoparThen y” can be calculated 48
ticles is a crucial element in the magnetic phase transition of
this compound. The effective interplanar exchange interac- . X
tion J; between spins over the in-plane spin correlation X'(0)= 5 x'(w)sgnw), @)
length £ in adjacent Pd layers is described by, =J'(&a)?,
whereJ’ is the interplanar exchange interaction anig the
in-plane lattice constant. The growth §fs limited by island 1 o
size asT is decreased. Suppression of the increasd.jn X' (w)=— ;Pf do'
leads to the realization of 2D spin ordering betwdgpand o
T . Below T there occurs a 3D spin ordering where the 2Dwhere the notatiohsgnw)], which is 1 fore>0 and—1 for
ferromagnetic layers are antiferromagnetically stacked along <0, is included in Eq(7) becausey” should be an odd
the c axis. Note that similar behavior is observed in stage-Zunction of w, and xy” is the complex susceptibility ab
NiCl, GIC with To(=20.5+0.2K) andTy(=17.2K).1° = and is assumed to be zero here. In Fig(blve also

show theT dependence of[ = (2/7)x"/x'] at f=0.07 and
1 Hz. Although the value oY is a little larger than that of
D. Origin of magnetic interaction at eachT, the T dependence of is very similar to that ok.

It is well known that pristine Pd is close to ferromag- 1hese results are consistent with the prediction from(gg.
netism, but not a ferromagnet. The enhanced susceptibility ghccording to the fluctuation-dissipation theorem, the Fourier
pristine Pd is described byg(Pd)stg(Pd) with XS(Pd) s_pectrumS(w) of Fhe tlme-depg’ndent magnetization fluctua-
= 2u2Ny(Ef), wheres is a Stoner factor §=9.37) and ton (M(0)M(1)) is related tox"(w) by
Ng4(Er) is the density of states fai-band electrons per spin x, ' 2kgT
at the Fermi leveEr . The value ofis much larger than that Saa(w):f (ML (0)M4(t))e 'dt= " Xaa(w),
of other metals. What is the origin of the intraplanar ferro- - @
magnetic interaction in P@&(2)? This ferromagnetic nature ©
is considered to be related to the Stoner condition of ferrowheret is time andM(t) is the time-dependent magnetiza-
magnetism. WherJ is the Coulomb interaction betweah tion. It is expected from Eq.7) that y” at low frequencies is
electrons belonging to the same atom, the ferromagnetic statiescribed by the same power-law form g& "~ %
can exist at T=0K only for U>U,, where U, Thus S(w) has the form o ™ indicating that
=1/Ny(Eg). Ferromagnetism is more favorable ds, be- (M(0)M(t)) varies witht as t*. In the limit of x—0,
comes as small as possible. This means that Fermi energ# (0)M(t)) has a logarithmic time dependence. As shown
should be located at a maximum of the density of states. in Fig. 5a) at temperatures below 298 K, the magnetization

The origin of the interplanar antiferromagnetic exchangeM ;¢ is much smaller than the magnetizatidf:c corre-
interaction may be similar to that of CoOGIC. According  sponding to the magnetization in thermal equilibrium. The
to Yehet al,'’ the dominant interplanar exchange interactionmagnetizationM ;.c may increase and read¥l - with t as
in stage-1 CoGIGIC is the superexchange interaction, while In(t).
both the dipole-dipole interaction and superexchange inter- As shown in Fig. 12y” for Pd-G(2) has the characteristic
action are equally important in stage-2 CeGFIC. For f dependencey” decreases with increasirfgfor f<20Hz
higher stage CoGIGIC, the dipole-dipole interaction domi- and then increases withabove 20 Hz. This may be ex-
nates because of the rapid decrease of the superexchanglained in terms of the following model. Arourid,, andT,
interaction with increasing stage number. For the large sepahe internanoparticle spin correlation is still random within
ration distance the interplanar exchange interaction may beach Pd layer. The magnetization of each Pd nanoparticle
described by the dipole-dipole interaction betwegnand  will fluctuate and change direction relative to other Pd nano-
Sm, particles on a certain characteristic time scale depending on

using the Kramers-Kronig relation

X' (0)=x"], (8

o' —w
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the nanoparticle size and internanoparticle interaction. Thergf Pd-G are dependent on the reduction conditions: the anti-
are two kinds of relaxation time associated with intrananoferromagnetic nature for the short reaction tifed-G(1)]
particle fluctuation ¢;,) and internanoparticle fluctuation and ferromagnetic nature for the long reaction time
(Tou)- The relaxation timer,, is assumed to be much longer [Pd-G(2)]. Pd-G(1) magnetically behaves like a antiferro-
than the relaxation time;,. Correspondingly the character- magnetic itinerant spin system. It undergoes antiferromag-
istic frequenciesf;, and fo, are defined by (27,,) * and  netic phase transition at,(=3.8K). No spin-glass-like be-
(27 7o) ~*, respectively:fi,>f,,. When the relaxation of havior occurs aroundy. PdG(2) magnetically behaves
these fluctuations is of the Debye typ€, may be described like a quasi-2DXY-like ferromagnet with very weak antifer-

byt romagnetic interplanar interaction. It undergoes magnetic
phase transitions 8t (=14.2+0.2K) andT,(=11K). Be-
"_ _ @ Tin — @ Tout tweenT., and T, a 2D ferromagnetic spin order is estab-
=y =0)—— =+ =0) ——, cu cl g p
X' =xn(Q )1+(wTin)2 Xoul Q )1+(w70ut)2 lished within each Pd nanoparticle in the Pd layer. The or-

100 dered phase beloW, is a 3D antiferromagnetic one. The
where xi,(Q) and y,(Q) are the wave-vector-dependent existence of Pd nanoparticles in a reduced dimension is a key
susceptibilities related to the intrananoparticle and internand® understanding the uniqueness of spin ordering in Pd-G. To
particle fluctuations, respectively. The absorptidnhas two be more conclus[ve on 'Fhe nature of nanoparticles, further
peaks atw7,=1 (or f=f;,) andwr,,=1 (or f="1,,). Our studies are required using small-angle neutron scattering,
results indicate thali) f o, is lower than 0.07 Hz and théif) ~ X-ray scattering, and so on.
fin is higher than 1 kHz at least below 17 K. Nodepen-
dence off;, andf,, is observed. ACKNOWLEDGMENTS
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