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Spin-glass properties of metallic nanoparticles conducted by quantum size effects
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Diamagnetic silver reveals spin-glass properties as the material is dispersed into hanoparticles embedded in
dielectric media. Significant shifts of the transition temperafgg toward high temperatures with the filling
factor are observed during the zero-field-cooling process for the magnetic susceptiflljtymeasurement.
The diffused quantum-sphere model is exploited to calculate the susceptibility of nanoparticles containing even
or odd numbers of electrons in terms of particle sizes, which manifests a paramagnetic Curie-like characteristic
as the temperature rises abolg;. The partition function evaluated by the spin-glass magnetic-dipole inter-
action conducted by quantum size effects can successfully address the experimental data with good quantitative
agreementS0163-182¢09)08601-4

Recently, many scientists'?have devoted their efforts to  The y(T) curves exhibit marked cusps at the temperature
the study of electronic properties of metallic nanoparticleswhich defines the frozen temperatufg Tsg), suggesting a
expecting to obtain a right perspective to the essential feasecond-order phase transition between a disordered paramag-
tures of low-dimensional quantum confined electronic syshetic state and a frozen spin-glass state characterized by the
tems. The exotic characteristics of metallic nanoparticles aréistinguished curves between the “zero-field-cooling” and
manifested by their optical;® electrical®-®and magnetit''?>  “field-cooling” processes as shown in Fig. 1. The(T)
properties. Concerning the magnetic susceptibility, the dericurve in Fig. 1 is obtained from the experimental data
vation of partition function for a given electronic system Which has been substrated by the Curie-type contribution of
from the thermodynamic approach is inevitable. The fundathe background signal which is due to the impurity in the
mental result in Kubo’s mod# indicates that the suscepti- SiO; substrate. According the the model of broken ergodicity
bility depends on the selected ensemble under consideratioggd replica symmetry breaking, the local susceptibility of the
of metallic particles containing either “odd” or “even” Spin glass is given
numbers of electron¥.~1° )

_In spite of the many years of_study_of the physic_al prop- X(T)zlg[l_f q(x)dx
erties of one single small metallic particle, the physics ema- 0
nated from the interaction between particles remains n
glected even in the recent literaté:'? The crucial factor
that determines the interaction of particles in the filling factor
f (or the concentratiort), which is defined as the volume
ratio of the total metallic particles to the volume of the 1
sampled In the detection of optical absorption, a filling fac- |6 —XQ(X)—J q(y)dy+g*(x)=0, (2
tor below 0.001 is used to suppress the multiscattering and X
interaction between adjacent particles. The measurement ofhere =(T—T;)/T;.It can be shown tha;ffl)qxdx~|¢9|
Bloch-Grineissen-type electrical conductivity can be +|6|?—|6|°>+O(| 6]*) for T nearT;.
expecteft’ if the filling factor is increased. A considerable
extent of aggregation resulting from the large value of the
filling factor gives rise to anomalous breaks in the resistance-
temperature curves’ The Kondo spin-flip scattering of con-
duction electrons by metallic nanoparticle behaving similar
to local spind is tacitly assumed to explain the break around
the critical transition temperaturg,. In the magnetic sus-
ceptibility x(T) measurement, an exotic cusp is also
observe&!? at the phase transition temperattfgg.The
commensurable transition temperatures in the magnetic 2
property encourages us to propose a long-range spin-glass o.os
like interaction between metallic nanoparticles. .

The spin-glass system is a collection of random orienta- 0 70 m & o T8 T30
tions of local spins which are frozen at low temperatures. Temperature (K) _
The widely studied spin-glass systgr‘rilg is composed of FIG. 1.-Th_e plot ofy(T) as functions of temperatures. for S|I\{er nano-
dilute solutions of magnetic transition metal impurities dis-P2"icles WithR=46.8 A,£=0.00598, andr~1.30, where is the width of

. . . . the log-normal distribution. The points are the experimental data, and the
tributed in nobel metal hosts. The interactions between thesgyig curve is fitted withT, = 54.1 K, Te=45.0 K, ands=0.38. The dashed

randomly d_iStribUted impL_Jrities usually_ e.xhibits a curve belowT; indicates Curie-Weiss behavior extended from the rahge
Ruderman-Kittel-Kasuya-YosidgRKKY) oscillation?’™*°  =>T,.

: @

&Qhere B=kT and q is the mean-square value of the local
magnetization over the distribution, which satisfies a self-
consistent equation at equilibrium such as

To

0.2 | (b):constant field cooling

ceptibility (x emu/gram)
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For the magnetic susceptibility detection of small metallic
particles as shown in Fig. 1, the Curie-type behavior abouZ.(H,T)=
T; is attributed to the paramagnetic alignment of the ran-
domly oriented local spins for particles with an odd number )
of electrons with values which are compatible with the pre-
diction of Kubo's theory:® At temperatures below;, the Zodo(H,T)z{ZE g~ pon(nt1) cosr[(2n+1)§]}22, (5)
dipolar interaction between local spins overwhelms the para- n=0

1+22 g~ RoN+1) COSF[Z(H"‘].)Q"]}ZZ,

0

magnetic term, resulting in a similar RKKY-type*®oscil-  with
lation. Therefore, the critical temperatuiig ensuing the _ -1
commensurability between paramagnetic and spin-glass ZB:nHl [1—e 777, (6)

states is observed in this wotk?

This work appraised the magnetic susceptibility of smallwhereZg is the canonical partition function for spinless fer-
metallic particles within the temperature range of two dis-mions and the subscripts even and odd denote the even and
tinct magnetic phases. The variation of the critical transitionodd number of electrons which are confined inside small
temperaturel; is examined and found to be related to themetallic particles.
filling factor f. This evidence is verified by the theory of the  To yield a correct solution of the eigenenergigs, the
quantum-sphere modelQSM)* in conjunction with the diffused quantum-sphere-motét in which the total poten-
Sherrington-Kirkpatrick'S-K) model?° tial V(r) (Ref. 22 is evaluated by a self-consistent process

The magnetic susceptibility can be evaluated from the consisting of the electrostatic and the exchange-correlation
partition functionZ and the allowed transitions between elec-parts is implemented to solve the wave equatfonsccord-
tronic levelse,,,. The grand canonical partition function can ingly, the eigenenergies,,’s for a diffused surface were nu-
be obtained by implementing the formula given by Kttbo  merically simulated for both the filled and empty staftes.

-1 The magnetic susceptibility is given by

Z(H, T)——f{)— H 72

m=0s=*1 =B"1—Inz, (7
B X=F gH?
1 / h =(kgT) and Z is the grand canonical partition
w14 =] esta B (o By where 8 ('B) an s the grand canonical partitio
1 Z ee kﬂp [1+2€%e ik ©) function. With the values of the partition functighand the

spectrume,,, the magnetic susceptibility can be numerically
simulated as sketched in Fig. 2. The magnetic property of the
system for an odd number of electrons leads to Curie-law
behavior, while the even case yields an exponentially attenu-
ated value. A paramagnetic background with Curie-Weiss
electrons, pn,=ep—&p-1, P=Eprk—Ep, &=(3)B9ueH, behavior always coexists for the pure glass substrate arising
H is the applied magnetic fielg is equal to kgT) "%, gis  from dangling bounds or defects in the Siglass prepared
the Landeg factor, ug is the Bohr magneton, andlis a by the sol-gel methot}?

dummy variable in the integral. For simplification, most  Another aspect for the correlation between individual me-
works~1 implemented the assumption by taking differenttallic particles may possibly arise from the existence of the
ensembles of states with equal level spacing. Consequentlgjpolar interaction. Unlike the interaction due to the aggre-
one hass,=né, forn=0,1,2, ..., and’is the spacing of gation and thermal tunneling in the electrical property, the
each energy leveh,. The partition function under this sim- magnetic dipolar interaction ubiquitously persists for a
plified configuration can be rewritten in the foftn'® longer range than those in the electrical conductidrne

where the energy levels,’'s are ordered withe;<e,<eg,
<---, gp Is the uppermost occupied level dt=0. The
ground state energy By=23P _,e,— rep, wherer=0 for
an even number of electrons ang 1 for an odd number of
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relatior?® between the filling factof and the distance be- metals can be anticipated to be due to the diffuse of electron
tween magnetic ion&;; is focl/RiSj.It is known from the density outside the quantum sphere. The smaller the nano-

thermodynamics that particles, the more diffuse the electrons outside of the sur-
face. The lack of the electrons inside the sphere synaptically
f=A(D/J;;)? exp(—D/2|J;), (8) introduces a hole contribution to tleshift making a larger

whereA is a constant);; is the exchange integral between POSitiveg shift as the particles size is reduced. The posigve
two local spins, andD Jis the typical conduction electron shift evaluated at different particles sizes under the diffuse

band widths range from $ao 10*xkg. It is evident that the QSM s calculated as shown in Fig. 3, which is consequently

filling factor increases as the exchange integral is increased! good agreement With the experimental values. Unfortu-
We can trickily assume thét=T;; . On the other hand, the nately, the particle sizes prepared by the sol-gel method are

SK model reconciled with the random energy approximationdIffICUIt to cpntrol, resultl_ng in closely pack_ed daf[a.
The detailed preparation of small metallic particles by the

can express the critical temperaturé®a® T« Jj; . . 512 :
Because the spin-glass state has also been found in mal ol-gel mgthod was pres_cnbeq e.'seV.V ?I'he_ existence
Ag particles and the size distribution of various samples

netic insulator and amorphous alloys, in which the depen- ' S ! ;
dence of the interactions on the separation of magnetic mdsan be confirmed from the transmission electron microscopic

ments is entirely different from that for dilute magnetic (TEM) diffraction pattern a_nd pictures as S*_“’V_V” in Figs.
impurities in nobel metal hosts. We can sophisticatedly prefl(a)’ 4(b), and 4c), respectively. The size distribution of
sume that the metallic nanopatrticles follow the more accu-
rate relationship a3 f which can be justified in this ex-
perimental work.

The spin system of the metallic particles can be elucidate:
more fully by the experiments of electron spin resonances
For bulk metals due to the strong spin-orbit interaction anc
extremely narrow skin depth, only the conduction electror
spin resonancéCESR signals can be observed in the finely
dispersed particleé~um in size. However, in the nanom-
eter metallic particles, what we observed is not CESR evel
though it is similar to the line shape of free radicals. The
shift as given by the average of the orbital angular momen
tum induced by the spin-orbit interaction at the top of the]
Fermi distribution can be determinéd.

The quantum sphere model disentangles the intricat
problem and yields the unique solutf8n

H 2 A
sa(RI=sg(=)+4 3 [Wnleddm)] =g .(
mFn o (B (b) ki © ks
wheresg(=) is theg shift of bulk material ,(r, 6, ¢) is the FIG. 4. (a) The TEM diffraction pattern shows the Bragg reflection from

one-electron wave function obtained in Ref.Hgg is the e Ad nanoparticles with two apparent rings for {3¢1) and(200) planes,
showing that silver particles embedded in glass retains their virgin crystal-

Ham“ton_ian due to the spin-orbit interaction, aEq” i§ _the line structurefb) and(c) are the TEM images displaying size distribution of
energy @fferenc_e between theandn StaFeS- The posItivg  silver particles with concentrations of AgNGt 0.1 and 0.05 g, respec-
shift which is different than the negativg shift for bulk tively.
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SiO, specified with a filling factor of =0.00598. The Curie-
type behavior, when the temperature is ab®yeoccurs due
to the paramagnetic property of small metallic particles.

A series of experimental curves with different values of
normalized magnetic susceptibilities to the same ratio of
Pauli susceptibility and the filling factor are compared in Fig.
5. Figure %d) is the result of gold nanoparticles prepared by
HAuCl,-H,0 in place of AQNQ. The electrons contained in
! the gold nanoparticles can also be regarded as nearly free
0.2 .‘ within an infinite potential barrier. Therefore the theoretical

R framework is similar to silver nanopatrticles. The sample with
........ o © the critical exponenB=0.38 has a large loss of dimension
in comparison with that of3=0.42, and the reason can be
0.2 ¢ deduced from the presence of sheetlike powder samples as
J shown in the TEM pictures. The critical temperature in-
: . ) (@ creases with the linear relation of the filling factorand is
20 “ &0 8 100 120 240 independent of the averaged particle size. Thus the most
Temperature (K) . . . . . .
striking experimental feature as predicted in Fig. 5 is the
'salient increase of ; with the filling factorf and is confirmed

to exhibit a linear dependence of the critical temperature on
~130,f=0.00598.Tc=45.0 K, T;=54.1 K, andd=0.38; () R=31.4 A, the(;“llllmg factorf, i.e., T=cXf, wherec is equal to 1.133
o=1.28, f=0.00620,Tc=50.1 K, T{=60.3 K, and3=0.42; and(d) R X 10" K. i i
=30.1 A, 0=1.29, f=0.00671,Tc=63.4 K, T;=76.0 K, and@=0.42. In conclusion, we have prepared silver and gold nanopar-
ticles embedded in silicate glasses using the sol-gel method.
The susceptibility y(T) derived from the diffused QSM
. . . . L (Refs. 4 and 2llcan successfully explain the Curie-like be-
maximum probability radiufR in these samples with sizes . . .
. havior for temperatures abolt. The nanoparticles contain-
ranging from 3 to 6 nm. . ) .
. . . ing an odd number of electrons lead to a Curie-type behavior
The magnetic susceptibility as a function of temperature . . : i
-_on account of net unpaired spins. The decrease in the critical
was measured from 4.2 to 140 K by a Quantum Design

MPMS5 superconducting quantum interference device. Theexponent,B Is characterized as the slight loss of dimension-

cusp illustrated in Fig. 1 suggests the possible presence c§{|ty. The information extracted from the three-dimensional

spin-glass-like behavior with a long-range dipolar interactioncurveSX(T'f) can provide impressive insight into the guan-

between the random distribution of metallic local spins. Fig-tum properties of metalhc .nanopartlcles and evoke attention
. . . ) . to properties of this material which have not been explored.
ure 1 is simulated to yiel&®=46.8 A, by implementing with

the Curie constan€=1.82x10">, the critical temperature This work was supported by the National Science Council
T;=54.1 K, the Curie temperatuiie.=45.0 K, and the criti-  of the Republic of China under Contract No. NSC-89-2112-
cal exponent3=0.38 for silver nanoparticles embedded in M-007-002.
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FIG. 5. The plot of magnetic susceptibilities versus temperatures fo
silver (a)—(c) and gold(d) nanoparticles witha) R=52.3_A, o=1.30, f
=0.00567,Tc=38.5 K, T(=46.2 K, and 8=0.38; (b) R=46.8 A, &

particles follows a log-normal functidri? which reveals the
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