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Electron spin-lattice relaxation of silver nanoparticles embedded
in SIO, and TiO , matrices

G. Mitrikas, C. C. Trapalis, and G. Kordas®
Institute of Materials Science, NCSR Demokritos 15310, Aghia Paraskevi, Athens, Greece

(Received 15 January 1999; accepted 6 August 1999

Metallic silver nanoparticles were prepared by the sol-gel method in amorphouar®i@rystalline

TiO, matrices. The metal particles were monodispersed in size and their mean diameters varied
between 1 and 10 nm, depending upon the processing conditions. The spin-lattice rel&{afpn

times were investigated by pulsed electron paramagnetic resor&ff® spectroscopy in a
temperature range betwed K and 300 K. The spin echo recoveries were slow endafthe order

of some m§ and demonstrated a biexponential character. This study showed that for silver
nanoparticles in the Sidmatrix, the temperature dependencd ¢fcan be described by the relation
(1/T,)«T", where 0.4n<1. Contrary to this behavior, the temperature dependendg tias a
Raman-type character (llj>T?) for silver nanoparticles in the TiOmatrix. The unusual behavior

for the SiQ samples is attributed to the amorphous phase of the Si@trix. The results are
discussed in terms of possible relaxation mechanisms suggested by Khaliullin and Khusainov taking
into account the energy levels correlation functions. This study showed that the spin relaxation due
to static defects is in agreement with our results. In addition, a satisfactory agreement between
theory and experiment can only be obtained in the case of repulsion between the energy levels
indicative for the quantum size effect. @999 American Institute of Physics.
[S0021-9608970741-5

I. INTRODUCTION Furthermore, one of the main unresolved points is
whether the energy levels are randomly distributed or they

The physical properties of metallic nanopartlcles Ollﬁcerfollow a specific distribution functiotforthogonal, symplec-
from those of bulk samples due to the discrete nature of the 56 . .
y.”° In the case of paramagnetic nanoparticles,

electronic energy levels. This fact makes the theoretical anf® O UM1tar

experimental study of these systems a very interesting fielfh® temperature dependenc_e of the electron SLR is sensitiye
of research for the last two decades. to the energy levels that exist near the ground state and this

The basic properties of small metallic particles are decan be used as a probe for the study of the energy levels
termined by the discrete energy spacifdpetween adjacent distribution. In addition, the putative dependence of the en-

levels, ergy levels on the size of the particles is not clearly under-
stood.
4E 1 . .
YRy (1) Continuous wave electron paramagnetic resongoee

EPR has been used in the past for the investigation of quan-

wheresis the mean energy spacing between adjacent leveldim size effects in metallic nanoparticlesRecently; we
Er is the Fermi energyl is the number of conduction elec- Were able to observe cw-EPR from silver nanoparticles em-
trons, anaV is the volume of the particle. When this energy bedded in the Si@matrix. However, in this case the inter-
spacing becomes greater th&im or the Zeeman splitting pretation of the results is qualitative because the inhomoge-
hw,, quantum sized effects are expected to be maniféstedneous effects are always large for small metallic partiéles.
One of the open questions in the physics of metallic  pylsed EPR is the most direct technique for the determi-
nanoparticles is how the quantization of the energy spectrufation of the electron spin lattice relaxation of metallic nano-
mfluencgs the relaxation of electr(_)n spins. When the size O[Barticles. In some cas&? the suppression of spin relax-
the particles become very smalit is expected that the EI- ation in these systems has been observed using the spin echo

liott mechanisrf which is responsible for spin-lattice relax- .
ation (SLR) of conduction electrons in metals should be method, but to the best of our knowledge, there is no sys-

quenched. Therefore, the study of small metallic particles iféMatic study on the temperature dependence of the SLR
terms of SLR of conduction electrons can reveal relaxatiorfimes (T1). Here, we present a detailed study of the SLR
processes that are masked in the bulk metal by the electrorfimes (T;) of Ag nanoparticles at temperatures between 4.2—
phonon scattering. 300 K. The nanoparticles were embedded in,S¥@d TiO,

matrices prepared by the sol-gel method. The observed tem-
dAuthor to whom correspondence should be addressed. Electronic maipe_rature depe_ndence is discussed in terms of possible relax-
gkordas@ims.demokritos.gr ation mechanisms.

0021-9606/99/111(17)/8098/7/$15.00 8098 © 1999 American Institute of Physics



J. Chem. Phys., Vol. 111, No. 17, 1 November 1999 Electron-spin relaxation in Ag nanoparticles 8099

Il. EXPERIMENT . Az

o TiO, Rutile

A. Sample preparation

The Ag particles were prepared by the sol—gel method,
which allows the preparation of samples with narrow particle
size distributions and adjustable metal loaditg¥. The pro- \
cedure includes three steps. The first step includes complex- M
ation of y equivalents of the silicon alcoxide 1030 30 20 S0 60 70 80 90
NH,—(CH,);—Si—HOEt)5 with 1 equivalent of AQN@ and angle 26 ()
addition ofx equivalents of SDEY), (TEOS. The hydrolysis
and polycondensation of the SIEt) groups occurs in ad-
dition of aqueous suspension of ammonia. During the sol—
gel processing, the organic groups—Nebordinate to the
metal ions and the resulting metal complexes are anchored - RESULTS

the silicate matrix. In this way, aggregation of the metal ions The DTA measurements showed a peak at 500 °C due to

is prevented and a relatively homogeneous distributiorkg crystallization. This result was confirmed by XRD mea-
throughout the Si@matrix is succeeded. In the second SteP.g ,rements. Figure 1 shows the XRD diagrams for the two
the metgl—gomplex con.tainin.g gel is dried and thep heatgd ilgamples heated at 500 °C. These diagrams show clearly that
air to oxidize all organic moieties. Thus, small silver oxide o crystalline phase of metallic silver exists in both samples.
particles are formed. In the final step, the composites Agrye aqdgitional peaks appearing in the diagram of the sample
-(x+y)SIO, are prepared by reduction of the metal oxide g o rrespond to the crystalline phase “anatase” of the,TiO
particles under hydrogen. network. The XRD investigation demonstrated that the ma-

Oxidation and reduction temperatures were determineg, of Ag-12Si0, and Ag12TiO, samples are amorphous
by differential thermal analysiTA) measurements carried and crystalline, respectively.

out in the first step of preparation. The optimization of the  rigre 2 shows the particle size distributions derived
heat treatment conditions was al_so studied by_x-ray diffractom the analysis of TEM micrographs. The histograms in
tion measurement®XRD D500 Siemens The size of the  haqe figures were obtained from the measurementsl of
particles was determined by transmission electron micros- g particles. The mean diameter of particles in the
copy (TEM CM 20 Phillips. A number of 3 or 4 bright field  gampjess, and's, is 3.2 nm and 3.8 nm, respectively. The
micrographs were takgn for each sample. Frqm these micry;,e gistributions are fairly narrow for both samples. The
graphs, a representative number of nanoparti@e8-600 i Jines in Fig. 2 correspond to the fitting curves calcu-
was measured in order to find their size distribution. lated by the log-normal distribution functic.NDF),%®

Ag.12Ti0,

o

Intensity (a.u.)

FIG. 1. XRD diagrams of sample®; (amorphousandS, (crystalline.

AN N 1 r{ 1(In(d/do)ﬂAd @
=——-exp—5| —F—— ,
Lalne d 2\ Inco
B. Spectroscopic measurements
cw-EPR measurements were performed with a Bruker
ESP 380X-band spectrometer. The temperature was varied 30 N
in the range 4.2—300 K using an Oxford liquid helium flow 254 S,: Ag128i0,
system. The microwave frequency was measured with a mi- 20 LNDF:d,=2.8nm
crowave frequency counter HP 5350B. 15, o=1.64
d__=32nm

Pulsed EPR was performed with a Bruker ESP 380 spec- mean
trometer. The field swept spectra were obtained by recording
the amplitude of the echo as a function of the magnetic field
after a two-pulse sequencer/2-320 ns4r); the duration of

the #/2 and 7 pulses were 64 and 128 ns, respectively.

e

8 10 12 14 16 18 20

Number of particles (%)
&

SLR times, T, were measured by saturation recovery as 25 ] S: Awl2Ti0 B)
described in Ref. 13. The saturation recovery was monitored 2] L§DFi:3_6m;
by recording the two-pulse echo intensity/2-160 nsar; 145
with t_,=16 ns) as a function of the time after a saturating 1 d,_ =3.8nm
pulse sequence. The magnetic field corresponded to the 104
maximum of field swept spectrum. To minimize contribu- 54
tions from spectral diffusion, a burst &f saturating pulses o AL -
was employed®®® The pulse length was,=16ns corre- 0 2 4 6 8 10121416 18 20
sponding toH,~6 G; typically N=30 pulses with an inter- Particle diameter (nm)

pulse delay of 0.5us were used. The repetition rate was FIG. 2. Size distribution histograms withd = 0.65 nm determined counting

adeSteq in' every measurement in order to ensure complefg_gog particles. The fitting curves were estimated using LNDF as defined
magnetlzatlon recovery. in Eq. (2).
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FIG. 3. (A) cw X-band EPR spectra of samp® (i) and sampleS, (ii).
Experimental conditions: temperature, 10 K; microwave frequency, 9.7
GHz; microwave power, 213 nW; modulation frequency, 1.6 kHz; modula-
tion amplitude, 1.5 G(B) Progressive saturation of the intensity of the B
first-derivative EPR signal of samp® (open circlesandS; (filled circles. ®)
The continuous lines are fits using the equatierk/(1+ P/Py,,)"?, where
P is the microwave power; for parameters compare text.

where AN/N is the fraction of particles in the interval
In(d/dy), In(d/dg)+A In(d/dy); dg is the peak diameter of the
distribution,o is a parameter that determines the width of the
distribution, andN is the total number of the measured par-
ticles in the sample. R R E SR W R —
Figure 3A) shows the cw EPR signals recorded for the 0 20 40 ¢ 60 80 100
two samplesS;(1) and S,(1l). Each spectrum consists of a (msec)
structureless  derivative withAH,,=4.6:0.5G (S, FIG. 4. (A) Amplitude of the electron spin echo of sam8e, resulting
sample¢ andAH,,=6.1+-0.5G (S,, sample. In a previous  from a two-pulse sequence, as a function of the magnetic field. Experimental
study, it was demonstrated that the signal is due to a Spiﬁondmong temperature, 15 K; time interval between successive pulse sets,
_ 7 . . 50 ms; microwave frequency, 9.7 GHB) Saturation-recovery transient of
Stat_e S=1/2." The double integral Of_ the Sl_gr_]al follows a sampleS; with the double exponential fit superimposed; the difference be-
Curie temperature dependericelyperfine splitting was not  wween the experimental and the fitted curve is shown at the bottom. Experi-
observed due to a possible interaction between the spin statental conditions: temperature, 5 K; magnetic field strength, 3453 G; two-
with the nucleus of silverl(=1/2). pulse repetition time, 240 ms.
Progressive microwave saturation can be used to deter-
mine relative spin relaxation rates. The saturation curve is
constructed by plotting the ratio of the signal amplitude to=12.2 ms for the other component of the double exponential.
the square root of power vs the incident microwave poter. Figure 5 shows the echo-detected saturation recovery
The saturation data are fit to the expressigiP)=(1 curves of Ag nanoparticles in the crystalline Ti@atrix
+P/Py;,) "2, wherel is the normalized EPR amplitude di- (sampleS,) at three different temperatures. The recovery has
vided by the square root of the incident microwave powera biexponential character and at low temperatures is much
andP is the incident microwave power. Th®,», the power slower than in the case of samfg. The fit at 12 K gives
at which the signal attains half of its unsaturated valueland T,=36 ms for the one and; =271 ms for the other compo-
the inhomogeneity parameter, are the two fitting parametersient of the double exponential.
The progressive saturation study of the signal shows that the We have carefully verified that the fast component is not
signal saturates easily with no changes in the line shape. Than artifact caused by spectral diffusion. This test showed that
fit of the data displayed in Fig.(B), yieldsP,,=20uW and  the echo-detected recovery is almost independent on chang-
b=1.9 for the sampl&, at T=10K, andP,=510uW and ing the parameteréinterpulse delay, pulse duratipof the
b=1 for the sampleS, at room temperature. saturation pulses. In addition, the temperature dependence of
Figure 4A) shows the echo-detected EPR spectrum othe fast component is in disagreement with a temperature
the sampleS;. The SLR was measured by monitoring the independent rate expected for a contribution due to spectral
saturation recovery of the two-pulse echo at the field positiomiffusion. This result implies that contributions from spectral
corresponding to the maximum absorption. Figur@)4 diffusion effects are negligible in our samples.
shows a typical echo-detected saturation recovery curve of The relaxation measurements were extended over the
Ag nanoparticles in amorphous Si@atrix (sampleS;) at5 5-300 K range for both the amorphous and crystalline
K. The recovery is well described by a double exponentialsamples. The observed SLR rates were double exponential
the residual from the fit is shown at the bottom of the tran-over this range. The two rates have quite the same tempera-
sient. The fit at 5 K givesT;=2.3ms for the one and;  ture dependence. The total SLR rate is calculated taking into

Echo Intensity (a.u.)
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in the S; sample. For the comparison, the figure shows also
the temperature dependenceRyj, for the S; sample(filled
circles. The power-law fit of relaxation rates gives a Raman-
type temperature dependence, which approximates the form
1/T,=0.015T? at temperatures above 60 K.

Echo Intensity

0200 #0600 800 1000 IV. DISCUSSION

t (msec)

The progressive saturation measurements showed that
T=20K the inhomogeneity parametdy, is equal to 1.9 for sample
S,. For a spin system described by the Bloch equatténs,
the parameteb can be equal to 1 and 3 indicating a com-
pletely inhomogeneous and homogeneous broadening char-
. . . L acter, respectively. The intermediate valuebef1.9 implies
0 100 200 300 400 500 that the cw—EPR spectrum of the silver nanoparticles has a
t (msec) modest homogeneous broadening charadéter.
It is known thatP,,, is inversely proportional to the
T=140 K productT,T,.Y" The similar temperature dependence of the
P, and theT; for sampleS; (Fig. 6 filled squares and
circles indicates that th@ , for these silver nanoparticles is
temperature independent. This implies that the exchange or
TR T is0 200 spin hopping mechanisms cannot account for the SLR tem-
t (psec) perature variation. Since the temperature variation of the
SLR for the amorphous and crystalline samples are different,

FIG. 5. Saturation recovery transients of samjeat three different tem-  the interpretation of the experimental finding will be dis-
peratures 12 K, 20 K, and 140 K; the double exponential fits are superim- ussed separately.

posed. Experimental conditions: magnetic field strength, 3469 G; two-pulsg
repetition time, 960 ms(Inse) Amplitude of the electron spin echo of A. SLR of sample S
sampleS,, resulting from a two-pulse sequence, as a function of the mag- 1

netic field. Experimental conditions: temperature, 10 K; time interval be- The measured SLR times of nanoparticles in the sample
tween successive pulse sets, 500 ms; microwave frequency, 9.7 GHz. S, are about two orders of magnitude grater than the ones of
the bulk metal® This result suggests the freezing of the
) relaxation process due to the discreteness of the electronic
account the weight of each component to the total recovenenergy spectrum as suggested by Kawabata and H8f8nd.

Figure 6(filled squarg¢ shows the SLR determined as a func- oyr gata imply that the temperature dependence of the SLR
tion of temperature of measurements. The power-law fit ot 56 is described by an equation of the forr £/ T06=0L

relaxation rates gives a slow temperature dependence of the Thjs pehavior is rather unusual because it does not agree
form 1/T;=0.1T°%. Figure 6(open squanedisplays also the  yith any of the well-known SLR processes such as “direct,”
temperature dependence of the SLR for 8aesample(crys- “Raman,” and “Orbach—Aminov” processe® 22 In the
talline). One can perceive frqm this figure that the tempera-gjrect” process, the relaxation rate 1 is proportional to
ture dependence of the SLR is stronger in$a&sample than  the apsolute temperature. For EPR experiments performed at
frequencies near 9 GHz, the Zeeman splittii@,,, is about
1 K in temperature units. Thus, at higher temperatures the
direct process is rather improbable due to the limited number
of phonons with energies close i, .?! As the temperature
is raised, other relaxation processes become important. One
of them is the inelastic scattering of phonons by the spin,
which is generally referred to as the “Raman” process. In
this process, the relaxation rates varyTds T', or T°. At
high temperatures, all two-phonon relaxation processes vary
as T2.29 If the system has electronic energy levels lying
within the phonon spectrum, it is possible for a spin to relax
making transitions between the ground state and the excited
states’? This is a second order process, known as the
“Orbach—Aminov” process. The relaxation rate in this case
Temperature (K) varies asA*1/[exp(A/kT)—1], whereA is the energy differ-
ence between the excited state and the ground states. Among
FIG. 6. Filled symbols: temperature dependence of the spin-lattice relaxtha possible SLR processes, the Orbach—Aminov is the only

ation rate(filled squares and determined values &, (filled circles for - . . . .
the sampleS; . The solid line is the fit using Ed4); for fitting parameters one that could give direct information about the electronic

see text. Open squares: temperature dependence of the spin-lattice relaxat%BeCtrum of metallic nanOPartideS_ since it is dire(?“y related
rate for the samplé, . with the energyA. When the motion of the matrix atoms

Echo Intensity (a.u.)
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becomes very inharmonic, the Debye model and the concept
of lattice phonons are no longer useful in the calculation of
the temperature dependence of the SLR rate. In this limit, it
is more useful to consider the nuclear motion as described by
a correlation function with a correlation time that is tem-
perature dependent. The SLR may be driven by this motion
which produces a modulation of the magnetic interaction be- , L
tween the spin and the nuclei of the glassy solid. Then, the M sy 0 30
SLR rate has temperature dependence determined by the

temperature dependence ©f.

The unusual behavior of SLR in sam@#g may be at-
tributed to the amorphous phase of Si@nalogous irregu-
larities in the temperature dependence of the SLR time have
also been observed for other paramagnetic centers in glassy
matrices>~?° In all these cases, the unusual behavior is at-
tributed to the existence of localized-tunneling stafes,
which have successfully explained the low-temperature
properties of amorphous materidfsThis model assumes
that, in a glass, there are a number of atoms or molecules f&G. 7. (A) Simulation of the field swept spectrum of sample(solid line)
which the local potential has more than one minimum andvith two Lorentz_ian 'curves{dotted lines. Expe.rimental conditions: tem-
erature, 12 K; time interval between successive pulse sets, 500 ms; micro-

thus can be described by an asymmetric double well pOterf\_/ave frequency, 9.7 GHz(B) Saturation recovery transient of sample

tial. The tunneling occurs through the barrier separating the, with the double exponential fit superimposed¥ (t)=0.06+0.341

two wells. The correlation time for these tunneling modes is—exp(-t/36)]+0.59 1— exp(-t/270)]). The solid curves are the slo()

given by and fast(2) component of the double exponential. Experimental conditions:
temperature, 12 K; magnetic field strength, 3469 G; two-pulse repetition
time, 960 ms.

Echo Intensity (a.u.)

Echo Intensity (a.u.)
-

2

L l 1 "
0 200 400 600 800 1000

t (msec)

75 '« E cscHE/KT), (3)

yvhereE is_ the energy differt_ance between the_two positionsg SLR of sample S,
in the lattice that the nuclei may occupy. This model was
used by Kurtz and Stapletdh,in their effort to explain the For silver nanoparticles embedded in the crystalline ma-
unusual temperature dependence of the SLR timeE of trix of TiOZ, the SLR dependence is different than the one
centers inB—alumina. The temperature dependence is thaPbserved for Ag in the amorphous matrix. In particular, the
predicted by Murphy® who considered localized vibrational SLR rates at temperatures below 30 K are several times
modes instead of tunneling. At temperatukds<E, the cor-  slower than the corresponding ones in the glass matrix.
relation time varies a& exp(—E/kT), whereas at high tem- Above 50 K, these rates have stronger temperature depen-
peraturekT>E, approximates a linear function of the form dence obeying an unusual relaxation process. The difference
7o LT, between the SLR times obtained $ andS, samples rein-
Recently, Aminovet al.?® proposed a semiphenomeno- forces the assumption that the unusual temperature depen-
logical generalization of the former model in order to de-dence of the SLR times in SiOs due to the amorphous
scribe the temperature dependence of the SLR times;of Phase of the glass matrix.

centers in quartz glass. According to this, the relaxation rate ~ Important information includes the echo recovery ex-
is given by periments. The progressive microwave saturation measure-

ments showed that the cw-EPR signal is inhomogeneously
y A broadened. This is also evident from the asymmetry of the
Tl‘locz—zsecﬁ—, (4) echo detected EPR signal displayed in Fig(ifise). The

wpt 2T spectrum can be fitted with two Lorentzian curves as shown

in Fig. 7. One can assume that the biexponential character of

wherew, is the microwave frequency, andis the tempera- the total magnetization recovery is a consequence of two
ture independent correlation frequency of the randother  components contributing to SLR times. In this case, the con-
than phonoi process causing the relaxation via the twotribution of each exponential component to the total recovery
states separated by the energgyWe can fit our data using should have the same weight of the corresponding Lorentz-
three parametera,, A,, and A; in Eq. (4). The fitting ian curve in the cw-EPR spectrum. We have performed two-
procedure givesA;=5K, A,=61K, and A;=604K. At pulse field swept experiments varying the repetition rate of
present, we cannot correlate these values with some physictile pulses in order to prove this point. This study showed
parameters of our system since they are associated with thieat the high field components have faster relaxation rates
vibrations of the silica atoms and not with the energy levelghan the corresponding ones in the low field region. Taking
of the particles. Though, the phenomenological model cainto account the weighting factors followed by the EPR sig-

qualitatively describe the slow temperature dependence ofal simulation displayed in Fig.(&), it should be expected

the observed SLR rates between the range 4—-10BidK 6). that the fast relaxation rate would be the dominant factor in
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the total magnetization recovery. This hypothesis contradicts A)
the fitting results based on SLR measurement§-atl2 K, g
as displayed in Fig. (B). Moreover, the same analysis at
different temperatures gave analogous results. We concluded
that the biexponential character of the magnetization recov-
ery could not be assigned to inhomogeneous broadening ef-
fects.

Khaliullin and Khusainov reported a theoretical model 0 200 400 600 800 1000
accounting for the SLR of conduction electrons in small me- t (msec)
tallic particles®® These authors noticed that the electron spin B)
relaxation is the result of coupling of the metal atoms to the
insulating medium(matrix). The nature of relaxation de-
pends on the strength of this coupling. In this model the SLR
and its temperature dependence are governed by spin—orbit
scattering of electrons by thermal vibrations and by inhomo-
geneities at the metal-matrix interfaces. According to this
model, at low temperatureE<A, where A is the energy 0 100 200 300 400
spacing between adjacent levels, the recovery is nonexpo- t (msec)
nentla_l and is governed by the nature_ Of,the level StatIStICS'FIG. 8. Saturation recovery transients Tat 15 K of sampleS, (A), and
The time dependence of the magnetization recovery of thgnother sample wittl;,ea= 5.4 nm(B). The solid lines are the fits using Eq.

ensemble of the particles is given by the expression (5) with an orthogonal correlation function defined by Ef); the difference
between the experimental and the fitted curves is shown at the bottom; for

Echo Intensity (a.u.)

Echo Intensity (a.u.)

* parameters see text. The dashed lines are the fits using5Equith an
M, (t)=1— J;) exd —t/7s{ ») ]P(w)do, 5 Poisson correlation functioR(w) = 1/8 exp(— w/é).
with
N w)=A (w/2T)% ©6) behavior implies the suppression of the relaxation process
sp sh w/2T)[ 4+ sH(w/2T)]Y? indicative for a weak coupling between the particle and the

matrix atoms. Taking into account that a chemical bond be-

where w is the energy difference between the neighboringtween them is rather improbable, the case of a weak couplin
levels, andP(w) is the correlation function that governs the . . , P ’ ping
is consistent with our results.

energy spectrurh.The values of the relaxation parameter ; . . . .
gy sp b It is very important in the context of this model to dis-

and of the exponen&, depend on the strength of metal— tinauish betw in-latti d surf . laxati f
insulator interaction. At high temperaturés- A, this model mgimsl ed etin .Spm'? |c;e ?hn sur ?Ce spr:n re axaf|on ed-
predicts that in the case of strong coupling the relaxation igec s. 1N order fo investigate this point, we have performed

elaxation measurements at samples with bigger particle di-

irrespective of the nature of the statistic of the levels and th&

total magnetization decays exponentially with a relaxationameters' This study showed that these particles have faster

time equal to its value for a bulk metal. On the contrary,r(te:"’l,i("’t['(:;l1 rtatesrfas dlspliiyredl '2 Tilqr?s. f-1|‘— h'? res;ult dder:;gnr}t i
when the coupling is weak, the relaxation process is strong| ates that surtace spin refaxation €fiects are domina

suppressed also at high temperatures. ur SySte”?- .
Another possible relaxation mechanism is the surface Following the above qualitative arguments, we can focus

spin relaxation, as considered by this thedtJhe relaxation our study on the surface spin relaxation case considering a

is driven by the electron—phonon interaction between théNeak_ coupling between the particles and th_e matrix. In this
spin and static defects that may exist at the surface of th pecial case, at temperatufes A, the relaxation parameter

. . . 3 . _ .
small particle. At low temperatureB<A, the temperature in Eq. (6) is proportlonal tOT. with a=3,. .Insertlng these
dependence of the relaxation parametds the same as the values, we will attempt to fit the experimental recovery
previous mechanism, but there is a qualitative difference; jfurves using EqS) for each one of the three possible cor-

the SLR casé\ = 1/d?, whereas in the surface relaxation caselr)el"’lt'((;n func?onstP(w). Th?_t?ttlng resudlts for sa(rjnpl?z di
Axd?. At high temperature3>A, the temperature depen- ased on a least-squares Titling procedure are displayed in

dence of the spin relaxation due to static defects is Weakei'g' 8A). The fitting parameter_s are the relaxat!on parameter
. o and the mean energy spacing between adjacent levels
than that due to lattice vibrations. hich enters inP e ident f Fia. 8. that i
The fit of the different models to our data will qualita- which enters irP(w). It is evident from Fig. 8, that a satis-

tively decide which of the case fits our data better and whicf{a.mtory agreement can be obtained only in the.case of repul-
mechanism may be present in our sample. From the temper§1'—On betW.eeT‘ th_e energy Ieyé‘ls::on(tgrary tp_th|s, When_ a
ture dependence of the paramety we can determine random distribution of Ievel§ is appli .dhe f!ttlng quality is
whether the phonon spectrum of small particles is continuou82°" Moreover, th'e best f'.t is obtained if we assume the
(strong coupling or quasidiscretéweak coupling. Our re- orthogonal correlation function

sults show that at high temperatures the SLR rate varies as )

T2. Moreover, the nonsingle exponential character of the P(w)—w—ex;<—ﬂ> %)
echo recovery is retained even at high temperatures. This 26 45% )
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