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Extreme lowering of the Debye temperature of Sn nanoclusters embedded in thermally grown
SiO, by low-lying vibrational surface modes
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The formation and dynamical behavior of Sn clusters embedded in amorphous, thermally grovay&i€)
formed by ion implantation, is monitored throudﬁgsn Mossbauer spectroscopy. We observe an extreme
decrease of the cluster Debye temperat@gdor samples annealed at 800 °C in a reducing atmosphere. We
show with a model, based on classical elasticity theory, that this lowering can be explained by a decrease of the
surface vibrational modes when a Sn microcrystal is embedded in ansa@ix.
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I. INTRODUCTION particles embedded in a SjOnatrix with sizes between 3

In recent years, ion implantation has been used to intro@Nd 4 nm. This effect is in good agreement with elasticity
duce foreign ions into pure or thermally grown silica to form calculations based on the theory of Tametzal®
nanoclusters.An attractive feature of ion implantation to
form these nanoclusters is that the clusters grow in a well- [l. EXPERIMENT

defined region in the sample, determined by the implantation . )
depth. Most of the scientific effort is focussed on the inter- 1he Mossbauer spectroscopy technique was chosen to

esting linear and nonlinear optical properties of these layer§tudy the dynamics of the metallic Sn clusters. This tech-
which can have applications in optical semiconducting denidue is superb for the study of these kind of problems since
vices such as lasers based on Si technofoblye combina- an extremely small amount of material needs to be measured
tion of ion implantation and thermally grown Sj@s in this ~ (1.5x 10*° at/cnf). Another major advantage is the fact that
respect quite promising since both techniques are employeithe substrate has no influence on the measurement and the
on a massive scale in semiconductor industry. The physicaheasured signal fully originates from the clusters.
properties of these nanocrystals differ largely from the nor- A layer of 850 A of SiQ was thermally grown on a
mal bulk ones. This can be attributed to both the discretenesdd mmx 10 mm S{100 substrate, using a dry oxidation
of the electronic states for very small clusters as well as tg@rocess. Subsequently, the layers were implanted with a
the large influence of the surface of the particle due to itcombination of the stabl&'%Sn isotope and the radioactive
large surface to volume ratio. 118"gh jsotope to produce samples which can be used as
Also the vibrational dynamics of the particle change drasssources in our Mdssbauer experiments. The implantation en-
tically in going to very small cluster sizes. This change will ergy was chosen to be 80 keV. With that energy the maxi-
reflect in some of the physical properties of the precipitatesnum projected range of the Sions falls within the SiQ
such as the thermal heat capacity, the superconducting tratayer and no ions are implanted into the Si substrate. All
sition temperature, the melting temperature, and the Mdssmplantations were done at RT.
bauerf fraction. Processes governed by electron-phonon in- The samples were subjected to an isochronal annealing
teractions(such as superconductivjtare also influenced by treatment of 20 min in a reducing gas flow, consisting of
the change in the vibrational spectrum. 5N H,+N,. The gas was led through a trap cooled with lig-
Numerous attempts have been made to give a good theotd N, in order to eliminate any moisture contamination. The
retical description for the vibrations of free and embeddedannealing steps were 500, 600, 700, 750, 800, and 900 °C,
nanoclusters, mostly in connection with the effect of the parrespectively.
ticle size on the specific heat and the Debye-Waller factor. The sample is mounted as a source on a Méssbauer drive
These descriptions are based on a wide variety of modeland put in an exchange-gas cryostat. Measuring temperatures
such as the Einstein modéthe dynamical matrix modél, are 4, 77, and RT. The radiation is detected outside the cry-
molecular dynamic8,and the elastic-body mod&IThe last ostat with a resonant scintillation detector of the type
model has been especially successful in describing the lowRITVERC RSD.221. This type of detector only measures the
lying vibrational modes for embedded nanoclusters as wagesonant, recoilless radiation from the source and is almost
shown by low-frequency Raman scattering datd.This  insensitive to all other radiation. In this way, a very efficient
model is very powerful in describing the complete physicalway of counting the radiation is achieved. The resonating
behavior of a microcrystal embedded in a matrix since it carmaterial in the scintillator is CaSn@nd all isomer shifts are
calculate all vibrational modes with only a few material pa-given relative to this standard. One has to keep in mind that
rametergthe longitutional and transversal velocity of sound with this special setup of the resonant detector, the minimum
and the density for the cluster and matrix material experimental linewidth is the convential Mdssbauer linewith
In the present paper we present experimental evidence faf 2I'—hence it is not lowered to 1.473 as is the usual case
a dramatic decrease in the Debye temperatédgg for Sn  when measuring with a resonant deteéfdFhis is caused by
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FIG. 1. RBS measurements on the sample with a Sn dose of
1.5 10% at/cn?. The open dots are for the as-implanted situation
while the solid dots are measured after annealing at 800 °C. For
clarity only the Sn peak is shown.

the fact that the detector is not used in resonance but rather
as a very selective counter for the radiation coming from the
1% Mossbauer transition.

I1l. RESULTS AND DISCUSSION
A. RBS results

65432101 2
A complete set of Mdssbauer and RBS measurements Velocity (mm/s)

were performed on a sample with a total implanted dose of
1.5x10'°Sn/cnf. Two RBS measurements on this sample  FIG. 2. Méssbauer spectra measured at 77 K for some annealing
are shown in Fig. 1. We see almost no redistribution of thesteps. We show the fitted curve together with the decomposition in
Sn through the Si@layer in this sample upon annealing. spectral components. Since the sample is the source for these Moss-
Only a small fraction of the Sn moves from the Si€urface  bauer measurements, the isomer shifts are situated at negative val-
to the central part of the implantation profile. TEM measure-ues. To compare these values with the literature one has to change
ments(not shown confirm this behavior. In the TEM pic- the sign of the given isomer shifts.
tures we can see a distribution of clusters with diameters of

3 to 4 nm around the initial implantation profile. These re-atoms dertermines the fractidnof atoms that participate in

sults are in sharp contrast with measurements reported ke recoilless emission and therefore determines the line in-
other groups on Sn nanoclustérs®and Ge nanoclusters in tensity of each Méssbauer component

Si0,.17-20 They performed the annealing in a nonreducing 5

enviroment using Ar or dry Bl as an annealing ambient. _ 1202\ = l{‘ o U )

Their measurements show a trimodal Sn redistribution F=exp=k0c)) = exp ~k 3/) @
through the Si@ layer. Borodir® explains this effect using a . . .
model which takes into account the indiffusion of @nd where<x2>_ is the component of the msva in the directionf
H,O from the annealing ambient into the SiCayer. The e y emission with wave numbek and <“2_> is the total
effective removal of these impurities and the use of a reducMSVA. Assuming a Debye phonon distribution, the tempera-
ing gas in our thermal treatment of the samples strongljure dependence of thfefraction is given by

suppress this redistribution effect, leading to this Gaussian a2 [1 T\2 (0T ye
Sn profile as shown in Fig. 1. f=zexp - = (—) dx| . (2
Mkgbp| 4 \6p/) Jo €-1
B. Mdssbauer results Using Eq.(2) we can fit the temperature-dependent Moss-

In our measurements, the sample under investigation igauer line intensities witlé as a fitting parameter.
used as a moving source while the resonant detector is func-
tioning as absorber as well as detector at the same time. In
this way essentially only recoilless radiation is measured by The Md&ssbauer spectra measured at 77 K for some se-
the detector. At a given temperature, the mean-squared vibréected steps are shown in Fig. 2. In general we can fit the
tional amplitude(MSVA) (x?) of the radiating Méssbauer spectra with four different, well resolved components. Table

1. Components and site population
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TABLE |. Fitted Mssbauer parameters for the spectra shown in 100 +—— T T T
Fig. 2. All isomer shifts are given with respect to CagnO ﬁg L.%l
T il 1
—~ 804L _.------ " W
Temp. Comp. s(mm/9 A(mm/9 I'(mm/9 3\°/ % i
S 1
__g 60 o \\ A ]
as. impl. SA* -0.104) 1.0Q5) 1.1212) g »O” et
St -3.154) 2.532) 1.284) S 4l |-a- s % i
B-Sn -2.418) 0.4212) 0.6424) g -7~ Sn(S) %
Sn/Si -1.9010) 0 1.1412) 5 o0- e
E 3
600 °C SR* -3.092) 2.282) 1.084) 0__% : . . . Y - -
B-Sn -2.496) 0.4210) 1.669) 0 100 200 300 400 500 600 700 800 900
Sn/Si -1.8412) 0 1.1820) Annealing temperature (*C)
FIG. 3. Absolute site population for the sample with an initial
700 °C Syt -2.995) 2.243) 1.393) Sn concentration of 1810 16at./cnf. The f fraction for
B-Sn -2.737) 0.536) 1.4814) each component is determined from temperature-dependent
Sn/Si -1.978) 0 1.1613) measurements.
750 °C SR* -3.018) 2.247) 1.208) From temperature-dependent measurements we can deter-
_2'7 . 0'4 c 1'3 16 mine thef fraction for each of these components using Eq.
B—Sn. 705) 425) -3816) (2). The absolute site population of each component is then
Sn/si -210100 0 1.147) determined and is plotted in Fig. 3.
The first clear changes take place after annealing at
800 °C SK* -2.747) 2.305) 1.9615) 600 °C. The Sf component disappears to make place for
B-Sn -2.715) 0.604) 1.0212) the B-Sn component. At this annealing temperature both
sn/si ~1.048) 0 1.0q13) components each populate around 50% of the sites. At higher

temperatures more than 90% of the atoms end up #Sn
) ] . surrounding. Annealing temperatures of 900 °C and above
| gives a summary of the fitted Mossbauer parameters.  causes thes-Sn component to oxidize slowly, which is ac-

500 °C annealed sampl@got shown, is centered around

0 mm/s and is Sn in a $hconfiguration, most probably Sn 2. Temperature-dependent measurements
bounded to two oxygen atoms as in Sn®@he isomer shift h h . behavior in th
(8) as well as the quadrupole splittiid) value of this site The -Sn component shows a unique behavior in the

are close to the ones a-SnO,, -0.02, and 0.5 mm/s, temperature-dependent Mossbauer measurementf. The
respectively’! and to the values measuredarSn0,, 0.129 ~ MOssbauer spectra at 4, 77, and 295 K after a 800 °C an-
and 0.70 mm/s, respectivéi§The second component has a N€aling step are shown in Fig. 4. For all three spectra the
|arge6 and a |arg$ and scatters around tleeSnO isomer Isomer Sh|ft, quadrupole Spllttlng and linewidth are fitted
shift value of 2.87 mm/gRef. 22 with a tendency to even consistently so they are the same for all spectra. The second-
larger values, such as were observed irt*Smolecules order Doppler shift, calculated from the derived Debye tem-
formed in amorphous float glag$The quite large linewidth  peraturedp, is taken into account in the consistent iterative
of this component is a strong indication that this site is &fitting procedure.
distribution of closely related $h(SnQ,) configurations. The Debye temperatu@, for each component is derived
The third component is a very small single line and makedrom a fit with Eq.(2). The results are shown in Table I,
up only 3% of the absolute site population. iisscatters together with some literature values for comparison. The De-
around 1.9 mm/s which is an indication of Sn in a covalentbye fit for the 3-Sn component is shown in Fig(d.
cubic surrounding. From the Mossbauer parameters alone The temperature dependence of the spectrum is fully de-
this component could be either-Sn or Sn in a fourfold termined by the behavior of the-Sn component. At 4 K this
coordinated Si environment. If we consider the derived Decomponent makes up more than 90% of the spectral weight
bye temperaturegsee below we may attribute this compo- while the spectral weight is reduced to zero at RT. The re-
nent to the latter possibility. The last component has a widelysulting Debye temperature of 82 K is quite insensitive to the
varying & between 2.47 and 2.73 mm/s and & of  precise fitting procedure and the component assignment. This
0.5 mm/s. These values are close to, but significantly differextreme reduction of the cluster Debye temperature is a huge
ent from the reference values measured for hgdsn of &  effect and one of the largest measured on metallic nanoclus-
=2.56 mm/s and\=0.3 mm/s?%2% Especially the largeA  ters. The vibrational amplitude of the atoms in the cluster is
values point to the precipitation of Sn in smgHSn clusters.  70% larger than in bull3-Sn.
A more detailed description for the shifted values of the A logical explanation of this lowering of thé fraction
B-Sn isomer shift can be found in Ref. 25. and therefore the apparent lowering of the Debye tempera-
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FIG. 5. (a) The measured temperature-dependent intensities for
the B-Sn component of the spectra from Fig. 4, fitted with the
Debye model. The fit results iMp,=82(8) K. (b) Temperature-
dependent intensities of thlB2Sn component in the low-temperature
constant-velocity experiments. The values are corrected for the in-
tensity of the SnQQcomponent at th@-Sn resonance velocity. The
fit (full line) gives 8p=959) K. The dotted line is the best fit if we
keep 6y fixed at 82 K.

Counts (%)

velocity. This correction can be made since from our
temperature-dependent measurements we know the Debye
3 2 temperature and the Mdssbauer parameters for this compo-
5 4 =2 0 2 4 & nent and therefore the temperature-dependent intensity at the
velocity (mm/s) B-Sn resonance velocity. These results are shown in Fig. 5
and give afp of 95 K which confirms the strong reduction
FIG. 4. Temperature-dependent Méssbauer measurements of tfi@m the bulk value of 142 K. We conclude from this set of
1.5x 10'® at./cn? sample. The sample is annealed at 800 °C andmeasurements that even theractions at low temperature
the spectra are consistently fitted where the second-order doppleare strongly reduced compared to the bykSn values.
shift is taken into account. The expected position of 88n com-  Since the Debye temperature in this case is determined at
ponent is indicated with an arrow. very low temperatures, well below the lowest possible re-
duced melting temperature predicted by the models oft ai,
ture could be a strong reduction of the melting temperatureve can rule out the reduction of the melting temperature as
of the Sn nanoclusters since théaction of a liquid reduces an explanation of our measurements.
to zero. A strong decrease of the melting temperature of
nanocrystalline8-Sn has already been predicted and mea- C. The elastic continuum model
sured by several authot$:3*A lowering of the melting tem- o )
perature by more than 100 K has been measured on very In order to model the vibrational behav!or of our nano-
small isolated Sn cluster@N~500 (Ref. 31 while even Clusters and to get some better understanding of the obtained

bigger reductions are predicted by thermodynamicafeSUItS' we will use a model based on classical elasticity
models? In order to verify this assumption, we have per- theory. In this model the cluster is assumed to be an isotro-

formed constant velocity Méssbauer measurements at tenf!C: omogeneous, elastic body, embedded in a homoge-
peratures between 4.2 and 30 K. With this technique Onl)peous elastic matrix material. Knowledge of the macroscopic
two different velocities are used to measure the intensity of parameters of both materials allows one to use classical elas-
Méssbauer peak, one of the velocities is exactly fh8n ticity theory to calculate the vibrational dynamics of the em-
resonance velocity and the other is a random velocity faPedded clu_ster. Th|§ _model has re.centlly proven to be very
from any resonance. In this way we can measure in a Ver§uccessful in describing the low-lying vibrational modes of

fast way the temperature dependence of gR8n compo- embedded nanoclusters measured by low-frequency Raman
scattering’~1? The frequency equations for a fréaonem-

nent. We only need to correct this intensity for the overlap- g .

ping intensity of the SnOcomponent at thg-Sn resonance  Pedded cluster were described by Larfibwhile the fre-
quency equations for an embedded cluster were first given by

Tamuraet al® Some small errors in the latter equations were

corrected by Ovsyuk and NovikéVThese calculations show

that two acoustic phonon modés=spheroidal or torsional

TABLE Il. Derived Debye temperatures from Fig. 4.

Comp o iterature can be obtained in a spherical nanocluster. Their eigenfre-
B-Sn 828) 140 K (Ref. 26, 143 K (Ref. 27 quencies are characterized by two quantum numbeursd|.
Sn(Si) 220(20) 230 K (Refs. 27 and 28 Then=0 modes are the surface vibrational modes while the
SRt 13515) 180 K (Ref. 29 (for float-glass solutions forn=1 are the inner modes. The only input pa-

rameters of the model are the macroscopic longitudinal and
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TABLE lll. Material constants used for the calculation of the number of atoms in the cluster. We use the cutoff condition

vibrational modes of free and embedded Sn clusters. suggested by Tamui&

Material p(g/cn?) vi(m/9) vi(m/9) Masga.u) > (2l+1)=2N for the spherical modes  (5)
Al

Sn 7349 3532 2007 118.7

Sio, 2426 5642 3280 60.1 and

> (21+1)=N for the torsional modes.  (6)

. . 7l
tranversal velocity of soun@, andv,, respectively and the

mass density(p) for the cluster as well as for the matrix BY calculating the MSQA with Eq(3), we can determine the
material. If all frequency modes?, are calculated, we can f fractionf at each temperature with E(l). We can subse-
derive the mean-squared vibrational amplitude of the clusterduently solve Eq(2) to extract the Debye temperatuig for

in the continuum aproximation using EG): each annealing temperature. Equati8y used for calculat-
ing the MSVA(u?), assumes some approximations which we

o 3R (21 +1) 7 he_lve to keep_in m_ind when we want to i_nterpret the results of
U= mz > >~ cot o) (3)  this model. First, in calculating thiefraction for a cluster of
POt o A a certain size, we assume thaf) is the same for all the

) ) o atoms in the cluster. This is, in general, a good approxima-
wherep is the density of the cluster materi&d,is the cluster  tion for the higher-lying modeglarge n) but the lowest
radius, v, is the transversal velocity of sound in the clustermodes(nzo) are surface modes and the movements of these
material, 775 =(R/v)wy;, 7=(kgR/AwyT, kg is Boltzmann's  a1oms are restricted to the first 2 or 3 atomic layers of the
constant. The summation is over all thetates, all the fre- ¢jyster. In calculating thé fraction we therefore overesti-
quencies, and the spherical and torsional modes. Note thaiate the influence of the surface modes since we consider
the cluster size is only entering the equations in the calculaghem present for all the atoms in the cluster. This problem
tion of the mean square vibrational amplitude. The frequencyan pe solved by calculating?) as a function of the radius
modeswy, are size independent. We also have to put a rée; 55 has been done for the torsional surface modes by
striction on the maximum value fdr |y, and the maximal Ovsyuk? Doing so for all the modes is a computational de-
vibrational modlenﬁ,. The wavelength around a sphere is panding task and we therefore used the approximation of
given by 2r/(1+3) while the smallest possible wavelength is Eq, (3). Secondly, the Bose summation assumes semiclassi-
2d with d the smallest interatomic distance in the bulk ma-ca) (statistica) mechanics for the oscillators and their ener-
terial. The maximal angular momentuims therefore given  gies. For very small clusters and low temperatures we can
by have deviations from this semiclassical behavior. These cor-

rections are small for our temperature range of interest and
| = a(r/d) - % (4)  are therefore omitted.

max ™

The maximal number of frequencies is given by the restric- D. Theoretical results and discussion

tion that the total number of frequencies cannot be higher We have performed calculations to compute the full vibra-
than the number of degrees of freedom, 3vhereN is the  tional spectrum for free Sn nanoclusters and Sn nanoclusters
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embedded in a SiOmatrix. The elastic constants and densi- 09 ' ' ' ' ' '
ties for both materials are given in Table Ill. 08 == no freg. out

These material constants are the only necessary input pa- N e ! ?‘““' out
rameters for the model. The calculated solutions of the fre- 0.7 / 3 fren out
quency equation for the spherical as well as for the torsional 0.6 - % 10 freq. out
modes are plotted in Fig. 6. The solutions for both the free ] L e

and embedded clusters are given in one graph. Only the low- & 057
est modes with an angular momentum of 10 or smaller are g 0.4 A
shown. The spherical solutions clearly show that the set of = 03 ]
lowest modes(the n=0 surface modegsof the embedded B
clusters are lowered compared to the surface modes of the 0.2 7
free cluster. 0.1 - T
On the contrary, for the torsional modes, the surface mode T The—
of the embedded cluster is raised compared with the modes 0.0 0 50 100 150 200 250 300
of a free Sn cluster. The lowering of the spherical modes Temperature

with the lowestl values is so effective that this will fully
determine the fraction behavior in our Mdssbauer experi-
ments. This behavior is clearly demonstrated in Fig. 7 Whert?he
we have plotted the Mdssbautkefraction as a function of the
temperature if we leave the 1, 2, 3, or 10 lowest states out o‘f
the calculation. The paramount influence of the lowest mode N )

is now obvious. By raising the cluster size, the amount ofc€S: In that specific case the surface modes of the particle

available states is increasing wif. Therefore the low- disappear completely.

FIG. 7. Thef fraction as a function of temperature if we leave
1, 2, 3, or 10 lowest states from the solutions in Fig. 6 out of the
alculation.

Iying. statg will become less important and eventually the IV. CONCLUSIONS
fraction will reach the bulk value foB8-Sn. '
From the fact that Sn is a “soft” materidow 6,) and Using Méssbauer spectroscopy we have been able to mea-

Si0, is a “hard” materialhigh 6p), we would expect that the sure a shift in the phonon density of states of metallic Sn
embedded Sn clusters would harden, i.e., show a Ilgw®r clusters embedded in thermally grown $iQhis shift cre-
compared to a free Sn cluster. Both our measurements ar@es a specific low-lying surface mode that strongly softens
calculations show however that it is possible to create spethe cluster upon embedment and has a very large effect on
cific low-lying surface modes that soften the cluster uponthe vibrational amplitude of the atoms in the cluster. The
embedment. This softening has been noticed in similar calPebye temperature changes from 140 to 82 K which gives
culations by Ovsyuk where they stated that the spherical@ 70% increase in the vibrational amplitude of the cluster
surface vibrations witth=0,2,3 can soften if the stiffness of atoms. These measurements can be explained by an elastic
the matrix increases. These surface modes can even disggntinuum model, based on macroscopic material param-
pear for certain values of the elastic constants for the matrigters, which describes the vibrational spectrum of embedded
and the cluster. This softening of the modes with increasingPherical clusters in detail.
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