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Critical cluster size for mixed valence in small matrix-isolated Sm clusters
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From L3 absorption measurement, information on the valence and size of small matrix-isolated
Sm clusters is obtained by analyzing the x-ray-absorption near-edge structure and the extended x-
ray-absorption fine structure (EXAFS) ~ Depending on the mean cluster size, which is a function of
the atomic concentration (Sm to rare-gas atom ratio), every valence between 2.0 and 3.0 is reproduci-
bly achievable. At very low Sm concentrations the samples have the atomic valence; at a critical
concentration c=1:100a steep rise of the valence up to U =2.6 is found. Then, with increasing
metal concentration, the Sm-cluster valence approaches the valence of the solid. From
EXAFS analysis, a mean cluster size of 13 atoms for clusters with v=2. 6 follows. The mixed
valence of the Sm atoms is explained by the pressure exerted on the Sm cluster by the distorted
rare-gas lattice (the rare gas is Ne, Ar, or Kr).

I. INTRODUCTION

The phenomenon of a mixed valence in materials con-
taining elements of the rare-earth group has been the sub-
ject of numerous investigations in the recent past. '

Possible methods allowing valence changes from the di-
valent 4f (5d 6s ) configuration to the trivalent
4f '(Sd'6s ) configuration in a given sample are high-
pressure experiments or temperature changes. Additional-
ly, valence changes are achievable by chemical substitu-
tion of a fraction of the sample material or by varying the
local coordination around the rare-earth atoms. From
photoemission experiments, coordination-dependent
valences have been clearly demonstrated for bulk Sm ma-
terial for Sm clusters evaporated onto different sub-
strates, ' and for Tm metal.

In this paper, a new method for the investigation of
coordination-dependent valences is used. By means of the
matrix isolation technique, small Sm clusters isolated in
matrices of solid neon, argon, or krypton are prepared.
By strongly varying the metal concentration, the whole
transition (isolated atom to small cluster to big cluster to
bulk material) can be studied. The existence of a divalent
Sm surface on a trivalent Sm bulk material' renders Sm
clusters especially interesting.

A drastic valence change of small Sm clusters isolated
in solid argon has already been observed. " In this paper
the influence of different matrices on the valence and the
determination of the Sm-cluster sizes from the analysis of
the extended x-ray-absorption fine-structure (EXAFS)
data are presented. A further study on Nd and Pr clusters
isolated in matrices of solid argon is published else-
where. '

In order to study the cluster size dependence of the
electronic configuration of matrix-isolated Sm clusters,
L3 absorption spectra have been taken. The mean valence
of the clusters is determined by analyzing the near-edge

structures (white lines) at the L3 edge, whereas informa-
tion on the mean cluster size is obtained from the corre-
sponding EXAFS data.

In Sec. II, the experimental setup used for the absorp-
tion measurements is described. Detailed information on
the sample chamber and on the conditions for the sample
preparation is given. Experimental results are presented
in Sec. III, together with the methods used for the deter-
mination of the valences from the L 3 x-ray-absorption
near-edge structure (XANES) spectra and for the deter-
mination of the mean cluster size from the EXAFS data.
In Sec. IV the size-dependent valence of small matrix-
isolated Sm clusters is discussed.

II. EXPERIMENTAL SETUP

The experiments have been performed at the EXAFS II
beamline of the Hamburger Synchrotronstrahlungslabor
(HASYLAB). Detailed information on this beamline has
already been published elsewhere' ' so that we will re-
strict ourselves to a short description of the general beam-
line but present detailed information on the sample
chamber and the sample preparation.

In a windowless UHV beamline (p —10 ' hPa) the
synchrotron radiation is focused onto the sample in a 1:1
image by a unit of four toroidal mirrors. The arrange-
ment of the optical elements has been chosen in such a
way that first the polychromatic radiation is reflected by
the mirror unit onto the monochromator which has a dis-
tance of 36 m to the storage ring, and then the mono-
chromatic light enters the sample chamber and the detec-
tors. The surface of the mirror elements is coated by a
thin Au film resulting in a critical energy E, =12 keV for
a glancing angle 0=7 mrad. A sufficient photon flux is
achieved for energies up to 15 keV.

The double-crystal monochromator of the JUMBO-
type' is equipped with two Si(111) crystals which are
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moved independently. A constant exit beam is achieved
by adding a translational movement of the second crystal
to the obligatory two rotations. In the vicinity of the Sm
L3 edge (E—6.7 keV), the energy resolution is adjustable
to AE-1 eV by carefully closing the slits in front of the
monochromator. The focusing beamline allows a flux of
up to 10" photons/(sec bE) at the sample within a band
pass of 3 eV.

The detection system consists of three ionization
chambers mounted in a row with two sample chambers
placed between them, enabling the simultaneous measure-
ment of the absorption spectra of two different samples.
In the first sample chamber the matrix is prepared,
whereas in the second one a reference sample which has
been chosen to be Sm203 is installed. By simultaneously
measuring the absorption of the matrix and of the refer-
ence, the energy scale of the matrix spectrum is calibrated
relative to the position of the edge of the reference which
has been defined to be 6.716 keV. This method compen-
sates for variations of the actual energy of two successive
matrix spectra due to small changes of the vertical posi-
tion of the synchrotron beam source. The ionization
chambers are filled with nitrogen, resulting in an absorp-
tion of 10—15% in each of them. The setting of the
monochromator and the data accumulation are controlled
by a Digital Equipment Corporation PDP11/23 computer
via a CAMAC (computer-aided measurement and control)
interface. '

CS

Sample chamber and sample preparation

The samples have been prepared in a UHV chamber,
shown in Fig. 1, which is pumped by a 100 liter/sec tur-
bomolecular pump. At room temperature a residual pres-
sure of p = 10 hPa is achieved. Thin Be windows (50
pm) protect the sample chamber from the gases of the
two neighboring ionization chambers. A He cryostat
mounted on top of the sample chamber is equipped with a
special sample holder to take up a thin aluminum foil on
which the metal and the matrix gas are frozen. At the
normal operational temperature, 5 K, the residual pres-
sure in the sample chamber drops down to 10 hPa. The
sample holder is surrounded by a cooling shield ( T-40
K) which has several openings to pass the x-ray beam hor-
izontally and to prepare the sample by vertical atomic
beams. A mass spectrometer analyzes the composition of
the residual gas in the chamber and the purity of the ma-
trix gas. In the bottom of the sample chamber the water-
cooled atomic beam source for the evaporation of the met-
al atoms is attached. A system of slits above the beam
source prevents the cryostat from getting a large heat
load. The shutter below the sample holder is only opened
during the evaporation. The input of the matrix gas is en-
abled by a high-precision valve followed by a thin tube
ending approximately 100 mm below the sample holder.
For the evaporation of Srn, which needs a temperature of
—1000 K (Ref. 17) in order to get a vapor pressure of
10 hPa, a resistively heated furnace is used. The dis-
tance from the sample holder to the furnace is 350 mm.
High purity gases (Messer-Griesheim, &99.999%) and
metal pieces (Universal Mathey, & 99.9%) have been used
for the preparation of the samples.

FIG. 1. Side view (vertical cut) of the sample chamber used
for the matrix experiments. Parts of the equipment are ex-
plained by the following abbreviations: K: cryostat; CS: cool-
ing shield; R: carbon resistor; SH: sample holder; Q: quartz; S:
shutter; G: tube for gas inlet; C: fixed collimation; F: furnace.

Before preparing the samples, a careful outgasing of the
metal pieces in the furnace has to be performed in order
to eliminate impurities. After several hours of heating the
sample, only a small fraction of H2 can be detected with
the mass spectrometer. The amount of impurities (H2) in
the matrix is estimated to be less than 0.1% of the rare-
gas material.

The matrices are prepared in situ by use of a sandwich
technique. First a thin layer of rare gas ( —100 nm) is
frozen onto the aluminum foil in order to prevent the
metal atoms from reaching the surface of the foil. Then
the metal atoms together with the rare gas (argon, neon,
or krypton) are cocondensed. Afterwards a protective
thin layer of rare gas is frozen onto the matrix. The ratio
M/R (matrix to radical composition ratio) of the number
of atoms in the sample is used for characterization. M/R
is the reciprocal of the metal concentration. We will use
this notation because it is commonly used in matrix isola-
tion spectroscopy. Typical preparation parameters are a
Sm deposition rate equal to 1—2 nm/min and a rare-gas
deposition rate equal to 50—400 nm/min. The thickness
dz of the Al foil has been 5 pm; for some Ne matrices dz



35 CRITICAL CLUSTER SIZE FOR MIXED VALENCE IN SMALL. . . 1101

has been 25 pm. During the preparation procedure the
metal deposition rate LU)/At is monitored by a quartz
crystal, and the gas deposition rate is measured indirectly
via the pressure pg„ in the sample chamber, which during
preparation is some orders of magnitude higher than the
base pressure [typical values ps„——(2—150)X10 hPa].
The gas pressure is adjusted such that the ratio
x =ps„/(bD/b, t) is kept constant. There is a linear rela-
tionship M/R=const&x' which very easily allows one
to obtain the desired M/R as a function of the prepara-
tion parameters. During preparation the temperature in
the matrix is less than 8 K, since even the preparation of
doped Ne matrices is possible. The temperature of the
sample holder is measured by a C resistor.

The thickness of the metallic portion of the sample is
achieved by comparing the measured jump of the Sm L3
edge with known cross sections, ' and after subtracting
the absorption of the metal from the absorption spectrum
before the edge, the thickness of the rare-gas matrix is
determined similarly.

Within the typical preparation time of 2—6 h, a Sm
thickness of up to 500 nm has been obtained. The typical
jurnp of Apd=0. 05 in the Sm L3 edge is sufficient to
measure good XANES spectra but poses extreme difficul-
ties on the measurements of EXAFS spectra. The ratio
M/R has been varied from M/R =6:1 to M/R =450:1.

I 1 I

III. DATA ANALYSIS AND EXPERIMENTAL
RESULTS

Valence determination from I 3 XANES

The absorption of the matrix samples is determined by
measuring the intensities Io (I i ) of the x-ray beam
traversing the first (second) ionization chamber in ar-
rangement with and without sample:

(IO/I I )with sample
(P )sample

0 /I 1 )without sample

The absorption spectrum without sample is taken immedi-
ately before starting the preparation of the matrix. The
contribution due to the Sm absorption at the L3 edge is
obtained by subtracting the background which is due to
higher-shell excitations of Sm and to absorption by the
matrix from the data. This background is fitted by the
well-known Victoreen formula. '

The L3 absorption of matrix-isolated Sm clusters at
T=5 K is shown for the extreme cases of small matrix
atoms (neon, r =0.158 nm) and large matrix atoms (kryp-
ton, r =0.199 nm) in Figs. 2 and 3. The data of Sm in ar-
gon have already been published. "

The prominent features in the near-edge region ("white
lines" ) are attributed to transitions from the 2p3/p core
level to unoccupied Sd levels. The energy separation
DE =7.5 eV between the divalent and the trivalent white
lines of Sm has first been observed in Sm86.

A comparison of the divalent matrix spectrum
(M/R =135) in Fig. 3 with the absorption spectrum of
atomic Sm (Ref. 21) shows no differences. From an in-
spection of Figs. 2 and 3 it is clearly demonstrated that
the whole range from divalent to nearly trivalent Sm clus-

6.69 6.71 E t' I eV) 6.74

FIG. 2. L3 absorption spectra of Sm clusters in neon ma-
trices at T=5 K. The concentration M/8 (matrix to radical)
varies from 7100:1 to 3:1. The thickness of the Al support was
dT ——S pm, in some cases (+ ) dT ——25 pm.

2+Htriv/(Hdiv+Htriv) (2)

where H '"(H'"') is the arctangent amplitude of divalent
(trivalent) Sm. In order to get reliable fit parameters it is
necessary to keep the ratio H (Voigt)/H(tan ') constant
for every valence state.

The results of the fit procedure used to determine the
mean valence of the Sm clusters are shown in Fig. 4 for
samples of Sm/Ne, Sm/Ar, and Sm/Kr at T=5 K. The
valence curve as a function of log&0(M/R) displays a
discontinuous transition from U =2.6 to U =2. 1 at
M /R —100:1. For higher metal concentrations

ters can be investigated.
The average valence of the Sm clusters in a given sam-

ple can be extracted by fitting a superposition of divalent
and trivalent Sm spectra to the measured data. This
method has been used successfully for the analysis of the
Sm/Ar data. " However, in this publication a different
(more flexible) method yielding the same results for the
determination of the valence is used. The white lines at
the L 3 threshold are fitted by analytical Voigt pro-
files, ' whereas contributions of transitions to continu-
um states are accounted for by arctangent functions. The
method of fitting the near-edge structures by discrete
functions generally has been used successfully to deter-
mine the valence of mixed-valent systems. In this case,
the valence is defined by
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7( k) = [p(k) —po(k) ]/po(k),

with the smooth background IMO(k).
From standard EXAFS theory we get

g( k) =( —1)~g
2 exp( —2ozk 2RJ /k—z)F&(k)

J J

X sin [2kR& +Nz ( k) ] . (4)

F~(k) is the backscattering amplitude of each of the XJ.
atoms of the jth shell at distance R~. o.

~
describes the

jump Apd -0.05 of the Sm I 3 edge being much less than
the optimum value Apd —(1—2), extreme difficulties
were imposed on these measurements. Troubling effects
of sample inhomogeneities due to nonuniform sample
thickness have also been observed.

The structural information of the samples is contained
in the EXAFS interference function X(k), the normalized
part of the x-ray-absorption coefficient [see Eq. (1)]. Be-
ing a function of the electron wave vector k, the equation
for the extraction of the fine structure reads

mean-square displacement relative to the central absorb-
ing atom. Inelastic processes are taken into account by
the mean free path AJ. The phase shift C~(k) is due to the
influence of the scattering potentials of the absorbing
atom and the backscattering atom .Theoretical values for
FJ(k) and NJ(k) have been computed by Teo and Lee. s 1

is the angular momentum quantum number of the elec-
tron excited from its core level by the x-ray beam. The
wave vector k of the photoelectrons is determined by the
dispersion relation

k =Pi '[2m (E —E,h)]'~

E,h is the threshold energy.
By standard Fourier-transform techniques the structur-

al information on one separate shell is obtained. First the
normalized data are Fourier transformed into real space,
and then the information belonging to one certain distance
is obtained by back-transforming the corresponding peak
in F(r).

The parameters N, R, and o. are determined by a linear
least-squares fit to the back-transform data. For X, the
universal mean free path is taken in the same form as that
described by Biebesheimer et al.

Before investigating the Sm clusters some measure-
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FICi 6. Fourier transforms of the fine structures shown in
Fig. 5.

FICs. 7. Sm L3 absorption spectra for Sm clusters isolated in
solid neon. The valences obtained by analysis of the near-edge
structures are indicated. At 7.11 keV the K edge of iron impuri-
ties in the Al support appears.
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ments on reference data have been performed in order to
test the quality of the sample preparation conditions and
to get the experimental backseat tering amplitude and
phase shift 4 of Sm. Special attention has been drawn to
the checking for impurities like oxygen or nitrogen which
easily should be detected by EXAFS. Figure 5 shows the
L 3 EXAFS J'k of a Sm foil with optimum thickness
(3 pm) and of a thin evaporated Sm film (0.15 pm;
Apd =0.035) which has approximately the same metal
thickness as the matrix samples. Additionally, the
weighted fine structures +k of a partially oxidized Sm
film and of Sm20q are shown. In Fig. 6, the correspond-
ing Fourier transforms are displayed.

The clean Sm sample shows only one peak around 0.3
nm, whereas for oxidized samples an additional Sm-0
peak around 0.18 nm appears. The existence of this peak
can be used for the rejection of ill-conditioned matrix
samples.

Using the well-known crystallographic data of crystal-
line Sm, ' ' the EXAFS of the 3-pm Sm foil is used for
the extraction of the experimental Sm backscattering
amplitude and total phase @(k). In the region
k ~ 100 nm ', theoretical data have to be used because
of the presence of the Fe K edge in the absorption data.

0.03 —.

In order to get the backscattering amplitude of Sm,
o. =55 pm has been used. The mean free path has been
set to

X„„;=1.3+0.864k+ 80.70k

in order to guarantee the nearest-neighbor number of 12
atoms.

In spite of the bad signal-to-noise ratio of the thin sam-
ple, the fits of the 3- and 0.15-pm Sm samples yield near-
ly identical results. For the 0.15-pm sample, o. increases
to 90pm .

The absorption spectra of Sm/Ne for valences V =2.20,
2.67, 2.83, and 2.92 are shown in Fig. 7. The range of in-
formation is limited to E ~7. 1 keV because of the pres-
ence of the Fe K edge which is due to Fe impurities in the
Al support. The normalized fine structures of these spec-
tra obtained after subtracting the smooth background pz
are exposed in Fig. 8, where the decrease of the amplitude
with decreasing Srn valence is clearly observed. The
EXAFS for the v=2. 20 sample is shown to demonstrate
the difficulties entering the measurements for low metal
concentrations. The fine structures of this sample are not
EXAFS but due to sample inhomogeneities. Sample inho-
mogeneities cause additional fine structures because of
small movements of the x-ray focus on the sample. The
tendency of decreasing amplitude is also clearly demon-
strated by inspecting the corresponding Fourier
transforms in Fig. 9. A large Srn-Sm peak is observed at

0.015.
v =2.20 Sm/ Ne
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FKs. 8. L3 EXAFS of Sm clusters isolated in solid Ne for
mean valences V=2.20, 2.67, 2.83, and 2.92.

FICy. 9. Fourier transforms of the Sm/Ne fine structures
shown in Fig. 8.
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r=0.31 nm. A second peak shows up around r=0.21
nm. A close inspection of the information contained in
this peak shows that it is not due to Sm-0 distances. The
envelope of the corresponding EXAFS is a nearly con-
stant function so that impurities with low Z can be
neglected. A critical analysis shows that this peak is due
to certain irregular movements of the monochromator
which could also be detected in spectra taken without a
matrix on the sample holder. '

The EXAFS results of the Sm/Ar and Sm/Kr systems
are very similar to those of the Sm/Ne system. We have
succeeded in doing EXAFS measurements for samples
with v )2.5. For lower valences all the attempts of
measuring reliable EXAFS failed because of the low coor-
dination and because of a bad signal-to-noise ratio. It
turns out that the EXAFS of the matrix samples is in-
dependent of the matrix material for constant valence.

No Sm —rare-gas pairs could be detected, only Sm-Sm
pairs. Using the experimental Sm backscattering ampli-
tude and the experimental Sm total phase, the back-
transform of the 0.31-nm peak has been fitted by a one-
shell Sm-Sm fit. According to common practice
only one threshold energy is used for these mixed-valent
systems. The results of the fit procedure are shown in
Fig. 10. The nearest-neighbor distance r, the mean-square
displacement cr, and the coordination number X are
displayed as a function of the mean cluster valence v.
Data for a11 matrices of Ne, Ar, and Kr are included in
this figure. The threshold energy had to be varied within
a range of typically + 1 eV.

A linear increase of nearest-neighbor distance with de-
creasing valence (equal to decreasing cluster size) is ob-
served. The static disorder of the samples also increases
with decreasing valence. The coordination number
drops down from X= 12 for the solid to cV = 5—6 for
clusters with v =2.6. Assuming a fcc structure for small
Sm clusters, a mean cluster size S= 13+3 atoms follows.

The static disorder of the samples may be explained by
different geometrical cluster configurations and by incom-
plete crystallization due to the condensation at very low
temperatures (5 K). A decrease of the nearest-neighbor
distance with decreasing cluster size due to surface stress
effects has been observed by EXAFS measurements on
some metal clusters (see, e.g. , Refs. 36—38). For the case
of Sm, the reverse tendency is stated in this paper. The
reason for that is the bigger atomic radius of divalent
Sm."

IV. DISCUSSION: SIZE-DEPENDENT
VALENCE OF MATRIX-ISOLATED Sm CLUSTERS

0 I

rr

10

0

2
0

(c)
0

2.5 2.6 27
I

2.8

I

2. 9

I

3.0

Sm V al ence

FIG. 10. EXAFS fit results for Sm clusters isolated in ma-
trices of solid rare gases Ne, Ar, and Kr. The nearest-neighbor
distance r, the mean-square displacement o, and the coordina-
tion number N are drawn as a function of the mean Sm valence.
Values for solid Sm with U =3.0 are shown by solid circles ().

From the combination of EXAFS and XANES results
the size-dependent valence of Sm clusters isolated in ma-
trices of Ne, Ar, and Kr can be discussed. Using the
well-known valences 2 (3) of surface (bulk) samarium

4—6

it is easy to show that a cluster size S=1000 atoms is
needed for a mean valence v =2.5. Photoemission studies
on evaporated Sm layers have revealed a transition from
mainly divalent to mainly trivalent samples at a coverage
of (3—4)&&10' atoms/cm . The corresponding cluster
size was determined by electron microscopy to be-3 nm.
This cluster size is in agreement with the estimated value
S, =1000 atoms. The critical cluster size S, =13 atoms
of the matrix-isolated Sm clusters is in contrast to the
formerly mentioned value.

As the valence transition is very sharp, we conclude
that Sm clusters with S &10 atoms are totally divalent.
For S) 13, a linear increase of valence with decreasing
M/R is observed, the cluster valence approaching the Sm
bulk valence for low M/R values. The critical cluster
size S, = 13 corresponds to the first "magic number" ob-
served in free xenon cluster beams by Echt et ai. The
cluster size 13 is distinguished by a closed shell of 12
atoms surrounding a single central atom. This geometri-
cal structure results in a particular stability.

From the surprisingly low critical cluster size S, =13
for matrix-isolated Sm clusters, a mixed valence of the
atoms follows for clusters with S, ) 13. This can only be
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FIG. 12. Fourier transforms of the fine structures shown in

Fig. 11.

FIG. 11. Weighted fine structures Pk of solid Ar and of
Sm/Ar (U=2. 85) at the Ar K edge for T=5 K.

explained by the influence of the matrix. This influence is
demonstrated in two effects. The first effect is an observ-
able connection between the valence v, at the transition
and the kind of rare gas used as a matrix material. It can
easily be seen from Fig. 4 that the critical valence U, takes
values 2.60 or 2.55 for matrices of neon, argon, or kryp-
ton. The second effect is the contraction of the rare-gas
lattice due to the embedding of the clusters. This contrac-
tion has been determined by EXAFS measurements at the
Ar K edge for samples of Sm/Ar.

In Fig. 11 the weighted fine structures 7k of solid Ar
and of Sm/Ar (U=2. 85) are shown. The corresponding

Fourier transforms exposed in Fig. 12 are nearly identical.
The first peak near r =0.33 nm is attributed to the
nearest Ar-Ar distance. For the matrix, no Ar-Sm contri-
bution could be detected. From a fit to the first shell, a
mean nearest-neighbor distance R A, z, ——0.375 nm is
determined for the pure Ar sample, whereas in the matrix
we find RA, A,

——0.370 nm. This lattice contraction must
be due to the Sm clusters. Similar effects have been ob-
served for matrix-isolated rare-gas clusters. '
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