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Size-dependent valence change in small Pr, Nd, and Sm clusters isolated in solid Ar
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The Llll absorption thresholds of Pr, Nd, and Sm clusters isolated in solid Ar are marked by
prominent white lines. The lines ascribed to divalent and trivalent rare-earth metals are mell

separated in energy. From the relative intensities of these lines an average valence of the rare-earth
atoms in the cluster has been determined. For dimers and trimers the average valence is close to 2,
the value for free atoms. For clusters consisting of more than 20 atoms the average valence ap-
proaches 3, the value for bulk metals. In behveen the valence changes abruptly, indicating the ex-
istence of a critical cluster size of approximately 5 atoms for Pr and Nd and of 13 atoms for Sm.

INTRODUCTION EXPERIMENT

The great practical importance of small metal clusters
for, e.g., vapor-phase nucleation and dispersed metal cata-
lysts, has provided a strong incentive for the study of
their properties. ' These studies show that the properties
of most clusters change drastically and discontinuously on
increasing the size from dimers and trimers to units
displaying the full characteristics of bulk metals. The elu-
cidation of these size-induced changes forms an intriguing
challenge posed to both theory and experiment. The
preparation of sufficient well-characterized clusters is the
main obstacle encountered in experiment. The lack of
structural information and the large number of electrons
involved explains why especially for transition and noble
metals the theoretical investigations have been limited to
small clusters or had to take recourse to simplified ap-
proaches. The majority of the experimental and theoreti-
cal efforts has been directed to the investigation of alkali-,
d-transition-, and noble-metal clusters. Only a few exper-
iments on rare-earth clusters have been reported. Optical
measurements have been performed on matrix-isolated
clusters, 2' and clusters or agglomerated films deposited
on various substrates have been studied by electron mi-
croscopy ' and photoelectron spectroscopy.

For all of the rare earths except Ce, Gd, Eu, Yb, and
I.u, the divalent 4f"6s configuration of the atoms
changes to the trivalent 4f" '(5d, 6s) configuration in
the bulk metals. Intermediate-valence rare-earth com-
pounds have been the focus of a host of different investi-
gations. ' In the x-ray and ultraviolet photoemission ex-
periments the dependence of the electronic configura-
tion on the surface coverage or particle size has been
clearly demonstrated. In order to gain more insight in the
particle-size dependence of the electronic configuration we
determined the Liii absorption edge structures of Pr, Nd,
and Sm clusters isolated in solid Ar. The existence of a
divalent Sm surface layer renders Sm clusters especially
interesting. " ' Preliminary results on Sm/Ar have al-
ready been published. '

The experiments have been performed at the EXAFS II
beamline of the Hamburger Synchrotronstrahlungslabor
(HASYI.AB), Deutsches Elektronen-Synchrotron DESY,
Hamburg. This beamline already has been described in
the literature' ' and therefore we will concentrate on the
most important features. A unit of four toroidal mirrors
forms a 1:1 image of the radiation source in the storage
ring DORIS II (Doppel-Ring Speicheranlage) at the posi-
tion of the sample. The glancing angle of 7 mrad together
with the gold coating of the mirrors limit the energy
range to fan & 15 keV. A double-crystal monochromator
of the JUMBO type' is positioned between the mirrors
and the sample chamber. Monochromator and mirror
chamber are part of an UHV beamline (pressure —10
hPa) directly connected to the storage ring. The mono-
chromator is equipped with two Si(111)crystals which are
moved independently. By rotating both crystals and
simultaneously displacing the second one, the exit beam
can be kept fixed while scanning the monochromator. In
the energy range of the Pr, Nd, and Sm, Liii edges (5—7
keV) an energy resolution of ~=1.5 eV has been
achieved by carefully adjusting the slits. At the sample a
photon flux of up to 10" photonslsec eV has been regis-
tered.

Behind the monochromator three ionization chambers
are mounted in line. Sample chambers are placed between
the first and second and the second and third ionization
chambers. This allows for simultaneous absorption mea-
surements on two different samples. The rare-earth-
doped Ar films were prepared in the first sample
chamber, whereas a film of the corresponding rare-earth
oxide was mounted in the second sample chamber. All
matrix spectra were calibrated in energy by means of the
Liii absorption edges of the oxides determined in the
same run. Thus errors in energy, for example, due to
changes of the position of the electron beam in the storage
ring, could be greatly reduced. The ionization chambers
were filled with 200 hPa of nitrogen resulting in an ab-
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sorption of 10—15% of the incoming radiation in each
chamber. The setting of the monochromator and the data
accumulation was controlled by a POP 11/23 computer
via a CAMAC interface.

The metal-doped Ar matrices were prepared in a UHV
sample chamber pumped by a 100 1/sec turbomolecular

pump. The base pressure of 10 hPa achieved at room
temperature was mainly determined by leakage through
the Be windows (thickness 50 pm) separating the sample
chamber from the adjoining ionization chambers. The
samples were prepared by coevaporation of the rare-earth
metals and Ar onto an Al foil (thickness 0.2—20 p,m)
cooled to 5 K by a He cryostat. The sample holder was
surrounded by a cold shield in order to protect the sample
from the thermal radiation and the residual gas. The x
rays horizontally passed through holes in both sides of the
cold shield whereas the vertical atomic beams reached the
sample through an opening in the bottom. The shutter in
front of this aperture was only opened during the evapora-
tion. Upon cooling the cryostat, the pressure in the
chamber dropped to 10 hpa.

The Ar gas emanated from a thin pipe approximately
10 cm below the sample. The Ar flow was controlled by a
high-precision leak valve. The atomic beam sources were
located 35 cm below the sample. The temperature of
—1000 K, necessary for the evaporation of Sm (Refs. 20
and 21), was easily reached with a resistively heated fur-
nace. Sm sublimes and there was no chemical reaction
with the A1203 crucible. The aggressive liquid Pr and Nd
were contained in a tungsten crucible. The evaporation
temperatures (Pr 1700 K, Nd 1600 K) ' ' were achieved

by electron bombardment of the crucible (voltage -2 kV,
current -200 mA). This furnace has been successfully
used in photoelectron spectroscopy on free atoms. ~

High-purity Ar gas (Messer Griesheim ~99.999%) and
metal pieces (Universal Mathey 99.99%) were used. Care-
fully outgassing the charged furnace was essential in order
to reduce contamination of the sample. Mass spectra of
the gas in the sample chamber, taken during evaporation,
showed that only H2 remained as a noticeable impurity.
The H2 concentration lay below 1% of Ar.

The samples were prepared as sandwiches. First, a thin
layer of Ar was frozen onto the Al substrate in order to
prevent the rare-earth atoms from reaching the Al film.

Second, on top of this Ar layer the metal-doped matrices
were deposited by co-condensation. Finally, the matrix
was covered by a protective Ar film.

The metal deposition rate was monitored by a quartz
oscillator, the Ar rate by the Ar pressure in the sample
chamber. The Ar rate has been proven to be proportional
to the Ar pressure. During the evaporation the ratio be-
tween the Ar pressure and the metal deposition rate was
kept constant. Drifts in the metal rate were corrected for
by varying the Ar pressure. Relying on published absorp-
tion cross sections, the Ar to metal ratio for each matrix
(M/R =matrix/radical} was determined from the x-ray
absorption spectrum itself. First the metal content was
obtained from the difference in absorption below and
above the Liii edge. Based on this value the thickness of
the Ar layer was extracted from the absorption below the
metal Liii threshold. The uncertainties of the M/R ra-
tios thus determined are estimated to be less than +20%.
The preparation parameters are summarized in Table I.

RESULTS

Figure 1 shows a series of absorption spectra in the en-

ergy region of the Sm Liii threshold for Sm clusters iso-
lated in solid Ar. The Ar/Sm ratios (M/R) range from
204:1 to 6:1. The investigation covered M/R ratios up to
500:1. Since samples with M/R larger than 204:1 show
the same spectra as the 204:1 sample, they are not shown
in Fig. 1. The lowest curve gives the Liii absorption of
atomic Sm. The Liii absorption near-edge structure of
metallic Sm is represented by the uppermost spectrum.
The double-peak character is clearly seen for all the
Sm/Ar matrices. The low-energy peak corresponds to the
2p3/2 +5d excitation of atomic Sm. The absorption due
to transitions of 2p3&2 electrons into the Sd band of me-
tallic Sm (Ref. 25) is replicated by the high-energy peak of
the matrix spectra. The shift towards higher energies re-
fiects the increase of the 2p core-level binding energy
when going from divalent 4f 6s Sm to trivalent
4f (5d, 6s) Sm. ' The formation of the metal 5d
bands causes the additional broadening.

The spectra of Nd-doped Ar matrices shown in Fig. 2
are very similar to the Sm/Ar spectra. Except for the

TABLE I. Typical preparation parameters for Nd, Pr, and Sm in Ar matrices.

Nd and Pr

Thickness of Al foil (pm)
Metal deposition rate (nm/min)
Argon deposition rate {nm/min}
Metal thickness (nm)
Argon thickness (pm)
M/8 =matrix/radical
Temperature {K.)
Ar pressure {hPa)
Preparation time (min)

25
0.4—0.6
50—400
16—110
10—37

(170—1000):1
5

(4—30) 10
160—250

0.2—5
0.7—2.4
60—370
30—800
6—67

{6—450):1
5

(2—150) 10
100—390
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FIG, 1. Liii absorption spectra of Smf Sm clusters isolated in

solid Ar.

FIG. 2. Limni absorption spectra of Nd clusters isolated in

solid Ar,

h' h t Nd concentrations (M!R =180:I,230:1) all spec-
tra display two peaks at the Nd Liii threshold. Note tha
there are two maxima even for the lowest Nd concentra-
tion (M!R =940:1) which is approximately a factor o 2
lower t an eh th lowest Sm concentration (500:1). The

c oseln' h maximum for high Nd concentrations c ose yhlg -energy maxi
resembles the white line of Nd metal. There is no Li»
spectrum for atomic Nd. In analogy to the interpretation
of the Sm/Ar Liii spectra we ascribe the maxima to
2p —+5d transitions in divalent 4f 6s Nd (low-energy
line) and trivalent 4f (5d, 6s) Nd (high-energy line). This
assignment is consistent with other experimental and
theoretical data. 29

From the Sm/Ar spectra we have extracted an average
valence by fitting the matrix data by a superposition of
the atomic and the metallic Sm I.II& spectra having di-
ferent weights. The lack of atomic Nd Liii spectra
caused us to resort to an approach based on that success-
fully used for fitting of the L spectra of atomic Hg an
Ba. Figure 3 gives an example. After subtraction o a

i I I
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FIG. 3. Illustration of
mination of the valence.
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the fit procedure used for the deter-

smooth background, due to transitions from outer shells,
the white lines at the Li« threshold of divalent and

'
alent Nd mere approximated by analytical Voigt pro-

files. ' Contributions of transitions to higher-lying
states were accounted for by tan ' functions. The curve
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FIG. 4. Average valenees of matrix-isolated Sm, Nd, and Pr
clusters.

representing the absorption of trivalent Nd was required
to closely match the relative absorption cross section of
Nd metal. The average valence was determined from the
ratio of the amplitudes of the two Voigt profiles. In order
to test this approach we applied it to the Sm data. The
values for the average valence thus obtained are in good
agreement with those based on the superposition of the
weighted atomic and metallic spectra.

In Fig. 4 the average valences of Sm and Nd in Ar are
given as a function of the Ar to metal ratio (M/R). A
few values for Pr isolated in solid Ar and Kr are included.
From the scatter of the values obtained from different
samples the relative uncertainties of the valence are es-
timated to be less than +0.05. Based on the valence close
to 3 (2) for high (low) Sm and Nd concentrations the abso-
lute values are considered to be accurate within +0.1. For
high-metal concentrations (Sm 6:1&M/R &110:1; Nd
180:1(M/R &400:1) the valence V falls linearly with
log( M /R ).

Within a narrow range (Sm 110:1&M/R (200:1; Nd
400:1 &M/R & 560:1) the valence drops sharply from 2.6
to 2.1 for Sm and from 2.8 to 2.4 for Nd. For still higher
M/R ratios the valence decreases slowly with decreasing
metal content of the matrix. The data points for Pr lie on
the Nd curve. The Sm and Nd curves display the same
characteristic features but the Nd curve is shifted towards
higher M/R values. For example, the Nd valence reaches
3 for M/R ratios for which the Sm valence is less than
2.2.

For metal-doped rare-gas matrices prepared by co-

condensation onto a cold substrate it is possible to isolate
exclusively the atomic species' only for very dilute sys-
tems (M/R & 1000). For higher metal concentrations the
metal atoms aggregate to small metal clusters. The aggre-
gation critically depends on the condensation conditions,
e.g. , temperature of the substrate, condensation rates, and
the metal beam source. The investigation of the extended
x-ray absorption fine structure (EXAFS) seems to be
ideally suited to determine in situ the average size and
geometry of the rare-earth clusters. For Sm/Ar matrices
with M/R ( 100:1 Niemann ' succeeded to measure the
fine structure above the Sm I.ni threshold. By compar-
ison with the Sm backscattering cross section in metal
films, he concluded that for films with M/R —100:1 in
the average each Sm atom is surrounded by 6+1 nearest
Sm neighbors. For Sm metal the coordination number X
is equal to 12. Assuming a stable close-packed structure, '

the coordination number 6+1 corresponds to a cluster
consisting of 13+3 atoms. The low signal-to-noise ratio
prevented an extension of the EXAFS measurements to
lower metal concentrations (M/R & 100:1). In this range
estimates on the average cluster size S have been obtained
by comparison to results published on similar sys-
tems. ' ' ' Most of these results are based on IR, VIS,
and UV spectroscopic data which become too complicated
for analysis for S approaching 10.3 All authors agree on
the finding that the average cluster size by far exceeds
that predicted by a merely statistical model for the con-
densation process. In Fig. 4 our estimates for the aver-
age cluster size are indicated. In spite of all the complica-
tions, assumptions, and uncertainties we believe these esti-
mates to represent the correct order of magnitude.

The illumination of the matrices by the monochromatic
x rays during the absorption measurements did not cause
any noticeable changes of the spectra. Thus photocluster-
ing induced by x rays can be neglected. Annealing the
matrices is expected to result in a larger average cluster
size, which in turn should manifest itself in a higher
valence (see Fig. 4). These notions were corroborated in a
series of experiments in which the temperature of Sm/Ar
and Nd/Ar matrices were raised in various steps from 5
K to the maximum temperature 32 K for several minutes.

DISCUSSION

Nd/Ar

Depending on the preparation parameters, Nd clusters
consisting of 1—5 atoms are formed in the Ar matrix.
The center of the cluster size distribution shifts from low
values ( & 2) for low-metal concentrations (M/R & 900:1)
to higher values ( & 5) for high-metal concentrations
(M/R &400:1). The width of the distribution is expected
to grow with increasing metal content. %ith the size S of
the clusters also the average coordination number X, i.e.,
the number of nearest Nd neighbors, increases. The
abrupt change of the average valence in the range
400:1&M/R (560:1 suggests the following interpretation
of the data displayed in Fig. 4. There exists a critical
cluster size S,. For clusters with S &S, the Nd atoms are
divalent, whereas they are trivalent for clusters with
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S&S,. The steplike change of the valence marks the
coincidence of the center of the cluster size distribution
with the critical size. From this we estimate S, to be
close to 5 for Nd. The fraction of clusters with S~S,
(S &S, ) is responsible for the average valence to deviate
from 3 (2) for low (high) M/R ratios.

Sm/Ar

In comparison to the Nd/Ar system there are two re-

markable differences: (i) the considerably larger value of
S,=13+3, and (ii) the very slow increase of the valence
with M/8 for S &S,. An extrapolation results in
M/R &1:1 for the average valence to approach 3. The
main clue to resolve these discrepancies stems from the
investigations of Sm surface layers on bulk Sm (Refs.
11—15) or on Al, Cu, and carbon substrates. In agree-
ment with theory" the experimental data prove that, in
contrast to Nd, the Sm surface atoms are divalent. Small
clusters consist only of "surface atoms. " Therefore, the
divalent state is favored even for clusters containing more
than twice the number of atoms found to be critical for
Nd clusters. From our data we conclude that for clusters
with S &S, all Sm atoms are divalent. For clusters with
S & S, some but not all of the atoms change from the di-
valent to the trivalent state. The trivalent state becomes
progressively more abundant with increasing size. The
mixed valence of the Sm clusters explains the large cluster
size required for reaching the valence of bulk Sm. Our
conclusions are consistent with those of Mason et al.
who studied the valence of Sm clusters prepared on amor-
phous carbon substrates. But their estimate for the criti-
cal cluster size lies considerably above ours. Different
cluster geometries and the infiuence of the Ar matrix or
the carbon substrate, respectively, may be responsible for
this.

For free clusters of size S the stable valence is deter-
mined by the difference in total energy of the divalent
Es(4f"6s ) and the trivalent Es(4f" '(5d, 6s)3) form.
Except for the limiting cases, i.e., free atoms or bulk met-
als, respectively, there are no data on these energies.
Atomic absorption spectra ' give the energy difference

between the 4f"6s ground state and the lowest
4f" '5d 6s excited state. From bremsstrahlung iso-
chromat spectroscopy (BIS) (Ref 42) the e.nergy 6+' re-
quired to change the state of an atom in the bulk metal
from trivalent to divalent has been extracted. It is worth
noting that for Pr, Nd, Sm, Yb, Dy, Ho, Er, and Tm the
sum of b,,'b', and 6+""is almost constant with values in
the range (2.8+0.2) eV. The critical cluster size is expect-
ed to be smaller for elements with large 6+' ', and conse-
quently, small 5,'~ than for those with small 5+'"'. The
stabilization of the trivalent state of an atom in a cluster
is due to the formation of bonds with the neighboring
atoms. The number of bonds is given by the coordination
number N, i.e., the number of neighboring atoms. For the
metal each of the 12 bonds can be assumed to lower the
energy E,„ofthe trivalent state by (5,'h, +5+"")/12. If
we attribute the same contribution to each bond in a clus-
ter we obtain the following estimate for E«referred to
the energy Ed;„of the divalent state of the cluster atom:

~a~om (~.~0m+ ~me~i) N

This relation is illustrated for most of the rare-earth ele-
ments in Fig. 5. It is surprising how many trends predict-
ed by this simple model are consistent with the experi-
mental results. Sm atoms should turn trivalent for coor-
dination number N & 10. This number agrees within less
than a factor of 2 with the coordination number N =6+1
determined for the critical cluster size. For Nd our esti-
mate for the critical cluster size S, is 5 (see Fig. 4). This
value is close to the critical coordination number N =4,
which can be read off Fig. 5. A Sm atom on the surface
has 9 nearest neighbors. In agreement with experiment
the simple model predicts the Sm surface atoms to be di-
valent. For Tm the critical coordination number given by
Fig. 5 is very close to the coordination number of Tm sur-
face atoms. Tm atoms on a smooth surface are
trivalent. ' But recent photoemission experiments have
shown that low-coordinate Tm atoms on a rough surface
are divalent. Within the pair-bonding model Rosengren
and Johanssen" found that a divalent surface is favored
in samarium and close to becoming stable in thulium.

The pmr-bonding model" offers another way to sub-
stantiate our interpretation. In this model the total con-
figurational energy of a cluster is approximated by a sum
of interaction energies e,s between nearest-neighbor atom
pairs. The cohesive energy for a trivalent atom surround-
ed by N trivalent atoms is given by

Ecoh =—
&3.3CO

The corresponding expression for a divalent atom sur-
rounded by N divalent atoms is the following:

dIV
ECO) =—

&2.22

Figure 6 illustrates how we can compare the total energies
of divalent Ud'"(S, N) and trivalent U'"(S,N) clusters.

(~ atomj Ii

{eV)

Ho1- Froy
Nd

Pr

p Tb t~f l

0 2

coordination number N

FIG. 5. Estimated critical coordination number for valence

changes of rare-earth clusters.
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Trivalent clusters become stable for coordination numbers
N larger than N,„t given by

+crit(e2. 2 s3.3)+2 ~abs

Inserting the numerical values given in the litera-
tur 41,45,46

Cluster consisting of
S divalent atoms with
coordinattonnurnber N +~ ~+ (S N

tri Cluster consisting af

U, S trivalent atoms with
coordinat i on riumber N

Nd: c.2 2
——0.31 eV

Pr: e,22 ——0.31 eV
F33——0.76 eV
e.33——0.76 eV

FIG. 6. Illustration of the different energies needed for the
determination of the coordination number of stable clusters in
the pair-bonding model.

Starting out with a divalent cluster we need the energy
S E/2. s22 to decompose the cluster in S free divalent
atoms. The energy E'=S 6,'b, suffices to excite all
atoms from the divalent ground state to the lowest
trivalent state. Upon bonding these trivalent atoms into a
trivalent cluster the energy S(X/2)s3 3 is set free. Thus
the energy balance reads

U "(S,N)+S —s2 i+ 5;'b, ——ss s ——U'"(S,N) .
2 ' 2

we obtain X,=4 for Nd and N, =3 for Pr. These num-
bers are consistent with our experimental results and with
the prediction of the simple model discussed above.

There is a remarkable agreement between the critical
cluster size determined from analysis of the experimental
data and the critical cluster size calculated from energy
balance considerations and from the pair-bonding model.
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