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The valence state of a rare-earth metal surface is investigated by using general properties of the surface
tension of metals. Thereby it is concluded that samarium is likely to have a divalent or partly divalent
surface on top of its trivalent bulk phase, which agrees with recent spectroscopic observations. Also
californium metal is discussed from this point of view. Finally, the position of the 4f level in a bulk gold
atom as compared to its position in a surface gold atom is briefly discussed.

From high-resolution x-ray photoemission spec-
tra (XPS) of metallic samarium it was concluded
that either the bulk or surface of samarium could
very well be in an intermediate valence state.!
However, since the trivalent metallic state of sa-
marium is favored relative to the (hypothetical)
divalent metallic state of samarium by about 6
kcal/mol and since the bulk properties of samari-
um fit nicely to the other trivalent rare-earth
metals as well as to intra-rare-earth alloys,? the
bulk interpretation seemed rather unlikely. In-
stead it was conjectured by the present author®
that the conditions at the surface might be such
that the divalent state is more favored there than
it is in the bulk. This conjecture has now been
confirmed in new XPS measurements on samarium
by Wertheim and Crecelius.® In these experiments
the XPS data were studied as a function of the take-
off angle. From the observed angular dependence
it could be concluded that the divalent component
of the spectrum originates from atoms in the sur-
face layer. By employing a most-surface-sensi-
tive photoelectron-spectroscopy technique Allen
et al.® have arrived at the same conclusion in a
somewhat more direct way. In this comment we
will show that this finding is consistent with gen-
eral cohesive properties of metal surfaces.

A characteristic feature of a surface is the in-
complete atomic coordination which gives rise to
a surface-tension force perpendicular to the sur-
face. The surface tension y; has been experimen-
tally determined for a substantial part of the ele-
mental metals in their liquid phase (for a review,
see Ref. 6). Further, in many cases, its tempera-
ture dependence has also been measured. These
data extrapolated to lower temperatures, provide
estimates of y for elemental solids. The surface
tension is numerically related to the Helmholtz
surface free energy F° as

y=FS$/A, : (1)

where A is the surface area. In the theoretical

treatment Skapski”® found it more convenient to
discuss the molar suvface tensions, i.e., the values
referred to a surface occupied (in a monocatomic
layer) by 1 mol of atoms. The molar surface ten-
sion y, is thus defined by v, =AL, 7, Where A is
the surface area of 1 mol of atoms. By using a
nearest-neighbor broken-atomic-bond model, Skap-
ski derived for a closed-packed metal, that at

zero temperature the molar surface energy U,f,

can be related to the cohesive energy E, as

U§=~0.25E, . (2)

To arrive at this relation Skapski made the sim-
plifying assumption that the bond energies of sur-
face and bulk atoms are equal. Evans® has criti-
cized the main initial assumption, namely, that the
total energy of the metal is due to pair wise bonds
between the atoms. However, for our present pur-
pose, it is more important that empirically the
expression given above has been found to hold with
a quite reasonable degree of accuracy, and it is in
this sense we will employ relation (2). In doing
this we will use the coefficient 0.20 rather than
0.25 in Eq. (2), since this has been found to better
account for the known experimental data.®’° Thus
we may give the following picture: It takes about
0.20E_,, to bring a metal atom from the bulk solid
to the surface (while enlarging the surface area),
and then it costs another 0.80 E_, to remove the
atom from the surface to infinity.

For a trivalent rare-earth metal the cohesive
energy is about 103 kcal/mol relative to the pro-
per trivalent atomic state.''''?> For a divalent met-
al such as (hypothetical) divalent samarium the co-
hesive energy relative to the divalent atomic con-
figuration is 43 kcal/mol.***3!* However, the
measured cohesive energy for samarium is 49.3
kcal/mol. Since the atomic configuration of sa-
marium is divalent, f°s?, this experimental value
tells us first that metallic samarium is trivalent
and second that the energy difference between the
(hypothetical) divalent metallic samarium and the
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trivalent metallic state, AHyp 1yy, is 43 -49=-6
kcal/mol. Thus 6 kcal/mol is the energy margin
by which samarium in the bulk phase maintains
its trivalent character.

From the observed empirical relation for the
molar surface energy U,3=0.20Ed,h, we can state
.that by taking a bulk atom in trivalent samarium
and bringing it to the surface (and thereby enlarg-
ing the surface as well as keeping the atom in the
trivalent state) we lose the energy 0.20x103~21
kcal/mol. Similarly, the same process in hypo-
thetical divalent samarium or in europium will
cost about 0.20x43 ~9 kcal/mol. Thus in a rela-
tive sense we “gain” energy in the divalent case
as compared to the trivalent one, the gain being
about 21 —9=12 kcal/mol. If we compare this
gain with the energy margin by which samarium
is a trivalent metal, we note that the gain is cer-
tainly large enough to convert the surface atoms
of samarium into the divalent state. However, it
is true that a divalent surface on a trivalent bulk
material is not directly comparable to the situa-
tions from which we derived the molar surface en-
ergy. From the experimental fact that europium
has a most limited solubility in the trivalent rare
earths, it seems likely that there will be some en-
ergy loss involved when bringing a divalent atom
from a divalent metallic host into a trivalent host.
This would mean that the energy gain of 12
kcal/mol, as derived above, is likely to be some-
what reduced for the actual situation of having a
divalent layer on top of a trivalent bulk material,
From their experimental results, Wertheim and
Crecelius® concluded that the valence state at the
surface was of an intermediate type, the formal
valency being about 2.6, This would indicate that
the energy actually gained in having a divalent
surface is close to 6 kcal/mol. From our numbers
above this is not unrealistic. Still, as pointed out
by Wertheim and Crecelius® the experimental re-
sult may also be interpreted as if the surface is
totally divalent but that due to the surface rough-
ness the orientation of the surface may vary some-
what from one small region to another thereby in-
validating the analysis which gave rise to the in-
termediate valence-state interpretation. However,
the experiments by Allen et al.® also point towards
a mixed valence at the surface. Although it is
somewhat less likely that their results could also
be due to surface roughness, it still cannot be
totally ruled out. On this point we cannot give
any firm statement with our approach. From re-
cent bremsstrahlung isochromat spectroscopy
measurements the position of the unoccupied 47
level (corresponding to the divalent state) in sa-
“marium was found to be 0.65 eV (15 kcal/mol)
above the Fermi energy.!® If we interpret this ex-

periment as actually creating a divalent samarium
atom in a trivalent host, we find that the solution
energy of a divalent samarium impurity in triva-
lent samarium is 15 -6 =9 kcal/mol (see Ref. 16;
note its positive value). By applying Miedema’s
semiempirical scheme'” to this situation a simi-
lar value is obtained. At the surface the corre-
sponding solution energy would be somewhat re-
duced, and by applying the same kind of arguments
as those used in Eq. (2) we can estimate the “sur-
face solution energy” to be about 0.8 X9 ~"7
kcal/mol. Thus the above “energy gain” at the
surface of about 12 kcal/mol is actually reduced to
about 12 — 7=5 kecal/mol when we account for the
“impurity effect.” However, this gain is just
about equal to the energy required to transform
trivalent samarium into a divalent metallic state. -
Admittedly, the derivation of the impurity effect is
somewhat crude, but at least it serves to illustrate
that the conditions at the surface of metallic sa-
marium actually are such that a mixed valence
state is not at all unlikely.

How about the surface state of the other rare-
earth metals? For all of them we know very ac-
curately the energy difference between the divalent
and trivalent bulk state.?'*!® In Fig. 1 we plot
these numbers against the “energy gain” 12
kecal/mol (for clarity we disregard the impurity
effect here). As can be immediately noted, the
surface layer will remain trivalent for all the tri-
valent rare-earth metals except samarium. Not
even in thulium could there be a divalent surface.
This is confirmed by the experimental results on
thulium obtained by Allen et al.® If instead of con-
sidering a surface we consider atoms at a perfect
edge of a single crystal, it seems reasonable that
the molar edge energy should be something like
Uge = (1 - 2X%0.20)E,,,. The reason for the factor
of 2 is that at the edge two planes meet instead of
just one as in the case of a surface. The “energy
gain” would in this situation be about 2x12 =24
kcal/mol (again disregarding the impurity prob-
lem). From Fig. 1 we notice that in this case
thulium might show a valence change although
probably it will not. Finally for a “corner atom”
the same “energy gain” would be about 3x12 =236
kcal/mol. From Fig. 1 we now find that several
of the rare-earth metals might show divalent be-
havior at the corners of a single crystal. Natu-
rally, these critical energy numbers (24 and 36
kcal/mol, respectively) should not be taken too
literally, but rather they represent a trend. In an
earlier work'® we discussed the valency of the
rare-earth metals in the liquid phase not too far
away from the critical point. A similar discus-
sion for the suriace state at high temperatures
could be given, but since detailed experimental
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FIG. 1. Energy difference AH 1L between divalent
and trivalent rare-earth metals. For those elements
where —=AH |y, falls below the critical line labeled
“surface,” the surface state will be divalent. The criti-
cal values for divalent edges and corners are also indi-
cated.

surface studies under such conditions presently
seems too difficult we just mention this here as a
future possibility to experimentally realize diva-
lent rare-earth surfaces.

For the heavier actinide metals it has in recent
years become increasingly clear that they behave
like the rare-earth elements. Therefore it is
just as meaningful to discuss them in terms of
valency as it is for the lanthanides. Recent ex-
perimental crystallographic work by Noé and Pe-
terson® indicated that californium might be a
mixed-valence metal. That this is not unreason-
able could also be derived from the relevant atom-
ic spectroscopic levels for californium® (i.e., the
5/°6d7s® level relative to the ground state 571°7s?),
However, a recent experimental determination of
the heat of sublimation of californium made by
Ward et al.>® gave AHS,,=-46.9 kcal/mol. This
value certainly indicates that californium is a
good trivalent metal and casts serious doubts on

the validity of the observations of a bulk inter-
mediate valence state by Noé and Peterson. This
is especially so since the experiment by Ward e?
al. was performed on a 2-mg sample, while Noé
and Peterson used much smaller samples (weighing
less than 10 ug). However, undoubtedly the di-
valent metallic state of californium will be quite
close in energy to the trivalent state. Therefore,
as is clear from the discussion given above for
samarium, it is quite likely that the surface layer
of californium is divalent. This means that even
for thin films it cannot be excluded that californi-
um will be divalent. In the x-ray powder diffrac-
tion study by Noé and Peterson a lot of surface
area might have been scanned. Thus, their ob-
servations of a purely divalent, a purely trivalent
as well as of a mixed-valence state might to a
large extent orginate from surface properties of
californium. The apparent contradiction between
the experiment by Ward et al. on the one hand and
the experiments by Noé and Peterson on the other,
could then find its explanation in that Ward et al.
were investigating a truly bulk sample, while Noé
and Peterson were working on a microscale. Since
experiments on californium necessarily must be
performed on small samples, this indicates that
caution must be taken so that real bulk properties
are being studied,

For those rare-earth metals which remain tri-
valent up to the last surface layer, the 4f electron
of the surface atoms will be somewhat more bound

than for the bulk atoms, the increase could very

well be as large as 8-9 kcal/mol (0.3-0.4 eV).
This shift should be observable in XPS measure-
ments, at least if the relaxation processes are as
effective at the surface as they are in the bulk.
The position of the unoccupied f levels will de-
crease somewhat for surface atoms as compared
to bulk atoms.

Recently, it has been demonstrated that samari-
um monoxide can be prepared as a bulk material.*®
From the measured lattice constant it was con-
cluded that SmO is in an intermediate-valence
state. Thus it could be that the experimental sa-
marium XPS-results are due to an oxidized sur-
face, mainly of the SmO type. The present study
cannot of course exclude this possibility, but on
the other hand the given analysis shows that a di-
valent component at the surface layer of pure sa-
marium metal is quite likely. An even more like-
ly contamination than oxygen at the surface is
hydrogen. In fact even under quite good vacuum
conditions a formation of a dihydride has been ob-
served at the surface of rare-earth metals.>® How-
ever, since there are reasons to believe that a
trivalent (metallic) rare-earth dihydride is more
stable in its trivalent state relative to the divalent
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state than is the pure metal itself,® it seems un-
likely that the observation of divalent samarium

at the surface could be due to a dihydride. On the .

contrary, it might be that the presence of some
hydrogen at the surface prevents an observation
of a totally divalent surface layer in samarium.
Interesting future experiments would be direct
experimental determinations of the surface ten-
sion of liquid samarium as well as for europium
and gadolinium. The latter two metals would be
of value in order to establish the behavior of a
normal divalent and a normal trivalent rare-earth
metal, respectively.

As pointed out by Wertheim ef al.2° the surface
valence of rare-earth systems may be anticipated
to be lower (or rather have a tendency to be lower)
than that of the bulk. This is consistent with the
picture given in this work. A trivalent rare-earth
atom always forms stronger bonds than a divalent
atom. Therefore the loss of bonding in forming
a surface will always be larger for the trivalent
case than for the divalent one and thus the lower
valence will become somewhat favored at the sur-
face. This means that experimental results, ob-
tained from a surface-sensitive technique such as
XPS, must be carefully analyzed before a specific
structure of the spectrum can be said to originate
from the bulk or the surface, respectively.

As a side remark, we want to comment on some
very recent XPS results on gold obtained by Cit-
rin et al.*” It was found that a 4f electron is more
bound in a bulk atom than in a surface atom, the
measured difference being 0.40 eV. Before we
discuss this experimental result, we consider the
excitation of a 4f electron to the Fermi energy in
bulk metallic gold. This process can be decom-
posed into two steps: first we excite the Au
+++4f'* .65 atom into Au* «--f3-++6s% and then
we dissolve this Au* atom in the Au host. The
Au* atom will have chemical properties which
are almost identical to those of a mercury atom.
Thus the final state is close to that of having a
mercury atom dissolved in gold (assuming a rea-
sonable lifetime of the f'* state). The same pic-
ture is then applied for the excitation of a 4f elec-
tron from a surface gold atom to the Fermi ener-
gy. To derive the change in the position of the 47
level when comparing a bulk and a surface gold
atom, we can then apply the same arguments as
above for samarium, namely, that it will be 0.2
times the cohesive energy difference between
gold and mercury. (The “impurity effect” should
be relatively small here.) However, since the sur-

face tensions are known experimentally for gold
and mercury, it is preferable that we use these
data instead of the approximative relation, Eq. (2).
Doing this we find that a 4f electron is more bound
in a bulk gold atom than in a surface gold atom by
about 0.6 eV. If we now apply the “complete
screening picture”?® for the XPS experiments,
namely, by assuming that the final state after the
4f photoionization is a charge-neutral site, then
the reasoning above for the position of the 4f level
should be applicable to the experimental situation.
The rather small disagreement with the measured
shift could originate from slightly different relaxa-
tion properties in the bulk as compared to the sur-
face or some small “impurity effect.” Citrin et
al.?” also investigated the shift of the 2p and 3d
levels when located at bulk and surface atoms in
Cu and Ag, respectively, and found smaller shifts
than for the 4f level in Au. Applying the same
scheme as above for these two cases we obtain
shifts which are about 40% (Cu 2p) and 25% (Ag 3d)
of that of the 4f level in Au. These results seem
to map the experimental results reasonably well.

Finally, we would like to comment that the 4f
surface shift in gold is opposite in sign to that of
the 4f shift for the rare-earth metals. (That the
4f level is more bound at the surface than in the
bulk for the rare earths is demonstrated by the
divalent component at the surface of samarium.)
When a 4f electron is excited to the Fermi energy
for the rare earths, the valence is increased by
one and therefore we gain metallic bonding [com-
pare for example the cohesive energies of divalent
(24), trivalent (34), and tetravalent (44) metals].
However, for gold, when exciting a 4f electron to
the Fermi energy, a “mercury” atom is created,
and thereby, although the valence state is in-
creased, we lose metallic bonding (compare the
cohesive energies of the 1B and 2B metals). Then
at the surface of the rare earths, due to incom-
plete atomic coordination, the gain in metallic
bonding will be less than in the bulk, and there-
fore the 4f electron becomes more bound at the
surface than in the bulk. In contrast to this, for
gold, the loss of metallic bonding is less at the
surface than in the bulk, and therefore the 4f elec-
tron will be less bound at the surface.
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