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The stability of the surface of the samarium and thulium metals against a divalent
state is investigated within the pair-bonding model. Thereby it is found that a divalent
surface is favored in samarium and close to becoming stable in thulium. The position of
the surface divalent samarium £ level relative to the Fermi energy is calculated and com-
pared with experiments. Also the surface core-level shifts for the europium and ytterbi-
um metals are considered. Finally some interesting possible physical consequences of the

divalent samarium surface layer are pointed out.

I. INTRODUCTION

The rare-earth elements and their compounds
have been studied intensively during the last de-
cade. One reason for this is the discovery of a new
type of ground state, the so-called mixed- or
intermediate-valence state. This state has now
been observed in many rare-earth systems, of
which SmS probably is the most well-known exam-
ple.! The fundamental origin of this state is that
two configurations 4" *!¥? and 4"V of the
rare-earth atom (where V¥ stands for the valence
electrons), depending on the chemical surround-
ings, may be brought so close in energy that the
ground state has to be described quantum mechani-
cally as a superposition of these configurations.
One popular way to probe this “mixed” state has
been to use x-ray photoelectron spectroscopy
(XPS). The spectra so obtained show peaks ori-

- ginating from both divalent (f™*+') and trivalent
(f™) initial configurations and the intensities of
these peaks are often used to derive a value of the
degree of valence mixing for the material in ques-
tion. The phenomenon of mixed valence was only
detected in compounds and alloys? and it therefore
caused some excitement when the 4d spectrum of
Sm metal showed peaks attributable to both Sm2*
and Sm*+,3® and claims were made that Sm met-
al was in a mixed-valence state (see, e.g., Ref 4).
However, the question remained whether the ob-
served divalent signal originated from bulk or sur-

face samarium atoms.3®
In view of the facts that the trivalent metallic

state of samarium is energetically favored relative
to the divalent state by about 6 kcal/mol,>¢ and
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that the bulk properties of samarium closely follow
those of the other trivalent rare-earth metals and
intra-rare-earth alloys,’ the interpretation that bulk
samarium metal is in a mixed-valence state seemed
unlikely. It was therefore suggested’ that the pres-
ence of the divalent peak in the XPS spectrum was
exclusively a surface effect, i.e., at the surface the
conditions are such that the divalent state is
favored. This conjecture was subsequently strongly
supported by new, surface-sensitive XPS measure-
ments by Wertheim and Crecelius,® who studied
both the 3d, the 4d, and the conduction-band re-
gion. By tilting the surface normal of the sample
away from the direction of electron collection they
could from the 3d and 4d spectra show that the
Sm>* signal originated from the surface region.
However, the question then arose whether this di-
valent samarium signal was an initial-state surface
feature of a final-state, charge-transfer satellite.
This latter discrimination can be made on basis of
the 4f spectra, since they are not accompanied by
satellites.>®3® The presence of the 4/°V? initial
state near Er (the Fermi energy) was only detected
in Ref. 8 by a uniform increase of the intensity of
the valence-band region relative to the +3 intensi-
ty with increasing takeoff angle. A somewhat
safer identification of the presence of divalent
samarium atoms at the surface was made by Allen
et al.,>'® who compared partial-yield spectra of
different surface sensitivities to a bulk absorption
spectrum. The energetics of the samarium surface
was also investigated theoretically!! and it was
demonstrated that a divalent surface layer should
be favored relative to a trivalent one. A direct
XPS observation of the 4f—4f transition at the
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surface was then reported by Lang and Baer."?
They found the binding energy of the 4/ level to
be 0.77+0.25 eV relative to the Fermi energy,
which is in good agreement with the value of 0.65
€V measured by Allen et al.!° Lang and Baer also
reported BIS (bremsstrahlung isochromate spec-
troscopy) experiments for the reverse transition
f3— 8 for bulk atoms, and obtained that the ener-
gy position for the unoccupied £ level is 0.46+0.2
eV above the Fermi level. In the first papers con-
cerning this problem for the samarium surface it
was believed that the surface atoms were in an
intermediate-valence state.>® However, the later
found large value for the binding energy of the di-
valent f® component makes this unlikely. From
the measured angular dependence of the relative
ratio between the intensities of the divalent and
trivalent 3ds,, levels, Wertheim and Crecelius®
concluded that only about 40% of the surface
atoms were in a divalent phase. With the recent
finding of the strong binding of the divalent
samarium £ level this would now imply an inho-
mogeneous valence mixture at the surface.!%!? It
should be noted, however, that the divalent samari-
um atoms are considerably larger than the trivalent
ones. Thus the number of divalent samarium
atoms needed to cover the same surface area as
covered by trivalent atoms is quite significantly re-
duced (by about 25%), which to some extent might
explain the observed relatively low intensity of the
divalent surface signal. However, and probably
more important, in the experiments the surface was
obtained by evaporating samarium onto a sub-
strate® and therefore the surface is likely to have
been rather rough and the experimental results
might not faithfully reflect the properties of an
atomistically planar surface. In the surface-
sensitive experiments by Allen et al.'® an (inhomo-
geneous) valence mixture with an average valence
of about 2.7 was derived. In this case a photo-
emission spectrum taken at 135 eV was compared
with a corresponding one for SmBg. Assuming
that the surface valence state of SmBg is the same
as in the bulk, namely 2.7, the valence value for
the samarium-metal surface was obtained. Howev-
er, in view of the drastic disturbance produced by a
surface, the assumption of the same valence mix-
ture at the surface as in the bulk for SmB¢ seems
unjustified.’* Furthermore, in these experiments
SmBg¢ was a polycrystalline sample while for the
samarium metal an evaporated film was used.
Therefore, also here, it is not clear to what extent
the results are fully representative for an ideal
samarium surface. (See Note added in proof.)

It is rather surprising that the divalent f® con-
figuration is situated so far below the Fermi level
(~0.7 eV). This position seems to imply that the
divalent state has become very stabilized at the sur-
face. In fact, at first sight, a homogeneously
mixed-valence state might have appeared to be
more likely, i.c., a state where the £ level coin-
cides with the Fermi energy. As already men-
tioned, from the BIS experiment it was found that
the energy for the bulk f>— £ transition is about
0.5 eV. This in conjunction with the XPS surface
measurement implies a surface core-level shift
(SCS) of the f° level of about 0.5+0.7=1.2 €V to-
wards higher binding energy (notice that we here
consider the shift between an unoccupied f° bulk
level and an occupied f° surface level). This SCS
is about a factor of 2 larger than expected theoreti-
cally for a normal surface core-level shift.'* There
is, however, a distinct difference between the
present case of samarium and a normal type of
surface core-level shift, namely that for the samari-
um surface there is a macroscopic number of
atoms which have turned over into the divalent
state. Therefore the surface f®—f° transition
(XPS) occurs in an environment which is very dif-
ferent from that of a bulk samarium atom on
which the f°— f° transition (BIS) takes place.
Thus, rather than to show a normal value for the
SCS (i.e., of about 0.5—0.6 e¢V), which would have
given an f° level close to the Fermi energy and a
possiblity for a homogeneously mixed-valence
state, the transition at the samarium surface seems
instead to be of the first-order type.

The main purpose of the present work, besides
demonstrating the stability of the divalent samari-
um surface, is to investigate how the phase change
at the surface influences the energy position of the
divalent £ level and to try to rationalize its experi-
mentally found high binding energy, i.e., to ac-
count for the abnormally large SCS of the f° level.
In this connection we also study the corresponding
valence problem for thulium. There are two essen-
tial assumptions underlying the theoretical treat-
ment performed. The first one is that if an f elec-
tron is photoemitted, the final state will be com-
pletely screened. This means, e.g., that in case the
f electron is emitted from a Sm?* ion we can treat
the final state as a fully screened Sm*+ ion. This
impurity picture of the final state was used by us
in an investigation of the occurrence of mixed
valence in europium metal under pressure,'>!¢ and
has been successfully applied for calculating both
XPS and BIS excitation energies for all the rare-
earth metals,'”!® for calculating the shift in bind-
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ing energy of core electrons in metals relative to
the free atom,'* and for calculating the shift in
binding energy of core electrons for surface atoms
relative to bulk atoms (surface core-level
shifts).!*!%2° The impurity picture has also been
used to derive surface heat of segregation from
surface core-level shifts*""?? and also to obtain the
heat of formation of alloys from chemical
shifts.>>?* The other assumption, or rather ap-
proximation, we have used is that the total config-
urational energy of our system can be written as a
sum of interaction energies between nearest-
neighbor atom pairs only. The reason we resort to
a pair-bonding approach, instead of using direct in-
formation from thermochemical data, is that in the
present case we would need thermodynamic entities
not presently known experimentally. What we
have in mind are, for example, different kinds of
heats of solutions which a pair-bonding approach
allows us to relate to each other. Furthermore, the
simplicity of the pair-bonding model provides a
rather direct and straightforward picture of the
physics involved, namely the interplay between on
one hand the gain of bonding energy in the
trivalent state relative to the divalent one, and on
the other the gain of binding energy of the local-
ized nonbonding f electron in the divalent state.

In Sec. II we introduce the model. The calcula-
tions for samarium are presented in Sec. III, where
the surface valence of thulium is also investigated.
The surface core-level shifts in europium and ytter-
bium are treated in this section as well. The last
section, Sec. IV, contains a discussion and some re-
marks on certain aspects of the unique properties
of samarium metal and its surface.

II. THE MODEL

As was stated in the Introduction, the assump-
tion of a fully screened final state in the XPS and
BIS experiments is essential for the following treat-
ment. This is what allows us to treat, e.g., the fi-
nal f° state in a bulk samarium BIS experiment as
a divalent samarium impurity dissolved in an oth-
erwise trivalent host. The use of the pair-bonding
approach gives us the possibility to go beyond the
treatment undertaken by Herbst et al.'® and
Johansson!” in that those papers only compare en-
ergies between completely trivalent and completely
divalent metals. Therefore they neglect the last
step which has to be taken to arrive at the BIS ex-
periment final state, namely the solution of a di-

valent metal impurity in the trivalent host, al-
though this impurity effect was discussed by
Johansson. ! :

The total configuration energy in the pair-
bonding model may be written as a sum of interac-
tion energies of nearest-neighbor atom pairs. In
our calculation we will deal with two kinds of
atoms, Sm>* and Sm** (called 4 and B, respec-
tively, for brevity in the equations). We consider a
semi-infinite system, the surface of which is as-
sumed to be atomistically planar. This system is
divided into layers parallel to the planar surface,
the layers being numbered with the index A rang-
ing from zero to infinity, with A=0 being the sur-
face layer. If we let N,o}” be the total number of
nearest-neighbor (NN) pairs in which an atom of
type i lies in the Ath layer and an atom of type j in
the uth layer and if €44, €pp, and €45 are the bond
enthalpies for NN pairs of 4 and/or B atoms, the
total configuration energy can be written as?

U= 3 [esNE+ N
A=0

+e4p(NIF+ NI L NEEHY

+eps (NI +NEEHY] . (1)

Numerical values for the bond-energy parameters
€44 and egp are obtained from cohesive energies.
For the hypothetical divalent samarium metal we
can with high accuracy use the cohesive energies
for barium, europium, and ytterbium?® for interpo-
lation and thereby we obtain 43.0 kcal/mol for its
divalent cohesive energy. In the pair-bonding
scheme the bond enthalpy for trivalent samarium
has the trivalent atomic state as reference level and
the corresponding appropriate cohesive energy is
105+1 kcal/mol.?’” Thus €, and €gp are simply
obtained from the relations (in units of kcal/mol)

(Z/2)egy=—43,
(Z/2)epg=—105,

(2)

where Z is the bulk coordination number. Using
the value of 55.7 kcal/mol for the excitation ener-
gy?’ of the divalent (4) atom f°2, to the appropri-
ate trivalent atomic state (B) f>ds?, we find for the
energy difference between the hypothetical bulk di-
valent samarium metal and the actual trivalent
one, AHy yyj, the value

AHH,HI=43+55.7—‘1052—6.3 ) (3)

in units of kcal/mol. Thus the trivalent state is
stable by 6.3 kcal/mol relative to the divalent met-
al.
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In order to arrive at €45, which is related to the
heat of solution of an 4 impurity in a B host, we
could in principle resort to the empirical scheme of
Miedema and coworkers,?®?° because experimental
data are lacking in this case. But since the uncer-
tainty of this scheme is unknown for the present
case, we have instead chosen to use the BIS experi-
ment for determining €45. In the BIS experiment
for bulk samarium one starts from the B metal and
from the complete screening picture of the excita-
tion one ends up with a final state where one B

atom (f°) has been transformed into an 4 atom
(f®). This gives immediately the following relation
(using 1 eV/atom =23.05 kcal/mol):

-—ZGBB—-557+Z€AB=046(2305) N (4)

where 0.46+0.2 eV is the value for the BIS excita-
tion measured by Lang and Bear.'> Thus we find
Zep=—143.7 kcal/mol. The left-hand side of
Eq. (4) can be written in a more transparent form
as

—ZGBB —55.7+Z€AB = —(Z/Z)GBB +(Z/2)6AA+Z[6AB _(GAA+GBB)/2]_557
=Eop(B)—E n(4) —Ef™(B)—55.7, (5)

where E ., (B), E ,(A), and E{"P(B) are the
cohesive energy of trivalent samarium metal (rela-
tive to the appropriate trivalent atomic configura-
tion), the cohesive energy of hypothetical divalent
samarium, and the energy of dissolving a divalent
(4) samarium metallic impurity in the trivalent (B)
host, respectively. From this we find that
E{"®(B)=4.3 kcal/mol. The positive value here
means that A will not dissolve in B, which is grati-
fying since it is known that the divalent rare-earth
metals europium and ytterbium do not form solid
solutions or alloys with the trivalent rare earths.

It should be noted, however, that the BIS experi-
ment refers to a vertical excitation, i.e., there is no
relaxation of the lattice positions of the surround-
ing atoms. In a thermodynamic situation the
neighboring atoms of the 4 atom impurity will ad-
just their positions in order to minimize the ener-
gy. This means that the corresponding value for
the thermodynamic €45 bond will be somewhat
smaller (more negative) than the one derived from
the BIS experiment.

Having defined the model and its parameters we
will in the next section consider various physical
situations of interest in the present context of the
samarium surface. At the same time we will also
investigate the corresponding surface problem for
the thulium metal. The other rare-earth metals are
much less likely to show a valence change in their
most stable surface planes.!!

III. CALCULATIONS
A. Stability of a divalent surface

We now first turn to the question if a complete-
ly trivalent samarium crystal is energetically stable

T
against a crystal state where the surface layer con-

sists of divalent samarium and the rest of the sys-
tem remains trivalent. A fact which has to be
recognized is that the divalent samarium ions are
considerably larger than the trivalent ones, mean-
ing that the surface-layer density will be lower than
the bulk-layer density. Thus the number of surface
atoms for a divalent surface will be less than it is
for the corresponding trivalent one. Therefore if
we want to make an energy comparison of the two
states defined above, this means that for the case
of a divalent surface layer we have to transport the
“missing” surface atoms to the bulk, since the en-
ergy comparison has to be made with the total
number of atoms fixed. If we denote the number
of atoms in the surface layer and in a bulk layer by
N, and N, respectively, their ratio a is (assuming
the divalent surface-layer density will be the same
as for hypothetical pure divalent samarium metal),

a=N,/N3;=(19.95/30.0)*>~0.76 , (6)

where 30.0 cm?®/mol is the atomic volume interpo-
lated for hypothetical divalent samarium and 19.95
cm®/mol is the experimental atomic volume for
trivalent samarium metal.’

Another question related to this difference in
atomic size between divalent and trivalent atoms is
how to define the number of bonds between the di-
valent surface layer and the trivalent first layer
N3L. Since the surface layer due to this size
difference is incommensurate with the underlying
bulk layers, we face a problem. If Z;; and Z;;
denote the number of nearest neighbors of an atom
in the same layer and in the underlying layer,
respectively, it is clear that the N}*'s of Eq. (1),
except for NJ%, can be expressed in terms of N,,
N3, Z;;, and Z;, e.g., N3 for the divalent sur-
face is equal to N,Z;; /2. The problem we have
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to consider in the incommensurate or nonregister
situation is how to define the number of “vertical”
nearest neighbors, or rather a mean value of this
quantity. In the commensurate situation, i.e., with
the divalent atoms squeezed so much together that
their lattice parameters in the surface plane exactly
fit those of the underlying layer, N3p is simply
equal to N3Z;; .

In order to obtain an estimate of the value for
N,?}; in the incommensurate situation, we first
represent the point density in the plane A=0 by a
function A to be specified below. Each atom in
plane A=0 has in plane A=1 (in the commensu-
rate situation) three NN situated at the corners of
an equilateral triangle, the center of gravity of
which is situated right below the atom considered
in plane A=0. This center-of-gravity point density
in plane A=1 is represented by a function 4. For
the case of an fcc (111) surface we chose Ay and A,
to have the following forms:

ho=cos*(7x /a,)cos*(my /a,V'3)
+cos?[m(x +ay/2)/a,]
Xcos’[m(y +a,V3/2)/a,V3],

(7)
hy=cos’(mx /a3)cos*(my /a,V'3)

+cos[m(x +a3/2)a;]
Xcos’[m(y +a3V'3/2)/a;V3] .

Here a,V2 and a3V'2 are the fcc lattice cube edges
for the surface and the first layer, respectively.
Thus 4, has now been generalized to the incom-
mensurate case. The fact that we have chosen to
perform the calculations for an fcc (111) surface
will be commented upon later. In case we have the
first situation with the planes A=0 and A=1 com-
mensurate, we can get a measure of the number of
nearest-neighbor pairs consisting of 4 atoms in
layer O and B atoms in layer 1, by performing the
“overlap” integral I,

172 1723172
a3(Ny) a4(N;)1/231/

Ic=f0 dxfo
=[ faxayn}, ®)

where in the last step we have utilized, the fact
that for this case, & is identical to hy. In the in-
commensurate case we have instead to perform the
integral in Eq. (8) with Ay and A, as defined in Eq.
(7). This integral will then be denoted by I;c. For
the commensurate integral I we immediately get

dy hoh;

the result Ic=(—)N;a3V/3. That is, I divided
by a3, which is a measure of the width of cosine
density distribution peaks, is proportional to
N3;Z;;. Evaluation of the incommensurate integral
gives

I[C=(%)N3a§‘/§=(%)\/ N2N3a2a31/§ ,

where in the last step we have used the fact that
the surface area is proportional to N ;a3 or N ,a3
with the same proportionality constant, i.e., it
holds that v/ N3a;=1"N,a,. Once again dividing
by an appropriate measure of the widths of the
cosine peaks @,a3; and multiplying with the pro-
portionality constant derived from the commensu-
rate case gives N2}3=(%) V'N,N;3Z;; . At first
sight it might seem somewhat astonishing that the
integral I;c is independent of the difference in
phase between the two surface planes. Instead, one
might have suspected that a small difference in
phase would have resulted in a higher value of this
integral than with a larger difference in phase, and
that when the phase difference becomes smaller
and smaller the value of the integral would ap-
proach its value for the commensurate phase. This
very sharp distinction between the commensurate
and the incommensurate situations, and the in-
dependence of phase difference, can, however, be
understood when one considers the fact that the in-
tegrals are extended over an infinite surface.
Therefore, when the phase difference is small, the
large regions, where the two lattices are “almost”
commensurate, will be compensated by equally
large regions, where the two lattices are “almost”
completely out of phase.

Thus we find that the quantity Ny is reduced
in the incommensurate situation by the factor

B=Iic/Ic=($)V'N,/N;

relative to its value of the commensurate case
N3Zj; , the latter being the situation usually en-
countered in applications of pair-bonding theory.

Now having defined Ny we return to the ques-
tion we first addressed; namely, if a pure trivalent
samarium crystal is energetically stable against a
samarium crystal with a top layer of divalent
samarium atoms. The energy of the completely
trivalent crystal will be called U, and the energy of
the samarium crystal with the divalent top layer
will be denoted by U. From Eq. (1) we can write
the energy difference U — U, as (remembering that
the total number of atoms in both situations has to
be the same)
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U—Up=€44N3s—€ppNpy + €3N 35 —€epp NI —N(55.7)+ (N3 — N, egg(Z /2)

=€AAN2(ZLL /2)"—€BBN3(ZLL /2)+€£I§BN3ZIL _€BBN3ZIL —-N2(557)+(N3 —N2 )633(2/2) . 9)

The last term in this expression originates from the
fact that the surface layer for the divalent surface
contains only N, atoms, due to the larger size of
these atoms. Therefore, in order to compare with
the trivalent surface with N; atoms, and keeping
the total number of atoms fixed, the system with a
divalent surface must instead contain N3 —N,
more bulk atoms. The factor B is the reduction
factor for the number of vertical NN bonds for the
incommensurate situation as derived above. Equa-
tion (9) can be understood as follows: If we start
from the completely trivalent crystal, the second
and fourth terms describe the energy it will cost to
take away the topmost layer of metallic B
(trivalent) atoms and separate them into free B
atoms with an appropriate trivalent atomic config-
uration (4f°5d'6s2). The term preceding the last
term accounts for the gain in energy when we let
N, of these N; free B atoms change their atomic
configuration from 4f35d'6s? to 4f%6s%. The so
obtained N, (divalent) 4 atoms are then brought to
crystallize on top of the crystal; the gain in energy
of this process is described by the first and the
third term in Eq. (9). After this we let the remain-
ing N3 —N, free B atoms (with the atomic config-
uration 4f°5d'6s?) crystallize as B metallic bulk
atoms, gaining the energy described by the last
term of Eq. (9).

Since the number of vertical bonds are reduced
for the divalent surface by the factor 3, there will
be a tendency to somewhat compensate for this by
making the remaining bonds stronger. Therefore
we renormalize the vertical AB bonds in this case
by

eip=€ap(1+843),

where 875 =0.1 should be a reasonable choice.

The last entities to be specified in Eq. (9) are now
Z:;,Zy, and Z. We perform here the calculation
for the most densely packed surface of the fcc
structure, the (111) surface, where Z;;, Z;;, and Z
are 6, 3, and 12, respectively. In reality, samarium
crystallizes in a hexagonal-type structure®® but we
note here that for the hcp (0001) surface with an
ideal axial ratio the different Z numbers will be the
same as for the fcc (111) plane. Since for the
samarium crystal structure the effective ¢ /a axial

T
ratio is 1.61, this is a most reasonable substitution.

Also the functions 4 and h; of Eq. (7) will be the
same. That we use the most dense surface fcc
(111) or hep (0001) is natural since they have the
lowest surface energies. Equation (9) can now be
rewritten as

U—Uy=Nza{3[ess+€45(1+8%)Ba—"]

With the bond parameters defined in Sec. II we
find that

(U—-Uy)/N3;=—-0.28

in units of eV/atom. This means that a divalent
surface on top of the trivalent samarium crystal is
stable against the completely trivalent samarium
crystal.

B. Position of the £ level

We now turn to the question of the position of
the f© level, i.e., the energy of the 4f°V2—4f°y3
transition at the surface. The initial state, with en-
ergy U, is the trivalent bulk crystal covered with a
divalent layer. The final state, with energy U’, is
the same except for that one of the divalent atoms
in the surface layer is replaced by a trivalent atom.
Straightforward application of Eq. (1) leads to

U — U=ZLL(6AB "'GAA)

+Z;[epp—€4p(1+8]3)]1Ba"!
+55.7. (11)

This gives U’'— U =0.65 eV, which is in good
agreement with the experimental values 0.77+0.25
eV (Ref. 12 ) and 0.65 eV.!® The main point here
is that the reconstruction at the surface to a di-
valent layer brings the f° level far down below the
Fermi energy. The performed calculation corre-
sponds to an average situation. For the (rare) oc-
casion that a divalent atom in the surface plane oc-
cupies a correct commensurate position, we calcu-
late the excitation energy to the trivalent state to
be 0.45 eV. A similar deviation from the average
value, but in the opposite direction, is found for an
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atom in a position totally out of phase with the
underlying trivalent layer. Even for these extreme
(and rare) cases do we find a substantial binding of
the f° surface level.

C. Hypothetical cases

In order to see more clearly how the f—f3
transition energy is influenced by the reconstruc-
tion of the surface, and the accompanying reduc-
tion of the number of surface atoms, one could, for
comparison, consider a hypothetical case where the
divalent surface attains the same lattice parameters
as the bulk layers. This would mean that the di-
valent surface atoms have to be considerably
compressed. Since the energy difference between
divalent and trivalent samarium is small, such a
compression would strongly favor the trivalent
state. This rules out the possiblity of having a di-
valent commensurate surface layer with the same
density as the bulk layers.

Another extreme case to consider would be “iso-
lated” divalent samarium atoms in the surface
plane. In this case the divalent atoms are sur-
rounded by only trivalent atoms both within the
surface plane and down in the bulk. For this situ-
ation we find for the position of the f° level,
U"s — Ul the following expression:

Ul _ s —=(Z,; +Z;; )€pp —€qp)
+55.7. (12)

When evaluated, this gives 0.26 eV, which is rather
close to the Fermi level compared with the experi-
mental values and our calculation above. This il-
lustrates the importance of the surface reconstruc-
tion for obtaining a high binding energy of the di-
valent f¢ surface level.

D. Surface core-level shift for a completely
trivalent Sm metal

In order to investigate further the influence of
the surroundings on the surface core-level shift of
the BIS process f°—f®, we consider now the hy-
pothetical case of a trivalent samarium metal with
a trivalent surface. For the process in the bulk we
have [compare Eq. (4)]

Uk _Uo=—Zepp—55.7+Ze,p
—=0.46 (13)

in units of eV, where U"® is the total energy for

the trivalent metal with one divalent bulk impuri-
ty. On the surface we find (the meaning of U "**"*
being obvious)

Unsurf__ Uo—_—(ZLL +Z €qp —€pp)

in units of eV. Thus, the surface (BIS) shift is
found to be 0.46+4+0.26=0.72 eV. This value is of
a reasonable magnitude as shown in Ref. 14. A
direct interpretation of the negative value in Eq.
(14) is, of course, that the surface is unstable
against a divalent configuration. The relatively
low value for the position of the unstable surface
level might suggest that a homogeneously mixed-
valence state should not be totally ruled out at the
surface, or at least that the reverse (XPS) excita-
tion f6— f at the surface should be quite low in
energy. This, however, neglects the effect of the
surface reconstruction and, as seen above in Sec.
III B, this reconstruction in fact causes the f level
to become displaced quite far from the Fermi level.

E. Surface core-level shift for a completely
divalent Sm metal

The surface core-level shift of the (XPS) f6— f>
transition for a hypothetical divalent samarium
metal can be used as an independent test of the
present pair-bonding approximation. This is so
since although divalent samarium does not exist,
we can directly compare our calculated value with
experiment on europium, the divalent neighbor ele-
ment of samarium in the Periodic Table. In this
case the initial state is the fully divalent samarium
metal, and its energy will be denoted by U{)I. The
final state is a trivalent bulk samarium impurity
and a trivalent surface impurity, respectively. If
the total energies of these two final states are
called U and Uy, respectively, the surface core-
level shift AS, is immediately obtained as

A =(Us— U — (U — U =Us— Uy
=(€AA_6AB)ZIL . (15)

From this, we calculate the surface core-level shift
to be 0.63 eV. This is in nice agreement with the
experimental value for europium metal, 0.63+0.02
eV.3! Now it should be recalled that europium
crystallizes in the bce structure and that the calcu-
lation above has been performed for the fcc struc-
ture. We notice, however, that Eq. (15) may be
rewritten as
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AS=[E op(B)—E op(A)—EF™(A)]Z1, /Z .
(16)

For the densest surface for fcc and beg, i.e., fcc
(111) and bece (110), the ratio Z;; /Z is the same,
which means that within the present pair-bonding
model AS is identical for the two surfaces.

F. Stability of the thulium surface

Among the rare earths the next element to come
in focus for a surface instability is thulium.!! In
this subsection we treat the same surface problem
for thulium as above for samarium.

The main difference between samarium and thu-
lium is that the appropriate excitation energy from
the divalent atom to the trivalent one is signifi-
cantly lower in thulium, namely 47.2 kcal/mol
(Ref. 27) instead of 55.7 kcal/mol for samarium.
Thus the divalent state is somewhat less favored in
thulium than in samarium. Regarding the other
parameters in our model, they will only be slightly
modified in thulium as compared to samarium.
Thus the appropriate trivalent cohesive energy is
103 kcal/mol (Ref. 27) and the hypothetically di-
valent one is interpolated to be 37.8 kcal/mol. As
for samarium, we obtain the €45 parameter from
the BIS experiment on thulium, where it was
found*? that the 13 level is situated 1.10+0.2 eV
above the Fermi level. From the same type of re-
lation as in Eq. (4), this gives €45 = — 11 kcal/mol.
Finally, the parameter a (=N, /N3) is equal to
0.81 for thulium.

Using these values for the parameters we calcu-
late the energy difference between the thulium met-
al with a divalent layer, on the one hand and, on
the other hand, the completely trivalent metal as
[Eq. (10)]

(U~U,)/N3=0.15 17

in units of eV. Thus we find that the trivalent sur-
face layer is stable in thulium, which is in agree-
ment with experiments, where no indication of a
divalent surface component has been found.*

The calculation still serves to show that the di-
valent state is close to become stable at the thulium
surface.

For the hypothetical divalent thulium surface we
calculate from Eq. (11) the energy position of the
£ level to be 0.22 eV below the Fermi level.

Thus from the point of view of a one-atom-
excitation process the divalent surface state should
be stable. This points to the collective nature of
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the surface transition within our model.

Finally, as a partial check on our approach we
calculate the surface core-level shift of the £ level
for the hypothetical completely divalent thulium
metal.** Here we can compare with the recent ex-
perimental results for ytterbium. From Eq. (15)
we directly find AS [Tm(ID] =0.63 eV. This is in
good agreement with the experimental value
0.63+0.03 eV for ytterbium>—37 and also the
value (0.56 eV) calculated in Ref. 14.

IV. DISCUSSION

From the given analysis and that in Ref. 11 it
seems clear that a trivalent samarium surface is
unstable against a valence change, a finding which
is strongly supported by the experimentally ob-
served features in Refs. 8 —10. It is, however, also
clear that as a consequence of this valence change
an extremely complicated physical situation is
created. First of all, due to the divalency, the ac-
companying atomic expansion causes a matching
problem between the trivalent bulklike second layer
and the divalent topmost layer. Furthermore, since
hypothetical bulk divalent samarium is expected to
attain a bec crystallographic structure, it might be
that the most favorable divalent surface layer
should be the bee (110) surface. Thus, two dif-
ferent structures could meet at the samarium sur-
face, which would complicate the situation even
more. Still it may be that this latter bulk <> sur-
face interfacial structure problem is of less impor-
tance for the following reason: In ytterbium the
bulk bee and fee phases are very close to each oth-
er energetically and therefore they would be ex-
pected to be rather close also in hypothetical di-
valent bulk samarium. Thus if the bulk layers of
samarium were of (trivalent) fcc type, this underly-
ing bulk structure might very well be able to in-
duce the fcc phase for the divalent Sm surface
layer. In practice the crystal structure of samari-
um is of the so-called hexagonal closed-packed
Sm-type, rhombohedral, but since its effective c¢/a
ratio is 1.61, i.e., close to the ideal ratio, the atomic
ordering in the surface region will be very similar
to that of an fcc (111) surface plane. Therefore it
seems reasonable to expect that the bulk Sm-type
structure will be able to determine also the surface
structure of the divalent layer. Even so the prob-
lem remains that the bulk and surface structures
are noncommensurate due to the larger lattice con-
stant of divalent samarium. In this situation a lot
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of complications might be envisioned, such as, i.e.,
inhomogeneous island formations of various types.
In the present communication we have simpli-
fied the problem and treated the surface layer as a
rigid divalent fcc (111) surface on top of an under-
lying fcc (111) trivalent layer and applied the pair-

bonding model. Thereby we met the difficult
problem of how to define the number of bonds be-
tween two noncommensurate layers with different
numbers of atoms, N, and N3, respectively. This
was treated here by deriving an average number of
bonds between the two layers, but admittedly, the
applied method is by no means unique.’® Still, the
most serious approximation in our treatment is
probably the neglect of the possibility of various
deformation, such as an induced buckling of the
surface layer.

From the above-mentioned difficulties it is clear
that what is presently most needed is an experi-
mental surface structure determination of samari-
um. The experimental indication that only 40% of
the surface atoms are divalent is another feature
which needs further clarification. This possible
complication has been totally neglected in our
analysis. (See Note added in proof.)

Besides demonstrating the plausibility of a di-
valent samarium surface, the main task of the
present work was to account for the experimentally
observed high binding energy of the divalent f 6
level at the surface. In our treatment we have ar-
gued that the reason for this is due to a surface
reconstruction, such that at the surface there will
be a macroscopic number of divalent atoms.
Therefore a divalent surface samarium atom will
to a large extent be surrounded by other divalent
atoms which greatly influences on the f° binding
energy. As a partial check on the general validity
of our treatment we also calculated the surface
core-level shift for the europium and ytterbium
metals and found a very good agreement with ex-
periment. Also the valence state of the surface of
thulium was investigated and in agreement with
the experimental indications we found that the
trivalent state is stable. It should, however, be not-
ed that the divalent state is calculated to be close
in energy.

As a final remark we want to stress that for an
elemental metal a most unique physical situation is
met with in samarium, namely that it has a surface
with very different characteristics than its interior
parts. This should affect several physical proper-
ties. For example, one might expect that the di-
valent surface metal should melt at a considerably

c) MELTING TEMPERATURE |
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FIG. 1. Experimental (Ref. 39) melting temperatures
for the lanthanide metals and barium. The slightly
anomalous melting temperatures of cerium and lantha-
num relative to the other lanthanides are of no concern
in the present context.

lower temperature than the bulk metal. It is then
of interest to speculate about the possibility that
this early surface melting could have some influ-
ence on the bulk melting temperature. In this
respect we notice that the experimental melting
temperatures for the lanthanide metals® do indi-
cate a somewhat anomalously low melting tem-
perature for samarium (Fig. 1). Clearly, samarium
metal deserves increased experimental and theoreti-
cal attention. Regarding the other rare earths, we
have already mentioned that the thulium metal
surface seems stable against a valence change.
However, at high temperatures the situation is less
clear, especially so since the energy margin by
which the thulium surface retains its trivalent state
is small.** Whether or not this possibility of a
valence change of the thulium surface at elevated
temperatures has anything to do with the slightly
anomalous melting temperature of thulium (see
Fig. 1) can for the moment only remain specula-
tive. But it is certainly remarkable that the two
lanthanide metals which are most likely to have a
divalent surface both show anomalous melting
temperatures.

Note added in proof. Very recently, new
surface-sensitive UPS spectra were recorded for Sm
metal [F. Gerken, J. Barth, R. Kammerer, L. L.
Johansson, and A. Flodstrom, DESY Report No.
SR-81/11 (unpublished) and unpublished]. It was
established that there is no observable surface shift
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of the trivalent component of the spectrum, and
therefore it could be concluded that at the surface
there are at most 10% trivalent samarium atoms.
This supports the validity of our assumption that
the surface is composed of only divalent samarium
atoms.
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