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Surface effects on core-level binding energies and valence in thulium chalcogenides
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Vacuum-cleaved {100)surfaces of mixed-valent TmSe, divalent TmTe, and trivalent
TmS were studied by high-resolution, angle-integrated photoelectron spectroscopy with
the use of synchrotron radiation in the energy range 30 & h v( 110 eV. In the topmost
surface layers of TmSe and TmTe the 4f levels are found to be shifted to higher binding

energies by 0.32+0.04 and 0.41+0.05 eV, respectively. In both TmSe and TmS the top-
most surface layers are divalent. In the case of TmSe a separation of the Tm2+ 4f '

spectral feature into surface and bulk contributions allows a determination of the bulk

mean valence v=2. 55+0.05. While a shift of the Se3d levels to lower binding energy is
observed for Se atoms in the topmost surface layer of TmSe, no such shift can be
resolved for the Te4d levels of TmTe. The surface-derived divalent spectral features can
be quenched completely in all three cases by exposure of the surfaces to submonolayer
amounts of oxygen, resulting in the formation of trivalent surface oxides. Values for the
electron mean free path / are derived from the observed surface- and bulk-spectral intensi-

ties, with I decreasing with decreasing electron kinetic energy down to =45 ev. Smaller

singularity indices a of the Doniach-Sunjic line shapes as well as smaller extrinsic losses
are observed for photoemission from the divalent surface layers as compared to the bulk.

I. INTRODUCTION

Recent photoemission studies of rare-earth solids
have revealed in a number of cases surface-induced
changes of both the mean valence of the rare-earth
ion and of the 4f binding energies. Theoretically,
these effects may be understood as a consequence
of the decrease in cohesive energy due to reduced
coordination when a rare-earth ion is brought from
the bulk to the surface. ' A surface valence tran-
sition was first observed for bulk trivalent Sm met-

al, where it was shown that the outermost sur-

face layer of Sm is essentially divalent. Later on,
surface valence transitions have also been observed

for YbAu2 (Refs. 7 and g) and amorphous SmAu
alloys. Quite recently it was shown that in

mixed-valent YbA12 more than one surface layer is
involved in a valence transition to the divalent or
almost divalent state, ' giving rise to predominant-

ly divalent features in the uv-photoemission spec-
tra. This observation has subsequently been con-
firmed for other intermediate-valent rare-earth sys-

tems
Surface effects on core-level binding energies,

which had originally been found for 5d transition
metals, ' ', have recently also been reported for
quite a few rare-earth metals. ' ' Such surface

core-level shifts could also be observed for stable-
valent rare-earth chalcogenides, such as SmS,
SmSe, 2 ' EuS, YbS,2 several intermetallic com-
pounds, and the mixed-valent systems Sm86, '

CeN, YbAlp, ' EuPd2Si2, ' and Sm) Y„S." In
all cases the 4f levels were found to be shifted to
higher binding energy at the surface, in agreement
with theoretical prediction. ' No surface effects on
valence or 4f binding energy, however, have been
reported up to now for Tm systems.

The aim of the present work was therefore
mainly concerned with a systematic study of sur-
face effects on valence and 4f binding energy in
Tm systems, especially the Tm monochalcogenides,
TmX, with X=S,Se,Te. This series of isostructur-
al compounds (NaCl structure) was chosen because
of their remarkably different physical properties,
and the ease with which well-defined clean crystal
faces may be prepared by cleaving in UHV. Me-
tallic TmS is now considered to be trivalent, TmTe
is divalent and behaves like a semiconductor, while
TmSe is homogeneously mixed valent. ' The Tm
monochalcogenides, including mixed-valent TmSe,
order antiferromagnetically at low tempera-
tures. ' ' . Valence and lattice constant of
Tm Se are known to vary appreciably with
stoichiometry. ' The exact value of the bulk
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mean valence of stoichiometric TmSe (a0= 5.71 A)
has been subject to some controversy, since from
lattice constant systematics u =2.75 was de-

rived, ' while x-ray photoemission spectroscopy
(XPS) studies, ' x-ray-absorption I.-edge measure-

ments, ' and magnetic measurements ' resulted
in u=2.55 to 2.60.

The paper is arranged as follows: After some
experimental remarks in the following section, the
experimental results including details of the data
analysis will be presented in Sec. III for the three
single-crystalline compounds studied. In Sec. IV
the results concerning the observed surface core-
level shifts in TmSe and TmTe as well as the sur-

face valence transitions in TmSe and TmS are dis-

cussed. In addition, values for the electron mean
free path I are derived as a function of the electron
kinetic energy for the three compounds studied,
and the observed intensities of the individual lines
of the 4f final-state multiplets of Tm + and Tm +

are compared with the results of theoretical calcu-
lations.

II. EXPERIMENTAL DETAILS

The photoemission experiments were performed
at the Synchrotron-Radiation Center of the
University of Wisconsin —Madison, using a
display-type photoelectron spectrometer and a
toroidal-grating monochromator for photon ener-
gies 5 & h v & 130 eV. The spectrometer was
operated in the angle-integrated mode with elec-
trons accepted within a 35' cone with axis normal
to the surfaces of the samples. The combined sys-
tem of spectrometer and monochromator gave a
resolution of about 0.17 eV for hv=70 eV as
determined from the width of Fermi edges.

All samples of Tm chalcogenides studied were in
the form of single crystals, which had been
prepared by a method described previously. The
UHV conditions of the spectrometer (1&& 10
Torr in the preparation chamber and 4g 10
Torr in the main spectrometer chamber) together
with the favorable intensity of the system allowed
spectra to be taken on very clean surfaces. Spectra
covering an energy range of 15 eV were typically
recorded within 7 min. All measurements were
performed at room temperature on the (100) sur-
faces cleaved in vacuum, typically within 10—90
min after a cleave. With the samples in the main
spectrometer chamber (4)& 10 "Torr), no changes
in the spectral features were detected within a
period of up to 2 h after a cleave.

III. EXPERIMENTAL RESULTS AND
DATA ANALYSIS

A. TISc (100)

The photoemission spectra obtained from the
(100) surface of mixed-valent TmSe are shown in

Fig. 1. The valence-band spectra of the freshly
cleaved surface are dominated by emission from
the localized 4f states of the Tm ion at the three
photon energies employed [Fig. 1(a), 45 eV; Fig.
1(b), 70 eV; Fig. 1(c), 100 eV]. Since TmSe is
known to be a homogeneously mixed-valent ma-
terial, the ground state of the Tm ion is a mixture
of two energetically degenerate configurations with
different 4f occupations, namely the trivalent
Tm4f' 5d' and the divalent Tm4f' 5d config-
urations. Photoemission from the 4f states there-

fore leads to characteristic multiplet spectra of the
4f" and 4f ' final states, which are energetically
separated by the Coulomb correlation energy U,
amounting to about 6 eV for the Tm ion. '

The relative energetic positions of the individual
components of the 4f ' final-state multiplet are ex-

pected to be well represented by the excited states
of trivalent Tm as obtained from uv-absorption
measurements. The 4f" final-state multiplet
spectrum of trivalent Tm, however, has to be com-
pared with the excited states of trivalent Er,
since—due to the instability of Tm +—no optical-
absorption data exist for this ion. Since the effec-
tive nuclear charge for the 4f shell is larger by one
unit for Tm as compared to Er, the separation of
the 4f "-multiplet lines should be larger for the
Tm ion as compared to Er. The intensities of the
multiplet lines were taken from the results of
fractional-parentage calculations, assuming I.S cou-
pling, or from improved intermediate-coupling
calculations available for the 4f ' multiplet and
for a few components of the 4f" multiplet. ' For
some multiplet lines, empirical adjustments were
made to the theoretical intensities in order to reach
optimum least-squares fits of the spectra (see below
and Table I).

The solid bar diagrams in Fig. 1(b) represent the
relative positions and intensities of the two final-
state multiplets. It is obvious from an inspection
of Figs. 1(a) and 1(b) that the 4f ' part of the
spectrum cannot be described by a single 4f '

final-state multiplet alone. Instead, it is a super-
position of two 4f ' multiplets, shifted by about
0.3 eV. The dotted multiplet, shifted to higher
binding energy, is interpreted as originating from
Tm + ions in the topmost surface layer, while the
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Tm
Energy'

(eV)

Energy'
Final stateIntensity

2.90b

2.20
1.38

0.90b

0.88
0.90b

0.22
0.60b

1.20b

0.16
0.38
0.36
0.09

Final state

H6
3I~'4

H5
3H4

'P3

16
'B
1I

I p

~1

1g

Intensity

'I15r2 2.54

I13/2 0.805 0.60'

I11/2 1.253 0.21
'I9/2 1.521 0.40'
+9/2 1.877 0.15'

H11/2 2.374 0.60'
'+7/2 2.518 0.15

69/2 3.025 0.20'

611/2 3.271 0.64'

69/2 3.393 0.42

+15/2 3.433 1.29
'67/2 4.205 0.11
&5/2 4.769 0.15'

4 841 0.40'
'I

17/2 5.155 1.50
I13/2 5.407 0.24

'These energies are for the 4f" multiplet of Er'+ (Ref. 40). To fit the experimental spectra
of Tm + they had to be multiplied by a factor of 1.11.
Adjusted intensities deviate from the theoretical ones of Ref. 36 (intermediate coupling).

'Adjusted intensities deviate from the theoretical ones of Refs. 35 and 41 (mostly I.S cou-

pling).

0
0.695
1.015
1.552
1.774
1.849
2.625
3.450
4.300
4.393
4.475
4.710
9.843

TABLE I. Energies and relative intensities of the 4f ' (Tm'+) and 4f" (Tm3+) final-state
multiplets employed in the TmSe fits.

Tm'+

Energy
(e~)

When compared with the 70-eV spectrum of the
clean surface [Fig. 1(b)] it is obvious that the 4f '

surface multiplet is almost completely quenched in
the spectrum of Fig. 1(d). Therefore, the spectral
features in the 4f ' region are well described by
the single 4f ' bulk multiplet indicated by the
solid bar diagram. The exposure to oxygen causes
an additional 4f" final-state feature in the spec-
trum of Fig. 1(d), which is shifted by about 1.3 eV
to higher binding energy relative to the 4f"
feature in the spectrum of clean TmSe(10()). This
oxygen-induced 4f" feature originates from a
trivalent surface layer such as e.g., (TmO)2Se.
The reduced metallic screening of the final-state
core hole in such an insulating surface layer would

explain the observed higher binding energy. After
exposure to 1.5 L of 02 the 4f ' feature in the
spectrum (not shown here) sharpens up even more
with the most intense feature then being the 4f"
multiplet from the trivalent oxygen compound,
which extends now over more than one surface
layer.

The spectra in Figs. 1(a)—1(c) were least-squares
fitted to a superposition of two 4f multiplets
(bulk and surface) and one 4f" multiplet with re-
lative energies and intensities as given in Table I.
Doniach-Sunjic line shapes with linewidth y and

the singularity index u as parameters mere used,
and the resulting lines were folded with a Gaussian
approximating the instrumental resolution (mono-
chromator and spectrometer). Above the Fermi

V'

edge all Doniach-Sunjic lines were abruptly set to
zero. The use of Doniach-Sunjic lines takes intrin-
sic losses due to excitations in the conduction band
during the photoemission process into account. In
addition, a background of scattered electrons pro-
portional to the integrated photoemission above a
given energy was added to the theoretical spec-
trum, taking care of extrinsic energy losses of pho-
toelectrons on their may through the solid. Tmo
different proportionality constants had to be em-
ployed as fit parameters of the backgrounds creat-
ed by emission from bulk and surface layers in or-
der to get satisfactory results. The fits gave con-
sistently sinaller extrinsic background parameters
for emission from the surface layer as compared to
the bulk, in agreement with expectation. In addi-
tion, a Gaussian with fixed position (at 7.5-eV
binding energy relative to E~) and fixed width [5-
eV full width at half-maximum (FWHM)] but
variable intensity mas added to the spectrum to
describe the relatively weak emission from Se4p
levels. Position and width of this line were taken
from an uv-photoemission measurement of TmSe
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at h v=21.2 eV, where it appeared dominant in
the spectrum due to the strongly reduced cross sec-
tion for emission from 4f states. "' Only at h v=45
eV did the fits show a noticeable intensity for the
Se4p line, which was added in Fig. 1(a) to the ex-
trinsic background (dashed line).

The results of the least-squares-fit analysis are
represented in Figs. 1(a)—1(c) by the solid lines,
and it is obvious that the agreement between fitted
curves and measured data points is rather good.
The energies (relative to the multiplet line with
lowest binding energy) and the relative intensities

. of the individual components of the 4f ' (Tm +)
and 4f" (Tm +) final-state multiplets employed in

the least-squares fits of the spectra of Figs.
1(a)—1(c) are tabulated in Table I. In order to fit
the experimental data, the intensities of several
lines of both multiplets (indicated in Table I) had

to be changed as compared to the theoretical
values.

The results of the least-squares fits of the spec-
tra in Figs. 1(a)—1(c) are summarized in Table II.
For both the 4f" and the 4f ' bulk multiplet, the

singularity index was found to be n~ ——0.17+0.03,
while a reduced value of ex+ ——0.10+0.05 was ad-

justed to the surface multiplet. The linewidth

parameters of the Doniach-Sunjic lines used to
describe the three multiplets were 2y~ ——0.24 eV,
2+=0.40 eV for the two 4f' multiplets, and
2y" =0.68 eV for the 4f" multiplet. A mean

value of b„=0.32+0.04 eV is obtained for the sur-

face core-level shift (column 2 of Table II), and the
binding-energy difference between the lowest

binding-energy multiplet lines of the 4f" and 4f~
multiplets is found to be 5.91+0.02 eV (columns 3

and 4 of Table II). The fractional intensities of the

three multiplets are given in columns 5, 6, and 7
for the two photon energies (100 and 70 eV), for
which complete valence-band photoemission spec-
tra were recorded.

The inset in Fig. 1 shows the photoemission
spectrum of the Se 3d core levels in TmSe(100)
recorded with a photon energy of 80 eV. Instead
of a doublet of lines split by the spin-orbit splitting
of the 3d3/~ and 3d, /i hole states [AEso =0.83 eV
in crystalline Se (Ref. 46)j, a complex structure is
observed, which could be fitted very well with a
superposition of two doublets separated by

6,=0.52+0.05 eV. Again Doniach-Sunjic line

shapes, folded with a Gaussian for the instrumen-
tal resolution, were used and the intensity ratio of
the two lines in each doublet was set equal to the
theoretical one [I(d3/2)/I(85/2) = —,]. The solid

line represents the result of the least-squares fit.
'IvVe interpret the doublet at lower binding energy as
originating from the topmost surface layer. This
assignment is supported by the fact that the sur-
face doublet is suppressed in the spectrum taken
from a TmSe(100) surface exposed to 1.5 L of oxy-
gen.

B. Tm Te(100)
Similar measurements were performed on the

(100) surface of TmTe, which is a divalent senii-
conductor. Valence-band spectra were recorded at
photon energies of 50, 70, 90, and 110 eV of the
freshly cleaved surface, and with 70- and 110-eV
photons of a (100) surface exposed to 0.5 I. of 02.
Some representative spectra are displayed in Fig. 2
together with the results of least-squares fits. In
addition, a photoemission spectrum of the Te4d
levels —shown in the inset —was recorded with 80-
eV photons of a freshly cleaved surface.

The valence-band spectra of TmTe at photon en-
ergies h v) 50 eV are dominated by 4f emission
from 4f ' (Tm +) final-state multiplets. In con-
trast to earlier XPS results, which were most
probably achieved on adsorbate-covered surfaces,
the present spectra of freshly cleaved TmTe sur-
faces are characterized by only very weak 4f"

TABLE II. Summary of results from the analysis of the TmSe spectra taken at three dif-
ferent photon energies: b„ is the surface core-level shift of the 4f ' multiplet, E is the bind-

ing energy of the multiplet component closest to E~, and I represents the fractional integrat-
ed intensities of the two 4f ' (bulk aud surface) and the 4f" multiplet, respectively. Es-
timated error bars are given in parentheses in units of the last digit. Derived values for the
bulk mean valence U and the electron mean free path I (see Sec. IV) are listed in the last two
columns.

hv
(eV)

100
70
45

(eV)

E12

{eV)

E11

(eV)

I12 I 12
S I

{A)

0.30 (6) 0.14 (3) 6.06 {5) 0.32 (2) 0.31 (2) 0.37 2.56 (6) 8.0 (10)
0.33 (5) 0.12 (3) 6.03 (5) 0.30 (2) 0.38 (2) 0.32 2.53 (6) 6.2 (10)
0.31 (5) 0.13 (3)
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FIG. 2. Photoemission spectra of TmTe(jk00) obtained with various photon energies: (a) and (b) freshly cleaved, and

(c) after exposure to 0.5 L of oxygen. The bar diagrams represent the final-state 4f multiplets from the bulk (solid

bars) and from a surface layer (dotted bars). In the inset the spectrum of the Te4d levels is given. The solid lines

represent the results of least-squares fits (see text), and the dashed lines give the integral background plus the contribu-

tions from the Te valence band.

final-state multiplet lines [see Fig. 2(a)j. Since the
sensitivity of the TmTe surface to adsorbates was
previously demonstrated, the weak spectral
features seen in the 4f" region of the present spec-
tra are probably due to some trivalent surface con-
tamination. The intensities of the 4f" lines, how-

ever, did not noticeably change in the present ex-
periments within a period of 2 h after cleaving in a
vacuum of 4&10 "Torr. Therefore, final-state
effects cannot be ruled out completely as a possible
cause.

The complicated structure of the 4f ' features of

the spectra of freshly cleaved Tm Te(100) reveals
the presence of a surface-shifted 4f' multiplet as
in the TmSe case. This was again proven by expo-
sure of the surface to 0.5 L of Oz [Fig. 2(c)],
whereby the surface-derived multiplet was com-
pletely quenched. The 4f ' part of the spectrum
of Fig. 2(c) can therefore be well described by a
single 4f' multiplet. In addition, an intense
4f "-multiplet structure is recorded arising from an
oxygen-compound surface layer, most probably
(TmO)2Te.

The spectra were least-squares fitted with a simi-
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lar procedure as described in the TmSe case. To
take into account emission from the Te-derived
valence-band levels, two Gaussians of fixed posi-
tions (3.65 and 5.25 eV to E~) and fixed widths
(1.15 and 1.0 eV FWHM, respectively), but vari-
able amplitudes, were added to the 4f ' -derived

multiplet of Doniach-Sunjic-shaped lines. The po-
sitions and widths of these Te-derived peaks were
taken from Ref. 48. In order to obtain optimum
fits, the intensities of three 4f ' -multiplet lines had
to be slightly changed from the numbers used in
the TmSe fits (see Table I): Hs was decreased to
1.20, F2 was decreased to 0.50, and 'I6 was de-

creased to 1.00. The results of the least-squares
fits are again represented by the solid lines in Fig.
2 and summarized in Table III. From the surface
core-level shifts listed in column 2 of Table III a
mean value of 5, =0.41+0.05 eV is obtained for
TmTe(100). The binding energy of the bulk 4f '

multiplet line with lowest binding energy is found
to be Ez ——0.65 eV relative to E~, which clearly
shows that TmTe cannot be a homogeneous
mixed-valent material. The position of the 4f'
multiplet is in agreement with the results of Ref.
48 and supports the concept of TmTe being a di-

valent semiconductor. The binding energy of the
uppermost 4f "-multiplet line of the spectrum of
Fig. 1(c) is found to be 7.2 eV, which is very close
to the equivalent binding energy in the spectrum of
the oxygen-exposed TmSe(100) surface. This indi-

cates the similar character of the 02-induced sur-
face compounds in these two cases. In agreement
with the TmSe results, the ratio R i of intensities
of the 4f' surface emission and the 4f' bulk
emission, which is tabulated in column 4 of Table
III, increases with decreasing photon energy from
110 to 50 eV. This shows a decrease in the elec-
tron mean free path, when changing the photon en-

ergy from 110 to 50 eV.
The inset in Fig. 2 shows the Te4d spectrum

from a freshly cleaved TmTe(100) surface. In con-

trast to the Se 3d spectrum of TmSe(100), it is well

described by a single spin-orbit-split doublet with
no indication of a surface core-level shift. The fit
with two Doniach-Sunjic-shaped lines results in a
spin-orbit splitting of 1.47+0.02 eV, which agrees
rather well with a previous XPS measurement on
crystalline Te.

C. Tms (100)

We have also studied surface effects on uv-

photoemission spectra of a TmS(100) surface in the
photon-energy range 30 (h v & 90 eV. Some
representative spectra obtained from the valence-
band region are displayed in Figs. 3(a)—3(d). Bulk
TmS is trivalent and metallic; accordingly the
spectrum recorded at hv=30 eV [Fig. 3(a)] reveals
a high density of states of d-like conduction elec-
trons at the Fermi level. Owing to the relatively
small 4f-photoemission cross section at this pho-
ton energy the spectrum is dominated by emission
from the conduction band and the sulfur-derived
valence band centered at 5.5 eV below Ez. At
by=50 eV and higher, emission from Tm4f states
is dominating the spectra [Figs. 3(b) —3(d)], which
clearly show multiplet structures from both 4f"
(Tm +) and 4f ' (Tm +) final states.

The emission from 4f ' final states originates
from Tm atoms in the topmost surface layer of
TmS(100), which is interpreted as due to a surface
valence transition in the initial state of the Tm
ions. The divalent Tm ions in the 4f ' (5d6s) ini-

tial state must be limited to the topmost surface
layer of TmS(100), since a single 4f ' multiplet lo-
cated at the Fermi level is sufficient to describe the
experimental 4f' spectral features [see Fig. 3(b)].
If TmS would be mixed valent in the bulk, or if
the divalent Tm ions would extend over more than
just the topmost surface layer, a superposition of
two 4f ' final-state multiplets shifted by a surface
core-level shift of similar magnitude as observed

TABLE III. Summary of results from the analysis of the TmTe spectra taken at four dif-

ferent photon energies: b„ is the surface core-level shift of the 4f" multiplet, E~ is the

binding energy of the bulk-multiplet component closest to EF, 8 &
is the ratio of integrated

4f '2 surface to 4f '~ bulk-multiplet intensities, I is the derived value for the mean free path.
The error bars are given in parentheses in units of the last digits.

hv
(eV)

110
90
70
50

(eV)

0.42 (6)
0.43 (7)
0.40 (6)
0.38 (6)

F12

{eV)

0.64 (5)
0.63 (5)
0.66 {5)
0.66 (5)

0.40 (6)
0.45 (6)
0.62 {8)
0.73 (10)

l
(A)

9.4 (12)
8.5 (11)
6.6 (8)
5.8 (8)
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FIG. 3. Photoemission spectra of a freshly cleaved (IIOO) surface of TmS excited with various photon energies. In
the 30-eV spectrum the 4f features are very weak and emission from the d li -kceonduction band and the sulfur valence

band is dominant. The soM lines in (b) —(d) represent the results of least-squares fits. The dashed lines represent the
sum of the integral background and emission from the sulfur valence band and the conduction band. The bar diagrams

represent the final-state 4f multiplets from the bulk (solid bars) and a surface layer (dotted bars).

for TISe and TITe would be expected. A further
proof that the divalent Tm ions are limited to the
topmost lager is 01vcn bp the p4otoI1-energy depen-
dence of the ratio Rz of intensities of the 4f' and

4f spectral features (to be discussed below), and11

from the spectrum taken from a TmS(100) surface
after exposure to O.S L of oxygen [Fig. 3(e)]. In
the latter case, emission from 4f ' final states is
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almost completely quenched, while —in addition to
the 4f" multiplet from bulk TmS—a further 4f"
multiplet shifted by 1.3 eV to higher binding ener-

gy is observed. As discussed in the TmSe and
TmTe cases, this shifted multiplet originates from
an insulating surface layer of trivalent Tm202S
produced by exposure to oxygen. The three most
intense spectral features of each 4f" final-state
multiplet are indicated in Fig. 3(e) by solid (bulk
TmS) and dotted (surface Tmq02S) bar diagrams.
The chemical shift between the two, which may be
due to a reduced final-state screening in the insu-

lating oxide surface layer, is very close to the one
observed in the TmSe case.

This surface valence transition on TmS(100) is
also observed via the Tm 5p photoemission spec-
trum shown in the inset of Fig. 3. Both the 5p &/2

and 5p3/2 final-state levels are split into two peaks,
originating from trivalent bulk TmS and divalent
surface TmS, respectively. The observed splitting
is 2.6+0.2 eV for the 5p3/2 line and 3.1+0.4 eV
for the Spt/2 line. The difference may be due to
an unresolved multiplet structure falsifying the
true shifts. Both shifts are smaller than the one
for adsorbate-covered TmTe, where a binding-

energy difference of 3.5 eV was determined by
XPS measurements on the 5p3/p levels of Tm +

and Tm +.
The valence-band spectra of TmS(100) recorded

at hv=50, 70, and 90 eV were least-squares 6tted
with the same procedure described above for TmSe
and TmTe. In this case, a triangular-shaped con-
duction band extending 2.5 eV below EI;, and a
Gaussian of fixed width (1.60 eV FWHM) and
fixed position (5.5 eV below E~), describing emis-
sion from the sulfur-derived valence band, were ad-
ded to the extrinsic background. The results of the
fits are represented by the solid lines in Figs.
3(b)—3(d). As expected from the h v dependences
of partial cross sections, the emission from the
sulfur valence band and the conduction band
strongly decreases from hv=50 eV to &v=90 eV.

In order to obtain optimum fits the intensities of
two 4f ' -multiplet lines had to be slightly changed
from the values used for the TmSe fits (Table I):
F4 was decreased to 1.77 and I'2 was decreased to

0.78. The same was true for three 4f "-multiplet
lines: I&z/2 was decreased to 2.3, I»/2 was de-
creased to 0 50 and I9/2 was increased to 0.70.

The fit results for three different photon energies
are summarized in Table IV. Again a slightly re-
duced singularity index was obtained for the 4f '

surface lines, as compared to the 4f" bulk multi-

plet. From the binding energies of the uppermost
hnes of the two multiplets listed in columns 2 and
3 of Table IV a mean value of 5.74 eV is obtained
for the binding-energy difference. This is the
smallest value in the series of the three compounds
studied in this work. It is caused by the strong
metallic screening of a bulk 4f" hole in trivalent
TmS, while the 4f ' hole is much less screened in
the divalent surface layer. In column 4 of Table
IV the ratio R2 of the integrated intensity of the
4f ' surface multiplet to that of the 4f" bulk
multiplet is listed for the three photon energies.
Owing to a decrease in the mean free path, R2 in-
creases from hv=90 eV to hv=50 eV.

IV. DISCUSSION

A. Bulk mean valence, surface-induced
core-level shifts, and valence transition

in TmSe

Stoichiometric TmSe is a well-known mixed-
valent material which orders antiferromagnetically
at T~ ——3.46 K. As is known from systematic
studies of lattice constants, ' ' ' of magnetic prop-
erties, and of XPS spectra, ' the mean valence U

of Tm„Se depends strongly on stoichiometry. For
a stoichiometric sample with a lattice constant

0

ao ——5.71 A, as studied here, values of U in the
range from 2.77 to 2.55 have been obtained with

E"B
(eV)

hv
(eV)

90
70
50

5.83 (4)
5.86 (4)
5.85 {4)

7.1 (10)
6.0 (8)
5.7 {8)

0.50 (7)
0.62 (9)
0.66 (10)

0.11 (3)
0.11 (3)
O.09 (3)

TABLE IV. Summary of results from the analysis of the TmS spectra at three photon
energies: E~ is the binding energy of the muliiplet component closest to EF for the respec-
tive multiplet, R2 is the ratio of integrated intensity of the 4f ' suH'ace multiplet to that of
the 4f" bulk multiplet, I is the derived value for mean free path. Estimated error bars in

units of the last digit are given in parentheses.

E11 l
(eV) R2 (A)
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different methods. While lattice constant measure-
ments give a mean valence near to 2.75, XPS (Ref.
31) and x-ray-absorption L-edge measurements
arrive at values between 2.55 and 2.6. There are
strong indications from magrietic and Moss-
bauer studies that TmSe is in a homogeneously
mixed-valent state, even though x-ray-absorption
and photoemission measurements cannot distin-
guish between homogeneously and inhomogeneous-

ly mixed-valent systems. The fact, however, that
the uppermost multiplet line of the 4f ' bulk mul-
tiplet is found very close to the Fermi level (see
Table II) is in favor of a homogeneously mixed-
valent state.

In the XPS work of Ref. 31, the possibility of a
surface valence transition in TmSe and its influ-
ence on the resulting value for u was discussed.
Such an effect could not be detected up to now in
XPS measurements of a mixed-valent material due
to limited resolution and reduced surface sensitivi-
ty. These factors should lead to a slightly smaller
value for U if not taken properly into account. '

In the present uv-photoemission studies of
TmSe, the surface sensitivity is strongly enhanced,
as compared to XPS measurements, due to much
smaller mean free paths l for the emitted pho-
toelectrons. The use of tunable synchrotron radia-
tion, in addition, allows a variation of l and there-
fore of the surface sensitivity. The increase in the
surface sensitivity due to a decrease in the electron
mean free path I, when changing the photon energy
from 100 to 45 eV, is clearly visible in the spectra
of Fig. 1, manifesting itself in an increase of the
relative intensity of the 4f ' surface multiplet
(represented by the dotted bar diagram).

A surface valence transition in a mixed-valent
material was recently characterized for the first
time on the surface of a single crystal of YbA12, '

and it was shown that the thickness of a divalent
surface layer extends over more than one atomic
layer in this case. It was argued that the large
magnitude of surface core-level shifts observed for
YbA12 (b,, i

——0.92 eV for the topmost and

5,2-=0.35 eV for an underlying surface layer) is
obviously sufficient to stabilize the divalent state
even in a "second" layer of this inixed-valent ma-
terial.

In the present case of TmSe(100), the photoemis-
sion spectra of Fig. 1 also show a dominant emis-
sion from 4f ' (Tm +) multiplets, an observation
that is only in accord with a mean bulk valence in
the range from 2.5 to 2.75 if the topmost surface
layer is in the divalent state. If no surface valence
transition were taken into account, a value of

U =2.36 would be obtained from the fractional in-
tensities I' =I& +Iq, and I", listed in Table II,
with the use of the relation

u =2+I "/(I"+12I' /l3) .

Here, the intensities were normalized to the same
number of 4f electrons in the initial state (12 and
13, respectively, for Tm3+ and Tm +). Quite
clearly, this value cannot be reconciled with the
values for u obtained by other measurements,
which means that also in TmSe a surface layer of
thickness As is in the divalent state.

To obtain an estimate for the thickness hs of the
divalent surface layer of TmSe we use the equation

Is/Ia Is /(I——a + 13I"/12)

=exp(M /l ) —1,
where equal photoemission cross sections were as-
sumed for surface and bulk Tm atoms, and the ob-
served intensities were again normalized to the
same number of 4f electrons in the initial state.
With the fractional intensities in Table II, we ar-
rive at b,s/l =0.41 and 0.45 for Ii v= 100 and 70
eV, respectively. With an estimate of l =6 A for
electrons of about 60-eV kinetic energy, ' the value
of lb /I =0.46 obtained from the 70-eV spectrum
results in &=2.76 A, which is very close to the
thickness of the topmost surface layer (ap/2
=2.855 A) of the (100) surface of TmSe. We thus
arrive at the conclusion that just one surface layer
of TmSe(100) is divalent. This finding is actually
plausible in view of the smallness of the surface
core-level shift, 6,=0.32+0.04 eV, observed for
the topmost surface layer. From the experimental
findings in YbA12 and from theoretical considera-
tions, the shift in binding energy of the second
surface layer is expected to be a factor of =3
smaller than the one for the topmost layer, which
would amount to only about 0.1 eV in the case of
TmSe(100). Such a small stabilization of the 4f
level in the second layer may not be sufficient to
cause a valence transition in the second surface
layer. We believe, however, that surface valence
transitions in at least one surface layer are always
present in mixed-valent materials. All mixed-
valent systems in addition to TmSe studied so far
in detail, namely YbA12, ' EuPd2Si2, ' and
Smi „Y„S,"exhibit such effects.

Since the present photoemission spectra —due to
the surface core-level shifts —allow a separation of
the emitted 4f '2 intensities from the topmost sur-
face layer (Is ) and the bulk (Iii from second and
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deeper layers), a determination of the mean bulk
valence u is, in principle, possible with the use of
the fractional intensities of Table II and the fol-

lowing equation:

U =2+I"/(I" +12' /13) . (2)

In this way we arrive at values for v of 2.56 (2.53)
from the intensities determined from the 100-eV
(70-eV) spectrum. We adopt a value of
v =2.55+0.05 for the mean bulk valence of TmSe.
This value is again smaller than the estimates from
the lattice constant of TmSe s'30 but fits rather
well in the range of values determined with other
methods (XPS, x-ray-absorption L-edge spectros-
copy, and magnetic measurements). It is interest-
ing to note that the XPS results of Ref. 31, un-

corrected for a divalent surface layer, did not result
in a smaller value for v than the present measure-
ments. Taking into account the strongly reduced
surface sensitivity of the XPS measurements (by
about a factor of 5 as compared to h v=70 eV) the
surface-uncorrected XPS results for v should be too
small by about 0.05. Even though this small
discrepancy cannot be clarified here, we would like
to mention several factors which may give errone-
ous values for u in a photoemission experiment: (i)
The surfaces of rare-earth materials are extremely
reactive to oxygen contamination, causing in most
mixed-valent materials the intensity of the trivalent
multiplets to increase with time. ' Such a sur-
face oxidation would result in v values too large
for a mixed-valent material. (ii) Even with ideally
clean surfaces, final-state effects, which have been
identified in deep-core-level spectra of rare
earths ' and which have not been ruled out for
4f spectra, ' may falsify the resulting u values.

The splitting of the Se 3d levels in TmSe(100)
into two doublets separated by 0.52+0.05 eV must
be interpreted as due to a surface effect on the
Se3d binding energy. It is not primarily related to
the mixed-valent character of TmSe, since an
identical splitting of the Se 3d levels has also been
observed in highly diluted Tmo o~ Yo 99Se, where
most of the Se atoms have Y neighbors. On the
basis of the photon-energy dependence of the inten-
sity ratio of the two doublets and the spectrum ob-
tained from a TmSe surface exposed to 1.5 L of
O2, the spin-orbit-split 3d doublet at lower binding
energy is interpreted as the surface doublet. Sur-
face core-level shifts of similar magnitude and sign
have recently also been observed for the anion core
levels of uranium chalcogenides.

B. Surface core-level shift in TmTe(10O)

TmTe is a divalent semiconductor with a lattice
constant of 6.43 A, which corresponds closely to
the pure divalent state. Even though early XPS
studies claimed that TmTe is a mixed-valent ma-
terial, later optical-absorption and uv-photo-
emission studies showed the absence of Tm + in
TmTe as well as a high sensitivity of the TmTe
surface to oxygen contamination. The present
spectra support the divalent state of Tm Te, since
the uppermost 4f ' -multiplet line is 0.65 eV below

Ez, which clearly shows that 4f ' and 4f ' (Sd 6s)'
are not degenerate in the initial state. The weak
intensity of the 4f" final-state multiplet, visible in
Fig. 2(a), which amounts to less than 5% of the
4f' intensity, must then be interpreted as either
due to oxygen contamination of the surface or due
to a two-hole final state (4f shake-up pro-
cws) 49, 54, 20

No surface-induced core-level shift could be
resolved for the 4d level of Te, in contrast to the
Se3d case in TmSe. This may partly be due to
smaller Te4d shifts as expected from the absence
of metallic screening in TmTe.

C. Surface valence transition in TmS

The lattice constant of trivalent metallic TmS
0

(ao ——5.42 A) fits well in the systematic variation
of lattice constants of other trivalent rare-earth sul-
fides. TmS orders antiferromagnetically at
Tz ——5.2 K, exhibiting an effective magnetic mo-
ment close to the Tm + value. A previous XPS
study of TmS confirmed its trivalent nature in the
bulk.

Valence changes at the surface of bulk trivalent
rare-earth solids had previously been observed for
Sm metal and for the intermetallic compound
YbAu2. The divalent 4f ' final-state multiplet in
the spectra of TmS, reported here, represent the
first observation of the valence change at the sur-
face of a Tm compound. Johansson has argued'
on the basis of thermochemical arguments that Tm
metal should not undergo a valence transition at
the surface, in agreement with experimental obser-
vation. ' As was argued above, the present re-
sults confirm the bulk trivalent nature of TmS,
since the divalent 4f ' final-state multiplet ob-
served is not split into two multiplets, i.e., it must
originate completely from Tm atoms in the top-
most surface layer of Tm.



G. KAINDjL et ai.

D. Electron mean free path I

The present results may be used to derive abso-
lute values for the electron mean free path I as a
function of photon energy, if we assume that the
thickness of the topmost surface layer is equal to
half the lattice constant in each case
(TmSe, Tm Te,TmS). This follows directly from the
NaC1 structure of the (100) surfaces studied, if the
effects of a possible surface relaxation are neglect-
ed. In addition, we have to assume that just the
topmost (100)-surface layers are involved in the ob-
served surface valence transitions (TmSe, TmS) or
surface-shifted 4f' multiplets (TmSe, TmTe). As
discussed above, this latter assumption is strongly
supported by the experimental observations in each
case.

In a continuum model, where we assume the in-

tensity of photoelectrons emitted normal to the
surface from a layer at distance x from the surface
to be proportional to exp( —x/I), we arrive at the
following expression for the mean free path I:

I =M/ln(1+8) . (3)

8 =Is /(Is +13I"/12) for TmSe,

R=R) ——Ig /Ig for TmTe, (4)

8 =1282/13=12I~ /13I&' for TmS .
The resulting values for the electron mean free

path l are plotted in Fig. 4 as a function of the ki-
netic energy of the photoelectrons above EF for the
three Tm compounds studied. The abscissa values
of Fig. 4 represent the average kinetic energy of
the photoelectrons employed in deriving a specific I
value. In all three cases I decreases with decreas-
ing klnctlc cncrgy cvcn below 50 cV. No
minimum in I is observed in the studied energy
range in contrast to the so-called "universal curve"

Here R represents the ratio of emitted 4f intensity
from the surface layer of thickness As to that emit-
ted from all deeper layers together, with the 4f in-

tensities being normalized to the same number of
4f electrons in the initial states (12 for Tm + and
13 for Tm +). To derive Eq. 3, we have assumed
equal photoemission cross sections for surface and
bulk layers, and we have neglected a small geome-
trical correction due to electron emission into a 35'
cone normal to the surface (cos8:—1) in the present
experimental arrangement.

For the three Tm-chalcogenide surfaces investi-

gated the ratios 8, are then given by the following
expressions of the fractional intensities listed in
Tables II, III, and IV:

~&( I I
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FIG. 4. Electron mean free path I as a function of
kinetic energy of the photoelectrons above E+ for TmS,
TmSe, and TmTe.

for the energy dependence of l. ' A quite simi-

lar behavior of I has recently also been observed
for several of the rare-earth metals, ' where in-

creasing surface sensitivity down to electron ener-

gies of 30 eV was found. Despite the large error
bars, the I values for the metals TmS and TmSe
seem to be systematically smaller than those for
the semiconductor TmTe. This could be due to
additional loss processes caused by interaction of
the photoelectrons with conduction electrons. For
a more quantitative discussion, data of higher ac-
curacy are needed.

E. Final-state multiplets and line shapes

In the least-squares-fit analysis of the final-state
Tm multiplets we have observed deviations of the
fitted intensities of some multiplet lines from the
calculated ones, even in those cases where the ori-
ginal LS-coupling calculations had been im-

proved by intermediate-coupling calculations.
Such deviations of the 4f "-line intensities have
also been observed in high-resolution XPS spectra
of Tm metal. ' Quite similar as in the present
measurements, the I9/z line had higher intensity,
while thc F9/2 H f f /2 D5/2 and D7/2 lines were
observed with smaller intensities than predicted
theoretically. The spectra of Tm metal presented
in Ref. 25 seem to indicate a photon-energy depen-
dence, while the present experiments reveal certain
solid-state effects on the intensities of some multi-

plet lines. As described above, slightly different
sets of intensities had to be used for the three
solids in order to obtain optimum least-squares
fits.

In contrast to the linc intensities we do not ob-
serve, within the present experimental accuracy,
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differences in the splittings of the 4f" and 4f '

multiplets for the three compounds studied. The
splitting of the 4f ' multiplet was taken directly
from the results of uv-absorption measurements of
Tm +, while the splitting of the 4f" multiplet had
to be assumed 11% larger than the one of Er + in
all three cases. This is somewhat at variance with
a statement made in Ref. 19 concerning the case of
Eu metal, where a scaling factor of 0.93 was used
for the splitting of the Eu +4f final-state multi-

plet as compared to the uv-photoabsorption results
for Eu +. These still open questions concerning
intensities and positions of individual multiplet
lines should be studied with high accuracy on
well-split final-state 4f multiplets such as, e.g. ,
those of Tm systems.

The Doniach-Sunjic line shapes" used in the
present least-squares-fit analysis are based on the
assumption of a structureless density of final states
above EF. It has been shown previously that in
cases of only moderatdy asymmetric lines the line
shapes obtained from specific final-state densities
deviate only slightly from Doniach-Sunjic profiles,
the main difference being in the convergence
behavior of the energy-loss tails. Therefore, in
view of the small asymmetry parameters a of the
present spectra the Doniach-Sunjic line-shape
analysis appears to be a reasonable approximation.

For all three compounds the least-squares fits re-

sulted in systematically smaller singularity indices
a for the surface multiplets (as -=0.10) as com-
pared to the bulk multiplets (a&-=0.17). This is in

agreement with the observation that the topmost
surface layers are divalent in all three compounds
studied, which reduces the probability for intrinsic
energy losses due to excitations of conduction elec-
trons. In addition, a smaller probability for
external losses was also observed for photoelectrons
from the topmost surface layer, expressing itself in
a smaller integral background as compared to the
one caused by photoelectrons from the bulk.

V. CONCLUSIONS

The unique series of rare-earth monochalco-
genides, divalent TmTe, trivalent TmS, and
mixed-valent TmSe were studied by high-resolution
photoemission spectroscopy in the photon-energy
range 30&hv& 110 eV.

On vacuum-cleaved (100) surfaces, a shift of the
Tm 4f levels of 0.32+0.04 eV (0.41+0.05) to
higher binding energy was observed for the top-

most surface layer of TmSe (TmTe). The topmost
surface layer of mixed-valent TmSe was found to
be in the divalent state. A surface-induced valence
transition to the divalent state was also observed
for the topmost surface layer of TmS(100). No
surface core-level shift of the 4f levels can there-
fore be determined for TmS, since the 4f ' spectral
feature originates completely from the surface,
while the 4f" intensity originates altogether from
the bulk. From an analysis of the fractional inten-
sities of the 4f final-state multiplets originating
from the topmost surface layer and the bulk, as
well as of the 4f" final-state multiplet from the
bulk, a value of v =2.55+0.05 could be derived for
the bulk mean valence of TmSe. In all three cases
the surface-induced divalent spectral features could
be removed from the spectra by exposing the sur-
faces to 0.5 to 1.5 L of oxygen. This resulted in a
trivalent surface layer in all three cases, probably a
Tmq02X compound (with X=S,Se,Te), manifesting
itself in an intense 4f" multiplet at higher binding
energy than those originating from bulk TmSe and
TmS, respectively. A surface core-level shift of
0.52+0.05 to lower binding energy was also ob-
served for the 3d levels of Se atoms located in the
topmost surface layer of TmSe(100). No shift of
the Te4d levels, however, could be resolved for
TmTe. Reduced intrinsic and extrinsic losses were
found for the topmost, divalent surface layers,
manifesting themselves in reduced singularity in-
dices e and reduced integral backgrounds as com-
pared to the bulk. Absolute values for the electron
mean free path / were derived from the data,
which decrease with decreasing kinetic energy of
the photoelectrons down to =44 eV.
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