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Photoemission experiments on YbInCu4: Surface effects and temperature dependence
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We present temperature-dependent photoemission~PES! measurements on single-crystalline YbInCu4 , a
stoichiometric material that shows an isostructural first-order valence transition atTa'60 K. The results of
the analysis of the PES data show peculiar differences to other, bulk-sensitive measurements:~a! a lack of the
sharp first-order valence transition and~b! the Yb valence — determined directly from the 4f intensity ratio —
lies substantially below x-ray absorption~XAS! results over the whole investigated temperature range. We
discuss these discrepancies with particular attention to surface effects and conclude that the PES results are due
to a distorted near-surface region which differs in its physical properties significantly from the volume mate-
rial. @S0163-1829~98!08843-2#
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I. INTRODUCTION

The valence-fluctuating compound YbInCu4 shows a pe-
culiar iso-structural first-order phase transition at ambi
pressure with an abrupt increase in the lattice constan
about 0.13%,1,2 reminiscent of thea→g phase transition in
metallic Ce. Depending on the exact stoichiometry of
sample the transition temperatureTa varies from approxi-
mately 40 K to 70 K.1–4 Going below the transition tempera
ture the electrical resistivity drops by one order of mag
tude, while the magnetic susceptibility changes from a st
Curie-Weiss behavior (meff54.64 mB) to an essentially
temperature-independent Pauli-paramagnetism. In addi
the elastic constants show a steplike anomaly at the trans
temperature. The experimental width of the transition l
typically below 10 K. By a variety of techniques1–3 it has
been established that in going below the transition temp
ture the valencev of the Yb ions decreases from a valu
close to Yb31 to a more mixed-valent state by about 0.1.

First photoemission spectroscopy~PES! measurements a
10, 80, and 293 K on polycrystalline samples showed a t
perature variation in the intensity ratio of the Yb 4f 13 ~diva-
lent! to Yb 4f 12 ~trivalent! final-states.5 This ratio can be
used to determine the Yb valence from the PES Yb 4f spec-
tra, yielding a valence change fromv52.63 at 293 K tov
52.38 at both 10 and 80 K. A more recent study of t
temperature dependence of the Yb 4f 13 states by high-
resolution PES~Ref. 6! confirmed a temperature dependen
of the 4f 13 intensity and associated it with the ‘‘Kondo sc
nario’’ of the single impurity Anderson model~SIAM!,
which relates the valence change to a thermal excitation
magnetic triplet states from a singlet ground state. This c
cept describes successfully the thermal properties of var
PRB 580163-1829/98/58~19!/12808~9!/$15.00
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rare-earth systems7 and was previously applied to the anal
sis of photoemission data of other Yb compounds l
YbAl3 ~Ref. 8! or YbAgCu4 .9,10

However, the applicability of the SIAM to the analysis o
photoemission data of mixed valent rare-earth compou
~especially Ce and Yb systems! has recently been the subje
of a controversy, in particular with respect to PES results
YbAl3 .8,11–13 It has been discussed whether the appar
temperature dependence of the divalent spectral weigh
due to the temperature dependence of the Yb valence,
scribed by the SIAM, or whether it can be explained entire
by conventional effects, like surface and phonon contrib
tions, which are known from core-level spectra of simp
metals.14,15

The most common spectroscopic methods to determ
the Yb valence of an intermediate valent system are x-
absorption~XAS! at theL III edge and PES on the 4f states.
With photon energies near 9 keV XAS probes the bulk of
sample whereas the mean free path length of the photoe
trons makes the PES an extremely surface sensitive t
nique, in which the sampling depth is confined~dependent
on the kinetic energy of the photoelectrons! to the first few
atomic layers. It was already noted that for a variety
intermediate-valent Yb compounds the Yb valence deriv
from the 4f PES remains significantly below that obtaine
from theL III XAS edges, which led to the speculation16 that
in these materials the surface region probed by PES coul
different from the volume.

In YbInCu4 the first-order valence transition atTa , being
well studied by volume-sensitive methods, provides an ad
tional chance to test the extent to which surface-sensi
PES measurements are in accordance with the propertie
the bulk material.
12 808 ©1998 The American Physical Society
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PRB 58 12 809PHOTOEMISSION EXPERIMENTS ON YbInCu4: . . .
Here we present temperature-dependent PES mea
ments on single-crystalline YbInCu4 samples. The analysi
of the data shows that the PES results are indeed sub
tially influenced by surface effects. The intrinsic temperat
dependence of the Yb 4f spectral weight shows a significan
variation of the Yb valence over the investigated tempera
range from 20 to 200 K, but it is gradual and shows
indication of the sharp transition atTa'60 K. In addition,
the PES valences of the sampled Yb ions are over the w
temperature range found to remain consistently below
obtained by XAS and other bulk sensitive methods.1,17 These
discrepancies point towards the existence of a subsur
zone, different from the bulk.

II. SAMPLES AND INSTRUMENTATION

The single crystals~C15b-type Laves-phase structur!
were prepared from purified metallic Yb, In, and Cu usi
the Bridgman method. Stoichiometric amounts of the th
ingredients were placed in an evacuated tantalum tube.
to the high vapor pressure of Yb metal at the melting te
perature of about 1000 °C, both ends of the tube were se
by arc welding under Ar atmosphere. The mixture in t
crucible was homogenized by heating to 1100 °C for ab
half an hour. In the Bridgman procedure, the growth of
crystal is controlled by moving the crucible slowly~with a
velocity of 2 mm/h! along a temperature gradient to low
temperatures. The duration of the process amounted to
35 h.

The crystals were characterized by Laue diffraction a
energy dispersive x-ray~EDX! analysis. No bulk impurities
could be detected. Depending on exact stoichiometry
slight disorder the transition temperatureTa can vary from
about 40 to 70 K, nonetheless maintaining the first-or
character of the transition.1,4,18–20For the samples presente
hereTa is approximately 65 K. The width of the transition
smaller than 10 K, as determined from, e.g., the magn
susceptibility and the elastic constants. A detailed desc
tion of the crystal growth and characterization can be fou
in Refs. 2 and 21.

For the PES measurements the original crystals have b
cut to smaller pieces ('33232 mm3). These crystals
were attached to an aluminum sample holder, oriented
Laue diffraction, electrically contacted, and finally equipp
with a cleavage post. Though thein situ cleavage of the
crystals did not expose well-defined crystal planes but ra
fractured surfaces, their PES spectra were found to reflec
electronically homogeneous and atomically clean surface
an alternative method of surface preparation the sam
could be scrapedin situ by a diamond file.

The PES data were obtained at the undulator beam l
U2-FSGM at the BESSY storage ring in Berlin and 5-3 at
Stanford Synchrotron Radiation Laboratory~SSRL!. The
photoemission spectrometers were a VG-ESCALAB inst
ment and a VSW angular-resolved photoelectron spectr
eter, respectively. The overall energy resolutions were
meV at a photon-energy ofhn522.4 eV and 80 meV at 43
eV. By use of a He cryostat the sample temperature could
varied from below 20 K up to room temperature~RT!. The
base pressure was better than 5310211 mbar in both setups

All spectra were normalized to the intensityabove the
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Fermi energy, which results from second-order light exci
tion and can be used as a measure of the incident ph
flux. Application of this normalization procedure results
an excellent match of the In 4d, Cu 3d, and conduction-
band intensities of spectra that were measured at diffe
times after storage ring injection at the same photon ene
It was also tried to measure the angular dispersion in sev
directions perpendicular to the surface normal@~100! and
~110!#, but neither energy dispersion~within an experimental
uncertainty of 5 meV! nor pronounced intensity variation o
the Yb 4f 7/2

13 peak could be detected. It remains undecid
whether this reflects a high degree of 4f localization or
whether a possible small 4f dispersion is obscured by impe
fections of the cleaved surface.

III. EXPERIMENTAL RESULTS

A. Valence-band spectra

Figure 1 shows a wide valence-band scan of a fres
cleaved YbInCu4 single-crystal surface, measured atT
520 K with a photon energyhn543 eV. The most promi-
nent structures are the In 4d spin-orbit doublet at'17 eV
and the Cu 3d band ranging from 5 to 2.5 eV. Due to th
strong on-site correlation of the Yb 4f electrons the corre-
sponding photoemission final states appear in two cle
separated energy ranges: a widely spread multiplet betw
binding energiesEB55 and 15 eV, and a narrow double
near the Fermi energy (EB50) with a spin-orbit splitting of
1.3 eV.22 These two Yb 4f features originate from the 4f 12

~trivalent! and 4f 13 ~divalent! PE final states, respectively
Their intensity ratio is determined by the number of 4f elec-
trons in the initial ground state, and is therefore related to
4 f hole occupancynh and to the Yb valencev521nh . In
addition to the Yb 4f 13 bulk states there exists a broad
surface contribution, which originates from a valence chan
of the outermost atoms to divalent Yb21, accompanied by a
surface core-level shift~SCLS! of the 4f 7/2

13 component of
'1.1 eV to higher binding energies23,24~see inset of Fig. 1!.
Its 5/2 spin-orbit partner at'2.1 eV is obscured by the tai

FIG. 1. Valence-band~VB! spectra of a freshly cleaved
YbInCu4 surface, taken athn543 eV andT520 K. The inset
shows in more detail the range of the Yb 4f 13 ‘‘bulk’’ and surface
final-state structures.
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12 810 PRB 58F. REINERTet al.
of the intense Cu 3d band. The Yb 4f 13 peaks sit on-top of
a wide In 5sp/Yb 5d-hybridized conduction band,25 whose
intensity can be assumed to be approximately constant u
the onset of the Cu 3d band.

The 4f 13 spectra of some scraped surfaces show an a
tional feature atEB'250 meV with a width below 300 meV
~not shown here!, which was already reported in Ref. 6. Th
lack of a spin-orbit partner typical for the Yb 4f 13 states and
the sensitivity to surface contaminations seem to indic
that this peak could be of similar nature as thed-like surface
state found for Yb metal~111!.26 This feature will not be
discussed here further because its appearance does not
the time or temperature dependence of the Yb 4f intensities.

B. Intensity of the Yb 4f 7/2
13 peak

First, we focus on the feature nearest to the Fermi ene
namely, the~‘‘bulk’’ ! Yb 4f 7/2

13 peak, whose intensity is
strongly temperature dependent. As a demonstration Fi
shows two normalized spectra of the Yb 4f 7/2

13 peak at 20 K
~open circles! and 135 K~solid line!, respectively. The peak
in the 20-K spectrum is approximately twice as intense a
the 135-K spectrum. The inset of Fig. 2 shows hig

FIG. 2. Comparison of three Yb 4f 13 spectra athn543 eV,
taken at 20 K~1!, 135 K ~2!, and again 20 K~3!. The numbers are
identical to the points1, 2, and3 in the graph of Fig. 3. The inse
shows high-resolution (DE539 meV) spectra taken withhn
522.4 eV. The dashed line represents the assumed conduc
band background atT520 K and is modeled by the convolution o
a Fermi distribution at respective temperature and a Gaussian w
FWHM of the experimental broadeningDE539 meV.
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resolution data measured at 20 and 150 K withhn
522.4 eV. The intrinsic Yb 4f 7/2

13 linewidth @full width at
half maximum~FWHM!# at 20 K amounts to'50 meV, the
position of the maximum is'44 meV at an experimenta
resolution ofDERES539 meV. While raising the tempera
ture to 150 K the photoemission spectra show no indicat
of an increasing linewidth. The peak maximum shifts sligh
(,10 meV) away from the Fermi energy, a shift that is
the order of magnitude expected from the thermal broad
ing of the Fermi edge at 150 K.

For the determination of the spectral weight of the Y
4 f 7/2

13 line we use a constant non-4f ‘‘conduction-band’’
background, which is cut off by an experimentally broaden
Fermi distribution ~cf. inset of Fig. 2!. Since the spectra
show no intensity variation in the ‘‘valley’’ atEB'0.4 eV
whereas the intensity of the 4f peaks changes substanti
the contribution from a high-energy tail of the Yb 4f 7/2

13 peak
must be negligible. Therefore the constant non-4f back-
ground is normalized to the spectral intensity atEB
50.4 eV. After subtracting this normalized background t
4 f spectral weight was determined by direct integration o
the Yb 4f 7/2

13 peak. We note that the background here is
upper limit for the true non-4f spectrum and can thus lead
a possible underestimation of the divalent 4f weight and
hence to anoverestimation of the Yb valence. However, a
will be discussed further below, the use of any other realis
background would not affect the conclusions of the follo
ing analysis and would even enhance the observed disc
ancies between the PES and bulk valences.

Figure 3 displays in detail the variation of th
background-corrected integrated Yb 4f 7/2

13 intensities: The
point labeled1 was obtained at 20 K measured immediate
after crystal cleavage at the same temperature. In a
warming-up sequence~triangles pointing to higherT! up to
'140 K ~ending in point2! the relative Yb 4f 7/2

13 intensity
decreases continuously to'50% of its original value. Cool-
ing down again to 20 K~triangles pointing to lowerT, end-
ing in point 3! increases the spectral weight again, but t
low-temperature intensity is approximately 20% below t
initial value of point1. The Yb 4f 13 spectra of Fig. 2 corre-
spond to point1, 2, and3 of Fig. 3. Although the Yb 4f 5/2
line at 1.6 eV overlaps the surface core-level states, Fig
shows also that its intensity behaves analogously to the
4 f 7/2

13 spectral weight. A more detailed analysis of the Y
4 f 5/2

13 intensity after subtraction of a linear background sho
that the intensity ratio between the~bulk! 4 f spin-orbit part-
ners is independent on the temperature and time~see below!
and amounts to 1.460.1, near the statistical ratio of 4/
~8:6!. The apparent change of the Yb 4f surface contribution
in Fig. 2 will be discussed later.

In a further warming-up sequence up to 150 K~point 4 in
Fig. 3! and 220 K~point 5! the 4f intensity drops down to
even 25% of its original value at 20 K. Recooling to 20
~point 7! the Yb 4f 13 spectral weight clearly increases aga
but lies now even further below that of the freshly cleav
surface~1!.

From a number of analogous measurements on diffe
samples and under varied conditions it is concluded that
hysteretic loss of 4f weight is strongly dependent on th
duration of the measurement and the maximum tempera
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PRB 58 12 811PHOTOEMISSION EXPERIMENTS ON YbInCu4: . . .
reached in the heating-cooling cycle. Measurements of
Yb 4f 7/2

13 intensities over an extended period of time at fix
temperature confirm that the rate of the intensity loss
creases with the temperature; at 300 K the Ybf 7/2

13 weight
decreases to about 50% within a few hours, whereas at 2
the intensity reduction is less than 5% over the same per
From these observations we conclude that the Yb 4f 13 inten-
sity is determined by an intrinsic temperature depende
superimposed by an extrinsic decay with time, which itsel
temperature dependent and gives rise to the observed hy
esis.

C. Phenomenological model for the extrinsic intensity loss

In the following we try to describe the time and tempe
ture dependence of theextrinsicnonsurface Yb 4f 7/2

13 weight
loss in a simple phenomenological model. For this purp
we distinguish between two Yb species, one~A! being re-
sponsible for the entire initial Yb 4f spectrum and therefor

FIG. 3. Yb 4f 7/2
13 intensity vs temperature. The intensity is d

termined from the integrated Yb 4f 7/2
13 spectral weight after back

ground subtraction and normalizing to the second-order inten
above the Fermi energy~see inset!. Point1 refers to a measuremen
at t50.5 h after the cleavage,2 is the end point of a warming-up
sequence at 135 K (t54 h). Point3 is the end point of a follow-
ing cooling sequence (t55.5 h). The further labeled points ar
measured att59 h ~4!, 10 h ~5!, 10.5 h ~6!, and 11 h~7!. The
triangles points in the direction of the individual temperature
quence; the error bar gives the systematic error of the determ
intensity and temperature.
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also for the nonsurface 4f 7/2
13 intensity at the Fermi level, and

another~relaxed! one (B), which contributes, in first order
negligibly to the Yb 4f 13 intensity. The latter assumption i
justified if the valence of speciesB is close to 31. The out-
ermost divalent Yb ions~speciesC!, responsible for the sur
face features in the Yb 4f 13 spectra, have no contribution t
the nonsurface Yb 4f 7/2

13 intensity nearEF and will be ne-
glected in the following.

In this ansatz the Yb 4f 13 weight is caused completely b
speciesA, and the intensity of the Yb 4f 7/2

13 peak is thus
proportional to its amountNA . At constant temperatureT the
reduction2dNA of atoms of typeA ~transforming into type
B! during a perioddt is assumed to be proportional to the
total numberNA(t). Therefore, the intensityI 13 of the non-
surface Yb 4f 13 signal decreases during the time intervalDt
by a factor exp@2a(T)Dt#. A conceivable way to account fo
the temperature dependence is by a thermally activated
cess of anArrheniustype. With an activation energyEa and
the reciprocal time factorb the decay constant can be e
pressed bya(T)5b exp(2Ea /kBT). From a linear least-
squares fit to the intensity change with time at fixed tempe
turesT one obtains parameters which can be used to cor
for the extrinsic time dependence of the intensities in
heating-cooling cycles. For different samples the result
parameterb ranges typically from 0.531023 min21 to 3
31023 min21, the activation energyEa amounts to a few
meV ('1 –5 meV). This is a surprisingly low activatio
energy, much smaller than typically encountered in diffus
or adsorption processes. We will return to this point in S
IV. If we take the sample history into account, i.e., how lo
(Dt i) the surface stayed at certain temperaturesTi , the
Arrhenius ansatz now allows one to correct the intensity v
ues of sequentially recorded data for the extrinsic ‘‘agin
effect.

As an example we have applied this procedure to the
data of Fig. 4~a!, which show the integrated Yb 4f 7/2

13 inten-
sities of a sample that was exposed to several thermal cy
and different surface preparations. Here the spectra h
been measured with a photon energy ofhn522.4 eV with
slightly reduced 4f cross sections compared to th
conduction-band states~see inset of Fig. 2! Fig. 4~b! shows
the data after correction with the model above. The result
curve represents the initial Yb 4f 7/2

13 intensities corresponding
to a freshly cleaved sample, consisting completely of
aforementioned Yb species typeA. The fact that all data,
which belong to the same surface preparation method bu
quite different stages in the heating-cooling cycles, fall on
a single curve confirms the plausibility of our model on
empirical level. It is also evident that the ‘‘intrinsic’’ Yb
4 f 7/2

13 weight of the scraped surface lies consistently bel
that of the cleaved one.

D. Yb valence and its temperature dependence

The Yb 4f spectral weight distribution can be used
determine the valencev or the 4f hole-occupation numbe
nh5v22, of the Yb ions directly from the PES data. Takin
the ratio I 13/I 12 of the integrated 4f 13 and 4f 12 intensities
yields for the hole-occupation numbernh51/(1
1 13

14 I 13/I 12). Figure 5 displays the valence variation th
obtained for scraped~open symbols! and cleaved~filled sym-

ty
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FIG. 4. Integrated Yb 4f 7/2
13 intensities vs tem-

perature,~a! raw data, and~b! corrected for the
extrinsic intensity loss with time~see text for de-
tails!. The filled squares (j) refer to a freshly
cleaved sample, the open squares (h) to a
scraped sample surface. The parameters of
correction for both samples areEa51.7 meV
and b57.431024 min21, determined from the
cleaved single-crystalline surface.
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bols! single-crystalline samples in the temperature range b
tween 20 and 260 K taking the extrinsic aging effects in
account. The maximum error in the spectral weight integr
tion resulting from uncertainties in the background subtra
tion amounts toDnh5Dv50.05. Most data points were
taken within a short time interval after surface preparatio
and are thus only marginally affected by the extrinsic effec
Only for a few data points, particularly after exposure t
higher temperatures, was it necessary to correct for the ag
using the model above.

FIG. 5. Yb 4f hole occupationnh and Yb valencev vs tempera-
ture. The filled and the open symbols represent thenh(T) values
resulting from our PES measurements on several freshly cleav
and scraped single crystals~SC!, respectively; the dashed lines are
only a guide for the eye. The crosses represent the results of X
measurement of Ref. 1. Thermodynamic measurements~indicated
by shaded bars! yield a valence of 3.01 above, and 2.91 below the
transition temperature.
e-
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First we want to concentrate on the results for the clea
crystals, which exhibit a continuous change fromv52.56 at
20 K to v52.83 at 230 K. There is no indication of a su
den valence transition, as it was observed, e.g., in the x
absorption spectra at theL III edge presented in Ref. 1. In tha
experiment the valence change was confined to a nar
temperature range of only 10 K aroundTa'63 K, with the
valence changing from 2.79 to 2.88~crosses in Fig. 5!, which
is slightly below the values estimated from susceptibility a
lattice constant measurements~indicated by shaded bars i
Fig. 5!. In contrast, the valence change extracted from
PES data extends over a broad temperature range of m
than 60 K, with the hole-occupation numbernh(T) always
remaining significantly below the results of the bul
sensitive experiments, a result that is also found for ot
intermediate valent Yb compounds.16 The different behavior
of scraped and cleaved surfaces seen if Figs. 4 and
discussed in the next section.

IV. DISCUSSION

The experimental results raise two questions:~a! What
mechanism leads to the extrinsic time-dependent reduc
of the Yb 4f 13 final-state intensities? and~b! why does the
initial photoemission valence deviate from other, bulk sen
tive measurements, both in the number and itsT depen-
dence? Given the characteristically small photoemiss
sampling depth of several atomic layers it seems obviou
attribute these discrepancies to surface-related effects. Th
fore we shall discuss surface quality and preparation in m
detail.

First we focus on the effect of the surface preparat
method on the PES data. Cleavage of single crystals
turned out to be the most reliable technique, in the sense
it leads to reproducible and high Yb 4f 13 intensities. In Ref.
13 it has been shown that there are significant differen
between the Yb 4f spectra of polycrystalline and single
crystalline material. A ‘‘polycrystalline’’ surface can be pro
duced byin situ scraping of a single crystal with a diamon
or ceramic file. We found indeed that scraped surfaces ne
produce the same initially high 4f 13 intensity that was ob-
tained from a cleaved YbInCu4 crystal, even though the ap
plication of the file seemed to result in coarse-grained~i.e.,

ed
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PRB 58 12 813PHOTOEMISSION EXPERIMENTS ON YbInCu4: . . .
consistent of a relatively small number of randomly orie
tated crystal faces! surfaces. The divalent 4f weight is typi-
cally 20% lower than on freshly cleaved single-crystal s
faces. Interestingly, therelative temperature variation of the
Yb 4f 13 intensity remains unchanged: between 20 and 15
the Yb 4f 13 lines of cleaved and scraped single crystals lo
approximately half of their spectral weight@cf. Fig. 4~b!#.
The analysis of theI 13/I 12 intensity ratio from spectra o
several freshlyin situ scraped surfaces~open symbols in Fig.
5! leads to the surprising result that in the entire investiga
temperature range the valence is slightlyhigher ~i.e., closer
to the bulk! than the values obtained from single crysta
although it still remains below that obtained by XAS.

With respect to the observed time dependence of the s
tra we note that the surfaces of rare-earth compounds
known to be extremely sensitive to oxidation and that c
tamination by the residual gas in the UHV degrades the
faces rapidly with time. XPS core-level and valence-ba
measurements on the YbInCu4 single crystals performed in
our home laboratory27 show that the surfaces indeed oxidi
with time, leading to a change of the formal valence towa
31, i.e., a loss of Yb 4f 13 intensity. On the other hand, in th
highly surface-sensitive PES experiments athn543 eV we
found no indication for the presence of oxygen states in
VB region~O 2s, O 2p) before the extrinsic decay of the Y
4 f 13 weight was already noticeably advanced. Figure
shows a spectrum of a freshly cleaved sample in compar
to spectra taken of two different samples more than 2
after the surface preparation, which show pronounced ox
tion effects in the 4f 12 range. As the 4f 12 part of the spec-
trum is most susceptible to oxygen contamination we h
used it as a probe for surface quality. We have conside
only those spectra as representative of a clean sampl
which the 4f 12 spectrum is clearly distinguishable from
smooth background and shows the sharp 4f 12 multiplet
structure expected from atomic theory22 ~see inset of Fig. 6!.
Under the good vacuum conditions during our experime
the surface remained oxygen-free~in the sense mentione
above! for at least 12 h after preparation, with only spec
from clean samples entering the analysis. Therefore we
led to conclude that the observedinitial decay of the 4f 13

intensity is not caused by mere surface contamination
must be related to a different process.

Before proceeding with the behavior of the nonsurface
4 f 13 intensity we note that also the 4f contribution caused by
the divalent surface atoms exhibits noticeable changes
time and temperature. This can be seen, e.g., in the spec
Fig. 2 where the surface contributions atEB'1.1 eV shifts
to lower binding energies between 20 K~spectrum labeled
by 1! and 135 K~2!. Recooling to 20 K~3! demonstrates
that the shift is irreversible. Detailed PES studies of the p
Yb ~111! metal surface have shown that the broad Yb 4f 13

surface spectrum is actually a superposition of several pe
each of which corresponds to a different coordination of
Yb ion and thus displays its own specific surface core-le
shift.23 We attribute the shift to lower binding energies o
served in the data to a rearrangement of the topmost Yb i
which seek to increase their local coordination. Due to
increase of the atomic mobility the process becomes
hanced as the temperature is raised, accelerating the ch
of the surface-related 4f photoemission weight distribution
-
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However, we wish to point out that the irreversible change
the surface spectra isnot directly correlated with the behav
ior of the Yb 4f 7/2

13 peak near the Fermi energy, as can
inferred, e.g., from the comparison of spectra~1! and ~3! in
Fig. 2.

Returning to the extrinsic time-dependent decay of the
4 f 13 bulk peak, a first hint to its microscopic origin is po
sibly contained in our Arrhenius model analysis. As d
cussed above, the application of the model yields a cha
teristic energyEa of only several meV, which in view of the
empirical success of the approach seems to rule out diffu
or chemical reaction processes as origin for the spec
changes. Those cases involve activation energies of orde
0.1–1 eV,7 orders of magnitude larger than found her
Rather theEa obtained in the analysis is comparable to t
magnitude of energy-per-atom differences, when differ
structural configurations of a solid or a surface a
compared.28,29 This suggests that structural relaxation at
near the surface could be a possible explanation for the

FIG. 6. VB spectra of YbInCu4 surfaces with different surface
qualities. The spectrum at the bottom is taken from a fres
scraped sample, the other spectra are taken from surfaces that
been exposed for more than 24 h. The Yb 4f 12 range of the aged
spectra shows considerable contributions from oxidation effects,
parent by different multiplet features and an increased O 2p inten-
sity in the energy range from 3 to 7 eV. The inset gives a comp
son of the Yb 4f 12 multiplet from a freshly scraped single cryst
with the calculated multiplet from Ref. 22~stretched by a factor of
1.1 and convoluted by a Gaussian with a FWHM of 250 meV!. The
thick line represents an arbitrary smooth background as used fo
determination of the Yb 4f 12 intensities.
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tial loss in Yb 4f 13 weight. Since the outermost divalent Y
atoms ~speciesC! do not contribute to the considered Y
4 f 7/2

13 intensity, the Yb species typeA responsible for the
decaying Yb 4f 13 peak at the Fermi level must be found
the subsurface layers. For the following discussion it
hence useful to distinguish between~i! the surface layer con
sisting of the topmost atoms, responsible for the Yb 4f sur-
face feature at 1.1 eV,~ii ! the undistorted cubic bulk mate
rial without any influence from the surface, and~iii ! an
intermediate subsurface zone, which may be distorted
comparison to the bulk, possibly due to a multilayer rela
ation with an extension over a few lattice constants in
same order of magnitude with the PES probing depth.30–32

The existence of such a subsurface region has been raise
Lawrenceet al.16 as one possible explanation for the devi
ing results of XAS and PES regarding the Yb valence
several intermediate-valent Yb compounds.

In the following we try to develop an explanation for th
observed numbers and time dependence of the photoe
sion Yb valence. With no further structural information
hand this is of course somewhat speculative, but as we
show it is possible to find a plausible scenario that provi
a consistent description of the photoemission results. In
most simple picture the crystal would immediately af
cleavage keep its bulk structure up to the terminating s
face. For the surface and near-surface atom layers this
figuration does generally not correspond to a thermodyna
equilibrium. Therefore, they will subsequently tend to rel
towards a structure that minimizes the total energy~‘‘ distor-
tive’’ relaxation! and would result in changes of the ele
tronic structure. However, this behavior does not seem to
consistent with our PES results, because it would drive
properties of the near-surface regionaway from those of the
bulk. In contrast, the Yb valence derived from the Ybf
intensity ratio initially starts out from a relatively low valu
and then starts to changetowardsthe value obtained by bulk
sensitive methods.

The apparent failure of this picture leads us to conside
different scenario. Upon creation of the surface the chan
environment of the outermost Yb atoms leaves them i
purely divalent state. Since it is known that the ionic rad
of Yb21 is about 10% larger than the radius of the trivale
ytterbium33 the atomic arrangement of the top layer will ce
tainly be distorted~i.e., mainly be expanded! relative to the
bulk where the Yb valence is close to trivalence.34 Conse-
quently there must be a distorted subsurface region that b
ers the misfit between surface and bulk. If the main aspec
the distortion is indeed an expansion of the lattice~‘‘negative
pressure’’! it would explain the decreased Yb valence~com-
pared to the bulk! observed immediately after cleavage, b
cause experiments on the pressure dependence35,36 and on
suitably doped YbInCu4 ~Refs. 1 and 18! confirm an increas-
ing stabilization of the divalence with decreasing lattice pr
sure. Again, this configuration right after cleavage does
necessarily correspond to an energy minimum. This can
ready be inferred from the time dependence of the Ybf
surface contribution, which signals a rearrangement of
topmost Yb21 ions. Generally, we expect that the enti
near-surface region will relax in such a way as to minim
the elastic strain between surface and bulk~‘‘ restoring’’ re-
laxation!, i.e., it will tend to the original bulk structure
s
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though of course this will not be completely possible due
the presence of the terminating surface. As a conseque
the initial Yb 4f 7/2

13 weight near the Fermi energy will de
crease with time, i.e., the valence will tend towards the b
value. Since the photoelectron mean free path in the soli
only 5–10 Å at kinetic energies near 40 eV, the emiss
from the subsurface zone is the major contribution to
nonsurface spectral weight. This implies that the 4f 13 weight
that we so far have referred to as ‘‘bulk peaks’’ actua
originates mainly in the subsurface zone.

Unfortunately, the additional surface oxidation on ag
surfaces made it impossible to study a relaxed but cl
phase in more detail. However, preliminary high-resoluti
measurements on single-crystalline YbInCu4 surfaces,37

which have been exposed to the UHV for more than t
weeks at a constant temperature of 20 K, give a first indi
tion that the extrinsic time-dependent decrease of the 4f 13

intensity saturates at about a fourth of its initial value. T
smooth intrinsic temperature dependence of the 4f 13 spectral
weight can still be seen even for this severely aged and c
taminated surface. Further insight into a possible surface
laxation could be achieved by temperature and time dep
dent LEED measurements. This, however, requires w
defined single-crystalline surfaces that are homogeneous
flat over a larger area than the ones obtained here.

It was already mentioned that besides its~initial! number,
also the temperature dependence of the Yb valence meas
by PES differs distinctly from that in the bulk, which can b
explained in mainly two ways. Let us first assume that
valence increase towards higher temperature is still relate
the first-order phase transition in the volume. From measu
ments of the electrical resistivity and the magnetic susce
bility it is known that doping or deviations from the exa
integer stoichiometry can lead to a broadening of the tra
tion and/or a change of the transition temperature.1,38,18,19It
is conceivable that surface inhomogeneities, both later
and through the subsurface region, could produce a sim
effect. In this case the observed~intrinsic! temperature de-
pendence in Fig. 5 would represent an averaged valence
sition over a distribution of near-surface regions with va
ing thermodynamic properties.

The second explanation is based on the possibility that
temperature dependence of the Yb 4f 13 intensity is not~or
not exclusively! related to the bulk phase transition uniqu
for YbInCu4 but is of the same nature as the temperat
dependence of the divalent 4f intensities observed in othe
Yb compounds, e.g., YbAl3 ~Refs. 8 and 39! and
YbAgCu4 .9,10,40 In a temperature range from approximate
20 K to more than 250 K these compounds show a conti
ous decrease of their divalent spectral weight to less t
50%. Two competing origins for the intensity decrease ha
been discussed throughout the literature:8,10–14 ~i! a thermal
singlet-triplet excitation described by the SIAM within th
noncrossing approximation41,42~NCA!, which leads to a tem-
perature dependence of the Yb valence and thus to a tran
of spectral weight from the divalent to the trivalent contrib
tion, ~ii ! conventional effects known from core-level spe
troscopy, which are mainly due to electron-phonon coupli
However, as our spectra show no phonon-related broade
of the 4f linewidth in the studied temperature range, whi
lies well below the Debye temperature of about 280 K43
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electron-phonon coupling is a less likely source for the te
perature dependence of the divalent spectral weight
YbInCu4 .

It is interesting to note that the sharp valence phase t
sition in bulk YbInCu4 can be smeared out or even su
pressed by substitution of the In atoms by Ag,4,17,19with the
resulting temperature dependence of the~bulk! valence in
YbIn12xAgxCu4 becoming strongly reminiscent of the b
havior of the PES valence in pure YbInCu4 . This indicates
that the subsurface zone probed by PES is similarly disto
and/or disordered than the volume material
YbIn12xAgxCu4. The thermodynamic properties o
YbIn12xAgxCu4 have recently been discussed in the fram
work of the SIAM.4,17 A detailed analysis of our PES data
this sense would go beyond the scope of this paper
seems premature as long as the structural nature of
surface/subsurface remains unclear.

V. CONCLUSIONS

High-resolution photoemission measurements
YbInCu4 give evidence for pronounced surface effects on
Yb 4f spectra. The spectral weight of the Yb 4f 7/2

13 peak at
the Fermi level, being a fingerprint for the mixed-vale
character of the Yb ions, is found to display a strong intrin
temperature dependence caused by a valence change o
sampled Yb ions. This temperature dependence is supe
posed by an irreversible decay of the Yb 4f 13 intensity with
time. The extrinsic intensity loss seems to follow an ac
vated behavior with a characteristic energy of a few me
possibly related to a structural relaxation of the subsurf
region after initial distortion by crystal cleavage. The intri
sic valence, corresponding to a freshly cleaved surface
directly derived from the ratio of the 4f 12 and 4f 13 spectral
weights, varies continuously fromv52.56 to 2.85 between
20 and 220 K, remaining systematically below the valu
.
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obtained by bulk-sensitive methods and showing no indi
tion of a sharp valence transition as observed in the volu
material.

This can be consistently explained by the existence o
subsurface region with individual thermodynamic and sp
troscopic properties, which mediates the lattice strain
tween the large divalent outermost Yb ions and the sma
nearly trivalent ions deep inside the bulk. One may feel
clined to infer that this conclusion is not restricted to t
particular case of YbInCu4 studied here, but could also be o
relevance for other Yb compounds, where divalent Yb s
face atoms exist in spite of an unstable intermediate-vale
close to Yb31 in the volume and where discrepancies b
tween photoemission results and more bulk-sensitive d
have been reported.

However, it is important to realize that, if the SIAM i
indeed the correct model to describe the electronic struct
one cannot expect the subsurface region to be characte
by the same model parameters~e.g., the Kondo
temperature44! as the bulk. This may add a new aspect to t
highly controversial discussion on the relevance of
Kondo picture for Yb PES data, for which we refer to Re
8,11–14 and the review article by Malterreet al.10
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20I. Aviani, M. Miljak, V. Zlatić, D. Finsterbusch, W. Assmus, an
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