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Temperature-independent ytterbium valence in YbGaGe
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We have determined the ytterbium valence as a function of temperature in the reported near-zero thermal
expansion material YbGaGe using x-ray photoemission at various incident photon energies. The Yb 3d, 4d, and
4f levels, which directly yield the Yb valence, have been measured. Careful analysis enabled the clear sepa-
ration of surface and bulk contributions. Resonant photoemission at the 4d-4f absorption edge was used to
enhance the low contribution of the Yb** component. Contrary to the initially proposed Yb valence transition,
we find no change in the valence from room temperature down to 115 K.

DOI: 10.1103/PhysRevB.75.235109

I. INTRODUCTION

The report of YbGaGe as a near-zero thermal expansion
(ZTE) material'=> prompted a brief flurry of activity. Salva-
dor and co-workers used x-ray diffraction to determine the
cell volume from 100 to 300 K and found it to be nearly
constant over this wide temperature range. They suggested
an underlying mechanism where, with increasing tempera-
ture, a gradual transfer of electrons from the localized Yb 4f
band to the Ga 4p band causes a change in the oxidation
state of the Yb from Yb?* to Yb?*. The contraction in the
ionic radius of Yb associated with this change in oxidation
state compensates for the lattice expansion that would other-
wise occur on heating and leads to a net ZTE effect. The
same mechanism has been proposed to explain the negative
thermal expansion seen in Sm;_,Gd,S,* Sm,;sCeo.>
Yb, 75Ce0,® and YbgGe;Sbs.” In the case of YbGaGe, the
authors based their deductions on magnetic susceptibility
measurements which show that the Yb magnetic moment
changes with temperature (Yb** is paramagnetic whereas
Yb2t is diamagnetic). However, other groups have been un-
able to duplicate either the ZTE3-!? or the magnetic suscep-
tibility data supporting the proposed Yb valence
transition.®~!3 Instead the magnetic susceptibility was found
to be compatible with that of divalent Yb and the thermal
expansion to be that of a normal metal. Diffraction measure-
ments on YbGa, osGe( 95 by a collaboration involving some
of the authors of the initial YbGaGe paper revealed no ZTE,
instead showing a sudden, large negative thermal expansion
at 5 K.'* This was again proposed to be the result of an Yb
valence transition, without, however, the support of magnetic
susceptibility measurements.

No direct spectroscopic investigation of the Yb valence as
a function of temperature has been reported (Ref. 11 does
contain a reference to unpublished photoemission data).
X-ray absorption measurements at the Yb L;; edge on the
nonstoichiometric compound YbGa, ;,Ge,gg have been car-
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ried out and show the valence to be equal at 5 K and
300 K." Direct determination of the valence is relevant due
to the high sensitivity of the magnetic susceptibility to low
levels of Yb’*-containing impurities. In particular, groups
have found low levels of mixed-valence Yb;Ges (Refs. 9-11)
and trivalent Yb,O5 (Ref. 10) in YbGaGe.

We present a synchrotron radiation photoemission study
of the Yb valence as a function of temperature. In the rare
earths the population of the localized 4f levels exactly re-
flects the valence. Photoemission from the resulting energy
levels gives clearly different structures in the spectra for the
4f'%(2+) and 4f'3(3+) states.'® Similarly, due to their strong
Coulomb interaction with the 4f electrons, and 4f holes if
present, photoemission of the 3d (Refs. 17-19) and 4d (Refs.
20 and 21) levels is another clear measure of valence. Spec-
tral weights for a given energy level in photoemission are
directly proportional to concentration. Thus the low impurity
levels mentioned above give a negligible or small contribu-
tion to the spectra.

Low-energy photoemission has been successfully used in
many cases to measure rare-earth valence.’””>> However,
some groups report the presence of a subsurface region that
possesses different properties from the bulk and conse-
quently  adversely  affects such  surface-sensitive
measurements.?>2° This can result, in selected cases, in
temperature-dependent valence transitions appearing broader
and of lesser magnitude than when seen with higher photon
energies or other techniques.?>?” There is a general
consensus®-?7?8 that energies of the order of Al K« radiation
(1486.6 eV) probe the bulk of such materials. This is a result
of the increased mean free path and thus escape depth of the
photoelectrons at these energies. We have accordingly mea-
sured the Yb 4f levels at two principal photon energies: one
low (182 eV) where higher-resolution data may be more eas-
ily taken and the other high (1420 eV) to more clearly probe
the bulk.
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II. EXPERIMENTAL PROCEDURE

Single crystals of YbGaGe were grown out of a high-
temperature ternary solution.?*=3! The initial alloy composi-
tion used was Yby3Gag35Geg3s, and the resulting crystals
were well-formed rods. This composition, very close to that
of YbGaGe, was chosen because it was found earlier that the
desired compound melts congruently,'” and since congru-
ently melting compounds form part of their own primary
solidification, a composition close to the composition of the
desired crystals is likely to primarily produce the desired
stoichiometric phase.’> Moreover, the melting temperature
that we found earlier, 1193 K,'° is easily accessible. The
starting elements were sealed in a three-cap Ta crucible,?! in
turn sealed in an evacuated quartz ampoule. The ampoule
was initially heated up to =1470 K to ensure a well-
homogenized alloy, then quickly cooled to 1273 K, slightly
higher than the melting temperature of YbGaGe, and then
slowly cooled down to 1073 K over 100 h. The ampoule was
inverted and centrifuged, resulting in a separation of crystals
from an excess liquid. X-ray diffraction patterns determined
from powdered crystals were consistent with patterns ob-
tained earlier on YbGaGe.'® The temperature-dependent
magnetization below 300 K indicated that the samples yield
a smaller magnetization than the polycrystalline YbGaGe,
with some 0.5 wt % Yb,05, investigated earlier.!

X-ray photoemission measurements were carried out at
the BACH beamline®** at the Elettra synchrotron source
(Trieste, Italy), using a 150-mm VSW hemispherical electron
analyzer. The total energy resolution (photon beam and ana-
lyzer) was approximately 55 meV at 72 eV, 80 meV at 165
and 182 eV, 1.5 eV at 1420 eV, and 1.8 eV at 1650 eV. The
spectra were normalized to the incident flux. The tempera-
ture was measured by a thermocouple placed on the sample
holder in close proximity to the samples.

Careful attention was paid to the effect of surface con-
tamination, as Yb is a very reactive element. The samples
were cleaved or scraped, depending on dimensions, at room
temperature to provide clean surfaces for measurement. The
pressure in the chamber was 1.5X 107! mBar which al-
lowed 5-6 h of measurement before a new surface had to be
prepared. As oxidation causes an increase in the surface Yb**
component,® the valence band at room temperature was
used as a measure of the surface cleanliness and remeasured
at various stages. The oxygen ls level was also measured but
proved to be significantly less sensitive to contamination
than the valence band.

III. RESULTS
A. Valence band (low energy)

Figure 1 shows a room-temperature valence-band photo-
emission spectrum from YbGaGe acquired with a photon
energy of 72 eV. The valence band, extending approximately
13 eV from the Fermi level, is dominated by the emission
from the Yb states. In particular, the features between
the Fermi level and 3.5 eV represent the divalent portion
of the Yb signal—i.e., the 4f'*—4f'3 transition in
photoemission—while the trivalent features—i.e., 4"
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FIG. 1. The valence-band and shallow-core levels of YbGaGe
measured at room temperature with a photon energy of 72 eV.

—4f2_are found between 6 and 13 eV.!® The peaks lying
at a binding energy of approximately 18.5, 23.4, and 28.7 eV
correspond, respectively, to the Ga 3d, Yb 5ps,,, and Ge 3d
core levels. The Yb 5p;,, peak is obscured by the much more
intense Ge 3d line.

It is clear from Fig. 1 that the valence band in YbGaGe is
dominated by the Yb** component whereas the Yb** com-
ponent is rather small. As an accurate determination of the
valence requires both components to be precisely measured
we have performed resonant photoemission to amplify the
Yb®* signal. Here 165 and 182 eV correspond, respectively,
to pre- and on-resonance for the 4d — 4f absorption edge for
Yb3* states.?® Using the on-resonance photon energy we ob-
tain an intensity enhancement of the Yb** valence-band con-
tribution, as a consequence of the quantum interference be-
tween two different photoemission channels, the direct
photoemission channel (4f"+hv— 4f""!+e¢,, where ¢, repre-
sents the emitted photoelectron), and the autoionization
channel, a photoabsorption process followed by a super-
Coster-Kronig ~ Auger decay  (4d'%4f"+hv— 4d4f™!
—4d"%4f"1+¢,).3¢ Yb>* states do not resonate because in
their case the 4f shell is fully occupied and photoabsorption
cannot take place.

Figure 2 shows the temperature dependence of the va-
lence band (and shallow-core levels) measured between
210 K and 115 K with a photon energy of 182 eV, all taken
on the same cleaved surface. In order to find the Yb valence
at each temperature we initially analyzed the data following
the method outlined in Ref. 21. The upper and lower limits
for the spectral weights of the Yb?>* and Yb®* contributions
were found by integration after subtraction of a minimum
and maximum background, respectively. The minimum
background is a Shirley background.3” The maximum back-
ground for the Yb3* states consists of two lines which join
the minima in the spectra; for the Yb?*, it consists of a single
line similarly joining the minima, as in Ref. 21.

As already discussed, the Yb** part of the spectrum is
increased when the photon energy is on-resonance, whereas
the Yb?* part is not. The Yb** on-resonance spectral weights
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FIG. 2. The valence-band and shallow-core levels of YbGaGe as
a function of temperature, measured on-resonance (see text), at
182 eV. All spectra were taken on the same cleaved surface.

must therefore be corrected for this increase before one can
calculate the Yb valence. Two spectra were taken under iden-
tical experimental conditions, one at 182 eV and the other at
165 eV. The Yb** spectral weights for each spectrum were
then determined using the method outlined above. The ratio
of the two values obtained is the correction factor by which
all Yb** spectral weights measured on-resonance must be
divided.

The Yb valence vvy, also expressed as vy,=n,+2, where
ny, is the hole occupation number, is then directly given by
the intensity ratio of the two Yb 4f components:33

13713\
S 1
ny < 14111‘}2() (1)

In this way we obtained the two limits for the Yb valence for
each spectrum, corresponding to the two different back-
ground subtractions. We then calculated the average value
with the error bar estimated as half of the range between the
two values. The results are plotted in Fig. 3.

If we suppose that, as is the case in many Yb
compounds,?>>>3° the surface is predominantly divalent,
then this method incorrectly includes this surface contribu-
tion and therefore underestimates the actual valence. We
have consequently chosen a more rigorous fitting-based
analysis method.

In order to first determine the exact positions of the sur-
face and bulk Yb 4f components the valence band was first
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FIG. 3. The Yb valence as a function of temperature, as deter-
mined by the two methods in the text, using a photon energy of
182 eV. The dashed lines are zero-slope fits to the data.

measured with a photon energy of 72 eV, chosen so that the
electron escape depth is close to the minimum.?* As such the
surface sensitivity is greatly enhanced. Figure 4 shows the
Yb?* part of the valence band, taken on both clean and con-
taminated surfaces. After subtraction of a Shirley back-
ground the spectra were fitted with two Doniach-Sunjic dou-
blets, with the spin-orbit splitting being fixed at 1.27 eV and
the branching ratio, as expected for f electrons, at 0.75.2% The
fit parameters of the two spectra are consistent within the
errors of the fits themselves and serve to fix the position,
among other parameters, of the surface component when

hv =72 eV
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FIG. 4. Determination of the surface and bulk components of
the 4f'3 state for clean and contaminated surfaces. The hatched
doublet is the bulk component. The surface component is clearly
observed to be substantially broader.
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FIG. 5. Fit of the 4f'> component on an oxidized YbGaGe sur-
face. The hatched peak is that which does not grow upon
contamination.

later fitting the valence band at various temperatures. As dis-
cussed previously oxidation reduces the surface Yb** emis-
sion and thus the ratio between the Yb?* surface and bulk
components. Therefore it is clear from the two spectra that
the surface component is that at higher binding energy. This
is supported by it having the larger width (see Ref. 39 and
references therein) and follows the behavior of other Yb in-
termetallics which also possess a surface component shifted
to higher binding energies.?»** We do not resolve a subsur-
face component, just one from the surface and one from the
bulk.

With the information hereby obtained we proceeded, after
subtraction of a Shirley background, to fit the temperature-
dependent spectra. The Yb** part was fitted as before at
72 eV, with surface and bulk doublets separated by 0.4 eV, a
spin-orbit splitting of 1.27 eV, and a branching ratio of 0.75.
The Yb’* component was fitted with five Doniach-Sunjic
peaks (initially on a contaminated sample, with its increased
3+ spectral weight, to more easily determine the fit param-
eters). An example of such a fit is given in Fig. 5.

One of the peaks was found not to increase upon contami-
nation, and we therefore consider it to be some non-4f part
of the valence band. As such it was not included in the inte-
gration to determine the 3+ spectral weight.

As with the previous method the Yb** spectral weight has
been corrected for the increase due to the 4d-4f resonance by
comparison of the room-temperature spectrum with one
taken at 165 eV. This was fitted in an identical manner, the
ratio of the two giving the normalization factor. The resulting
values for the valence are shown in Fig. 3. The error bars are
derived from the variations found in the fit parameters. What
is clear from the data, independent of the method used to
determine the valence, is that it is constant over the entire
temperature range measured.

As a measure of the sensitivity of our method we show in
Fig. 6 the spectrum of clean YbGaGe, along with YbGaGe
slightly oxidized after some period in the measurement
chamber. As expected the contaminated surface shows a
small increase in the 4f'*> component whereas the 4> peaks
have diminished slightly. The valences for each have been
found using the fitting method described above. That of the
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FIG. 6. A comparison of the valence band of clean YbGaGe
with that of a slightly oxidized sample, taken with a photon energy
of 182 eV.

clean sample is 2.29 whereas the contaminated sample has a
valence of 2.32. Thus we are able to distinguish changes in
valence down to at least 0.03. This is in agreement with the
good sensitivity of photoemission to small changes in va-
lence (see, for example, Refs. 25, 27, and 40).

B. Valence band (high energy)

Figure 7 shows the temperature dependence of the va-
lence band and shallow-core levels measured between 316 K
and 121 K with a photon energy of 1421 eV. As mentioned
in the Introduction, this photon energy guarantees that the
bulk is probed in these measurements: the inelastic electron
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FIG. 7. The valence-band and shallow-core levels of YbGaGe as
a function of temperature, measured at a photon energy of 1421 eV.
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mean free path of valence electrons in YbGaGe at this pho-
ton energy is estimated to be about 35 A as opposed to ap-
proximately 10 A at 182 eV.*' Our total energy resolution at
this energy is not enough to resolve the two 4f'* components
and, without the resonant enhancement present at 182 eV,
the 4f'2 features are difficult to discern. The 4f'3 spectral
weight was consequently the only one possible to determine
by integration after removal of a suitable background. Two
different background subtractions were made: the first being
a Shirley background taking into account the slope of the
valence band before the Yb 4f'3 peak and the second a con-
stant background convoluted with an experimentally broad-
ened Fermi distribution, as suggested by Reinert and co-
workers in Ref. 25, which simulates the non-4f part of the
valence band. The remaining spectrum was integrated to give
the 4f'3 spectral weight. Examples of these two background
subtraction methods are shown in Fig. 8. In Fig. 9 the values
of the Yb 4f!3-integrated intensities thus calculated are plot-
ted. There is no change of the integrated intensity as a func-
tion of temperature. This is further proof that there is no Yb
valence change from above room temperature down to at
least 120 K.

C. Yb 3d core level

Figure 10 shows the temperature dependence of the Yb
3ds,, photoemission spectra of YbGaGe measured between
297 K and 115 K. The Yb 3d core level is split into the 3ds,,
region at 1515-1545eV and the 3d;, region at
1560—1590 eV by the spin-orbit interaction.!”"!” We were
able to measure only the 3ds,, core level because of the
limited energy range of the beamline. Comparing the 3ds),
spectra of metallic Yb and Yb,05,'® where the Yb ion is
purely divalent or trivalent, respectively, the single peak at
1522 eV can be attributed to Yb>* 3ds, states and the broad

Binding Energy (eV)

small shoulder (whose multiplet structure cannot be resolved
due to our experimental resolution), and whose centroid is
located at about 1532 eV, can be attributed to the Yb** 3ds),
states. Sato and co-workers'® demonstrated that valence tran-
sitions can be observed monitoring the spectral weights of
the 2+ and 3+ components of the Yb 3d core level as a
function of temperature. In order to do this we have fitted
each spectrum with two components having Voigt line
shapes, after subtracting an exponential background. We
fixed the Gaussian width to be the same for the two compo-
nents and equal to the total experimental resolution. The Yb
3ds, line shape is seen not to change with temperature from
297 K down to 115 K. We were unable to extrapolate the
value for the Yb valence from the Yb 3d spectra because of
our limited experimental resolution, which broadens the
Yb* 3ds), fine structure, overestimating its spectral weight
(and consequently the valence). In Fig. 9 we have plotted the
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FIG. 9. The intensities, as a function of temperature, for the 4f!3
and 3ds;, (2+) parts of the spectrum. The error bars for the 4f!3
intensities have been calculated from the variations in the param-
eters of the background fits and those for the 3ds/, from the varia-
tions in the fits of the core level itself. The dashed lines are zero-
slope fits to the data.
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FIG. 10. The Yb 3ds,, core level as a function of temperature,
taken with a photon energy of 1650 eV, shown together with fits to
the experimental data.

value of the Yb** 3ds,, integrated intensity derived from the
fit as a function of temperature. As one can see, this value
does not change with temperature down to 115 K, within our
experimental resolution. As with the valence band spectra,
contamination of the surface causes the Yb** 3ds;, compo-
nent to grow, as shown in the spectrum acquired 8 h after
scraping.

D. Yb 4d core level

Figure 11 shows the Yb 4d core-level photoemission
spectrum measured at 7=300 K, with a photon energy of
1423 eV. The 4d structure extends over an energy range of
about 30 eV from the main peak. The experimental spectrum
is shown together with the spectra for Yb metal (divalent)
and oxidized YbInCu, (trivalent), extracted from Ref. 21.
Rare-earth 4d photoemission spectra usually exhibit a com-
plex multiplet structure determined by a strong electrostatic
interaction (as they have the same principal quantum num-
ber), between the 4d core hole and the 4f unfilled shell. Yb
valence strongly affects the Yb 4d line shape and binding
energy: the clear doublet at 180 eV and 190 eV observed for
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FIG. 11. The Yb 4d core level taken at a temperature of 300 K
and a photon energy of 1423 eV, shown together with spectra of a
divalent and a trivalent compound (see text).

metallic Yb compounds (Yb?*) disappears, replaced by a
large peak centered at 185 eV with other less intense com-
ponents at 188.2 eV, 192.5 eV, 199 eV, and 205.6 eV in
oxide-like compounds (Yb3*).2? These clear changes make
the 4d core level a clear measure of the valence of Yb. The
multiplet intensity and width in our experimental spectrum
are very similar to those of metallic Yb (Refs. 20 and 21) and
very different from those of nearly trivalent Yb,05 (Ref. 20)
or the trivalent oxidized YbInCu, sample of Schmidt and
co-workers.?! This means that at 300 K Yb ions in YbGaGe
have a majority 2+ oxidation state. The main peak at lower
binding energy is more intense than that in purely divalent
Yb. This is possibly partially due to the presence of the Ge
3s core level at the same energy,*? although the Ge 3s cross
section at this energy is approximately 11 times less than that
of the Yb 4d.*3

IV. DISCUSSION AND CONCLUSIONS

Precise determination of the valence by measurement of
the 4f levels in the rare earths depends on a precise knowl-
edge of the non-4f part of the valence band. It is, however, a
reasonable assumption that this non-4f contribution is rela-
tively constant with temperature. Furthermore, the large 4f
cross section at the energies used here** discounts the possi-
bility that fluctuations in any other contribution could com-
pensate the much larger 4f spectral weight changes that
would occur if there was an underlying valence transition.
This reasoning applies also to the proposal that the valence
transition involves electron transfer to or from the Ga 4p
band.® Apart from the much smaller Ga 4p cross section at
these energies,*® any changes in its spectral weight would not
be able to uniformly counteract changes in the Yb 4f contri-
bution which extends 13 eV into the valence band. Similarly,
in the case of the valence band taken at high energy, where
only the 2+ spectral weight was measured, the dominant 4f
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cross section precludes masking of a valence transition by
other contributions. Thus, at most, incorrect background sub-
traction due to incomplete knowledge of the valence band
would cause a common shift in the value of the determined
valence at all temperatures.

The above discourse does not apply to the Yb 3ds,, level
which lies in a featureless part of the spectrum. The extracted
3ds,, intensity can be taken as an absolute value of the con-
tribution due to the particular valence state.

In Sec. Il A we introduced a correction for the on-
resonance increase in the Yb** spectral weight before calcu-
lation of the Yb valence. This involved a measurement of the
Yb?* spectral weight off-resonance which is low in our case.
It follows that any error in its determination could lead to an
error in the calculated valences. Such a systematic error
would, however, change all the values for the valence
equally, leaving our conclusions on the unchanged valence
with temperature unaltered.

We have assumed, in the analysis of the low-energy data,
that the surface is predominantly divalent. In all probability
this assumption is valid, due to the large number of Yb com-
pounds which exhibit this behavior. The presence of a
temperature-independent trivalent component in the surface
layer would in any case only modify uniformly the value of
the valence at all temperatures.

It is known that various Yb systems exhibit 4f3 peak
height changes with temperature, in addition to those due to
a change in valence, due to temperature-dependent lattice
effects and Fermi functions as well as other factors as ex-
plained by Joyce and co-workers in Ref. 24. However, more
recently, other Yb systems have been reported where the Yb
4f spectrum is unchanged with temperature. In particular
high-resolution photoemission measurements which were
able to clearly see a valence change as small as from 2.75 to
2.78 in YbInCu, found no change in the Yb 4f spectra for
three other related Yb compounds.*® Thus we do not believe
that the YbGaGe system should necessarily show any
change, due to non-valence-related effects, with temperature.
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It is perhaps pertinent to add that, in their original work,
Salvador and co-workers performed valence-bond sum cal-
culations resulting in the two Yb sites possessing valences of
2.0 and 2.6. The value found by us, 2.29+0.015, when fitting
the lower-energy data, is almost the exact median of these
two values. As the value of the valence found by photoemis-
sion is that of the average of the system being measured, our
result is perfectly in agreement with those calculations.

As discussed in the Introduction, all subsequent studies
have failed to reproduce the ZTE reported in the original
work. If indeed it is possible to replicate this effect, the most
promising path would appear to be carbon or boron impurity
doping, suggested by the possibility of C contamination in
the initial study, and which is reported to have led to reduced
values for the coefficient of thermal expansion in this
compound.®’

In conclusion, we find no evidence for a valence transition
down to almost 100 K in YbGaGe, contrary to the proposal
of Salvador and co-workers, but consistent with the majority
of work on this system and which casts further doubt on the
reported ZTE. We propose that photoemission studies similar
to this one will be able to resolve whether valence transitions
drive negative thermal expansion in other systems such as
Sm2_75C60, Yb2'75C60, and YbsGe3Sb5.

Note added in proof. It has been brought to our attention
that a recent x-ray absorption study*® supports our results on
the Yb valence behavior in YbGaGe.
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