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High resolution x-ray absorption (XAS) experiments in the partial fluorescence
yield mode (PFY) and resonant inelastic x-ray emission (RXES) measurements under
pressure were performed on the intermediate valence compound YbAl; up to 38 GPa.
The results of the Yb L3 PFY-XAS and RXES studies show a smooth valence increase in
YbAI; from 2.75 to 2.93 at ambient to 38 GPa. In-situ angle dispersive synchrotron high
pressure x-ray diffraction experiments carried out using a diamond cell at room
temperature to study the equation of state showed the ambient cubic phase stable up to 40
GPa. The results obtained from self-interaction corrected local spin density functional
calculations to understand the pressure effect on the Yb valence and compressibility are
in good agreement with the experimental results.
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1. INTRODUCTION

Valence fluctuation is a spectacular phenomenon in m.any rare earth and actinide
systems associated with heavy fermion behavior, the Kondo effect, unconventional
superconductivity, and volume collapse transitions."*>* The effect arises due to strong
intra-atomic correlations within the f electron manifold of the atoms, which enforces an
atomic-like or localized behavior, as opposed to the Bloch-like itinerant picture of
electron waves appropriate for normal metallic states in solids. When two quasi-atomic
configurations f" and ™' become nearly degenerate as a consequence of the chemicat
environment, the interaction with the conduction electrons leads to a ground state given
as a superposition of both configurations. A wealth of phenomenology arises due to the
interplay between the energy scales associated with Kondo coupling, the magnetic inter-
atomic exchange interactions and the crystal field effects, the relative strengths of which
may be manipulated by external controls like pr<essure.5’é"7‘8’9 Hence, high pressure studies
are powerful techniques for investigating valence fluctuation phenomena, which is the
subject of the present work. Specifically, we_explore by experiment and theory the
valence fluctuating compound YbAls at high pressure.

YbAl; is an intermediate valence compound and exhibits a high Kondo
temperature Tx ~670 K.'®"" It has a magnetic susceptibility which follows a Curie-Weiss
behavior above 250 K corresponding to an effective magnetic moment of 4.5 pg.'? This is
indicative of fluctuating atomic-like (Yb ') local moments at high temperature. The

electronic specific heat is large, 58 mJ mol K2

YbAl; finds application as a
thermoelectric material with a large Seebeck co-efficient of ~ <90 pVK™ and a high

electrical power factor." Several aspects of the low temperature Fermi liquid coherence



and the cross over to the local moment regime have been studied by transport's, inelastic
nuclear scattering”’, and Lu substitution.'® However, to extract direct information about
the effective Yb valence, high energy spectroscopic techniques, such as Mssbauer, x-ray
absorption or high resolution photoemission (PES) experiments must be invoked. 151518

Recently, RXES has emerged as an effective tool to probe the mixed valent
systems in which the process involves selective enhancement of different valence
transitions by choosing appropriate incident energies.”® This technique in conjunction
with pressure is an excellent method to study the pressure induced valence changes of
rare earth systems and has been applied to a variety of rare earth intermetallic compounds
in the past few years.?"* In this paper we describe the investigation of valence changes in
YbAI; using x-ray absorption spectroscopy (XAS) in the partial fluorescence yield (PFY)
mode as well as resonant inelastic x-ray emission studies performed up to 40 GPa. In
addition we have performed high pressure x-ray diffraction to determine the equation of
state. Théoretical calculations have been carried out for YbAl; using the self-interaction
corrected local spin-density (SIC-LSD) method. This is an ab-initio electronic structure
method, which allows for an accurate, albeit approximate, description of the cohesive
properties of the intermediate valence state. The method has previously been applied for a
range of Yb compounds, successfully accounting for the trends in observed Yb
valences.”

The paper is organized as follows: in Section II we present our experimental and

theoretical methodology, while results of experiment and theory are presented and

discussed in Section III. Finally, Section IV concludes the present work.
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II. METHODS

a. Experimental

Single crystals of YbAI; crystals were gro‘wn in Al flux as described elsewhere.'’
The crystals were crushed into fine powder in an agate mortar and powder x-ray
diffraction analysis revealed a single phase for the resultant product. The powdered
sample was loaded into a 135 pum hole drilled in a Be gasket with few tiny ruby chips and
silicone fluid pressure transmitting medium. High pressures were generated using a
UNLV- designed three post panoramic type diamond anvil cell employing 300 pm culet
diamonds. The x-ray emission spectroscopic data were collected at Sector 16 ID-D of the
Advanced Photon Source by focusing the incident x-ray beam to 20 x 50 pm?* (V x H).
The PFY and RXES experiments were performed at the Yb L; absorption edge where the
signal from the sample was analyzed by a spherically bent Si single crystal and an Amp
Tek detector in a Rowland circle. The total energy resolution in our experiments is leV.
High pressure x-ray diffraction experiments were performed at Sector 16 ID-B of the
Advanced Photon Source in the angle dispersive geometry. The sample was introduced
into a 135 nm hole of Re gasket pre-indented to 50 pm and pressurized using a Mao-Bell
type diamond anvil cell. We have used poly dimethyl siloxane (silicone fluid) and ruby
chips as pressure medium and pressure marker respectively. Diffraction images were
collected using a MAR-345 imaging plate up to 40 GPa and integrated using Fit2D

software.”” The spectra were further analyzed using the Rietveld (Reitica) package.”
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b. Theoretical

The cohesive properties of YbAls are computed with the SIC-LSD method®® 2%, This
method is based on density functional theory,” i.e. it relies on a total energy functional
by which the energy of the electron sub-system may be calculated at given nuclear
positions. The single electron states are determined from solution of a Schrodinger
equation with an effective potential, which depends self-consistently on the total charge
distribution in the solid. Compared to more conventional approaches, like the LSD, the
SIC-LSD method includes a correction for the spurious self-interaction of individual
electrons.®® This term favors the formation of spatially localized states as compared to
extended Bloch waves, and provides a viable scheme for calculation of cohesive

%31 In Yb compounds the method opens up the

properties of rare earth compounds.
possibility to describe a mixed valent state by either localizing all 14 f-electrons or
localizing 13 f-electrons but allowing the 14" f-electron to hybridize and form bands. The
SIC-LSD method evaluates the total energy of the solid in. both scenarios, and
comparison establishes the appropriate ground state configuration.”” The divalent
configuration of Yb is represented by localizing all 14 f electrons, while the purely
trivalent state occurs with 13 localized f-states in the case that the band of the 14" f
electron is situated above the Fermi level. The effective valence of Yb in the intermediate
valence state follows from the degree of filling of the band of the 14" f electron. If the
filling of the band is x, it implies that the wave function may be decomposed into an Yb

f'* component with probability x and an Yb f'> component with probability 1-x. Hence,

this band filling is directly comparable to effective valences derived from experimental
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spectra, which involve distinct additive spectra from either of the two Yb configurations
% and ', as is the case for XAS-PFY and RXES. Technical details of the present

implementation can be found in Reference [26].

III. RESULTS AND DISCUSSION

A. Partial Fluorescence Yield and Resonant X-ray Emission

The pressure dependence of the Yb L; edge absorption data of YbAl; up to 38 GPa is
shown in Fig.1. The spectral intensity of 2+ and 3+ contributions at each pressure is
calculated by assuming each spectrum as a combination of divalent and trivalent
components. The line shape of the trivalent and divalent components was fitted as
described earlier.” PFY-XAS spectra of pure Yb metal and Yb,0; were collected at
ambient conditions and served as standards for comparing the 2+ and 3+ intensities and
line shapes. The Yb valence in YbAIl; at each pressure was estimated by substituting the
integrated intensities of the 2+ and 3+ components at that pressure into the formula v =2
+ Is+ / [Io+ + Is¢] where L. and Is. represent 2+ and 3+ intensities, respectively. On
analyzing the PFY-XAS ambient spectrum of YbAl; we found that the 2+ component
resonates for an incident energy Ein.o+ = 8.94 keV, and the 3+ component resonates at a
little higher energy, Einse = 8.95 keV. 1t is clearly seen that the divalent component,
indicated by 2+ in Fig.1, progressively decreases as pressure is increased.

The valence of Yb in YbAIl; has been studied by different techniques by various
groups in the past two decades. While the electrical resistivity experiments performed
earlier suggested Yb to possess a nearly trivalent configuration,” Mossbauer experiments

performed at 1.3 K to 130 K showed no temperature dependence from the observed
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isomer shifts and the valence was reported as 2.7.'* More experiments performed in later
years provided further information about the intermediate valence and also its
temperature dependence.''***** We have listed the valence estimated from different
techniques in comparison with the current measurements and also listed the calculated
valence of Yb at eaéh increasing pressure by PFY-XAS and RXES in Table 1. Even
though the Anderson single impurity model reproduces the spectral features reported in
the XAS and PES studies quite well, we notice that the valence reported strongly depends
on resolution and details of the spectral analysis. In most of the PES measurements the
Doniac-Sunjic line shapes were used to estimate the bulk features and the surface
contributions were fitted with Gaussian line shapes.'"® High pressure experiments
involving the study of valence changes in the heavy fermion compounds are scarce. The
mean valence of pure Yb metal has been studied by high pressure x-ray absorption
spectroscopy by Syassen et al,’ up to 34 GPa and they reported a continuous valence
change from the ambient divalent to the trivalent state above 30 GPa. The valence
changes were associated with two structural phase transitions cubic fcc to bec at 4 GPa
and bcc to a hcp phase above 30 GPa. PFY-XAS and RXES experiments performed on
YbAl; recently showed pressure induced valence change from 2.25 at ambient:pressure to
2.9 at 38.5 GPa.*? On comparing our PFY-XAS and RXES experimental results with
these reports mentioned above we arrive at the following: The valence change in YbAls is
sluggish compared to YbAl, and is not associated with any structural phase transitions as
can be seen from the diffraction results provided in the following section. The RXES

spectrum collected at 38 GPa is shown in Fig. 2. The inset (a) in the figure shows the



pressure dependent RXES spectra excited with an incident energy Ei,= 8.938 keV below

the absorption threshold.
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Fig.1. X-ray absorption spectra of YbAls in the PFY mode. The dotted arrow indicates
continuous decrease of 2+ component as a function pressure. The XAS spectrum of the
YbAls sample at ambient temperature and pressure is shown with Yb and Yb,Os;

standards.
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Fig.2 Resonant x-ray emission spectra of YbAIl; at 38 GPa. The incident energy was
scanned in steps of 2 eV. A schematic representation of the transition is shown on the
left. The RXES experiments were performed at the 1.3 edge of Yb by measuring the La,
x-ray emission as a function of pressure with incident energy of 8.945 keV.

spectrum with Ej, = 8.938 keV at different pressures and (b) 2D image of the ambient

spectrum.
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Table 1. Estimated Yb valence in YbAI; by various spectroscopic techniques

Pressure  PFY-XAS* RXES* PES HAXPES XAS Theory *
(GPa) (Ein = 8.938 keV)
Ambient  2.75 2.76 2.65 (300K)°  2.71 (180K)°  2.775 (300K)"  2.62
2.65 (15K)°
2.74 (300K)°
2.77 (10K)°
9 2.82 2.83 2.68
20 2.86 2.85 2.72
38 2.93 2.88 2.78

3 ] 3
® present work, ® Reference®, ¢ Reference *°, 9 Reference ', ¢ Reference *°, ' Reference™,

The increasing 3+ contribution is evident from the increase in intensity of the peak
around 8.95 keV, which is situated approximately 7 eV above the peak due to the 2+
component. The inset (b) shows the 2D image of the RXES spectrum collected at
ambient pressure. The branching of the 2+ and 3+ components is clearly visible.
However there is a difference in the valence estimated from the two measurements i.e.
PFY-XAS and RXES at E;, = 8.938 keV as listed in Table 1. This arises due to the

ambiguity in the intensity estimation for the fluorescent peak arising between 2+ and 3+
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components as discussed previously for YbAL.>* The pressure dependency of the Yb

valence is illustrated in Fig.3.
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Fig. 3. Valence as a function of pressure for PFY-XAS (squares) and RXES (circles)

experiments. The solid line represents theoretical simulation.

The effective valence determined from the SIC-LSD calculations is seen to be
approximately 0.13 lower than the experimentally derived, but the observed increase with
pressure is well reproduced by the calculations. Given the intricacy of the concept of

valence and the theoretical approximations of the SIC-LSD approach the agreement can

be considered quite satisfactory.
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B. High pressure x-ray diffraction
Diffraction patterns collected at various pressures are shown in Fig. 4. The diffraction
pattern collected at the lowest pressure (P = 3.8 GPa) in the diamond anvil cell was
indexed well with the cubic Pm-3m structure as reported in the literature.’’ The
prominent diffraction peaks were monitored continuously on increasing pressure. We
have observed no changes in the diffraction pattern except a gradual shift in the

diffraction lines as indicated by the dotted lines shown in the spectra.

J\. JULJLA_W_A_..._— 20
D W U SN

_L_A—-U—J\-.‘\_MW-_A———. 8.5
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Intensity {(arb.units)
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Fig.4. Representative x-ray diffraction patterns at different pressures for YbAl;. The

dotted lines are guides for the eye, which indicate the shift observed in the diffraction

lines on increasing pressure.



No new features were observed in the diffraction patterns except systematic shift of the
lines during compression and the compound remained in the cubic structure up to the
highest pressure achieved in our experiments. The bulk modulus was computed by fitting
the pressure-volume data (Fig.5) to a second order Birch-Murnaghan equation of state.
The values of Bg and By’ are found to be By - 65.2(3) and By’ = 5.6 (1) respectively. The
effect of high pressure on the crystal structure of rare earth trialuminides was
comprehensively investigated a long time ago.”” Recently RAl, and RAl; (R = La and
Ce) type compounds have been studied under pressure up to 30 GPa.” The bulk modulus
obtained for YbAl; compares well with the YbAI,, LaAl; and CeAl; compounds as
shown in Table 2.

Table 2. Structural properties of YbAl; compared to CeAls and LaAls.

Name of Ambient structure and Bulk Pressure  Reference
compound  cell parameters (A) modulus derivative
(Bo) GPa  (Bo’)

YbAl; Cubic, Pm-3m
a=4.2125(2) 65.2(3) 5.6(1) expt. (this work)
a=4.108 92.3 theory (this work)
CeAl; Hexagonal, P6y/mmc
a= 6.541(5) 41(3) 6.7(2) Ref. 43
c= 4.61003)
LaAls Hexagonal, P63y/mmc
a= 6.680(1) 63(4) 4.0(6) Ref. 43
c= 4.619(1)

13
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Fig. 5. Pressure-volume relation of YbAls. The solid line is the fit with a second order

Birch-Murnaghan equation of state. The dotted line is the theoretical simulation.

However the bulk modulus of YbAl; is found to be lower than the calculated bulk
modulus values of similar transition metal trialuminides such as ZrAls, HfAl; etc. which

are used in the high temperature structural applications.**
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C. Results of calculations

The total energies of YbAIl; were calculated as a function of volume with the Yb.
localized configuration taken to be either '3 or £'*, as outlined in section IIb. The results
are shown in figure 6. For the sampling of the charge density of the conduction electrons
the calculations used 32° k-points in the full Brillouin zone corresponding to 969 k-points

in the irreducible wedge of the Brillouin zone.

[

N

o
T

A g AN

300 350 400 450 500 550 600 650

V (a.u.)

Fig 6. Total energy as a function of volume (per formula unit) for YbAI; calculated with
the SIC-LSD approach with either 13 (squares) or 14 (circles) localized f electrons. The

triangle marks the experimental equilibrium volume.
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The ground state of YbAI; is found for the intermediate valent state corresponding
to 13 localized f electrons in agreement with the experimental observation. The total
energy minimum is found at a specific volume of 490 ay’, corresponding to a theoretical
equilibrium lattice constant of 4.108 A. This is 2.2 % smaller than the experimental value
of 4.2125(2) A measured in the present work. This discrepancy is a combined effect of
the underlying LSD approximation and the geometrical approximations of the present
implementation of the SIC-LSD method. The LSD is well known to generally
underestimate bond |ength.45 The geometrical approximations of the present scheme
involve the so-called atomic spheres approximation®® (ASA), which in particular for Al is
less accurate than a more complete full-potential treatment. Feor pure Al the lattice
constant calculated with the restrictions of the ASA is 1.6 % lower than the value
calculated within a full-potential treatment. For Yb, on the other hand, the specific
volume calculated within ASA is in perfect agreement with the experimental value.”

In Figure 5 we compare the theoretical p(V) curve including this deficiency in
equilibrium volume to the experimental data. By coincidence, the equilibrium lattice
constant for the divalent Yb configuration agrees better with the experimental value, but
the energy of this state is found ~0.6 €V higher than the intermediate valent state (per
formula unit), i.e. this configuration is not realizable.

The calculated bulk modulus of YbAl; is 92.3 GPa, which is considerably larger (by
~40 %) than the experimental value of 65.2(3) GPa. The major reason for this is the too
small equilibrium volume already discussed which also influences the curvature of the

total energy curve with an ensuing drastic influence on the bulk modulus. If evaluated at

16
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the experimental equilibrium volume we find B(Vep) =77 GPa, B’(Vey,) = 4.3, these
numbers being in considerably better agreement with the experimental values of Table 2.

The calculated effective valence of Yb in YbAI; as a function of (calculated) pressure
is included in Figure 3 for comparison with the experimental values. The calculated
values are seen to be somewhat smaller than the experimentally derived values, by
approximately 0.13, however showing the same smoothly increasing behavior with
pressure. The effective valency increases by ~0.15 as pressure is raised from 0 to 40 GPa,

both in experiment and theory.

1 O ] T [C-171-189)
;

YbAl,

- 0 e : — -

4+ -0.2 0 0.2 _
i ENERGY (eV) 1

1O

9 6 3 0 3
ENERGY (eV)

Fig 7. SIC-LSD density of states (dos) for YbAl; (units are states per formula unit and

per eV). The Fermi energy is at zero energy. Full line is the total dos, while dashed line

17



gives the Yb f projected dos. The inset shows the region close to the Fermi level, where
the partial occupation of the f-resonance is evident. With pressure this resonance moves
upward in energy with respect to the Al bands with an ensuing gradual depletion, i.e. Yb
approaches the trivalent configuration.

In Figure 7, we show the density of one-electron states calculated for the
intermediate valent ground state of YbAls. One notices the Al valence bands ranging
from 8.4 eV below the Fermi level and intersected by the narrow f band situated at the
Fermi level. The inset shows the region close to the Fermi level and illustrates the partial
filling of this band, which determines the effective valence. This density of states is not
directly comparable to an experimental photoemission spectrum but merely serves to
elucidate, how the SIC-LSD ground state is built from one-particle states. Most notably,
the localized states are not shown. A full treatment of photoemission in rare earths need
to take into account the atomic character of the f electrons with all multiplet effects of the

initial and final states included.”’

IV. CONCLUSIONS

We have studied the pressure dependence of the effective valence of Yb in the
intermediate valence compound YbAl; using high resolution PFY-XAS and RXES
techniques. High pressure spectra were collected up to 38 GPa. The equation of state of
YbAl; is further investigated up to 40 GPa using high resolution powder x-ray
diffraction. Self-interaction corrected density functional calculations were performed
simultaneously in order to compare the experimeﬁta( results. The pressure dependence of

the Yb valence was derived {rom the experimental data, and showed an increase from



2.75 to 2.93 as pressure is increased from 0 to 38 GPa. This trend compares well with the

theoretical investigations.
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