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L, ;-edge x-ray-absorption-spectroscopy studies of the white-line feature are used to probe the elec-
tronic structure of 4d transition-metal (T) -based materials. Results of such probes of the elements Mo
to Ag are reviewed. Results of a number of binary Pd-B and ternary Rh-B compounds are interpreted in
terms of the loss of d states just above Er and the formation of hybridized T-4d/B antibonding states

split well above E.

INTRODUCTION

Understanding the electronic structure of transition-
metal (T') compounds must invariably be grounded on an
understanding of the role of the 7-d orbitals. In recent
years near-edge 7T-L,; x-ray-absorption-spectroscopy
(XAS) measurements have emerged as a powerful probe
to selectively study these important 7-d orbital states.
These studies focus on the strength and structure of the
“white-line” (WL) 2p —d transition feature that dom-
inates the L, ; near-edge landscape.'™"* Specifically, the
WL feature intensity has been used to estimate the num-
ber of d-orbital holes and bonding-induced changes in
this hole count in both 5d (Refs. 7-9) and 4d (Refs.
10-13) row compounds. In this paper we will first review
a systematic WL study of the latter 4d elements and then
use this XAS method to investigate the 7-d orbital elec-
tronic structure changes in response to varying B content
in a series of T-4d, boride compounds [Pd;_,B,:
PrRh;B, (n=0,1,2)]. The results will be interpreted in
terms of the depletion of d states at E and the formation
of T-4d /B antibonding states at higher energies.

Transition-metal insertion compounds are a diverse
class of materials in which small adatoms are inserted
(often continuously) into the interstitial holes of a host
crystal structure (e.g., Pd,_,H,)."*~ " In many cases the
host lattice remains the same (with a dilation, of course);
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however, in others a structural change is induced.!® Elec-
tronically such materials have often been discussed in
terms of adatom electron donation directly to the
transition-metal d orbitals.'*~'® However, more recent
work has indicated that the introduction of new bonding
and antibonding adatom and 7-d states well away from
Ep can also occur in such materials.!”!® Indeed the
change of crystal structure in some of these materials is
related to the formation of local structures that better ex-
ploit this bonding interaction. In this paper a viewpoint
will be taken in which some intermetallic compounds
with different crystal structures will be considered as ex-
tensions of insertion compounds. Specifically Pd;B,
Pd;B,, and Pd;B, will be treated as extensions of
Pd,_,B,, x<0.12, and PrRh;B, as an extension of
PrRh;B,, x <1.0.

EXPERIMENT

The compound samples were prepared by standard ar-
gon arc furnace techniques. X-ray powder-diffraction
measurements were used to verify the proper crystal
structure for the various compounds. The XAS measure-
ments were made on beam line X-19A at the Brookhaven
National Synchrotron Light Source using a Si (111) dou-
ble crystal monochromator. The absorption measure-
ments were made in the total electron yield mode to mini-
mize finite-thickness effects.?’

15 639



15 640

WL FEATURE-d-STATE CONNECTION

As noted in the Introduction, the WL feature at the
L, ; edges of transition metals can provide a powerful
probe of the important d-character states in solids. In
Fig. 1 we show the results (from a recent study?!) of the
L, spectra for the 4d row elements from Mo to Ag (ex-
cepting the radioactive Tc). The zero of energy is set at
the inflection point of the edge. As discussed at length
previously,”~® the background before the edge is sub-
tracted from all spectra and the continuum onset step
feature at the edge is normalized to unity. The value of
the continuum step is determined by the average absorp-
tion value near 40 eV (i.e., beyond the WL).

It should be noted that the strength of the WL feature
grows dramatically and monotonically from zero at Ag
(where the d-hole count is essentially zero) to a maximum
at Mo. After the method used in 5d row XAS studies we
have used the Ag spectra as an empirical estimate of the
continuum onset and have subtracted the Ag-background
spectrum from each of the other spectra to extract the
WL feature only. We have then calculated the area of
this WL feature between about —3 and +5 to +8 eV.
These WL areas for both the T(4d) L, and L; edges are
plotted in the inset of Fig. 1 versus atomic number. The
results of a linear fit to the data is also shown as a solid
line.

Elementary chemistry and detailed electronic structure
calculations both predict changes in the d-hole count be-
tween successive 4d elements that are close to unity.”
Indeed any deviations from the natural assumption that
this value is unity are beyond the ability of our WL area
method to discern. Thus under this assumption the
slope of the solid line (3.6+0.2 eV ') represents the ex-
pected WL area change for a 4d hole count change of
one. This rate of WL area change per d hole will be used
below to estimate changes in the hole count of Pd upon
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FIG. 1. Elemental 4d row L; spectra illustrating the growth
of the WL feature with increasing 4d-hole count. Inset, T(4d)-
L, and L; WL areas vs atomic number illustrating the propor-
tionality of the d-hole count to WL area.
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alloying with B. It should be noted that while the rela-
tive L, and L; WL area variations can be used to address
spin-orbit effects, previous work has indicated that the
use of a simple arithmetic average between the L, and L,
WL areas is useful in estimating the net hole count varia-
tions. It is this average area method that we will use
below.

Pd,_,B, COMPOUNDS

The decrease in the magnetic response and electronic
specific heat of Pd upon “electron addition” via Pd,_,H,
or Pd,_, B, interstitial alloy formation has been known
for many years.'*”!® The filling of the Pd-4d band has
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FIG. 2. Pd L; (a) and L, (b) spectra for Pd, the interstitial al-
loy Pd, 4B, |, and the compounds Pd,_,B,, x =0.25, 0.29, and
0.4.
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been proposed as driving this effect. The series of
Pd,_,B, materials with x=0, 0.1, 0.25 (Pd;B), 0.29
(PdsB,), and 0.4 (Pd;B,) will be studied here. Only the
x =0. 1 material in this series is a true interstitial alloy of
Pd, with the other structures being orthorhombic similar
to Fe;C for Pd;B, monoclinic similar to Mn;sC for PdsB,,
and hexagonal for Pd;B,.22

In Fig. 2(a) L, and in Fig. 2(b) L; spectra of these
Pd,_, B, materials are presented. In all of these spectra
the zero of energy has been set at the first inflection point,
the normalization is set to unity at 40 eV above the edge,
and the WL feature is the peaked structure between —5
and +10 eV. A number of observations can readily be
made from the figures. Upon the increase of B content
there is a systematic decrease in intensity of the portion
of the WL feature closest to the edge onset [see the region
labeled (a) in the figures]. This feature is due to the Pd-d
states in the intermediate vicinity above the Fermi ener-
gy.
In order to highlight the a feature, spectral changes
upon B alloying, we show in Fig. 3 the difference of the
x=0.1 and 0.0 Pd L, spectra. (The x =0.4 difference
spectrum will be discussed below.) The negative value of
the difference spectrum in the WL region reflects the loss
of the a feature intensity upon B alloying. Integrating
the difference spectra for both the L; and L, (not shown)
edges over the WL range (about —2 to +7 eV) yields
areas —1.3 and —0.2 eV, respectively, and the average of
these area changes A4=—0.75 eV. (The continuum
step height has been normalized to unity, yielding area
units of eV.) Recall the results of the elemental 4d WL
study above (see Fig. 1) in which a WL area change of 3.6
eV per unity change in 4d electron count was observed.
Using this WL-area electron-count calibration, the ob-
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FIG. 3. Pd L, difference spectrum obtained by subtracting
the elemental spectrum from that of the x=0.1 and 0.4,
Pd,_, B, materials.
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served A4 =—0.75 corresponds to about a 0.2 electron
increase in d count upon x =0.1 substitution or to about
2 electrons donated to the Pd-d orbitals per B interstitial.

Interestingly, in Ce-valence-instability studies of a
group of CeT;B, (T=Ag,Pd,Rh,Ru; n=0,1,2) com-
pounds, Perez et al.'® found a similar result. Namely,
they observed that a collapse of the Ce-valence data plot-
ted versus d-electron count for these three (n =0, 1, and
2) systems could be achieved provided the effective B con-
tribution to the 7'(4d ) band be fixed at the same two elec-
trons per B found above. As will be emphasized below,
however, both band filling and the formation of bonding
and antibonding states play major roles in the alteration
of the states in these ternary compounds.

b FEATURE AND Pd-B BONDING

We return now to the shift in spectral intensity into the
higher-energy b feature with increasing B content in the
Pd,_,B,, x > 0.3 series of compounds. To illustrate this
effect we show in Fig. 4(a) a comparison of the Pd L,
spectra of Pd and Pd, (B 4, and referring back to Fig. 3
note the difference of these two spectra. Both of these
figures clearly show the loss of spectral intensity near Ep
and its increase at higher energy. Although the subtrac-
tion method of Fig. 3 leaves some uncertainty, it would
appear that the loss of a feature intensity has saturated by
x =0.1 and that the development of intensity in the b
feature dominates the spectral changes with x for x >0.1.

Our interpretation of these results follows the spirit of
the band-structure calculations of Gelatt, Williams, and
Moruzzi'® for PdB, whose density-of-states (DOS) predic-
tions are shown in Fig. 5 along with the DOS for elemen-
tal Pd from Papaconstantopoulos.?* The work of Bakker
et al.'” and Gelatt, Williams, and Moruzzi'® emphasized
the importance of strong Pd(d)-B hybridization leading
to the splitting off of bonding and antibonding states be-
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FIG. 4. Comparison of the Pd L; spectra of elemental Pd
and the compound Pd, ¢B, 4. The above E DOS prediction of
Gelatt, Williams, and Moruzzi (Ref. 18) is also shown.
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FIG. 5. Comparison of the predicted DOS for PdB [Gelatt,
Williams, and Moruzzi (Ref. 18)] to that for elemental Pd
[Papaconstantopoulos (Ref. 23)].

tween 3 and 10 eV above and below the nonbonding Pd-d
states. The strong decrease in E states (relative to Pd)
and the appearance of antibonding states up to 7 eV
above Ej particularly should be noted. Gelatt, Williams,
and Moruzzi’s DOS results'® are also displayed in Fig.
4(a) along with the Pd L; spectra to illustrate the fact
that DOS structure on an energy scale comparable to
that of the b feature does exist. We associate the b
feature with transitions involving the Pd-site-d-projection
of antibonding Pd-d/B states that have been shifted well
above Ep. W will now turn to a series of ternary interme-
tallic compounds in which similar 4d-state restructuring
appears operative.

RT,B, COMPOUNDS

A large number of rare-earth (R) compounds of the
form with the formula RT;B, with T=Ru, Rh, Pd, Ag,
and 0<n <1, n=2, and n =3. Here the RT; compounds
are in the cubic AuCu; structure, and the RT;B,
(0=<n =<1) are in the same structure with the B occupy-
ing the body-centered hole. The RT;B, occurs in a hex-
agonal structure.'” We now wish to address the role that
B coordination plays in modifying the 4d orbitals in these
series of compounds.

The motivation for studying the Pr based PrRh;B,
(n=0,2,3) series of compounds is threefold. Namely,
the Pr series supports all three crystal structures, poten-
tial confusion with La-4f' shakedown effects®* are avoid-
ed, and potential variable valence Ce effects are avoided.
In fact, similar effects have been identified in a number of
other compounds; however, discussion of these will be de-
ferred to a later paper.

In Figs. 6(a) and 6(b) we show the Rh L, ; spectra of a
series of PrRh;B, compounds. These results show a
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number of strong similarities to our Pd-B results above,
and our discussion will proceed analogously. We identify
an E; a feature and a higher energy b feature. We note
that the » =0 compound exhibits a stronger a feature
than the B containing materials. As before, we associate
this with a decrease of 4d states near E; upon B com-
pounding. We note also that the b feature first appears
between the n =0 and #n =1 compounds, and is strongest
and/or best resolved in the n =2 compound. In the case
of the n =1 compound the excess intensity in the region
of the b feature is spread over a rather broad range. As
above, we associate the excess intensity in these features
with antibonding Rh-4d/B states shifted well above E.
In Fig. 7 we show the Rh L, spectrum of the n=2
compound in this series, along with the projected Rh
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Absorption(Arb. Units)

1 L —
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FIG. 6. Rh L; (a) and L, (b) spectra for PrRh;B,, n=0,1,2
series of compounds.
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FIG. 7. Rh L, spectrum of PrRh;B,. The Rh sphere, d-
symmetry projected DOS prediction of Takegahara, Harima,
and Kasuya (Ref. 25) is also shown.

sphere, d density of states from the band-structure calcu-
lations of Takegahara, Harima, and Kasuya.?®* The point
to be emphasized here is that for this compound there is
indeed sharp structure in the Rh-d state DOS at an ener-
gy close to the observed b feature. Thus it appears that
the T'(4d)-B hybridization in these ternary compounds
proceeds similarly to the Pd-B compounds noted above.

It is important to attempt to correlate site-specific
XAS information gathered on different sites into an
overall picture of the electronic structure of a series of
materials. Therefore we would like to return to consider
the Ce-valence-instability observations made by Perez
et al.'® for these RT;B, series of materials. Although
those observations were couched in terms of an effective
T-sublattice electron count (vid infra in a rigid band), the
present results suggest that it might be more appropriate
to consider the movement of the Fermi energy in a d
band that definitely changes. The simple addition of elec-
trons to a rigid d band would lead to an increase in Ep,
thus the d-electron-addition observation of Perez et al. is
equivalent to a B-addition induced increase in the Ep
within the d band. If, on the other hand, a 7-B bonding
interaction shifts d states from well below to well above
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the Fermi energy, an increase in the Fermi energy of the
d band would be required to accommodate the same
number of d electrons despite the loss of low-energy
states. In terms of the d-band Fermi energy movement,
therefore, simple electron addition and antibonding state
formation can induce qualitatively similar increases.
Thus our T-sublattice results are reconcilable with the
Ce-sublattice results of Perez et al. provided the Ce-
valence response is viewed as coupled to the T-d-band
Fermi energy rather than simply the d-electron count.

SUMMARY AND CONCLUSION

This work has presented systematic XAS studies of the
T(4d)-L,; WL features of selected 4d-row elements and
compounds. Based on these studies a number of XAS
and electronic proposals have been advanced as summa-
rized below.

A new linear coupling between the L, ; WL feature
strength and the 4d-hole count in the 4d elements Mo to
Ag has been observed and the utility of applying this re-
sult to compound studies has been emphasized. For low
B concentrations in the interstitial Pd,_,B, alloy, the
Pd-L, ; WL area was found to decrease at a rate con-
sistent with two Pd-d holes being filled per B substituted
(here the elemental WL area to d-hole coupling was use-
ful in quantifying this rate). For Pd,_,B, (x >0.2) com-
pounds the WL area decrease (noted for the aforemen-
tioned alloys) was seen to saturate and a split-off WL
feature to grow in intensity with increasing B content.
We have interpreted these split-off features as reflecting
antibonding states with admixed Pd-d character, after the
theoretical work of Gelatt, Williams, and Moruzzi. Fi-
nally, we have found a similar but more robust split-off
WL feature effect in the Rh L, ; spectra of a series of
PrRh;B, (n=0,2,3) compounds. In these compounds
we have again suggested that the formation of Rh(d)-B
antibonding states split above E, are responsible for
these spectral changes.

Electronic structure calculations, specifically address-
ing the T(4d)-L, ; absorption edge features, for the com-
pounds studied here are clearly motivated by our results.
Additional spectroscopic studies probing the T(4d)
sphere electronic structure in these materials would be
useful. Finally, additional work is needed toward in-
tegrating electronic structure information as viewed from
multiple lattice sites (e.g., the Ce sublattice work of Perez
et al. and the present T-sublattice work) with spectros-
copies that integrate over all sites (e.g., direct and inverse
photoemission).
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