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Split-Off Narrow d-Band States above EF in Transition-Metal Alloys
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(Received 24 June 1983)

The presence is shown of narrow early-transition-metal d bands in the unoccupied
states, sometimes several electronvolts above the occupied states, in alloys of early
with late transition metals. The widths of these states are small if the early —transition-
metal concentration and the host density of states above EF are both low. Their relation-
ship to the narrow resonances of impurities in metals and their possible relevance to
optical properties are discussed.

PACS numbers: 71.55.Dp, 71.25.Pi, 78.70.0m, 79.60.Cn

Modern ideas on the electronic structure of a
transition-metal impurity atom in a matrix can
be considered to date from Friedel's work on
phase shifts in the early 1950's and Anderson's
work on the impurity Hamiltonian in the early
1960's." It is clear from that work that if the
transition-metal d levels fall in a region where
the host has a low density of states, then a nar-
row d resonance or split-off state can be formed
either above or below EF. Several years ago pho-
toemission studies of NiCu and PdAg alloys' in-
dicated that even in concentrated alloys the rigid-
band model was not appropriate and that split-off
d bands could occur. Since then most of the spec-
troscopic and theoretical band-structure studies
have concentrated on the occupied states. How-
ever, for physical properties the states above EF
are just as important as states below, but less
attention has been given to them until recently be-
cause of the lack of a fairly direct method of in-
vestigating them. Bremsstrahlung isochromat
spectroscopy (HIS)+' has recently proved to be an
important tool for understanding the role of the f
electrons' in rare-earth elements and the acti-
nides, where localized resonances are found
above E„. Here we apply BIS to tra, nsition-metal
alloys in which narrow (now d) band resonances
are formed.

Although in the pure early transition metals the
d states form broad bands, these are now known"
to become sharp resonances above the Fermi lev-
el when the atoms are dispersed as impurities in
a matrix with a low density of states. Intermetal-
lic compounds are systems in which intermediate
cases can be studied because the early-transi-
tion-metal (TM) band is strongly dependent on
the number of nearest neighbors of the same kind,
which is in turn dependent on the stoichiometry
and the crystal structure. To approach the im-
purity case the early TM element should have no
nearest neighbors of its own kind, as for the
Cu, Au structure. ' With use of the data of Fuggle

et al. ' we conclude that to fulfill the condition of
a low density of states above E, F, a suitable
choice of the other component is a noble metal
or a late TM in intermetallic compounds. As we
discuss below this combination also often pro-
vides the case of split-d-band behavior with the
Fermi level nested in the d-band "gap" which can
lead to interesting optical properties.

In Figs. 1-3 we give BIS and calculated densi-
ties of states (DOS) data for intermetallic com-
pounds which show phenomena above EF related
to the sharp resonances or split-off states of di-
lute alloys. Other cases where such effects were
not found will also be discussed to clarify when
they occur. The BIS spectra were recorded at a
photon energy of 1486.7 eV and a resolution -0.65
eV in a UHV system. " DOS were calculated with
use of the method of augmented spherical waves, "
and a Gaussian broadening of 0.65 eV was applied
to simulate experimental broadening. Samples
were prepared by inductive melting under Ar. '
They were cleaned by scraping in UHV. The in-
termetallic compounds considered here are or-
dered, and have a high heat of formation. Conse-
quently, extensive surface segregation is not ex-
pected. Within experimental accuracy no devia-
tion from the bulk stoichiometry could be detect-
ed at the surface by use of peak intensities of x-
ray photoemission spectroscopy (XPS).

Figure 1 shows data for YPd, and TiPd„where
there is no nearest-neighbor contact of the Y or
Ti atoms. The calculations were made for the
Cu, Au structure in both cases, although TiPd3
has the TiNi, structure which does differ from
Cu3Au but stil 1 has no Ti-Ti nearest neighbors .
On the basis of DOS calculations and cross sec-
tions, the strong XPS emission from the filled
bands can in both cases be attributed to states
with mainly Pd d character. ' The emission falls
off strongly towards E~ so that these bands may
be considered full. Above E„, there is a strong
ba, ckground in the BIS spectra, attributed mainly
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FIG. 2. BlS spectra of BPd3 compounds with Cu3Au
structure.
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FIG. 1. Experimental ((XPS and BIS) and theoretical
densities of states for YPd3 and TiPd3 No background
was subtracted from the experimental spectra. The
theoretical DOS curves have been broadened by 0.65
eV; total (full lines) and TM d densities (broken lines)
are given.

to sp states with a smaller electron-hole pair-
creation contribution. " Of more interest are the
peaks marked with arrows in the HIS spectra of
YPd, and TiPd, at about 2.6 and 1.0 eV above EF.
In both cases the DOS calculations indicate that
the largest contribution to its weight comes from
the early-TM d states. " In TiPd, the peak is
closer to E~ because the effective attic energy
level of Ti 3d is lower than that of Y 4d.

The important point is that both BIS measure-
ments and DOS calculations show a large peak in
the densities of early-TM states above E„ in com-
pounds with the Cu,Au structure. To show that
this effect is quite general and to give additional
support to our conclusions we show results for a
series of rare-earth-Pd, al.loys in Fig. 2. The
non-f parts of the valence bands of the rare-
earth elements [i.e. , (5d6s)'] are similar to Y,

and aii the aiioys crystal. lize in the Cugu struc-
ture. '~ The spectra are dominated by the f states,
which in the rare-earth elements are superim-
posed on a 5d6s band which is 10-12 eV wide. "
We find in all alloys a peak at 2.3 to 3 eV above
EF, which we interpret in the same way as in
YPd3 or TiPd, . We note that the peak at 2.3 eV
in the BIS spectrum of CePd,

' caused some con-
fusion when it was first observed" because it was
not recognized at that time that so much of the
Ce 5d spectral weight could be concentrated into
a single, relativel. y narrow, peak.

We now consider TiNi for which data are shown
in Fig. 3. Here the Ti-Ti distance is not in-
creased so strongl. y in the al.loy a,s compared to
the pure metal, , so that we do not expect such a
pronounced sharpening of the Ti d bands. ' This
is indeed the case. The Ti d peaks are now about
3 eV wide. Also the Ti d DOS is high where the
Ni d DOS is low and vice versa, so that the con-
dition for split-off state formation, that the early-
TM d levels fall. in a region of low matrix DOS,
is fulfill. ed. The split-off character is not so
strongly developed in the CsCl structure because
the Ti-Ti interactions are stronger than in TiPd,
(but still smaller than in Ti).

Alloys with high early- TM concentra. tion do not
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FIQ. 3. Experimental and theoretical DOS for Ti¹i.
Details as in Fig. 1.

show split-off band character because the direct
metal. -metal. interactions are too large. Exam-
pl.es l.ike this include R,Ni, R,Ni„and RNi,
whereR = Ia or Ce." In CeSn, or CeAl, the Ce
5d bands fall in the Sn or Al sp bands which have
a relatively high DOS and large hopping integrals,
and here again no split-off states are observed. "
Finally we note an al.most trivial example: The
DOS spectra of Bh-Pd alloys show only a peak
near EF, which is due to a continuation of the Rh-
Pd d bands" from bel.ow E» and there is no split-
off state because there is no earl. y TM. These
results confirm that to form split-off character
above E„o enneeds (1) an early TM as one com-
ponent; (2) l,ow density of states of the other com-
ponent at the early- TM atomic d energy level. ;
(3) small interactions between the early- TM
atoms, which is achieved by l.ow earl. y- TM con-
centrations and suitabl. e crystal. structures.

The behavior of the spl. it-off states above EF
is similar to that of late TM (and noble metals" )
whose d bands below EF also narrow considerably
when they are diluted into elements with a low
DOS near the effective atomic l.evel. of the TM."
Hel. ated effects have al.so been found by photo-
emission and other studies for earlier TM.
For states below as well as abave EF, an in-
creased TM concentration leads to a larger TM-
TM interaction, the bands become wider, and
describing them as split-off states is less ap-
propriate.

The extent to which narrow split-off states can
form above EF, even from normally well delocal. -
ized states, has not been sufficiently appreciated
until now. Their occurrence will not be as wide-
spread as below EF because higher-energy states
are less well. bound with more extended wave

functions and l.arger hopping and hybridization in-
tegral. s. Neverthel. ess our work shows that they
do occur quite generally. Material. s with a strong
DOS peak above EF and a gap, or very low DOS
near F.F, may have interesting optical and trans-
port properties. For instance, it is possible that
for Cepd, the relatively low energy cutoff (-I eV)
in the optical ref lectivity and the peak in the ab-
sorptivity above this energy" are related to the
gap and the split-off states that we observe. We
suggest that the peak may be due to transitions
from near EF into the split-off state with mostly
d character at -2.3 eV. Such an absorption can
be pronounced under certain conditions. There
may even be possibilities to tailor such materials
for certain technological applications where high
ir ref lectivity and absorption of visible light are
desirable.
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