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Optical absorption of hcp yttrium
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The reflectivity of oriented, single-crystal, hcp yttrium was studied in this work between 3.5 and 30 eV. The
data were combined with previous absorption measurements at higher and lower energies to enable the
dielectric functions to be determined by Kramers-Kronig analysis. Optical anisotropy was shown to occur
mainly below 4 eV. The structure in e2 below 25 eV was interpreted in terms of solid state, interband features.
The Y results were compared to earlier results for Zr and Hf. The loss functions were calculated from the
dielectric functions, and Y was shown to possess two pairs of surface and volume plasmons.

INTRODUCTION

The electronic properties of the transition metals
have come under intense scrutiny in the last few
years. Much of the work has emphasized the fcc'
and bec' metals. The hexagonal metals have re-
ceived much less attention, and only rarely have
oriented, single crystals been investigated by opti-
cal techniques. " Largely because of the dearth of
experimental information, there have been few
band-structure calculations for these metals. ' It
is hoped that this study of Y will encourage further
efforts, both experimental and theoretical, directed
at understanding the electronic structure of the
noncubic transition metals.

In an earlier paper, ' we reported the low-energy
(0.15-4.4 eV) absorptivity of an oriented, single
crystal of Y, but, in the absence of high-energy
data on which to base an extrapolation for a
Kramers-Kronig analysis, we were unable to
determine &, and discuss the dielectric-function
behavior. Few other studies of Y have been re-
ported. Petrakian et al. ' studied the absorption
of thin, semitransparent, films of Y between -1.5
and 6 eV. Eastman' reported ultraviolet photo-
emission measurements (h&u =11.6 eV), and indi-
cated an occupied d bandwidth of -1.6 eV. Elec-
tron-energy-loss measurements by Zashkvara
eE al. ,

' Bakulin et al. ,
' and Lynch and Swan' pro-

vided information about the plasmon-dielectric-
function mixed structures, but those measure-
ments were unable to separate volume plasmons,
surface plasmons, and interband effects. de Haas-
van Alohen measurements have recently been re-
ported by Young et al." Electronic energy bands
have not been calculated for Y but it has been as-
sumed that the Y bands are qualitatively similar
to those of Ti, Zr, and Hf, as well as the hcp
rare-earth metals. It is only recently that de-

tailed calculations of Ti, Zr, and Hf have ap-
peared. '

In this paper, we report our measurements of
the ref lectivity from 3.5 to 30 eV. Those results
were combined with our previous measurements
at lower energy' and at high energy, "and a Kra-
mers-Kronig analysis was performed to yield the
dielectric functions. We discuss those results,
and calculate the energy-loss functions and oscil-
lator-strength sum rules from them. The loss
functions are compared with direct measurements
of the energy losses suffered by fast electrons
moving through the solid.

In the energy range from 0.15 to 4.4 eV, a
calorimetric technique was used as was discussed
in greater detail in our earlier paper (Ref. 2); the
technique has been extensively discussed in Ref.
13. Briefly, polarized, monochromatic radiation
was directed onto the sample at near-normal inci-
dence and absorbed either by the sample or by a
Au-black-coated absorber which collected all of
the reflected light. The low-energy data were esti-
mated to be accurate to 1% of A(A =1 —R where R
is the ref lectivity) above 1 eV, but only 10% of A.

at 0.15 eV (where A was 0.0229 for Ezc and 0.0430
for E i c).

Between 3.5 and 30 eV, the room-temperature
reflectivity was measured with the same samples.
Polarized, continuum radiation from Tantalus I
(the 240-MeV electron storage ring operated by
the Synchrotron Radiation Center, University of
Wisconsin) was used, and the ref lectivity was
measured by a technique described in detail else-
where. '4 The data in this energy range were esti-
mated to be accurate to 5' of R. The samples
were electropolished, then briefly exposed to the
air while being transferred to the vacuum-uv re-
flectivity chamber. Within 4 min, the pressure in
the N, -purged chamber was -10 ' Torr.
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EXPERIMENTAL RESULTS AND DATA ANALYSIS
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Reflectivity of Y to 8 eV emphasizing the low-
energy anisotropy of hcp Y.

The ref lectivity (8) of Y is shown in Fig. 1 for the
energy range between 0.15 and 8 eV. The orienta-
tion of the electric field vector of the photon E,
relative to the c axis of the sample is given by
E

~~
c and E & c. As was pointed out in Ref. 3, even

at the low-energy limit of the data, interband ab-
sorption is still quite strong: the Drude or free
electron absorption region has not been reached by
0.15 eV in Y, and both interband and intraband ef-
fects contribute to the absorption. In the near in-
frared, the anisotropy in R is striking, and R for
E ~~c displays structure near 0.5 eV which is not
observed for E ic. Both spectra reveal features
near 1.5 and 2.1 eV. Above =3 eV, both reflectivi-
ties drop sharply, display structure near 5.2 eV
(stronger for the basal plane), and have deep mini-
ma near 6.4 eV. For E ~~c, R =0.002 at the mini-
mum. While considerable anisotropy is apparent
in R below about 4 eV, at higher energy the two
ref lectivities run nearly parallel and show little
anisotr opy.

In Fig. 2, the ref lectivities are shown for the
region between 5 and 28 eV. Here, the extent of
the minima near 6.4 eV is shown. more clearly
than in Fig. 1. Above 6.4 eV, R rises sharply,
displays features at about 7.8 eV (shoulder), 10.2
eV (maximum), 11.8 eV (shoulder), 14.7 eV (mini-
mum), 18.5 and 23 eV (broad maxima), 27.2 eV
(minimum), and is rising at 28 eV. It should be
borne in mind that the two curves shown are the
measured ref lectivities and, as such, include angle
of incidence (10') and polarization effects. For
E ~~c, the radiation was s polarized, while for
E&c, it was P polarized. This, rather than a
physical anisotropy, accounts for much of the
difference in the magnitude of 8 in Fig. 2. The
dependence of R on polarization and angle of inci-
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FIG. 2. Ref lectivity of Y at high energy. The curve
labeled K

~ ~
c was taken at 10' angle of incidence with

s-polarized light; the E -L c data were also taken at 10'
but with p-polarization radiation.

dence has been discussed in more detail in Ref.
14 and elsewhere. For the present discussion, we
need only point out that the Kramers-Kronig com-
puter program takes both factors into account be-
fore performing the integration routine and ulti-
mately determining the dielectric function.

In order to gauge the effect of an oxide on the
sample, one sample was aged. (This was accom-
plished by measuring R for the sample in an "as-
is" state; it had been electropolished some 25
months earlier, then stored in a glass vial. ) The
effect of the surface layer was to fill in the mini-
mum near 6.4 eV and push it toward lower energy.
In addition, the magnitude of 8 was higher, addi-
tional structure was observed at 13.3 eV, and the
minimum near 15 eV was completely filled in.
Electropolishing removed the oxide, and, though
a surface layer formed during the mounting and
pump-out process, the effect was primarily a
filling-in of the minimum near 6.4 eV and a dis-
torting of the feature near 7.8 eV.

As a further check of our Y data, we measured
the ref lectivity of a large crystal of Y»O«. The
spectrum of the oxide crystal was very different
from that shown in Fig„2. In particular, the oxide
sample showed maxima in R at 7 and 12.6 eV with
magnitudes of R everywhere above 20% between
6.3 and 13.3 eV. The Y ref lectivity was much
lower —its maximum at 10.2 eV was only 6/p.
Above 13 eV, the oxide spectrum was relatively
flat and = 5%.

As a final set of measurements, we evaporated
a film of Y in situ in a chamber with a base pres-
sure of 2 &10 ' Torr. Subsequent measurements
showed the film to have considerably more resem-
blance to the oxide crystal than the crystal of Y.
Since Y is highly reactive when hot and exhibits
strong gettering, we were forced to conclude that
a film evaporated in a chamber with anything less
than state-of-the-art vacuum would not show struc-
tures representative of the well-ordered metallic
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state.
In order to determine the dielectric functions

from the R data, a Kramers-Kronig analysis was
performed with the present data and those of Refs.
3 and 12 forming a continuous curve from 0.15 to
250 eV. ADrude-like behavior was assumed in
the infrared, and an exponential behavior of the
form R =ROE 8 was taken above 250 eV. Several
values of P were assumed, and the ultimate choice
of P =3.5 was influenced primarily because of con-
siderations of the sum rule on Ã,ff.

The real and imaginary parts of the dielectric
function are shown in Fig. 3. The low-energy re-
gion (N&a less than 4 eV) is expanded for clarity.
Note that the energy scale is linear, but changes
at 4 eV, and that above 4 eV, the quantities shown
are 10m, and 10m, . For ease in comparing the re-
sults for the two polarizations, the zero line for
~, has been displaced from that of e,. As indicated
above in the discussion of the ref lectivity, the
principal anisotropy occurs below about 4 eV.
Structure which occurs in e, is summarized for
both polarizations in Table I.

The optical conductivity, defined by v =e,&u/4v,

is shown for Y in Fig. 4. The advantage of the
figure is that the low-energy features are shown
more clearly —in particular, note the structure
near 0.43 for E Lc which is apparent in o but barely
visible in e, (Fig. 3).
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DISCUSSION

In general, the evaluation of low-energy optical
data calls for a careful study of the electronic
energy bands of the material. Structure in the data

TABLE I. Energy locations of structure in &2 for Y.
Energies are given in eV.

Elle E&c

-0.4*
1.35
1.78

-5.2 b

77"
10.2
11.6
18.3
22.5

0.74
1.15
1.75

-2.2b
-5.2 b

77'
10.2
11.6
18.3
22.5

is correlated to pairs of bands, separated by the
correct energy difference, which have a high joint:
density of states, and w'hich are allowed by group-
theoretical selection rules. It is also important
in the case of metals to realize that structure can
arise from transitions occurring over an extended
volume of & space, and that the principal regions
of & space contributing to a particular structure
can be removed from the high symmetry points or
lines often calculated. To definitively relate ex-
perimental structure to regions of & space requires
a careful consideration not only of the bands but
also of the wave functions, the dipole matrix ele-
ments, and then eventually &,.

In the present consideration of Y, the interpreta-
tion is hampered because the bands from which the
arguments must be made are those of Zr. Never-
theless, those bands are very instructive and are
reproduced as Fig. 5. They were calculated by
Jepsen et al. ' who used a linear muffin-tin-orbital
formalism and included relativistic and spin-orbit
effects. To determine the location of the Fermi

Weak structure, better seen in the conductivity (Fig.
5).
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FIG. 3. Dielectric function for Y. The zero line has
been displaced for clarity and to emphasize the differen-
ces and similarities for the two polarizations. The
energy scale is linear but changes at 4 eV.
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FIG. 4. Optical conductivity of Y below 6 eV.
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FIG. 5. Electronic energy bands of Zr calculated by
Jepsen et al. (Ref. 5), including spin-orbit and relativis-
tic effects. The dashed line represents the Fermi level
of Y determined by using the density of states of Zr. Its
position should be taken cautiously.

level appropriate for Y, but in the Zr bands, we
have assumed that the density of states is un-
changed on going from Zr to Y. This is not a
completely valid assumption, and in fact the width
of the d bands of Y is expected to be appreciably
narrower than in Zr, but it allows a rough in-
terpretation of the low-energy optical structures in
Y. The Fermi level as we have shown it was de-
termined by assuming three electrons per atom
and using the Zr density of states.

Experimental structure in &, and 0 is observed
near 0.43 eV (see Fig. 4) for E 11c but not for E Lc.
There are few pairs of bands which could be re-
sponsible for the structure. We suggest that tran-
sitions like ~,-~, and T, —T, are involved; these
are allowed for E11c but are forbidden for E i c.

The experimental structure observed for E &c
at 0.74 eV can probably be related to transitions
near H along the direction S'. Such S,'-8,' transi-
tions are allowed by selection rules.

Structure is evident for both polarizations be-
tween 1 and 2 eV, but it is difficult to make un-
ambiguous assignments of the origin of the struc-
ture without detailed matrix element calculations.
The importance of selection rules is also difficult
to assess except at the lowest energies. The struc-
ture in e2 near 1.75 eV in both polarizations may,
for example, originate from the same part of the
zone but be distorted by anisotropy in the absorp-
tion at lower energy. This would not be unrea-
sonable since the calculations of Jepsen et al.'
have shown that most of the bands are hybridized
to some extent throughout the zone (only specific
points retain a pure angular momentum character).
A possible source for the structure near 1.75 eV
might then be the nearly parallel bands along 'T

and T' extending out from K (the Zr bands show
too small an energy separation but the Y bands
would be expected to be farther apart).

In the absence of detailed calculations, one can
only suggest that the regions of & space along I'
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FIG. 6. Energy-loss functions for Y. The volume-loss
function is Im(-1/&) and the surface-loss function is
Im[- 1/|', &+1)].

(1.3-1.6 eV for Zr bands) and near the zone face
around I and along P (2.8-3 eV) are probably con-
tributing to interband absorption in Y.

A comparison of the spectra of Fig. 3 with the
corresponding behavior in Zr and Hf shows con-
siderable resemblance above -5 eV. Each of the
metals possesses a sharp minimum in e, near
6 eV (Y, 6.6; Zr, 6.2; Hf, 6.8 eV); broad absorption
persisting for several electron volts; a second
minimum (Y, 14.8; Zr, 17.2; Hf, 18.9 eV); and a
third, broad, double-structured feature to -30 eV.
These features can be interpreted qualitatively in
terms of transitions from the occupied levels to
regions of relatively high density of states many
eV above E~. For several of the bcc and fcc
metals, it has been demonstrated that structure
appears in the density of states well above E~,
and it appears reasonable to assume that the cor-
responding bands would persist in the hcp metals.
In particular, Christensen" has performed rela-
tivistic-augmented-plane-wave calculations for
Au to -50 eV above F~, and the bands are decided-
ly not free-electron-like. Unfortunately, more
quantitative arguments cannot be made until
thorough calculations have been performed which
focus attention on the high-lying states of the hcp
metals.

The energy loss functions for Y can be calculated
easily from the dielectric functions shown in Fig.
4. These functions are measures of the proba-
bility that a fast electron will excite a surface
(Im[-1/(e +1)])or volume [Im(-I/Z)J plasmon as
it moves through the crystal. Since the dielectric
functions for Y show little anisotropy above about
4 eV, we show in Fig. 6 the energy loss functions
for only the one polarization, Ezc. Strong fea-
tures are observed in the volume loss function at
5.2 and 12.4 eV, and we identify those as volume
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plasmons since the conditions are satisfied that
de, /dE&0; de, /dE& 0; e, =0 and e2 small and
structureless. Other features in the volume loss
function can be identified as interband features
since they correspond to structure in either e, or

Since strong interband absorption. occurs near
12 eV, it is not surprising that the plasmon at that
energy is broadened and shifted in energy away
from the calculated free-electron value of 11.18 eV.
The corresponding distortion of the surface plas-
mon is even greater, and its energy position is
uncertain (-11.5 eV). The lower-energy surface
plasmon is, however, strong and occurs at 3.75
eV.

Most measurements which directly measure the
losses of electrons transmitted by thin foils or
reflected from bulk surfaces have been unable to
separate volume from surface-plasmon effects."
They have observed, nevertheless, structures at
energies which are close to those where our optical
constants place plasmons. The work by Lynch and
Swan' reported structure at 4.0, 12.4, 35.6, 49.1,
and 74.1 eV. The first could be a mixture of our
low-energy plasmon pair, and the second corre-
sponds well to our volume plasmon. The struc-
tures at 25.4 and 35.6 eV correspond to our bulk
peaks at 24.5 and 33.2. We have no explanation

for the feature near 25 eV, but the structure at
33.2 eV is due to the 4P-4d absorption as dis-
cussed in Ref. 12.

Finally, a comparison of the ref lectivity spectra
of Fig. 3 with the absorption measurements of Ref.
12 shows that the ref lectivity curves fail to display
the onset on the atomic 4P-4d absorption near 23
eV. A similar behavior has been observed in Zr
and Hf. We believe the disagreement arises be-
cause of the relative strengths of the interband
absorption and the atomic absorption, the inter-
band structure obscuring the weaker atomic fea-
tures in the crystalline sample but the atomic
structure showing more clearly in the films. As
we noted earlier, Y films, even those prepared in
uhv, tend to be contaminated and hence interband
features would be weakened. Features such as the
broad 4P structures would be less affected since
they are a result of localized absorption on the
metal atom and are largely independent of the
atomic environment.
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