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The absorptivity or reflectivity of polycrystalline samples of Ti, Zr, and Hf was measured from 0.15
to ~30 eV. The data were Kramers-Kronig analyzed to determine the dielectric functions. Between
~0.2 and ~7 eV, each metal showed five structures in the absorptivity and €,. These were interpreted
as interband transitions within the d bands. The €, spectra had minima near 7 eV similar to that
observed in the bce transition metals. Additional structures at higher energy could be related to
transitions involving highlying bands and the core levels. The electron-energy-loss functions were
calculated and discussed in terms of volume and surface plasmons. These metals, like the other
transition metals studied, exhibited two volume and two surface plasmons.

INTRODUCTION

The hcp transition metals have received little
experimental or theoretical attention in the past
years, while the energy bands and Fermi surfaces
of many simple and noble metals have been studied
extensively. In part, this is because single crys-
tals of purity adequate for Fermi-surface studies
are difficult to prepare. For lack of experimental
data, theoretical studies have been few and often
inconclusive, While one expects the hep transi-
tion metals to be similar to the bcc and fcc transi-
tion metals, about which more is known, differ-
ences arising primarily from the crystal structure
are to be expected. The optical properties, but
not the Fermi surfaces, should be qualitatively
similar for the different structures.

In the following we report our measurements of
the optical properties of Ti, Zr, and Hf in the en-
ergy range from 0,15 to ~30 eV, These are com-
pared with our previously reported measurements
dealing with the bce transition metals,'? and with
electron-energy-loss measurements, Structure
in ¢, is discussed in terms of existing band calcu-
lations, 3%

METHOD

The samples studied were spark cut from ingots
which had been prepared by electron-beam melt-
ing. They were large and polycrystalline with
about 1-mm grains, The Hf sample contained
about 1-at.% Zr. The samples were mechanically
polished, electropolished (6% perchloric acid in
methanol at dry-ice temperature), annealed at
~1150 °C in Ar, and then reelectropolished imme-
diately before being transferred to the sample
chambers (time of exposure to air 2—3 min; after
3 min the roughing pumps were started; within 4
min, the vuv chamber pressure was ~5x10-3

11

Torr). At least 50 pm were removed by electro-
polishing to remove the layer damaged by spark
cutting and polishing.''? Laue x-ray patterns
showed sharply defined spots indicating the sur-
face was free of damage.

Data from 0,15 to 4. 42 eV were obtained by a
calorimetric technique previously described.® The
absorptivity A was measured at near-normal in-
cidence at 4.2 K with an accuracy of a few percent
of the value of A, Between 4 and 30 eV, the re-
flectivity (R=1- A) was measured using the same
samples, but at room temperature. In the region
of overlap, the agreement was very good. R was
measured at 10° angle of incidence with s- and p-
polarized radiation. The high-energy data were
taken using the continuum synchrotron radiation
from the 240-MeV electron storage ring operated
by the Physical Sciences Laboratory of the Univer-
sity of Wisconsin. The apparatus and techniques
have been described in detail elsewhere.® The re-
sults of the measurements are presented in Figs.
1-6.

Kramers-Kronig (KK) analyses were used to
convert the measured spectra to spectra of the
complex dielectric function € =€, +i€,, from which
we calculated the complex refractive index N=»

+ ik, the optical conductivity, the energy-loss func-
tions, and certain sum rules. To perform the KK
analyses, it was necessary to introduce high- and
low-energy extrapolations. For a free-electron
gas, the low-energy absorptivity would be constant
and equal to 2/w,T, where w, is the plasma fre-
quency and T is the relaxation time. It was clear
from Fig. 1 that interband absorption persisted be-
low 0.2 eV, but the absorption was small and with-
out structure, and Drude-like extrapolations ap-
peared reasonable, The absorptivity at 0.15 eV
was set equal to 2/w,,r to determine 7, using the
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FIG. 1. Absorptivity of Ti, Zr, and Hf at 4.2 K.

free-electron-gas value of w,. Then w, and T were
used to calculate Drude absorptivities for the ex-
trapolations below 0.15 eV,

The high-energy extrapolations presented more
serious problems. For Ti, absorption-coefficient
measurements were available” in the 40-310-eV
range, and it was possible to calculate R for the
extrapolation in that range (assuming n=1), For
Zr and Hf, such data were not available,

Power-law extrapolations of the form R(E)
=R0E‘B are not generally accurate for most materi-
als since transitions from core levels introduce
structure in R at high energies. Such extrapola-
tions do, however, give good results if the expo-
nent B8 can be adjusted to give a known quantity,
e.g., €,, at one or more selected energies.® This
fitting requires independent knowledge of the ab-
solute value of some optical function at one or
more energies, either from other measurements
or from a theoretical picture that is assumed to
apply. There exist so few data on Zr and Hf that
such a fitting was not possible.

A requirement of the high-energy extrapolation
is that the sum rule on €, gives roughly the expected
number of core electrons. This sum-rule condi-
tion is only approximate since matrix-element ef-
fects often make the sum incomplete at the onset
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FIG. 2. Absorptivity of Ti, Zr, and Hf at 4.2 K.
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FIG. 3. Reflectivity spectra of Ti obtained in this and
other studies. The insert shows the high-energy region.

of transitions from the next deeper core level, but
it does place an upper bound on the extrapolated
reflectivity.

For the high-energy extrapolations of Zr and Hf,
several forms were assumed, and their effect on
the dielectric functions in the range of interest
was gauged. Attempts were made to account for
the presence of core transitions related to the 4s
levels of Zr,® and the 5s and 5p levels of Hf.? At
higher energies, our ultimate extrapolation had a
power-law form with the choice of 8 determined
by the sum-rule condition and experience with other
bee metals, '? For Zr, absorption due to the 3d,
4s, 4p, and 4d electrons would be (approximately)
exhausted by 200 eV,® and the sum rule would give
22 electrons per atom (3). A B of 3.5 above 60 eV
gave 21 3 at 200 eV for Zr. For Hf, 14 additional
4f electrons would raise N, to 36 near 250 eV.°
A Bof 3 above 40 eV gave 353. The effect of dif-
ferent B’s was that for Hf, for example, B=3.5
gave only 213 while a by-eye extrapolation with
roughly B=4.4 caused ¢, to be negative between
~50 and 300 eV. While different p’s produced
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FIG. 4. Reflectivity of Ti. The high-energy region
has been expanded for clarity. )
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FIG. 5. Reflectivity of Zr. The high-energy region
has been expanded for clarity. Core levels have been
placed according to their atomic energies (Ref. 9).

large changes at high energy, their effects in the
region of interest were smaller: The difference
in €, between B=3.0 and 3.5 for Hf was 1. 8%
(1ev), 3.5% (5 eV), 2.5% (10 eV), —1% (20 eV

with €, for B=3.5 being greater), and 2.1% (25 eV).

Finally, for Ti the experimental results” between
70 and 300 eV could be approximated by B=3.7 (3p
levels lie near 45 eV). To account for the added
absorption in Zr and Hf, B must be decreased, and
our choices were reasonable.

The problem of oxide formation on crystalline
samples prepared in air and transferred to a sam-
ple chamber is one which particularly plagues vuv
studies. In the infrared, the oxides tend to be
transparent and have negligible effects. In the
visible, the effects of a transparent oxide become
greater (because of the values of » and & of the
metal), and in the ultraviolet, where the oxide is
absorbing, qualitative as well as quantitative ef-
fects can occur., In general, the effect of a thin,
transparent oxide layer is to reduce the reflectiv-
ity 1

In this study we have made no effort to correct
for an oxide layer since the oxide could not be as-
sumed to be transparent. A correction for an ab-
sorbing oxide would be reliable only if its thick-
ness, uniformity, and nature were known. Since
several oxides exist for these metals and since the
oxidation rates vary for different crystal faces,
such corrections would have little meaning, Final-
ly, the optical properties of the transition-metal
oxides are not generally known at high energy.

Ti is the most reactive of our samples and nu-

-merous runs were made with this sample (always
freshly electropolished). All spectra were qual-
itatively similar to the curve shown in Fig. 3,
but for some the magnitudes of R were lower. The
effect of electropolishing was to increase R and
sharpen structure as the surface quality improved.
A point was reached, however, beyond which fur-
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ther electropolishing did not change R, and the
magnitudes were then reproducible from one run
to the next to within 5% of the magnitude of R.
Since we were unable to study the sample surface
quality in sifu, a more quantitative estimate of the
effect of the surface contamination of our Ti in the
vuv is not possible. Since Zr and Hf oxidize much
more slowly, the effects of oxides for those metals
were probably small.

This study represents the first examination of
Ti and Zr over a wide energy range. To our
knowledge, Hf has not been studied before by op-
tical techniques. Since the samples were not ori-
ented single crystals, the calculated dielectric
functions must represent an average dielectric
function and any anisotropy of the dielectric tensor
must be determined at a later time.

DISCUSSION

We first compare our data with those in the lit-
erature. Kirillova and co-workers''~'® measured
the optical constants of polycrystalline samples of
Ti that had been mechanically polished in acid.
They used an ellipsometric method and covered
the 0,06-5-eV range at room temperature. The
reflectivity spectrum calculated from their values
of » and % is shown in Fig. 3. The prominent min-
imum we find in R at 0.465 eV is absent, although
their data show a slope change there. The weaker
minimum at 1.3 eV is also absent. More recently,
Mash and Motulevich!* made ellipsometric mea-
surements (~0.1-3 eV at 300 K) on electropolished
samples similar to ours. They showed that below
3 eV the effect of oxidation was to change » and &
by only 2—-5% after 3 days.

Hass and Bradford'® measured the reflectivity of
evaporated films of Ti (~10-® Torr) between ~0. 1
and ~12.5 eV, They reported a few ellipsometric
measurements in the visible, and described a
study of the effects of a buildup of an oxide layer
during exposure to air, Their results indicated
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FIG. 6. Reflectivity of Hf. The high-energy region
has been expanded for clarity. Core levels have been
placed according to their atomic energies (Ref. 9).
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TABLE 1. Energy positions of structure in the reflec-
tivities of Ti, Zr, and Hf. Additional features in Zr and
Hf can be related to core structure (see Table II and
text). All energies are ineV.

Ti Zr Hf
Shoulder in 1—R 0.3 0.34 0.45
Minimum 0,465 0.51 0.615
Maximum 0.67 0.68 0.92
1.10
Minimum 1.27 1.26 1.7
Maximum 1.6 1.5 2.2
1.9
Minimum 2.9 2.4 2.75
Maximum 3.8 2,65 2.95
Minimum 5.3 3.4 5.0
Maximum 6.0
Minimum? 7.7 6.24 6.85
Maximum 9.3 10.5 10.5
Minimum 18.5 17.4 18.8

2Marks the onset of high-energy absorption.

that a 17-A film of TiO, formed within ~2 hours
(room temperature) after the film deposition was
completed. The oxide continued to grow and
reached ~35 A after 60 days. Since our crystals
were exposed to air much less than 2 hours, we
can assume that we have considerably less than
17 A of oxide cover, particularly since crystals
tend to oxidize more slowly than films, The re-
flectivity spectrum of Hass and Bradford is shown
in Fig. 3.

Johnson and Christy!® measured the transmission
and reflection of evaporated Ti films in the 0, 6-
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FIG. 7. Real and imaginary parts of the dielectric
function of Ti. The energy scale is linear but it changed
at 2 eV.
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FIG. 8. Real and imaginary parts of the dielectric
function of Zr. The energy scale in linear but it changed
at 2 eV.

6.6-eV range at room temperature. The films
were evaporated in a vacuum of about 107 Torr
and kept in a nitrogen atmosphere during the mea-
surements. The reflectivities calculated from
their values of nand % are consistently higher than
ours, but the qualitative agreement is good.

Several groups'®~!® have studied Ti at one or two
wavelengths in the visible. Menard!® used a me-
chanically polished sample while Smith!? used a
sample annealed iz situ. Carroll and Malmed'®
compared a chemically polished sample to an ultra-
high-vacuum film. The results of these studies lie
within the spread of Fig. 3. Finally, Vilesov et
al.'® measured the reflectivity of mechanically
and chemically polished samples of Ti by a novel
photoemission method, covering the range from
about 3 to 15 eV. Their data, also presented by
Kirillova et al.,? have roughly the same shape as
ours, but their peak near 6 eV is more pronounced
and appears at higher energy.

Zr has been studied less frequently than Ti.
Kirillova et al.?'®® reported ellipsometric mea-
surements between 0,06 and 5 eV, but the agree-
ment with our results is only fair. They showed
broad minima in R near 1 and 2.5 eV, Vilesov
et al.™ also measured the reflectivity of Zr, but
the structures in their spectra are very different
from ours. No optical data on Hf were found.
Table I gives a summary of our reflectivity spec-
tra,

Figures 7-9 show the real and imaginary parts
of the dielectric function for Ti, Zr, and Hf de-
termined from our KK analyses. The low-energy
interband absorption in these metals lies from a
few tenths of an eV to about 7 eV, the lower region
being superimposed on a free-electron background.
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FIG. 9. Real and imaginary parts of the dielectric
function of Hf. The energy scale in linear but it changed
at 2 eV.

The results are summarized in Table II. Ti and
Hf show five features below about 7 eV with Zr
having a sixth. These are shown somewhat more
clearly in the optical conductivity, o= e,w/4r (Fig.
10).

The over-all strong interband absorption is sim-
ilar to that in the bec transition metals,*? absorp-
tion arising from transitions from filled parts of
the d bands to empty parts of the d bands. (The
bands are certainly hybridized with s and p char-
acter, but the position in energy of the strong ab-

TABLE II. Position of maxima in €, for Ti, Zr, and
Hf. All energies are in eV.

Ti zr Hf

0.28 0.35 0.47

0.62 0.64 0.85

1.45 1.20 1.8
1.58

3,22 2.6 2.7

5.6 4.0P 5.2

8.2 9.9 10.0
13.0

23.8 21.9 22.5

14.5¢

. 16.1

26.4 17.5

19.3

28.5°

2Better seen in the conductivity (Fig. 10).

bSubtle feature in conductivity corresponding to broad,
weak absorption as seen in R (Fig. 5).

€Ny, 3 core structure (see text).

4N, ¢ core structure (tentative identification—see text).

0, 3 core structure (see text).
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sorption requires it to arise from filled and empty
states, all in the “d-band region” of the density of
states.) The very sharp structure in Fig. 10 is
not shared with the bcc metals with the exception
perhaps of W. However, there should be a char-
acteristic difference in the band structures for the
two lattices, with perhaps more prominent parallel
bands cutting the Fermi level in the hcp structure.
It should be borne in mind that our spectra are for
polycrystalline samples; the spectra of the indi-
vidual components of the conductivity tensor may
be even sharper.

Energy bands have been calculated for Ti,* but
these have not been fit to experimental data, and
any assignments would be rather tenuous. In the
absence of extensive energy-band calculations for
Hf, the assignment of the structure in ¢, to regions
of k space is not possible. While detailed calcu-
lations of the band of hcp Re are available,? the
application of these via a rigid-band model to Ti,
Zr, and Hf does not appear warranted. Small
shifts in the bands near the Fermi level could dra-

matically change the predicted optical structure.
Further, the sharp structure we have observed at

low energy might be due to small regions of Kk
space removed from the symmetry lines usually
for reporting band structures. It is hoped that this
optical study and other Fermi-surface studies?-%*
will stimulate interest in the electronic properties
of these metals.

Recently, the energy bands and the joint density
of states of Zr were calculated by Myron.25 There
is considerable agreement between the structures
in the conductivity, calculated with the constant-
matrix-element approximation,and the structures
in Fig. 10. A small calculated peak at 0.35 eV
corresponds to our peak at 0,37 eV, It arises
from transitions between nearly parallel bands
around I (along T and T) through which the Fermi
level passes. Subsequent calculated conductivity

" peaks appear at 0,9, 1.5, 1,8, and 2.3 eV. The

50 ———————

CONDUCTIVITY (10"*ESU)

o s 1 L I L L L L L | \

o | 2 3 4 5 6
PHOTON ENERGY (eV)

FIG. 10. Conductivity of Ti, Zr, and Hf.
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first is surely our peak at 0.66 eV, and it arises
from transitions between nearly parallel bands
along S. The correlation of the calculated struc-
tures at 1.5, 1. 8, and 2.3 eV with the experimental
features at 1.22 and 1.6 eV is less certain, The
calculated peak at 1.5 eV arises from parallel-
band transitions along P, that at 1.8 eV from par-
allel bands along U, and that at 3.4 eV from par-
allel bands along S. This will be discussed in
more detail when the calculations are reported. %

The hcp metals, like the bee and fec? transition
metals, possess the characteristic minimum in
€, above the first absorption band. In the bcc
metals, this minimum appears at about 10 eV,
Above the minimum, a second wide, structured
absorption band appears which has been attributed
to transitions from occupied states to final states
210 eV above E,. These final states correspond
to the 7th and higher-lying bands which have large-
ly s, p and f character and a high density of states,
While no calculations of the joint density of states
or €, have extended to these high photon energies,
it appears reasonable to attribute this high-energy
structure to such transitions., This assignment is
supported by recent high-energy thermoreflectance
studies of Au.?” From our optical measurements
of the hep metals, the high-lying, flat bands should
be placed closer to E than for the bce or fcc met-
als, but more detailed assignments must await
further theoretical efforts.

Structure has been observed in the reflectivity
and dielectric-function spectra which can be re-
lated to transitions involving core states. The 4p
levels of Zr have been placed near 28.7 eV,® and
observed structure in €; near 26.4 eV can be re-
lated to those N, 3 levels. Similarly, for Hf the
4f states which lie about 17.1 eV® below E, might
be responsible for the four structures observed
in €, at 14,5, 16.1, 17.5, and 19,3 eV, though the
structures are surprisingly strong for f—d tran-
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FIG. 11. Ngs calculated from the oscillator-strength
sum rule. See text for discussion of the low-energy re-
gion,
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FIG. 12. Volume [Im(-1/¢€)] and surface {Im[-1/¢
+1)]} loss functions of Ti.

sitions. The O, ; levels are probably responsible
for the structure observed at 28.5 eV in Hf. For
Ti, the core levels lie outside the range of our
measurements,

Figure 11 shows the result of the partial sum
rule

2 1 fz 2\ ’
- e€,(E')E' dE
T (Bwy)* Jo.1 ev «(F) ’

where 7w, is the free-electron-plasma energy.
N, 4(E) is the number of electrons per atom con-
tributing to absorption between 0.1 eV and E,
There is considerable oscillator strength from the
valence electrons over the entire range from 0.1
to 30 eV with additional strength coming from core
levels as identified above. Note that the contri-
bution to the integral below 0.1 eV has not been
included in Fig. 11, (It is very sensitive to the
free-electron-gas parameters used to describe
the region below 0.1 eV, being (8/7)(my/m*)tan™
[(0.1 eV)7/7] for these metals, where m* is a con-
ductivity effective mass and 7 an electron relaxa-
tion time,)

Figures 12—-14 show the loss functions for volume
and surface plasmons, Im(-1/&) and Im[- 1/
(€ +1)], respectively. Peaks in these occur at en-
ergies corresponding to the energies a fast elec-
tron would lose in exciting a volume and surface
plasmon, respectively. There can also be peaks
due to interband and core transitions, but these can
usually be identified by comparison with structure
in €,. The plasmon peaks will occur where ¢, is
small and structureless. Ti, Zr, and Hf, like the
bee!’? and fce?® metals, exhibit two volume plas-
mons and two surface plasmons, The results are
summarized in Table III, The higher-energy vol-
ume plasmon occurs at an energy close to the free-
electron value, determined by using the number of
s, p, and d electrons and the free-electron mass.
Exact agreement is not expected because of the
occurrence of nearby interband and core tran-
sitions, The lower-energy volume plasmons seem

Neff(E) =
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less damped than their counterparts in the bcc met-
als, 2 None of these bear a V2 relationship to the
volume-plasmon energies, as expected for a free-
electron gas, but these are much more complicated
systems.

There is some previous work on electron-energy-
loss measurements in Hf. Lynch and Swan®® found
loss peaks at 7.7, 15.9, and 33.4 eV in Hf, the
15.9-eV peak corresponding to our bulk-plasmon
peak at 15, 8 eV combined with the nearby core
features (see Fig. 14). The 33.4-eV peak is prob-
ably a composite of the 0, and O, core-level exci-
tations. Their low-energy structure probably cor-
responds to our structure near 6 eV, This latter
structure is seen to be a combination of the inter-
band feature at ~5.2 eV and the low-energy plas-
mon,

Lynch and Swan also measured energy-loss
spectra in Zr, finding peaks at 8.0, 14.6, and 28.7
eV. Our volume-loss function also shows a strong
peak at 28. 8 eV which is probably due to the exci-
tation of the N, ; core levels. The 15.6-eV peak
corresponds to our volume plasmon at 14.6 eV,
Rudisil et al.?® reported measuring the plasma
frequency in Zr by looking for a plasma edge in the
transmission of thin films. The edge observed
gives a plasmon energy of 15.7 eV,

The situation in Ti is more complicated, The
measurements of Robins and Swan®® gave electron-
energy-loss peaks at 5.5 and 17,6 eV, ILater
Best®! measured Ti that had been exposed to a low
pressure of oxygen, getting electron-energy-loss
peaks at 6.3, 11.4, 19,5, and 25 eV. More re-
cently, Simmons and Scheibner® measured elec-
tron-energy-loss peaks at 5.0, 11,5, 17.0, and
24,6 eV on clean Ti surfaces. Subsequent ex-
posure to oxygen removed the 5.0- and 17.0-eV
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FIG. 13. Volume [Im(-1/2)] and surface {Im[—1/€
+1)1} loss functions of Zr.
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FIG. 14. Volume [Im(~1/¢)] and surface {Im[-1/€
+1)1} loss functions of Hf.

peaks from the spectra, and left the other two at
the same positions, The peaks that were removed
were attributed to surface plasmons and those that
remained to volume plasmons, although the 17.0-
and 24, 6-eV peaks were attributed to double exci-
tations., The alternation of surface and volume
plasmons with increasing energy, shown in Fig.
12, makes Ti similar to Zr and Hf, but there is
considerable disagreement in the values of the en-
ergies of the plasmons between Simmons and
Scheibner, our data, and the earlier energy-loss-
data.

CONCLUSION

The optical properties of Ti, Zr, and Hf have
been reported over a wide energy range, and dis-
cussed in terms of interband transitions at low en-
ergy, transitions to high-lying states above 7 eV,
core-level excitations, and plasmon effects. The
discussion has had to be rather qualitative in the
absence of extensive band calculations, but it is
hoped that these measurements will generate addi-
tional theoretical interest. Finally, it has been
shown that these hcp transition metals have con-
siderable similarities with their bce and fcc neigh-
bors, notably the double plasmons and high-lying
interband absorption.

TABLE III. Position of maxima in volume and surface
loss functions of Ti, Zr, and Hf. #w, is the free-elec-
tron-plasma energy (see text). All energies are in eV.

Ti Zr Hf
fiwy, 17.6 15.4 15.8
Volume 13.7 14.6 15.3
Surface 10.7 13.4 13.4
Volume 4,7 5.7 6.1
Surface 4,2 5.2 4.7
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Larger figures or tables can be obtained from the
authors.
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