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The optical properties of W are presented between 0.15 and 33 eV. The optical absorptivity or reflectivity was
measured at near-normal incidence, and the data were Kramers-Kronig analyzed to determine the dielectric
functions. Drude parameters were determined at low energy and were used to separate interband and
intraband contributions to €,. Structures in €, were apparent at 0.42, 0.97, 1.82, 2.35, 3.42, 5.25, 8.8, 11.3, 16.5,
22.5, and 31.5 eV. These features were discussed in terms of recent calculations of Christensen and
Feuerbacher and by analogy to other transtion metals studied. The loss functions were shown to have three
volume plasmons (25.3, 15.2, and 10.0 eV) and three surface plasmons (20.8, 14.8, and 9.7 eV). Structure near

31.5 eV was interpreted as due to Ny core transitions.

INTRODUCTION

In this paper, we report optical measurements
of the absorptivity or the reflectivity (A=1-R
where R is the reflectivity) of crystalline W in the
photon energy range 0.15-33 eV, This study can
be viewed as a continuation of our efforts to under-
stand the electronic properties of the transition
metals, the techniques being the same as those used
to investigate hep Ti,! Zr,! and Hf,* and bec V, 2
Nb, ® Ta,? and Mo.? The optical data are presented
and compared with existing data, the dielectric
functions determined through a Kramers-Kronig
analysis of the reflectivity, and the loss functions
calculated from €, and €, (€ = ¢, +i€,). Interpreta-
tion of features in the dielectric functions is based
to a large extent upon recent band calculations of
Christensen and Feuerbacher.? Comparisons are
made to the other metals when possible, with par-
ticular reference to Mo,

Tungsten has been extensively studied by surface-
sensitive techniques since it serves as a receptive
host for adsorbates and can be cleaned at the atomic
level by thermal desorption. Surface properties
will not be considered here, however, since our
primary interest lies in the bulk properties of W,
Comparisons to bulk photoemission results will be
made in the course of the discussion.

The electronic bands of W have been calculated
by Loucks, * Mattheiss, ® and Petroff and Viswana-
than,” These have shown that in the absence of
relativistic effects, W and Mo have nearly identical
Fermi surfaces, but that relativistic effects, par-
ticularly spin-orbit effects, are very important in
adequately determining the energy levels, The re-
cent calculations by Christensen and Feuerbacher*
have included relativistic effects and, like the
others, used an augmented-plane-wave technique
(APW) to determine E (k) throughout the Brillouin
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zone, The calculations have extended to higher
energy than in previous studies,® and, in addition,
considered the total and the band-to-band or partial
joint density of states (JDOS). Finally, they cal-
culated the interband €, under the assumption that
matrix elements were constant., This last assump-

“ tion is tenuous as was shown by Petroff and Vis-

wanathan, but it serves as a first approximation,
The optical properties of W have been investi-
gated by ellipsometric techniques by Nomerovan-
naya et al.® [electropolished (100) and (110) faces
between 0.06 and 4.9 eV], Carroll and Melmed'®
[heat-cleaned in ultrahigh vacuum, (011) face be-
tween1.9and3.18 eV],  Thurm, ¢ and Smith, 10
Roberts!! studied heat-treated polycrystalline W
in the near infrared and visible. Juenker and co-
workers®? also studied heat-cleaned W [~ 2—~ 24 eV
using discharge-line sources in the vacuum ultra-
violet, (011) face]. Only Juenker et al.. and Udoyev
et al.*® (reflectivity measurements from 1 to 12
eV) reported dielectric functions above ~ 5 eV, al-
though Cox et al.'* measured the reflectivity of
vacuum-~evaporated W films between 6, 2 and 41 eV,
Between 25 and 600 eV, the absorption coefficient
was determined by Haensel et al.'® The qualitative
agreement is quite good for these various studies.

EXPERIMENTAL TECHNIQUES

An electron-beam-melted button of W was ob-
tained within the Ames Laboratory USAEC. Sam-
ples were spark-cut from the button and macro-
etched to reveal large, but unoriented crystal
grains (v 3 mm). The samples were polished with
alumina abrasive to obtain specular surfaces, then
electropolished to remove the work-damaged lay-
ers, Two electropolishing solutions were used'®
without detectable differences. In all cases
the samples were smooth and without ripples or
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FIG. 1. Reflectivity spectrum of W. The high-energy
region is shown in the insert.

small pits.

Immediately prior to loading the sample in the
experimental chamber, it was electropolished and
dried in a jet of He gas. For the low-energy mea-
surements, the sample was exposed to air for 3~5
min, as it was attached to the sample holder. The
holder was then placed in the N,-purged chamber,
and the chamber was evacuated. For the vacuum
ultraviolet (vuv) measurements, the sample was
in place within 3 min with roughing pumps started,
and within 4 min the chamber pressure was~5
x 10" Torr.

A calorimetric technique was used to measure the
absorptivity at near-normal incidence between
0.15 and 4.4 eV,'" Monochromatic radiation was
directed upon the sample and absorbed either by it
or by a Au-black-coated Cu absorber. Since both
elements had small thermal masses and were at
4.2 K, both had measurable temperature increases,
By reproducing the temperature excursions with
Joule heating, it was possible to determine the
power absorbed by each and hence the absorp-
tivity. The reproducibility of the measurements
was better than 1% of the value of A at 1 eV,
but fell to about 10% of A at 0.15 eV (where
. A was 0.0178),
 Between 4 and 33 eV, the reflectivity’® was mea-
sured at 300 K using the continuum synchroton
radiation from the 240-MeV electron storage ring'®
operated by the Synchrotron Radiation Center
(Physical Sciences Laboratory, University of Wis-
consin). The beam was incident upon the sample
at 10° with the plane of reflection being parallel
to the electron orbital plane (the radiation was then
88% p polarized). Since the beam size was=1 mm
in diameter, a single unoriented crystallite was
illuminated, It is estimated that the vuv mea-
surements are accurate to (5-7)% of R, Details
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of the two techniques have been presented else-
where, 1718

RESULTS

The reflectivity spectrum of W is shown in Fig,
1, The high-energy region is expanded for clarity
and shown in the insert. To show the low-energy
region more clearly, the absorptivity (A=1-R) is
shown in Fig. 2. Low-energy interband structure
is apparent with the first maximum in A appearing
near 0.43 eV. Additional maxima are visible from
Fig. 2 at 0,87, 1.57, =2,25, 3.06, and 4.3 eV.
The maximum in R or the deep minimum in A near
6.1 eV is a characteristic of the bcc transition
metals, At higher energy, R has a shoulder visible
at about 9, 2 eV followed by the minimum at 10, 35

‘eV, Two broad structures are evident at higher

energy with maxima at 13 and 19.8 eV and a shoul-
der at about 23.6 eV, Near 32.1 eV a small fea-
ture is evident as shown in the insert of Fig, 1.
The dashed line above 33 eV represents the high-
energy extrapolation and is based upon the absorp-
tion coefficient data of Haensel et al, '’

The dielectric functions were determined through
a Kramers-Kronig analysis of the reflectivity. To
perform the analysis, a high~energy extrapolation
made up of the results of Haensel ef al. to 600 eV
(where R=5x 10°%) followed by a smooth extrapola-
tion to 1000 €V (R =1.5%10"%) was used. In the in-
frared beyond 0. 15 eV, a Drude behavior was as-
sumed with parameters obtained by fitting the ab-
sorptivity data to the Drude model, The fit was
obtained with o,=1250% 10 esu for the static con-
ductivity and 7/7=23. 92 eV for the electronic re-
Jaxation time, While no physical meaning should
be assigned to these parameters, they were useful
in separating intraband and interband contributions
to the total €.

The interband €, is shown in Fig. 2. A sharp
onset is observed with 2 maximum at 0.42 eV, Ad-
ditional maxima are evident at 0,97, 1,82, 2,35,
3.42, and 5.25 eV, The higher-energy features
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FIG. 2. Absorptivity (A=1~R) of W below 7 eV (right-
hand scale). The interband €, is also shown (left-hand
scale).
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FIG. 3. Real and imaginary parts of the dielectric func-
tion of W. The high-energy region is shown in the insert.

are shown in Fig. 3 together with the real part of
the dielectric function, €;. The shoulder in €, at
8.8 eV corresponds to the shoulder in R at 9.2 eV,
€, then goes through a minimum at 9, 8 eV with
subsequent features at 11.3, 16,5, =22.5, and
31.5 eV, ¢, rises sharply at low energy with fea-
tures at about 0.4 and 0.9 eV and maxima at 1, 68,
2,25, 3,15, 4,6, =~8,5 (shoulder), 10,5, 15.8,

~ 22,5 (shoulder), and 30 eV, Zero crossings oc-
cur at 1,3, 5.2, and 23.8 eV,

DISCUSSION

The low-energy optical properties of W are in-
fluenced to a large extent by the magnitude of rela-
tivistic effects, particularly spin-orbit splitting
of the bands along the (100) directions of the zone.
This can be seen graphically by comparing €, for
W with €, for Mo, ? since, in the absence of rela-
tivistic effects, the two have nearly identical Fermi
surfaces,®® In Mo, a single, rather broad struc-
ture in the static €, was apparent with a maximum
at 1,80 eV.? In W, structures are apparent at
0. 42 and 0, 97 eV which have no counterparts in the
Mo spectrum, The structures at higher energy do
find analogous features in Mo.

It was shown in Figs, 1-3 that the first interband
maximum is at 0.42 eV, To interpret the struc-
ture, one can compare with the bands of Christensen
and Feuerbacher? (Fig. 4) and with the calculated
band-to-band JDOS. These show that direct tran-
sitions have a threshold at about 0, 35 eV, corre-
sponding to the spin-orbit gap formed between bands
4 and 5 along I'(A)H, The experimental feature
at 0.97 can also be related to transitions between
3 and 4, and 4 and 5 along the same direction. *

A thermoreflectance experiment showed that the
first structure in Mo was actually a double fea-
ture.2® The origin of the structure was identified
to be along the (100) directions with the initial
states being the nearly degenerate parallel third
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and fourth bands and the final states being the fifth
band. The measurements showed the separation

of bands 3 and 4 to be approximately 0.24 eV at
E,. InW, the splitting should be considerably
larger, but one should not expect optical transi-
tions between the two formerly degenerate bands.
No structure is observed in the experimental €,
although Christensen and Feuerbacher estimated
the threshold to be approximately 0.5 eV. Instead,
two maxima are observed in €, at 1.82 and 2.35 eV,
and it seems reasonable to give as their origin
transitions like 3-+5 and 4—5 along I'(A)H.

It should be stressed that for metals large vol-
umes of k space contribute to optical absorption,
The influence of critical points is much reduced
from what is observed in semiconductors and in-
sulators, While identifications are made with re-
spect to a direction or symmetry line of k space,
it should be realized that large volumes of k space
might be involved.

The structure at 3,42 eV in W finds a counterpart
in Mo at 2,35 eV, On the basis of the temperature
dependence of the structure in Mo, 2® we argued that
the structure probably did not involve transitions
to or from Er. The third, fourth, and fifth bands
along Z are probably responsible for the structure.
The initial states in the third band have = 50% s-
and p-like character while the final states are al-
most purely d-like, 2!

Structure appears in W at 5,25 eV which is diffi-
cult to unambiguously relate to parts of the zone,
The bands along F, G, =, and A could all be con-
tributing. The analogouspeakinMoliesat4.1eV.

The feature in W at 8,8 eV, and in Mo at 7.1 eV,
can probably be related to transitions from the
first to the fourth band at Er along £ and A, Har-
mon has shown the initial-state wave functions to
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FIG. 4. Electron energy bands calculated by Christen~

sen and Feuerbacher (Ref. 4),
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FIG. 5. Electron-energy-loss functions: Im(—1/%) is
the volume=loss function and Im[—1/(€+1)] is the surface-
loss function.

be = 90% p-like and ~ 10% s-like and the final-state
wave functions to be =~ 90% d-like. ! »

It would be tempting to compare the experimental
feature at 8,8 eV with theoretical structure near
9 eV (Ref, 4). The calculated feature involves N2
- N6 transitions; but as was pointed out by Koelling
et al,,* only transitions to the fourth band at N are
allowed by electric-dipole selection rules (N4 has
symmetry N5; the other states have symmetry N).
Further, for Mo, the counterpart would appear at
roughly 2® 7,8 eV instead of the measured 7.1 eV,
Harmon’s calculations show the second and sixth
bands at N to have almost completely d-like char-
acter,

Angularly resolved photoemission measure-
ments* have recently shown the (100) directions
to have direct optical transitions originating in the
first and second bands near H with final states just
above the work function threshold (4.3 eV) and con-
tinuing along the sixth band toward H. The initial

state character is nearly pure d-like while the final

states have mixed p-like (= 75%) and f-like (= 15%)
character, These transitions, doubtless, contrib-
ute to the optical absorption between 9 and 13 eV,
but cannot be the sole source of the high-energy
structure seen in Fig, 4. Such high-energy ab-
sorption is characteristic of the 4d and 5d transi-
tion metals, =32 and is thought to arise from
states within the d bands, the final states lying well
above Ep and having largely s~-, p-, and f-like
character. Recent calculations for Pd tend to sup-
port this, 2° but further calculations, probably in-

cluding matrix elements, are needed. i
At the highest energies, we have observed a

structure which can be related to the Nyy; core
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levels, The broad maximum in €, is centered at
31,5 eV. Recent x-ray photoemission data?® have
shown the Nyy; and Ny; levels to lie at 31.7+0.1
and 33.9+0,1 eV, respectively. These are dis-
placed somewhat from the values quoted by Bear-
den and Burr®” (33,6+0.4 and 36,5+0.4 eV, re-
spectively). The arrows in Fig, 1 reflect the
Bearden and Burr energies.

The probability that a surface or volume plasmon
will be excited is given by the respective loss func-
tion, Im[~1/(€+1)] and Im(— 1/€). These functions
have been determined from our dielectric functions
and are shown in Fig, 5. The dominant structure
in the volume-loss function is a maximum at 25.3
eV and can be compared to the calculated free-
electron plasmon energy of 22,82 eV, Since there
is considerable interband activity near 25 eV, itis
not surprising that the energy is shifted from the
free-electron value, More dramatically shifted,
however, is the surface plasmon which one might
expect to occur at roughly 22,82/V2 =16, 1 eV.

The surface plasmon actually appears at 20. 8 eV,
Similar large deviations from the simple free-elec-
tron theory have been observed in the other transi-
tion metals, 1~%:24

Two additional pairs of structures appear in the
loss functions which can also be identified as vol-
ume and surface plasmons with energies of 10.0
and 9.7 eV, respectively, for one pair, and 15.2
and 14,8 eV for the other. Like the other metals
studied, =3 W has a volume plasmon close to where
the reflectivity drops dramatically (~ 10 eV) and €,
predictably approaches zero with positive slope.
Since the slope of €, is steep, the corresponding
surface plasmonlies close in energy to the volume
plasmon. The peak near 15,2 eV is associated with
similar features in €; and €,. It is more prominent
in W than in Nb, Mo, and Ta, for which the corre-
sponding peaks were not identified as plasmas.

In view of the W loss functions, it is felt that each
of these bcc transitions metals has three volume
and three surface plasmons,

Electron-energy-loss measurements have shown
the existence of structures in good agreement with
our loss-function maxima.?® Since most measure~
ments have been in electron reflection, there has
been little chance of separating volume from sur-
face effects, and the corresponding structures near
10 eV are probably a combination of the two plas-
mons. Optical dielectric functions allow the sepa-
ration to be made,

Larger figures and tables can be obtained from
the authors.,
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