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We present a systematic investigation of the electronic structure of W, Mo, and paramag-
netic Cr. Thermoreflectance has been used to test the most recent band-structure calcula-
tions. Analysis of the systematic trends and improvement of the experimental method al-
lowed us to identify a number of new critical-point and Fermi-surface transitions. An
unambiguous interpretation is given for most optical-absorption features in the

0.5 <hv <5.0 eV photon-energy range.

I. INTRODUCTION

The interpretation of the optical spectra of transi-
tion metals is a rather formidable task! 3 since the
experimental features are generally broad and the
calculated band.structures show a number of levels
closely spaced in energy. Considerable effort has
been devoted to study the static optical conductivity
of these metals which leads to a better understand-
ing of their electronic structure.* Intrinsic limita-
tions of this technique, however, often prevent
unambiguous identifications.

We performed a thermoreflectance investigation
of bulk W,> Mo,” and Cr.® Results for antifer-
romagnetic and paramagnetic Cr are reported in de-
tail elsewhere,’ but the conclusions are used here ex-
tensively for the interpretation of the systematics.
This work is a continuation of our effort to under-
stand the electronic properties of transition met-
als."’’=® In earlier studies we analyzed with the
same technique the properties of group-VB metals!
and of Nb,Mo,_, alloys.” Our approach is three-
fold:

(1) Modulation techniques'® were used together
with static optical data to yield information on opti-
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cal transitions in specific regions of K space. Ther-
moreflectance’ ~° emphasizes optical absorption at
critical points in the Brillouin zone (BZ) and optical
transitions involving the Fermi level.

(2) Bulk samples were used since strain in eva-
porated films gives rise to broadening of the experi-
mental features. Thermoreflectance measurements
generally show more detail for bulk samples' than
for film spectra.!!

(3) The systematic trends in the electronic struc-
ture of the transition metals were exploited in the in-
terpretation of the optical properties.'> Transition
metals in the same row of the Periodic Table exhibit
similar band structures, while the width of the d
bands increase progressing downward along each
column. Therefore, the gross variations of the spec-
tral features are 1predictable “a priori.”

Weaver et al.'3 and Dallaporta et al.'* previously
reported thermoreflectance data for Mo (Refs. 13
and 14) and W.'* The authors!* did not perform a
Kramers-Kronig (KX) analysis of their data so that
their tentative interpretation is only qualitative.
Among the original results of the present study we
mention the unambiguous identification of critical-
point transitions at N and Fermi-surface transitions
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FIG. 1. Thermoreflectance spectra of W, Mo, and Cr.
The AR /R spectra of Cr are taken from Refs. 7 and 11.
The dashed intervals emphasize similar absorption
features within the same Mo spectrum and for W as com-
pared to Mo.

along A and 2 as dominant contributions to the op-
tical absorption.

II. EXPERIMENTAL

The samples were single crystals (typically
2X3%0.2 mm? in size) cut with a low-speed dia-
mond saw and polished with abrasive. Mechanical
damage was removed by heavy electropolishing with
6% perchloric acid in methanol at dry-ice tempera-
ture.

The temperature-induced relative change in the
reflectivity AR /R was measured around an average
sample temperature T =140 K (for Mo and W) and
at T=325 K for paramagnetic Cr. The typical es-
timated temperature modulation AT around T was
of 1—4 K. The experimental setup (including the
optical and the electronic layout) has been described
in detail elsewhere.'®

Digital integration of the lock-in amplifier output
was used to reduce the statistical uncertainty of
AR /R. Integration times up to 20—30 sec were

necessary to reduce the indetermination below 3%
over the whole energy range.

III. RESULTS

A. General overview

The measured AR /R spectrum for Cr, Mo, and
W are shown in Fig. 1. The AR /R spectrum of Cr
film from Ref. 11 is also shown for comparison.
The temperature modulation AT scales all spectra
and varies for each sample mounting, so that AR /R
is given in arbitrary units. This is not important,
however, since we consider only the spectral line
shapes.

The results of Fig. 1 exhibit more fine structures
than previously observed for film samples. The W
and Mo spectra show clear similarities (see the ener-
gy intervals marked by arrows in Fig. 1) that may be
indicative of similar absorption. Although a sys-
tematic trend is present in Fig. 1, the interpretation
of AR /R alone is often misleading. AR /R, in fact,
is a complicated function of the complex dielectric
function €. The most efficient way to interpret
modulated optical spectra is correlating the tempera-
ture modulation of the dielectric function
A€=Ae€;+A€, to specific interband transitions.
Therefore, the AR /R spectra have been Kramers-
Kronig analyzed to obtain the temperature variation
of the real and imaginary part of the dielectric func-
tion (Ae; and Ae,, respectively). Static dielectric
functions from Refs. 2 and 16 were used in the KK
analysis. The AR /R spectra were exponentially ex-
trapolated to zero in the infrared and ultraviolet re-
gion in order to minimize the error induced by the
finite width of the experimental energy range.

The A€, and Ag, spectra for W and Mo are shown
in Figs. 2 and 3. The corresponding spectra for
paramagnetic Cr (Ref. 7) are given in Fig. 4. Several
features of the A€ spectra show characteristic line
shapes.'®!” The typical derivative line shape®'"’
centered at 2.26 eV in Mo (Fig. 3), for example, is
indicative of optical transitions involving the Fermi
surface and the correlated Ae; and Ae, line shapes
make the indentification unambiguous.

B. Tungsten

The dominant spectral feature in the A€ spectra
of W (Fig. 2) is a Fermi-surface transition at about
3.25 eV where the characteristic derivative A€, line
shape shows zero-crossing corresponding to a
minimum of the typical A€ line shape. An M crit-
ical point is seen in Ae; and A€, at about 2.45 eV
while a smooth background'® clearly underlies the
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FIG. 2. Temperature-induced variation of the complex dielectric function € for W. Solid line Ae;. Dashed line Ae;.
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FIG. 3. Temperature-induced variation of the complex dielectric function € for Mo. Solid line A¢,. Dashed line Ae;.
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FIG. 4. Temperature-induced variation of the complex
dielectric function € for Cr. Solid line Ae,. Dashed line
Ae€;. (From Ref. 7.)

whole high-energy region of the Ae, spectrum
(hv>2eV).

In the low-energy range (0.5 <hv <2 eV) a com-
parison of the AR/R and A€ line shapes suggest
several Fermi-surface transitions closely spaced in
energy. A corresponding qualitative decomposition
of A€ (Fig. 5) shows Fermi-surface transitions at
about 0.85, 1.6, and 1.75 eV. Other structures of
more difficult interpretation appear both in A€ and
AR /R at 0.4 and 2.2 eV. The latter will be inter-
preted as an M; critical point through analysis of
the Mo-W systematics.

C. Molybdenum

The main feature in the Mo spectra'® corresponds
to the Fermi-surface transition with onset at 2.26
eV. The broad structure at about 1.5 eV in A€ is of
composite nature as was previously suggested.” A
qualitative decomposition of A€ [Fig. 6(a)] shows
two Fermi-surface transitions at 1.35 and 1.6 eV.
The corresponding AR /R spectrum exhibits only
one broad unresolved peak.

In the high-energy range an M critical point at
4.6 eV is easily recognizable in A€; and Ae,. The

05 10 15 20
PHOTON ENERGY (eV)

FIG. 5. Qualitative decomposition of Ae; (top) and A€,
(bottom) for tungsten in the low-energy range. Three
Fermi-surface transitions at about 0.85, 1.60, and 1.75 eV
contribute (dashed line) to the complex A€ line shape.

AR /R and AF structures in the 3.5<hv<5.0 eV
photon-energy range show similarities with the spec-
tral features in the 1.8 <hv<2.9 eV range (Figs. 1
and 3) and a qualitative decomposition of A€ [Fig.
6(b)] indicates two Fermi-surface transitions at
about 3.8 and 4.0 eV in addition to the M-type crit-
ical point at 4.6 eV. An analogous decomposition in
the 1.8 <hv<2.9 eV range suggests a second M;-
type critical point at 2.7 eV (Fig. 3).

The AR /R spectra for Mo and W are qualitative-
ly very similar in the energy ranges 2.5<hv<4.4
eV and 1.9 <hv<3.4 (dashed intervals in Fig. 1).
The Seraphin coefficients'® are of equal sign and of
the same order of magnitude so that a comparison
of AR /R in the two cases is meaningful. The analo-
gy suggests an M|, critical point at 3.3 eV in Mo and
an M; critical point at 2.2 eV in W that are not easi-
ly recognizable in the A€ spectra.
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FIG. 6. (a) Qualitative decomposition of A€, (top) and A€, (bottom) for molybdenum in the low-energy range (hv <2.0
eV). Two Fermi-surface transitions at about 1.35 and 1.60 eV contribute (dashed line) to the A€ line shape. (b) Qualitative
decomposition of A€, (top) and A€, (bottom) for molybdenum in the 3.5 < hv <5.0 eV photon-energy range. Two Fermi-
surface transitions at 3.8 and 4.0 eV and an M; critical point at 4.6 eV account for the complex AZ line shapes.

D. Chromium

The AR /R and A€ spectra for paramagnetic Cr
have been discussed elsewhere.” The spectral fea-
tures below hv=2.0 eV were interpreted all as
Fermi-surface transitions. A number of critical
points were identified (M,, My, M,, and M; type
for increasing hv), in the 2<hv<4.2 eV range.
These identifications are summarized in Table I, to-
gether with the new results for Mo and W.2°

In Fig. 7 we show the imaginary part €, of the
static dielectric constant € as measured by Weaver
et al. for Mo (Ref. 2) and W (Ref. 16) and by Bos
and Lynch?! for Cr. The main contributions to the
optical absorption identified through thermoreflec-
tivity in this work (Table I) are shown for compar-
ison (vertical arrows). Figure 7 clearly demonstrates
how modulation techniques yield a more detailed
analysis of the optical properties of solids. Transi-
tions involving the Fermi surface are emphasized in
thermoreflectance experiments through the modula-

tion of the Fermi distribution and can be seen
through standard optical techniques only if the joint
density of states (JDOS) is sufficiently high. Fur-
thermore, the corresponding thermoreflectance spec-
tra exhibit a characteristic sharp derivative line
shape at the onset of the transitions (Figs. 1—6)
where €, generally shows only a broad structure cen-
tered around the JDOS discontinuity.

IV. DISCUSSION

A. Calculations

We will compare our experimental data to the cal-
culations by Christensen and Feuerbacher? for
tungsten (Fig. 8) and by Koelling et al.?® for
molybdenum (Fig. 9). Although the choice of the
potential was driven by different criteria, the au-
thors used the same relativistic augmented-plane-
wave (RAPW) method. This will emphasize the sys-
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TABLE 1. Interband transitions in W, Mo, and Cr as identified through thermoreflectance
in this work. Both the experimental energy of the onset and the proposed localization of the
transitions in the Brillouin zone are given in the table.

Energy (eV)

Identification (Ref. 26)

Tungsten
0.85
1.60
1.75
2.20
245
3.25

Molybdenum
1.35
1.60
2.26
2.70
3.30
3.80
4.00
4.60

Chromium
0.80
1.00
1.40

1.60
2.30
2.84
3.42
3.66

Fermi surface G¥—G"

Fermi surface A/(Ep)—A,

Fermi surface A¢(Er)—A,

M; critical point ' —>T'§

M, critical point G?—G@

Fermi surface A;(Er)—As; A¢(Er)—Ag

Fermi surface 2®'—3*(Ey)
Fermi surface =*NEp)—3®
Fermi surface SC(Ep)—3®
M; critical point I'f »TI'§
M, critical point G?—G"¥
Fermi surface A/(Ep)— Ag
Fermi surface Ag(Ep)—Ag
M; critical point N¥—>N®

Fermi surface G;(Er)—G;G4(Er)—G,
Fermi surface 2, —3;(Er);A((Ep)—A;
Fermi surface 2,(Ep)—2;D3(Ep)—Dy;
3, —2(Ep);As(Erp)—4;

Fermi surface 2(Ep)—24;D3(Ep)—D,
Mz critical point 21—>23

M, critical point along G

M, critical point along 2, A, or F

M; critical point N,—N}

tematic trends. Koelling et al.?’ calculated the con-
tribution to the JDOS from interband transitions
which either originate or terminate within an energy
window AE from the Fermi level. Their results may
be compared to our measurements that enhance the
interband transitions involving Ep. (The calcula-
tions, however, assume constant matrix element.)

To our knowledge no relativistic band-structure
calculations exist for Cr. We will use recent results
by Laurent et al.?* (Fig. 10) that are in good agree-
ment with photoemission and de Haas—van Alphen
data.

B. Critical-point transitions

In a previous paper’ we showed that the M,-type
critical point at 2.30 eV in Cr occurs along high-
symmetry lines of the bcc Brillouin zone. Through
the systematics we attribute now this critical point
to transitions =;—X=, between parallel bands about
the midpoint of the I'-N direction where X, is still a
mixture of s-, p-, and d-like levels.”> In fact,

Christensen and Feuerbacher?? explicitly forecast an
M, critical point along X in tungsten. This critical
point should occur at 3.30 eV in W and, by analogy,
at about 2.2 eV in Mo. In both metals we observe
strong derivative A€, line shapes indicating transi-
tions involving the Fermi surface (2.26 eV in Mo
and 3.25 eV in W). These may hide a weaker M,-
type contributions.

We identify the M critical point at 2.45 eV in W
as due to transitions between bands 2 and 4 along
G.* The k dependence and the energy separation
support this identification. Its counterpart in
molybdenum occurs at 3.3 eV in rough agreement
with band-structure calculations (2.8 eV in Fig. 9 for
G G™ transitions).?® For Cr, band 2 and 3
along G will be separated by a small energy gap if
relativistic effects are taken into account so that
transitions G*—G® could then explain the M,
critical point observed experimentally at 2.84 eV.

Static optical data for Mo (Ref. 2) and Cr (Ref.
21) fail to reveal absorpticn features in these energy
ranges, while for W (Ref. 16) a maximum in €, was
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FIG. 7. Imaginary part €, of the complex dielectric
constant € for tungsten (From Ref. 16), molybdenum
(from Ref. 2), and chromium (from Ref. 21). The arrows
mark the positions of the interband absorption features
identified through thermoreflectance in this work. The
type of absorption line shape—M,, M, M,, or M; critical
points or transitions involving the Fermi surface (FS)—
from Table I is also indicated in the figure.

observed at 2.35 eV. Weaver et al.'® interpreted this
feature as deriving from Fermi-surface transitions
along T'(A)H but the analysis of the thermoreflec-
tance line shape tends to rule out this attribution.

The existence of an M; critical point at
N(N,—N]) seems a general aspect of transition
metals. We showed' that such a critical point is
easily observed in the group-VB elements through
thermomodulation experiments since the deforma-
tion potential of the N level is large.?’ We observe
an M, critical point at 3.66 eV in Cr and at 4.6 eV
in molybdenum, in remarkable good agreement with
theory (3.5 and 4.6 eV, respectively, in Figs. 10 and
9 for the N,— N transition energy). Such a critical
point is not apparent in our tungsten data but we
note first that very few empty states are present in
band 3 at N for W so that we expect a reduced
JDOS for the N,—Nj transition. Second, the
theory predicts the onset of the transitions at about
3.2 eV where a sharp Fermi-surface transition line
dominates our spectra.

The only possible candidates for the M; critical
point at 2.2 eV in Mo and 2.7 eV in W seem to be
transitions near I" between band 4 and 5, although
transitions I'7 —T'§ are dipole forbidden. Both the
k dependence of the bands near I" and the theoreti-
cal energy separation (2.6 eV for Mo and 2.4 eV for
W in Figs. 9 and 8, respectively) support this inter-
pretation. The corresponding critical point in Cr
should occur at about 2 eV where other important
absorption features dominate the A€ spectra. The
absorption at I' should disappear in the V-group
metals when the I's states are above the Fermi level
and, indeed, no such critical point was observed in
the V-Nb-Ta series.

C. Fermi-surface transitions
Fermi-surface transitions appear at 3.25 eV in W

and at 3.8 and 4.0 eV in Mo. They are all associated
with A;(Ep)—A¢ and Ag(Ep)— Ag transitions that
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FIG. 8. Tungsten band structure from Christensen and Callaway (Ref. 22).
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FIG. 9. Molybdenum band structure from Koelling et al. (Ref. 23).

are degenerate in energy in W where the final Ag lev-
el is rather flat. In molybdenum such transitions
occur between largely parallel bands so that we ob-
serve two derivative line shapes with energy separa-
tion of the order of the spin-orbit splitting. The cor-
responding transitions on Cr are expected at about 3
eV but are not apparent in our spectra,’ where
critical-point absorption features dominate.?®
Fermi-surface absorption features at 1.6 and 1.75
eV in W have the A4 Er)—A; and A¢(Er)—A,
transitions as only candidates along symmetry
lines.?* Bands 3, 4, and 5 are parallel*? along A so
that the expected energy difference of the transitions
is of the same order of magnitude of the relativistic
splitting and slightly larger (~0.4 eV) of the experi-
mental value (0.15 eV). Weaver et al.!® previously
associated the A4(Er)—A; and A¢(Ep)— A, transi-
tions with e, features at 1.82 and 2.35 eV, respec-
tively. Our data, however, show no evidence of
Fermi-surface transitions at 2.35 eV. We note, in-

stead, that both the M critical point at 2.2 and the
M, critical point at 2.45 could be associated (Fig. 7)
with the observed €, feature.

By analogy with the W case, it would be tempting
to associate the Fermi-surface transitions observed
in Mo at 1.3 and 1.6 eV with the A;(Er)—A; and
A¢(Er)—A, transitions.*® However, we have to
discount this interpretation since it is inconsistent
with the systematics of thermoreflectance in the
Nb,_,Mo, alloy series.” Several new transitions, in
fact, occur in Mo as opposed to W in this energy
range and other candidates are transitions along G
(near N) and along Z;,. In alloying with Nb (i.e.,
lowering the Fermi level) transitions®® 3ZC)(Eg)
—3¥ are expected to shift to higher energy while
the opposite trend is expected for the > — 3 ¥(Ey)
transitions. Experimentally, Fermi-surface absorp-
tion features at 1.35 and 1.6 eV follow this double
trend’ so that transitions along 2 are the most likely
candidates.®

|

Paramagnetic Chromium

EnergyleV)

Fermi

r a4 H G N 2

r

A P D ND P F H

FIG. 10. Paramagnetic chromium band structure from Laurent et al. (Ref. 24).
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We observe Fermi-surface transitions for Cr in
the same energy range at 1.0, 1.4, and 1.6 eV.” A
look at the band structure of Fig. 10 shows a num-
ber of possible candidates close in energy to one
another. Several attributions can be done on the
basis of the changes induced by the paramagnetic to
antiferromagnetic phase transition.” The transition
31— 25(EF), for example, contributes to the struc-
ture at 1.0 eV in Cr and shifts to 1.35 eV in Mo
while it has negligible intensity in W where the joint
density of states is lower. Our identifications are
summarized in Table L.

In the high photon-energy range (hv>2.0 eV) the
systematic in the Cr-Mo-W series confirms the con-
clusion®? that transitions along = are mainly re-
sponsible for the Fermi-level absorption features.
The derivative line shape at 2.26 eV in Mo (Fig. 1)
does not shift in energy in alloying with Nb’ indicat-
ing transitions between parallel bands. This rules
out the A;(Er)— Ag transitions that tend to disap-
pear in alloying with Nb and supports instead, tran-
sitions along 2. The Z®(Ep)—3" transitions,” in
particular, are at about 1.9—2.0 eV in Mo (Fig. 9),
shift at 1.6 eV in Cr, and disappear in W where the
initial states fall to much higher binding energy, in
agreement with the experimental systematics.

In the low-energy spectral range (hv<1.0 eV),
Fermi-surface transitions are observed for Cr and W
(0.8 and 0.85 eV, respectively) but not for Mo. The
calculations suggest two possible candidates: Tran-
sitions A¢(Er)— A5 should occur at slightly lower

energy (0.5 eV) in W, disappear iz Mo (where the re-
lativistic splitting is lower and the structure shifts
out of the experimental range), and change to transi-
tions As(Er)—A) in Cr (~1.2 eV in Fig. 10). Al-
ternatively, transitions G;(Er)—G, should occur at
about 0.8 eV in Cr,*? at about 1.0 eV in W, and at
lower energy (possibly out of the experimental
range) in Mo, so that both identifications are con-
sistent with the experimental trend. We favor the
G3(Er)—G, transitions because the observed onset
for the transition in W (0.85 €V) is higher than the
expected relativistic splitting of band As.3*

V. CONCLUSIONS

The analysis of the systematic trends of the ther-
moreflectance spectra of Cr-group metals allowed us
to unambiguously explain most optical features in
the 0.5 <hv <5.0 eV photon-energy range. Our re-
sults confirm and extend substantially the general
picture introduced in previous thermoreflectance
works such as our study of the optical properties of
Cr below and above the Néel temperature, the study
of the Nb-Mo alloy system, and of the V-group met-
als. We believe that the present work is an impor-
tant step forward in the general understanding of
the electronic properties of transition metals. Addi-
tional band-structure calculations suitable for es-
timating the dipole matrix elements and for search-
ing critical points in the BZ are needed to clarify a
few controversial issues.
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