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Raman scattering by electrons and phonons has been studied in single crystals of the 5d transition-metal
osmium under pressures up to 60 GPa in the temperature range of 10–300 K. An anomalous increase in the
electronic light-scattering cross section was found in the pressure range of 20–30 GPa with the use of green
and blue excitation wavelengths. At these conditions, we observe an appearance of well-defined electronic

peaks at �580 cm−1 for the wave-vector direction q � �0001� and at �350 cm−1 for q � �101̄0�. The comparison
of q dependencies measured and calculated from the first-principles spectra suggests a strong volume- and
temperature-dependent renormalization of the energies and damping of the electronic states near the Fermi
level.
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I. INTRODUCTION

During the past decades inelastic electronic light scatter-
ing �ELS� has been widely used for studies of the supercon-
ducting gap in ordinary metals and high-temperature super-
conductors �HTSCs�. The gap excitations have been studied
in pure Nb, A15 compounds, and layered metals1–4 but the
electronic scattering in the normal state has not been identi-
fied. In contrast, an intense, broad, and almost structureless
Raman response has been observed in the normal state of
HTSCs.5–8 Strongly temperature-dependent electronic Ra-
man spectra have been reported for a number of correlated
systems.9,10 Usually these observations have been discussed
within a q=0 assumption based on the smallness of the wave
vector q�1 /� �� is the penetration depth, which is usually
of the order of 10–100 nm for visible wavelengths� and in
the case of A-15 and HTSCs also due to the smallness of the
ratio � /� �� is the coherence length�. Since the probed mo-
mentum space is very limited �q is small� and because of the
screening of the charge fluctuations, the ELS cross section is
very small in metals. In order to explain a large cross section
for ELS in HTSCs and correlated systems, different mecha-
nisms have been proposed to extend the momentum volume:
marginal Fermi liquid,11 impurity relaxation,12 nested Fermi
liquid,13 inelastic scattering,14–17 and electronic
correlations.18 All these approaches suggest a strong and
sometimes frequency-dependent damping of the electronic
states ���� in order to explain the smearing of electronic
spectra over a wide frequency range.

In a clean metal with an anisotropic Fermi-surface �FS�
intraband electronic scattering may also be observed in the
wide frequency range ���F /� ��F is the electron Fermi ve-
locity� under an assumption of �	�.19,20 In the region of the
maximum scattering intensity at ���F /� the scattering
cross section is determined by contributions from all the

electrons at the FS. Thus, the study of the ELS spectra may
give independent information about the FS topology. A
renormalization of the electron self-energies by any relax-
ation process such as an electron-phonon �e-ph� and/or
electron-electron �e-e� scattering will change the frequency
dependence of the Raman response, and therefore, may be
studied by performing a detailed analysis of the q dependen-
cies of the measured spectra.

The first observation of the momentum dependence of the
ELS in the normal state has been reported in the hcp
transition-metal osmium.21 The momentum q was tuned by
changing the incident laser energy allowing the dispersion of
the phonon and electronic excitations to be studied. An
abrupt and anisotropic optical phonon frequency softening
�2%–3%� was found in the range of q�106 cm−1 at low
temperatures. This anomalous phonon dispersion and broad-
ening, and also the asymmetry of the phonon lines, have
been observed in the momenta range corresponding to a
crossing of the electron and phonon excitation energies. This
is indicative of a strong e-ph interaction. A sharp decrease in
the phonon damping has been found at the smallest momenta
investigated. This finding suggests the occurrence of the
Landau damping threshold.22 Additionally, the observed q
dependencies of the self-energies of the optical phonons and
electronic excitations in osmium are in qualitative agreement
with the theoretical predictions,22,23 confirming the existence
of nonadiabatic effects in the e-ph interaction in transition
metals.

The application of pressure may modify both the elec-
tronic band structure near the Fermi level and internal scat-
tering processes, which would affect the Raman spectra. This
provides an additional tool to study the electronic excitations
responsible for anomalous dispersion effects. Experiments at
pressures up to 15 GPa have shown that the volume changes
contribute no more than 20%–30% to the temperature-

PHYSICAL REVIEW B 78, 245106 �2008�

1098-0121/2008/78�24�/245106�9� ©2008 The American Physical Society245106-1

http://dx.doi.org/10.1103/PhysRevB.78.245106


induced hardening of the phonon frequencies in osmium and
rhenium,24,25 confirming the dominant role of the e-ph
interaction.26–28 An anomalous phonon hardening in osmium
has been found at pressures higher than 15 GPa under non-
hydrostatic conditions.25 Recently, an anomaly in the c /a
ratio of osmium has been observed at pressures of 20–25
GPa �Ref. 29� which was attributed to a possible change in
the FS topology.

The goal of this work is to study the changes in fine
details of the electronic structure near the Fermi level in the
pressure range where the above-mentioned phonon and lat-
tice anomalies have been found. Here we present the experi-
mental observation of ELS in osmium at pressures up to 60
GPa in the temperature range of 10–300 K for different q
values and directions. First-principles calculations of the fre-
quency dependencies of the electronic scattering cross sec-
tion have also been performed for comparison with the mea-
sured Raman spectra.

II. EXPERIMENT

Platelets of osmium single crystals with �0001� and

�101̄0� orientations which are thinned to 5–10 
m by me-
chanical and electrochemical polishing were loaded into a
diamond-anvil cell and placed in an optical cryostat. The
high purity of the crystals �“clean limit regime”� was con-
firmed by the high-resistivity ratio �300 K /�4.2 K	1000. Ar-
gon was used as the pressure-transmitting medium. The pres-
sure was changed at room temperature to provide
quasihydrostatic conditions at low temperatures and was
measured using the ruby luminescence method30 with a tem-
perature correction from Ref. 31. Four laser lines �i �740,
633, 514, and 488 nm� of Ar ion, He-Ne, and Ti:sapphire
lasers with powers up to 150 mW were used for the Raman
spectra excitation. Spectra were collected in a quasibackscat-
tering geometry ��145°� �Ref. 32� with a laser spot of about
20 
m in diameter. The spectra were analyzed using a HR-
460 single-grating spectrograph equipped with notch filters
and charge coupled device �CCD�. The variation of osmium
refraction index, n, and extinction coefficient, k, with wave-
length allows the wave vector q to be tuned in the range
�0.5–1.2�106 cm−1 with n being always larger than k,33

which is favorable for electronic light-scattering observation.
The features in the spectra correspond to the Raman tensor
components �XX�, �YY�, and �XY� in the basal plane, where

X is parallel to the �101̄0� direction and Y to the �112̄0�
direction. For the phonon scattering, this is determined by
Raman selection rules for an hcp structure �D6h

4 space group�.
The polarization measurements at ambient pressure confirm
the validity of such classification for the ELS in the case of
scattering from the planes containing the crystal axis.21 Part
of the background signal was produced by the anvil lumines-
cence. To subtract such contributions, the measurements with
the beam focused near the sample in the sample cavity were
performed at the same P-T conditions as the sample mea-
surements.

III. RESULTS

Raman spectra measured from the basal plane �0001�
�wave vector q is perpendicular to the sample plane� with the

excitation energy Ei=2.41 eV �514 nm� are shown in Fig. 1.
All spectra were corrected by dividing to the Bose factor
�1−exp�−�� /kT��−1 to account for the temperature-
dependent intensity factor. A structureless background with
the superimposed E2g phonon line near 165 cm−1 was ob-
served in the low-pressure spectra taken at all temperatures,
similar to previous measurements at ambient pressure.21

Here we report an appearance of a well-defined ELS peak
near 580 cm−1 at 10 K for pressures higher than 20 GPa with
an intensity that is increased by more than one order of mag-
nitude. A broad peak near 620 cm−1 was also observed in the
spectra excited with the 488 nm wavelength. The spectra

obtained from the �101̄0� plane with the same incident en-
ergy are presented in Fig. 2. In this geometry, the structure-
less background is observed below 20 GPa at all tempera-
tures. It transforms to a pronounced electronic peak at
350 cm−1 at T=10 K under further pressure increase. Figure
3 shows that peak intensities start to grow sharply at a pres-
sure of about 25 GPa. When the temperature is increased the
electronic spectra smear out and become structureless. For
q � �0001� orientation a decrease in intensity at high tempera-
ture by a factor of about 2.5 was also found while the inten-

sity for q � �101̄0� was even higher at T=300 K in compari-
son to that at T=10 K.

At the same time, the spectra measured with red and in-
frared excitation energies which probe smaller wave-vector
values �Fig. 4� show only moderate evolution. The well-
defined zero-pressure electronic peaks soften under pressure
by �10% without apparent changes in the linewidth. The

FIG. 1. Raman spectra at different pressures �GPa� measured
from the �0001� plane at �a� T=10 and �b� 300 K, Ei=2.41 eV.
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spectra also show much lower q anisotropy ��10%� and
their intensity increases by not more than a factor of 2. The
maxima of the electronic peaks measured with Ei=1.96 eV

�633 nm� excitation are located at 180 cm−1 �q � �101̄0�� and
200 cm−1 �q � �0001�� �Fig. 5�. Their positions decrease fur-
ther in frequency when using the near infrared excitation
lines at Ei=1.68 eV �740 nm�. For the q � �0001� orientation
the continuum is observed near 135 cm−1 at the highest pres-
sure in our measurements �Fig. 5�. The decrease in the wave-
vector anisotropy with a decrease in the excitation energy
was found in the previous measurements at ambient
pressure,21 where at Ei=1.83 eV �676 nm� the electronic
peak position for q � �0001� became even smaller than the

corresponding peak position for q � �101̄0� �Fig. 6�.
The anomalies of the optical phonon self-energies were

also found in the pressure range of 20–30 GPa. These effects
will be reported elsewhere. Besides the one-phonon scatter-
ing a two-peak feature at 200–500 cm−1 is seen in the spec-
tra shown in Figs. 1 and 2, which is assigned to the second-

order phonon Raman scattering. For the q � �101̄0� its
intensity increases in the pressure range of 20–30 GPa at 300
K by an order of magnitude similar to the sharp increase in
the electronic scattering intensity. At low temperatures the
intensity of the two-phonon scattering is much weaker, so it
remains unclear whether this effect holds.

The presented results reveal an abnormal pressure behav-
ior of the light-scattering spectra by electrons and phonons
above 20 GPa. First, an anomalous intensity increase in the

ELS occurs with blue and green excitation energies accom-
panied by the transformation of the structureless background
into well-defined electronic continuum peaks between 20 and
30 GPa. Second, the intensity of the two-phonon Raman
scattering for q � �101̄0� demonstrates a similar anomalous
increase. Third, we observe different temperature depen-
dences of the ELS intensity under pressure for both investi-
gated wave-vector directions. Also, similar to what already
reported at ambient pressure,21 we observe a large downward
shift in the electronic peak positions under pressure accom-
panied by a decrease in those peak anisotropies as the exci-
tation energy is decreased.

FIG. 2. Raman spectra at different pressures �GPa� measured

from �101̄0� plane at �a� T=10 and �b� 300 K, Ei=2.41 eV.

FIG. 3. The ELS peak intensity vs pressure for both q directions
�after subtraction of low-pressure structureless background inten-
sity�, T=10 K, and Ei=2.41 eV.

FIG. 4. The wave-vector distributions �U�q��2 for different inci-
dent energies. The expression is given in Sec. IV.
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IV. CALCULATIONS

In order to understand the reasons for the observed
anomalies we performed the calculations of the frequency-
dependent ELS in the approximation of noninteracting
electron-hole pairs. To determine the intensity of the intra-
band ELS we integrated the imaginary part of the polariza-
tion operator over the whole FS, taking into account the dis-
tribution of the incident and scattered fields in a metal,19,20

I��,q� � − I�
−�

+� dq

2�
�U�q��2� dSp

�
��̄�p,q,���2


q�q

� − q�q + i�
, �1�

where �q is a projection of the Fermi velocity to the q direc-
tion and �̄���p ,q ,��=����p�− 	����p�
, where the angle
brackets denote the FS averaging,

	����p�
 =� dSp

�
��p� 

q�q

� − q�q + i�

 �� dSp

�

q�q

� − q�q + i�
�−1

. �2�

The integration over the wave-vector distribution �U�q��2
allows us to make the comparison to the ELS spectra for
different excitation energies and to take into account the
smearing of the spectra due to the absorption of the electro-
magnetic wave in the skin layer. The �U�q��2 function �shown
in Fig. 4� can be expressed as �U�q��2=4���2 / �q2−�2�2,19,20,34

where �=�1− i�2= �4� /�i� · �n− ik�, and n and k were mea-
sured for osmium in Ref. 33. The impurity relaxation fre-
quency � was taken to be equal to the small value of
10 cm−1 for our high-purity samples. The electron-photon
matrix element for intraband scattering generally can be
given as1,34

����p� = e�
�i�e�

�s� +
1

m


b

pba
� pab

�

�a�p� − �b�p� + �i + i�b

+
pba

� pab
�

�a�p� − �b�p� − �s − i�b
, �3�

where e�
�i� ,e�

�s� are the polarization vector components for the
incident and scattered lights, pba

� is the electron momentum
matrix element, m and �a�p� are the electron mass and en-
ergy, and the dependence on q is neglected here for the in-
terband transition. The subscript a denotes the index of the
band which crosses EF and �b is the damping of the band b.

FIG. 5. The measured for q � �0001� high and low-pressure Ra-
man spectra and the calculated ELS spectra �50 GPa� for different
excitation energies, T=10 K. �a� Ei=2.41 eV �514 nm�, �b� Ei

=1.96 eV �633 nm�, and �c� Ei=1.68 eV �740 nm�.

FIG. 6. The measured �taken from Ref. 21� and calculated �solid
lines are nonresonant case and dashed lines are resonant� ELS spec-
tra for both q directions and different polarization geometries. Ei

=1.83 eV, P=0 GPa, and T=10 K. The vertical line marks the
position of the ELS spectra with q � �0001�.
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Its second term provides the resonance electronic scattering
if the energy of incoming �scattering� light wi,s is equal to the
energy difference ��a�p�−�b�p�� between the Fermi energy
and the bands �b�p� far from it. When the excitation energies
are smaller than any interband transition energy, this matrix
element reduces to the reciprocal effective-mass tensor �FS
curvature�35

����p� = m
�2��p�

�p� � p�

. �4�

The experimental data give an evidence of ELS resonance
near Ei�2.2–2.3 eV at ambient pressure and for its en-
hancement under the application of pressure.21 On the other
hand, the measurements with infrared excitations may repre-
sent a nonresonant case. At ambient pressure nearly equal
ELS spectra intensities were observed for all three crystallo-

graphic wave-vector q directions �0001�, �112̄0�, and �101̄0�
which probe rather different sections of the FS.21 This sug-
gests a resonance enhancement for the whole FS. Moreover,
the observed resonance has a rather large width of �0.5 eV
and does not distort the continua line shapes. Thus, we used
a constant �̄�p ,q ,�� to simulate the resonant conditions
�which suggests that the interband matrix elements of the
momentum operator and energy denominators are constant in
the p space� in addition to performing calculations with a
nonresonant matrix element �Eq. �4��.

The band-structure calculations were performed using lin-
earized muffin-tin orbital �LMTO� method36 in the local-
density approximation �LDA�.37 In the course of self-
consistency a mesh of 1728 k points in the irreducible part of
the Brillouin zone was used. Integration over the Fermi sur-
face was performed with a fine mesh of 125 000 k points in
the full Brillouin zone. The calculations of the first and sec-
ond derivatives of the electron energies were performed us-
ing the OPENDX package. The band-structure calculations
were performed with and without including the spin-orbit
interaction for the Os 5d states. The spin-orbit coupling was
directly introduced in the code as opposed to the often-used
second variation procedure. Specifically we worked with
doubled �due to the spin� full-orbital Hamiltonian taking into
account the spin-orbit interaction explicitly, and the varia-
tional procedure was performed in one step.

The obtained FS, shown in the inset of Fig. 7 �see also a
very clear Fig. 3 in Ref. 41�, is in agreement with that cal-
culated previously.38–41 It consists of four main sheets: elec-
tronic ones �9e �sheet names from Ref. 38� and �10e, small
hole sheets U7h in the LM direction, and a complicated an-
isotropic “monster” surface KM8h. Our calculations were
performed for the lattice parameters and volumes corre-
sponding to 0 and 50 GPa.29 As in Refs. 40 and 41 in this
pressure region no changes in the FS topology were found.
The main effect of neglecting the spin-orbit interaction is the
preservation of the degeneracy of the ninth and tenth bands
in the �A direction. This results in a small change in the �9e
and �10e sheet geometries near this direction, giving a neg-
ligible effect in the calculated spectra. However, it was noted
earlier36 that the inclusion of the spin-orbit interaction in Os
is crucial for the existence of small FS sheets near the L and

� points. In our case the most interesting effect, as we will
see below, consists of possible changes to the FS topology
near the L point due to its dynamical modification caused by
the Eg phonons.

Figure 7 shows a rather close correspondence of the mea-
sured and calculated high-pressure ELS spectra for both q
directions with the Ei=2.41 eV excitation �resonant case�. In
particular, both measured and calculated spectra show almost
linear behavior at low frequencies. This suggests that the
observed ELS spectra are related to the intraband transitions.
On the other hand, experimental ELS spectra show narrower
peaks than predicted from calculations, and they are some-
times shifted with respect to the calculated ones �especially
for red and near infrared excitations� �Figs. 5–7�. Because of
the topology of the calculated �9e and �10e sheets, which
look like hexagonal prisms and have large areas at the side
and top �bottom� surfaces, these areas provide enhanced con-
tributions to the scattering cross section at low frequencies
because of the small electron velocity projections along the
crystal axis and in-plane wave-vector directions, respec-
tively. The same is true for the KM8h sheet which contrib-
utes �40% of the spectral weight in the calculated intensity
for resonant conditions. It is plausible that the difference in
experimental and theoretical ELS spectra may be due to a

FIG. 7. �Color online� The measured and calculated �from Eq.
�1�� ELS high and ambient pressure spectra for �a� q � �0001� and �b�
q � �101̄0�. T=10 K and Ei=2.41 eV. The calculated intensities
were normalized to the measured ones. The calculated FS is shown
in the inset.
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more complex FS topology and/or the velocity distribution at
the FS with the interactions included.

A comparison of the calculated and measured continua
frequencies for the different excitation energies and pressures
in Fig. 8 also supports this hypothesis. At the excitation en-
ergies Ei�2.2 eV the calculated frequencies substantially
exceed �up to two times� the measured ones. For the excita-
tion energies of Ei	2.2 eV the calculations predict at all
pressures well-defined electronic peaks at frequencies that
are smaller than those corresponding to the observed struc-
tureless electronic continua �Figs. 1, 2, and 7�. The appear-
ance of pronounced peaks in the spectra measured at pres-
sures P�20 GPa improves the agreement with the
calculation in this excitation energy range. The calculated
spectra become harder and broader under pressure by �10%

for q � �0001� and �20% for q � �101̄0� at all excitation ener-
gies, and their intensities decrease at the same ratio. This
contradicts the observed strong intensity growth, the elec-
tronic peak position softening, and narrowing when using
excitations in the blue-green range compared to only a neg-
ligible frequency softening with the red excitation.

The q anisotropy of the electronic peak frequencies cal-
culated with a constant �̄�p ,q ,�� does not depend on Ei,
which is in contrast to the observed decrease with the red and
near infrared excitations. The ELS spectra calculated for the
nonresonant case �matrix element from Eq. �4�� show �Fig.
4� a decrease in the anisotropy of the frequencies measured
with the red excitation for the studied q directions. This is in
close agreement with the experimental measurements. How-
ever, the intensities and frequencies of the calculated depo-

larized spectra in the Z�XY�Z geometry �E2g symmetry� for
the red and near infrared excitations were found to be lower
than those observed in experiment at ambient pressure �Fig.
6�. It should also be noted that screening does not change the
intensities and the peak line shapes substantially for the �XX�
and �YY� polarization geometries obtained for all four FS
sheets, indicating that the screened component of A1g sym-
metry �̄���p ,q ,�� is approximately equal to the bare ����p�.
Intrasheet screening is almost absent for the KM8h sheet
�	����p�
�0� but has a large magnitude of �90% for the
U7h sheet. This indicates a significant contribution of inter-
sheet mass fluctuations to the calculated screened intensity in
the parallel polarization geometry which is mostly due to
small U7h ellipsoids. The contribution of this intersheet scat-
tering as well as the contribution of the bare �XX� and �YY�
components �E2g symmetry� from the U7h sheet is compa-
rable with the intrasheet scattering from the KM8h sheet. A
large FS curvature of the U7h sheet provides a large elec-
tronic scattering cross section �especially at the resonance
conditions�, showing that even small sheets may contribute
significantly into the net scattering efficiency.

All presented calculations correspond to static case, i.e.,
they do not include the phonon displacements which, in prin-
ciple, can modify the fine electronic structure near EF and the
Fermi-surface topology in dynamics. As was shown earlier,21

E2g phonons in Os interact strongly with the low-frequency
electronic excitations, resulting in changes to their energy
and linewidth. A more detailed understanding of the coupling
of this phonon with the electronic structure is obtained by
calculating the Os band structure with atom displacements
corresponding to the E2g degenerate phonon mode. The at-
oms in two layers of hcp lattice are displaced out of phase in
X or Y directions in this mode. In Figs. 9 and 10 we present
the Os band structure for +u and −u displacements in the X
direction for two pressures: 0 and 50 GPa. The energy of this
mode, by symmetry, is an odd function of displacement, and
we found strong changes in the Fermi-surface topology un-
der pressure in comparison to a much smaller modification
for the second E2g mode with displacements along the Y
direction. Displacements of �0.04 Å were used which are
close to the root-mean-square displacements for zero-point
motion in osmium. As shown in Figs. 9 and 10, under a +u
displacement, the bands near the L point cross the Fermi
level under pressure while under a −u displacement the band
energy goes down. At the same time the bands near the �
point which were found to determine the topological transi-
tion under pressure41 do not show such radical changes.
Thus, this result suggests that the dynamic electronic topo-
logical transition �ETT� is possible in Os under pressure �cf.
static ETT at higher P proposed in Ref. 41�.

V. DISCUSSION

The discrepancy between the experimental and calculated
spectra �Figs. 5–8� suggests that electron-scattering mecha-
nisms not included in the LDA approximation are important
for this system. A substantial increase in the calculated ELS
peak frequencies in comparison to the measured ones �Fig.
8� occurs in the range of 200–500 cm−1 , i.e., in the energy

FIG. 8. The measured �points� and calculated �dashed lines at 0
GPa and solid lines at 50 GPa� ELS maxima positions vs Ei for �a�
q � �101̄0� and �b� q � �0001�, where T=10 K.
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region of the phononic excitations of osmium. Strong tem-
perature effects at all pressures also suggest an important
role of the inelastic e-ph scattering.14–17 Thus, the e-ph inter-
action may be the reason of discrepancy found in the low-
energy range, leading to the electron dispersion renormaliza-
tion at small q �low-energy excitation, see Fig. 4�.

The observation of the structureless electronic back-
ground at low pressures with Ei	2.2 eV provides evidence
for the increase in the damping of the electronic states for
large wave vectors q, an essential part of which is probed by
the high-energy excitation �Fig. 4�. This implies the exis-
tence of additional scattering mechanisms for electronic
states lying away from the Fermi energy by 500–1000 cm−1

. The Fermi-surface topology �inset of Fig. 5�a�� having large
nearly parallel sections of the FS with wave vectors Q in the
basal plane favors an enhancement of the e-e scattering.

An anomalous growth of the two-phonon cross section

under pressure for q � �101̄0� at T=300 K supports this sug-

gestion. It was shown theoretically42 that such an enhance-
ment of the two-phonon Raman spectra in transition metals
may be due to successive phonon �+Q and �−Q emissions
between electronic states close to the Fermi level when the
conditions for double-photon resonance are fulfilled. If the
condition �+Q+�−Q��Fq is fulfilled, the same resonance
mechanism may provide an anomalous ELS intensity growth
under pressure due to an extended region of phase space for
the scattering events. This is possible if the leading reso-
nance term is determined by the scattering processes near the
Fermi level having energy denominators with a small damp-
ing. The correlation of the peak narrowing with the ELS
intensity increase under pressure supports this possibility.
Both final states consisting of one phonon plus an electron-
hole pair and two-pair final state will provide an electronic
background which could interfere with the two-phonon Ra-
man scattering.42 In turn, the decrease in the electronic
damping at high-energy excitation �probing larger q magni-
tudes� may be due to both the electron and phonon spectra
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FIG. 9. �Color online� Band structure obtained within the LDA approach with spin-orbit coupling with +u �red, solid� and −u �green,
dashed� distortions in the X direction. Fermi level corresponds to zero energy.
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FIG. 10. �Color online� Band structure obtained within the LDA approach with spin-orbit coupling for P=50 GPa with +u �red, solid�
and −u �green, dashed� distortions in the X direction. Fermi level corresponds to zero energy.
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change and the interplay of the e-ph and e-e scattering con-
tributions which determine the q and � dependence of the
effective e-ph coupling.43

Another possible scenario for the anomalous ELS cross
section increase under pressure is the appearance of a new
Fermi-surface sheet. However, none of the previous calcula-
tions of osmium band structure at high pressure40,41 shows
the FS topology change in the investigated pressure range.
First ETT was found at 72 GPa �ellipsoid appearance at the �
point� and two more occur near the L point at pressures of 81
and 122 GPa.41 All new features are rather small �density of
states is less than that of the U7h sheet� and may give a
strong contribution only owing to a strong resonance. Our
calculations show �Fig. 9� that the displacements of two at-
oms in the Os cell modeling one of the degenerate E2g modes
�with atoms moving along X direction� lead to a strong band
shift near the L point and a dynamical FS topology change
under pressure. Thus, the phonon-assisted Lifshitz
transition44 may occur at pressures lower than those calcu-
lated in Ref. 41. This may also be a reason for the c /a
anomaly found in Ref. 29, although this result was not con-
firmed in an independent study.45 The E2g phonon anomalies
found at ambient and high pressures may also be coupled
with the strong band structure changes near the L point. The
band-structure calculations performed in this work and in
Ref. 41 also showed that the interband transitions near the L
point with magnitude of �2.5 eV may provide the reso-
nance conditions, and hence, the possibility of observing the
ELS coupled with this feature. The unusual temperature be-
havior of the ELS intensity for the studied q directions re-
mains unclear. It is natural to expect similar temperature be-
havior if the observed electronic scattering is determined by
large FS sheets. Another possibility may arise if this scatter-
ing originates from the electronic states near the L point
which are strongly coupled to the phonons, and anisotropic
electronic structure changes under the varying pressure and
temperature conditions.

The comparison of the ELS spectra calculations per-
formed for the resonant and nonresonant cases �Fig. 6� sug-
gests that a decrease in the electronic peak position aniso-
tropy �for the studied q directions� at smaller excitation
energies may be explained by a change in the p dependence
of the electron-photon matrix element. In this simple calcu-
lation, a constant matrix element was used for the resonant
case. This implies that the whole FS is in resonance which is
possible for a small FS sheet but is not realistic for the main

osmium FS sheets. Detailed band-structure calculations of
the resonant behavior are necessary for better understanding
of the ELS cross section increase with the high-energy exci-
tation. These calculations are also needed to explain why the
ratio of polarized and depolarized spectra intensities and fre-
quencies for q � �0001� is conserved while the frequency an-
isotropy for the studied q varies strongly upon the excitation
energy change.

VI. CONCLUSIONS

Raman studies of osmium under pressure showed an
anomalous increase in the ELS cross section measured with
the blue and green incident energies. In the pressure range of
20–30 GPa the low-temperature structureless background
transformed to pronounced peaks at �580 cm−1 for

q � �0001� and at �350 cm−1 for q � �101̄0� showing strong
temperature dependencies. The discrepancy between fre-
quency behavior and line shapes of the measured Raman
spectra and those calculated within the LDA provides evi-
dence for the electron self-energy renormalization in the en-
ergy range �1000 cm−1 from the Fermi level due to e-ph
and e-e scatterings. Changes in the FS topology were found
in the band-structure calculation including the E2g phonon
displacements. We suggest that this effect may constitute the
primary contribution to the ELS spectra observed in resonant
conditions. Clear understanding of these anomalies requires
the detailed calculations of the resonance effects and taking
into account the phonon renormalization on the electron
band structure. Further studies of the ELS spectra under pres-
sure and temperature variations are necessary to further un-
derstand the details of the e-ph coupling.
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