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Electron-phonon coupling in high-pressure Nb
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The Fermi surface, phonon spectrum, and electron-phonon coupling parameter for metallic Nb under high
pressure have been investigated with a full potential linearized augmented plane wave, linear muffin-tin orbital,
and pseudopotential plane-wave methods. The results support the experimental observation of electronic topo-
logical transitions at 5 and 60 GPa. The lower pressure transition is related to a very subtle change in the
topology of the Fermi surface as revealed in accurate calculations of the Hall coefficient. The transition at 60
GPa is identified with a change in the Fermi-surface topology due to the crossing of the electronic band along
theG→N ~S! direction in the cubic Brillouin zone. The calculated electron-phonon coupling parameters are in
qualitative agreement with those derived from high-pressure experiment.
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Nb is the prototypicald-band metallic superconductor fo
which the mechanism for superconductivity at ambient pr
sure is believed to be well understood by theory.1 Recently,
under high pressure, the superconducting critical temp
tures Tc were found to show anomalies at 5–6 GPa a
60–70 GPa, but no apparently structural changes.2 A change
in Tc is often associated with a modification of electron de
sity of states at the Fermi level that is often the result
changes in the Fermi-surface topology. The anomaly
served at 5–6 GPa during quasihydrostatic compression
been interpreted2 to the disappearance of the neck formed
the open sheet extending fromG→H and the ellipsoids cen
tered atN in the third extended Brillouin zone~BZ!. How-
ever, this assertion apparently contradicts previous theo
cal calculations at;6 GPa and 26 GPa,3,4 which predicted
no significant changes in the Fermi-surface topology. TheTc

anomaly that occurs near 60–70 GPa under a nonhydros
condition~no pressure medium! was assigned to the decrea
of electron density states when the dip atS1 alongG→N ~S!
direction disappears at high pressure. Obviously, the Fe
surface topology of Nb at high pressure is a fairly comp
cated issue and lacks a fundamental understanding.5,6 The
purpose of this paper is to investigate the Fermi surface
the electron-phonon coupling in Nb at high pressure us
first-principles computational techniques.

Electronic band structure and Hall coefficient calculatio
were performed with the full potential linearized augmen
plane-wave~FPLAW! method,7 and electron-phonon cou
pling parameters were calculated with full potential line
muffin-tin orbital8 ~LMTO! and pseudopotential plane-wav9

~PW! methods. For metal having cubic symmetry, the H
coefficient in the low magnetic field limit is given by th
following expression,10
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wheree, t, f , M 21, andv represent the charge of the ele
tron ~sign is included!, the electronic relaxation time, th
Fermi distribution function, the inverse mass tensor, a
Fermi velocity, respectively. The inverse mass tensor is
fined as
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which involves the second derivative of electronic band d
persion and is a very sensitive parameter to monitor sm
changes in the Fermi-surface topology.

If we assume an isotropic relaxation time, i.e.,t(k,T)
5const, the Hall coefficient can be obtained directly fro
the band-structure results without resorting to the calcula
of the anisotropict(k,T) term. An accurate estimate of th
Fermi-surface integration requires a very finek-point mesh,
and typically 70 000k points were used in the first Brillouin
zone. The calculated Hall coefficient for Nb at ambient pr
sure using FPLAW is 6.4310211 m3/C which can be com-
pared with the measured value of 8.72310211 m3/C. Details
of the numerical implementation of Fermi-surface interpo
tion and the Bloch tetrahedron integration scheme have b
given elsewhere.11

The electron-phonon coupling parameters were calcula
by the full-potential LMTO density-functional perturbatio
theory method.8 In essence, the phonon linewidthgq j is cal-
culated from the perturbed self-consistent field~SCF! poten-
tial. The spectral functiona2F(v) is then evaluated and th
electron-phonon coupling parameterl is obtained from the
©2004 The American Physical Society01-1
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k-space integration of the spectral function over the B
Convergence ink-point sampling is therefore crucial to th
accuracy of the integration. We followed the procedure giv
in Ref. 8: thek integration for the construction of the in
duced charge density and the dynamical matrix is perform
over a 16316316 grid which is twice denser than the gr
of the phonon wave vectorsq. The k-space integration for
the phonon linewidth is performed with a larger 32332
332 grid. In order to make meaningful comparison of t
calculated electron-phonon parameterl of Nb over the pres-
sure range from ambient to 150 GPa, a smaller muffin rad
was used. The presented calculatedl at the theoretical equi
librium volume is 1.36 which compares reasonably well w
the experimentally derived value of 1.26 atV/V050.972.8

To check the reliability of the electron-phonon coupling p
rameters, particularly at the low pressure regime, line
response calculations were performed using a pseudopo
tial PW method9 employing the generalized gradie
approximation12 and a Troullier-Martins13 norm-conserving
pseudopotential. The kinetic energy cutoff was 40 Ry. an
16316316 Monkhorst-Pack grid was used in the SCF c
culations, and a finer 32332332 k point grid was used in
the electron-phonon coupling calculations employing 28q
points in the BZ integration.

The equation of state~EOS! calculated from the FLAPW
results is compared with the experimental measurement14 in
Fig. 1, and the agreement is quantitative. The electronic b
structures for bcc Nb at 0, 50 and 150 GPa are shown in
top panel of Fig. 3. In agreement with previous studies,3,4 no
substantial modification of the Fermi surface is observed
low pressure below 50 GPa but there are minor chan
along theG→N ~S! and N→H symmetry directions. The
dip almost touching the Fermi level alongS at zero pressure
is now lower than the Fermi level and the pocket alongN
→H has widened. These changes are reflected in the to
ogy of the Fermi hole in the third zone~Fig. 3, bottom
panel!; in particular, the two ellipsoids are closer together

FIG. 1. ~Color online! Comparison of calculated~line! and ex-
perimental~filled circles! equations of state for bcc Nb.
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50 GPa. These small changes in the Fermi surface ha
subtle effect on the transport coefficient. The calculated H
coefficient as a function of the lattice constant is shown
Fig. 2. A very small ‘‘kink’’ is observed at a unit-cell con
stant ;6.1a0 (bohr). To confirm this observation, the nu
merical derivative of the Hall coefficient with respect to th
unit-cell size is evaluated employing much denser calcula
points around 6.1a0 . It is unmistaken that there is a discon
tinuity in the derivative curve. This discontinuity signifies
change in the electronic transport properties of the me
Incidentally, the calculated pressure at this kink is 5 G
very close to the first anomaly inTc observed in the experi
ment. A second, more distinctive discontinuity in the H
coefficient is predicted at a unit-cell size that equals 5.72a0 ,
which corresponds to a pressure of;60 GPa. This change is
clearly reflected in a significant modification of Ferm
surface topology. The calculated band structure at a unit-
size of 5.54a0 , which is slightly smaller than the transition a
5.72a0 , shows substantial changes in the Fermi surface. S
cifically, a pocket is now opened atG which extends along
the G→N direction. A second pocket has developed arou
G and extends along theG→H(D) direction. The Fermi hole
topology shows the connecting of the two ellipsoids atG and
a hole appears in theG→N direction. The substantial modi
fication of the electronic density of states at the Fermi le
is likely to be responsible for theTc anomaly observed a
60–70 GPa.

To investigate the effects of the change in electron top
ogy @electronic topology transition ETT# on the supercon-
ducting mechanism, the electron-phonon coupling para
eters are computed as a function of the unit-cell size us
both the LMTO and PW methods. The calculated dens
dependence of the electron-phonon coupling parameterl is
shown in Fig. 4. The general trend that the electron-pho
coupling parameter decreases with increasing density~or
pressure! is well reproduced by both methods. This profile
in good agreement with thel values estimated from exper
mentalTc using the Allen-Dynes modification15 of McMillan
equation1 for Tc . Under quasihydrostatic compression co

FIG. 2. Calculated Hall coefficient of bcc Nb and its derivati
versus lattice constants.
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FIG. 3. ~Color online! Electronic band structure~in eV! and the Fermi surface of bcc Nb at several pressures.
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ditions, the experimentally derivedl first shows a decreas
from the ambient value of 1.16 to 1.12, then a sudden ris
1.18 atr/r051.02, and then decreases smoothly to 1.04
r/r051.32. For compression without a pressure transm
sion medium, theTc shows an abrupt decrease at;60 GPa.
This abrupt change is echoed in a slight change of slop
r/r051.32 in the derivedl.

Two distinct discontinuities are predicted atr/r051.02
and 1.27~see the arrows in Fig. 4!, corresponding to lattice
constants of 6.17a0 and 5.72a0 and a calculated pressure of
and 60 GPa, respectively although the discontinuity at 5 G
calculated from the PW method is not as prominent as in

FIG. 4. The density dependence of the electron-phonon coup
parameter for bcc Nb calculated with full potential LMTO an
pseudopotential PW methods. The dotted line through the LM
results is for a guide.
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LMTO calculations. In agreement with the experimenta
derived l, at low pressure the LMTO calculated electro
phonon coupling parameter decreases from 1.36 to 1.02
then increase sharply to 1.21 atr/r051.02 or 5 GPa. The
electron-phonon coupling then decrease smoothly to ab
0.98 atr/r051.25. Riding on the gradually decreasingl the
calculation shows a broad peak centered atr/r051.28
where the coupling parameter increases slightly from 0.98
1.19. Although, an anomaly inl is correctly predicted at the
appropriate pressure range, and therefore the supercon
ing critical temperatureTc , the theoretical profile differs
from that of the derivedl. This discrepancy may not be to
surprising since several assumptions were invoked in the
timation of l from the measuredTc . In particular, the as-
sumption of a smoothly varying Slater-Gruneisen parame
with pressure may not be appropriate at the phase trans
where the Fermi-surface topology and the phonon frequ
cies changed significantly. A smallerv log , due to phonon
softening at the electronic topological transition, will lead
a larger estimate ofl, bringing the derived electron-phono
coupling parameters into a better agreement with theore
predictions.

The interpretation of the calculated ETTs differs from th
proposed based on the experimental findings.2 The low-
pressure anomaly observed at 5 GPa is shown to be du
slight changes in the Fermi surface along theN→H and
extends toG→H. The more prominent ETT transition ob
served at 50–60 GPa is attributed to the moving down of
energy band (G258 ) ~Ref. 2! aroundG and opening pockets
along theG→N andG→H directions.

In conclusion, the present theoretical investigation of

g
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transport coefficients and the electron-phonon coupling
rameters of bcc Nb under pressure confirm the occurrenc
two ETT transitions at 5 and 60 GPa. These ETTs have
table effects in the electron-coupling parameter and affect
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