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We have measured superconductifigusing a highly sensitive magnetic susceptibility technique to
megabar pressurés-100 GP9. We observed anomalies ih.(P) for Nb at 5—-6 GPa and 60—-70 GPa,
at which pressuré’, increases by 0.7 K and decreases by about 1 K, respectively. In coffiyast,
Ta remains nearly constant up to 45 GPa. We suggest that the anomalies in Nb arise from stress-
sensitive electronic topological transitions. Between 70 and 132 GPfar Nb drops continuously to
4.7 K, which is related to the decrease in density of states at the Fermi level with increasing pressure.
[S0031-9007(97)04546-8]

PACS numbers: 74.62.Fj, 74.25.Jb, 74.70.Ad

As bcce-structured metals from the fifth row of the the electronic properties over the measured pressure ranges
periodic table, niobium and tantalum represent textbookinless there occur any unknown low-temperature structural
examples ofl-band superconductors for whi@h is gen-  transitions.
erally considered to be well understood theoretically [1]. In this Letter, we extend the range Bf measurements
However, it has been shown that rigid-muffin-tin approxi-by magnetic susceptibility to 132 GPa. The measured
mations [2] used in previous calculations of electron-T.(P) provides evidence for electronic topological transi-
phonon interactions in such metals may not, in generakjionsin Nb at 5 GPa and close to 60—70 GPa. In contrast,
be justified [3]. Moreover, recetb initio theoretical cal- measurements on Ta to 45 GPa show that such changes are
culations of the electron-phonon coupling constant in Nbabsent in this metal. We also observe a steep decrease of
disagree with tunneling experiments [4]. Thus, there is &. in Nb above 60 GPa, which we explain by the Fermi
need for more detailed experimental results and theoretic&vel moving to the low density of states region after the
predictions of the band structure and electron-phonon coterossing ofd-state branches dfjs (I's' ) symmetry at the
pling in Nb. The pressure dependencdpis sensitive to  I' point of the Brillouin zone. Suggested changes in Fermi
the density of states at the Fermi level [1] and, in principle surface topology in Nb above 60 GPa do not agree quan-
can be used to investigate the extremal points in the enerditatively with theoretical band-structure calculations [12].
bands. Atthese points, the density of states is peaked andWe performed the measurements using a highly sensi-
can be moved relative to the Fermi level under the extertive magnetic susceptibility technique with diamond anvil
nal perturbation of pressure. This approach has been usedlls [13]. Previous magnetic susceptibility measurements
in early experiments on Tl [5] and Re [6] to pressures ofhave been limited to lower pressures [14,15]. We used a
3 and 2 GPa, respectively, where nonlinearitiegitP?)  NaCl pressure medium for pressures up to 70 GPa, and no
were observed that were explained by the creation and dgressure medium for the experiment to 132 GPa. Ruby
struction of new parts of the Fermi surface as the Fermchips placed in the sample chamber were used as the pres-
level crosses extremal points in the bands. This type o$ure sensor [16], and pressure was increased at low tem-
change in Fermi surface topology is widely known as agperatures. We show representative temperature scans for
2.5 order Lifshitz transition [7]. several pressures in Fig. 1, and the pressure dependence of

Previous measurements on Nb and Ta at high pressuf®@ in Fig. 2. T, is identified as the temperature where the
have been limited to below 6 GPa [8], which is notsignal goes to zero on the high-temperature side (Fig. 1)
sufficient to obtain constraints on different contributionswhich is the point at which magnetic flux completely enters
to T.(P) and the volume dependence of electron-phonoithe sample [13].7.(P) is nearly constant in Nb from 10 to
coupling. Moreover, hydrostatic experiments on Nb t055—70 GPa (depending on the pressure medium used) and
2.4 GPa [9] showed a monotonic decreaseTinwith  from ambientto 45 GPain Ta (Fig. 2). The 0.7 Kincrease
pressure, while nonhydrostatic measurements to 6 GPa [8f T. in Nb close to 5 GPa is reversible with pressure in a
showed a monotonic increase ™ and an irreversible quasihydrostatic medium (NacCl), contrary to the behavior
pressure dependence Bf. Static compression of Nb to under nonhydrostatic conditions [8]. A related anomaly
54 GPa and Ta to 77 GPa and shock-wave experiments d7T./dP has been observed in NbZr and NbMo alloys
on Nb to 170 GPa show no evidence for phase transitiong]. The observed discontinuities ifi.(P) for Nb are
[10,11]. Thus, in Nb any changes i are expected to similar to observations for Re reported by Céiual. [6],
be related not to the structural changes but to changes imho explained them in terms of an electronic topological
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T® FIG. 2. T. in Nb to 132 GPa and Ta to 45 GPa. Lines are
FIG. 1. Experimental data for several pressures, showing thguides to the eye. Low pressure quasihydrostatic data from
Signa| from the coil Setup and the assignment’]cf Data Ref. [9] for Nb are shown as closed circles in the inset. Low
at 113 GPa correspond 0 X 60 X 10 um sample without Pressure data for Ta are from Ref. [8].
pressure medium; lower pressure data are for NaCl pressure
medium. Pressures 34 and 72 GPa corresponiDtsx 60 X
10 um sample; pressures 0.1 and 3.9 GPa correspond texternal perturbation (e.g., pressure). Experimental stud-
100 X 50 X 10 um sample (maximum pressure of 16.6 GPa). jes of the Fermi surface of V [21] are reportedly consistent
with the existence of necks alor}{jeven at ambient con-
transition. This (Lifshitz) transition [7] change®. by  ditions, whereas these necks are not observed experimen-
modifying the electronic density of states at the Fermitally in Nb [22]. Apparently, experiment and theory do not
level, when pieces of the Fermi surface are created or dexgree on the Fermi-surface topology in this region of the
stroyed by pressure. We show below that bothZhén-  Brillouin zone. We argue that the anomalies in théP)
crease at 5 GPa and the decrease at 60—70 GPa in Nb darNb around 5 GPa arise from changes in the Fermi sur-
be explained by changes in topology of the Fermi surfaceface topology along:, where the third zone (jungle gym)
We begin by examining the Fermi surface topology ofopen sheet extending fromto H, and ellipsoids (centered
vanadium-group transition metals. Band structure calcuat N) touch to form a neck at ambient conditions, which
lations by Mattheiss [17] for Nb and Ta give very similar disappears at about 5 GPa [23]. Alternatively, as follows
results, with the Fermi surface consisting of three sepafrom relativistic augmented plane wave (APW) calcula-
rate sheets. The second zone Fermi surface sheet has tians for Nb [24], it is also possible that thé-H branch
form of a rather distorted octahedron centered’atnd  of the third band (Fig. 6 in Ref. [24]) also crosses Fermi
the third zone Fermi surface consists of distorted ellipsoid¢evel only under pressure, and this may be responsible for
centered aiv and an open sheet extending frdmto H  the disappearance of the neck between ellipsoids and the
in the(100) direction (often referred to as a “jungle gym”) jungle gym.
(Fig. 3). Calculations of the pressure effect on the Fermi To understand th&, behavior in Nb near 60—70 GPa
surface of Nb at-6 and 26 GPa predict no changes in theand above, we estimate the pressure effect od thends at
Fermi surface topology [12,18]. In contrast, calculationsI’;s and N using the results of calculations by Anderson
for V [19] have shown that a neck between the distorteckt al. [12] for normal and compressed structures (lattice
ellipsoids and the jungle gym is formed along fhev ()  parameterAa/a = 5% or P = 26 GPa). The relevant
direction at about 13.6 GPa. The existence of such a nednergy bands are shown in Fig. 3. These calculations
implies that the third band aloriydoes not cross the Fermi indicate that the Fermi level approaches théands at
level (Fig. 3). Calculations for V, Nb, and Ta at ambientI'js by 1.6 mRy, and the third band &t moves away
pressure [20] have this band dipping below the Fermi levefrom the Fermi level by 11.7 mRy when the lattice spacing
by the 14-18, 4—6, and 16 mRy, respectively, for differents decreased by 1%. Thus, at high pressures there is a
exchange potentials. Thus, these calculations indicate th&gndency for the dip neaX, to disappear due t&/; and
in all of these cases such necks do not exist, with Nb beF’s moving in opposite directions with increasing pressure.
ing the most likely candidate for them to form under someMoreover, according to these calculations, the Fermi level
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stress tensor. The yield strength can be estimated from
the pressure distribution over the sample using relation
h(do,/dr) = o,, whereh is the sample thickness and
o,(r) is the pressure distribution, and the equality holds if
the sample continues to flow [28]. From the equation of
state of Nb and the initial thickness of the gaskét wm),

we estimate the gasket thickness at 60 GPa te b ym.

The measuredo, /dr was aboud.2 GPaum at 60 GPa,
which giveso, = 2 GPa.

We estimated the deviatoric strain tensor at 10 GPa
using the elastic constants for Nb at ambient pressure
[30]; for o, we interpolated linearly between the ambient
pressure(o, = 1.1 GP3 [31], and our calculated value
at 60 GPa (10 K) to obtairr, = 1.25 GPa. From this
analysis, we expect the uniaxial strain in the sample to be
of the order of 0.5%. The hydrostatic part of the strain
is about 2% at 10 GPa and about 7.5% at 60 GPa. Thus,
not only the pressure distribution in the sample but also
uniaxial stresses may produce significant effects on the
observed anomalies ifi.. This conclusion is supported
by the experimental results shown in Fig. 2. For example,
uniaxial strain is expected to have a different effect on
the 12 necks in the direction at 5 GPa, due to the

0.2 " " S " - different (random) orientations of principal axes in the
polycrystalline sample. Thus, in general, the topological
FIG. 3. Fermi-surface model for vanadium-group transitiontransition will be smeared by nonhydrostatic components
metals after Mattheiss [17] and energy dispersion relationgf the stress (all twelv& directions become inequivalent
f:lgv':l/bcg?cru%gnn{’lsl [plrze]ssure from nonrelativistic Self'COHS'Stemand the topological transition occurs at different mean
' pressures). Similar considerations apply to the change at
60 GPa, the only difference being that random strain will
crossed s at about a 30% decrease in the lattice constariift the degeneracy off bands afl’s [32].
(corresponding to pressures above 1 TPa, according to theWe also estimated the electron-phonon coupling
existing equation of state [11]). Non-muffin-tin potential constant
and spin-orbit splitting ofl’}s into I'; and I’y branches ,
lower T’y by about 20 mRy with respect 105, according A = N(Er)(I%) 1)
to relativistic calculations [24]. Accordingly, a reduction M{w?)
in the lattice constant by 18% is required for the Fermi
level to cross thd's branch (still requiring~300 GPa).
We suggest a crossing of the Fermi level with thbands
atI')s to occur at 60—70 GPa, which requires a decrease in w1 —1.05(1 + A)
the lattice constant of about 8%. The decreasi.afbove T. = 12g exp(/\ — — L+ 0621 > (2)
that pressure is then naturally explained by the Fermi level ) pr(1 +0.622)

entering the region with low density of states (see Fig. 3ye estimated the pressure dependeagg using a pres-

ENERGY (Ry)

e}

using Allen-Dynes [33] modified McMillan’s [1] expres-
sion forT.:

in Ref. [20]). o i i . sure varying Slater-Griineisen parameter
However, it is not clear if hydrostatic compression
alone produces the suggested changes in Fermi surface 1 dIn(K)
topology, because of the existence of uniaxial stresses on Y$T T T4 In(v) (3)

the sample at these high pressures, even in a NaCl pressure

medium. To estimate the amount of stress and straiiVe used a Vinet equation of state wikhy = 171 GPa,

in the sample, we first examine the case of Nb place&| = 3.6 for Nb [11] andK, = 194 GPa,K/, = 3.8 for
inside the gasket hole without a pressure medium. W@&a [34] to estimateys(P). Ambient pressures,, for
estimate the stress and strain tensors in the sample usiiNb and Ta, as well as the Coulomb pseudopotenpiial=

the following considerations. The stress distribution in0.21 for Nb and u* = 0.17 for Ta [35], were taken
such a gasketed anvil is determined largely by the yieldrom Ref. [4]. A significant decrease at high compression
strengtho, [25—-27], which is related to shear strength  and discontinuities at suggested topological transitions are
by the maximum shear or von Mises yield criteriegs —  observed ink of Nb (Fig. 4). In contrasta of Ta shows

o =t =271, = o,, Whereo;; are the components of a a monotonic decrease with compression.
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