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Pressure effect on superconductivity of vanadium at megabar pressures
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The superconducting transition temperatiigeof vanadium has been measured up to 120 GPa by using a
superconducting quantum interference device vibrating coil magnetometer. It was foumd ithereased with
pressure with a coefficient @fT./dP=0.1 K/GPa and at the maximum pressure onset of superconductivity
reached 17.2 K, the highe3t, among the elemental metals reported so far. Large signal to noise ratio was
obtained for detecting the superconductivity of vanadium at megabar pressures in a diamond-anvil cell.

The recent development of new techniques for electrimected with the occurrence of paramagnon, which counter-
and magnetic measurements in a diamond-anvil celhcts superconductivit* This fact stimulated us to carry out
(DAC)*enables us to increase the pressure range of invegxperiments at much higher pressures so as to establish ex-
tigation to very high values where the electronic states operimentally whether such a linear increasd jnwould still
substances change substantially from those at ambient preeld or if the sign ofdT./dP would change at higher pres-
sure as a result of significant decrease in volume or structurajyre.
changes. The subject in this pressure range focuses mainly We used a small DAC of a pressure-clamp type, all parts
on superconductivity especially for simple molecular solidsof which were made of hardened Cu-Be alloy. Alignment
expected to show pressure-induced superconductivity and tilt adjustment mechanism for diamond anvils was not
megabar pressurés! For some transition metals, on the provided so as to obtain enough space for the detection coil
other hand, superconducting transition temperatufgs  around the anvils. Both anvils were set so that they were
were measured at very high pressures to compare the expeficing as parallel as possible by rotating and displacing the
mental results with theoretical prediction. anvil on the fixed piston before the anvil was glued to it. We

In this paper, we report the pressure dependence of the stamped out vanadium disks of 30 or 4fh in diameter as a
of vanadium up to 120 GPa. Superconductivity of the vanasample from a foil of 25.4um in thickness with a purity of
dium group(V, Nb, Ta has been well studied because it 99.95%, which were put in a hole of Re gasket together with
shows a relatively highl;, and for NbT,=9.25K is the  ruby powder for pressure determination. No pressure me-
highest value among the elemental metals. Unlike Nb andijum was used.

Ta, V (T,=5.3K at ambient pressuréas a large positive  dc magnetic susceptibilityy. was measured by using a
pressure coefficient of, and T, increases with pressure in superconducting quantum interference dewSQUID) vi-

the pressure range investigated so far. Stnitleasured the brating coil magnetometél/CM) (Ref. 12 to determine the

T of V as a function of hydrostatic pressure up to 2.4 GPar, of V. Even though we deal with samples of very small
and found a linear increase i, with dT,/dP=0.062 sizes in a DAC, rather large signals of perfect diamagnetism
+0.003K/GPa, comparable with the theoretical values in-due to superconductivity can be obtained when a disk-shaped
cluding spin-fluctuation effects. Subsequently, Brandt andample is used and measurements are made along the axis of
Zarubind observed a monotonic increaseTipup to 18 GPa  the disk. The signal associated with the superconducting
using an ice-bomb and mechanical press. Recently, Akahamgansition is proportional tddv/2r(1—D), whereH, v, T,
etal!® made electrical resistance measurements using and D are applied magnetic field, volume of the sample,
Drickamer cell up to 49 GPa to investigate to what extent theeffective radius of the SQUID detection coil, and demagne-
monotonic increase i, with pressure would hold. They tization factor of the sample, respectivéfyshowing that a
found that T, increased linearly with a coefficient of large enhancement of the signal occurs when the sample gets
dT./dP=0.096 K/GPa at pressures above 18 GPa @pd thinner andD approaches 1. The use of a SQUID VCM as a
reached 9.6 K at their maximum pressure, which was comsensing device enables us to make high-sensitive magnetic
parable to that of Nb at ambient pressure. They interpretecheasurements with good signal-to-background noise ratio
such a behavior of ;. under pressure as a result of the sup-for extremely small samples in a DAC. This is because the
pression of the fluctuations of the electron spins through théocation of the detection coil of a SQUID magnetometer can
broadening of thel-band width. The spin fluctuation is con- be adjusted to have maximum sensitivity above the gasket
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45 come from the Re gasket. Although there was a small in-
T 30 (GPa) 65 17.2 K crease in signals at high and low temperatures due to the
50l ' | background signal, clear transitions were observed in all
; H curves. The signals at high pressures are large compared with
| a0l those at ambient pressure and their magnitudes are almost
—95 | l / 120 GPa independent of pressure. This is because the shape of the
2 T 6 sample changes to a very thin disk as a result of a large
‘2 o0l | -15 plastic deformation perpendicular to the load in the initial
= 15 16 17 18 19 compression. Figure(th) shows the result for another run, B.
'§ | K Although the magnitudes of the signals at ambient pressure
~, 785 110 are nearly the same for both runs, the signals at high pres-
NS - sures for run B increase more than about 12 times as large as
70l those for run A, indicating a much larger enhancement of the
signal occurring in run B. This may result from the differ-
0 120 ence in the amount of the ruby powder covering the sample,
-15F (b) which changes the thickness of the sample when compressed
N P T T SN U U together with the ruby powder. The value of the demagneti-
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zation factor may also be affected largely by nonuniform
distribution of the ruby powder, which causes the variation
of the local thickness of the sample. Detection of such large

FIG. 1. Temperature dependence of dc susceptibility of Vana'signals suggests that much reduction of the sample size,

dium at various pressures. Measurements were made for differe
samplings; run A@ and run B(b). Arrows showT_'s determined
as the midpoint of the transition. The scale of the ordinate is th
same for both the figures. The inset(bf shows the expanded view

around the onset of superconductivity at 120 GPa.

Which would be needed at much higher pressure, may be
eoossible for the measurement ©f of the superconductor.

As for the sharpness of the transition, the transition width for
run B was about 4-5 times as large as that for run A. This
indicates a larger pressure distribution in the sample for run

where the gradient of the magnetic flux due to the sampld, which was consistent with the results of the ruby fluores-

magnetization takes a maximum value. Besides, the bacleent measurement at room temperature. The inset of Fig. 1
ground signal decreases with distance from the detection cofb) shows the expanded view around the onset of supercon-
at a higher rate than that in the case of magnetic-flux deteductivity at 120 GPa. As shown in the figure, the temperature
tion. of the onset reaches 17.2 K, the high&tamong the el-
Measurements of 4. were made at temperatures above 4emental metals reported so far and comparable to that of
K, below which the signals changed abruptly due to the sucompressed sulfgiin the second metallic phase at 157 GPa.
perconductivity of Re used for a gasket. Figure 2 shows the pressure dependencéafip to 120
Figure 1@ shows the temperature dependence ofjthe GPa, determined as the temperature at the midpoint of the
of V at various pressures up to 112 GPa measured with intransition. Previous results are also included in this figure.
creasing temperature at a magnetic field of 3 Oe after zerdSurprisingly, T, is still increasing with pressure over a very
field cooling, which we call run A. A small peak at around wide range of pressure afig, reaches 16.5 K at 120 GPa,
8.5 K, which appears on all the data and the magnitude andhich is more than three times as large as that at ambient
the temperature are almost independent of pressure, mayessure. In contrast to the case of Nb where large anomalies
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in T.(P) are observed at 5-6 GPa and 60 GPa, there are néPa(Ref. 14 and an anomaly of ; corresponds to a change
abrupt changes i (P) for V. A large and monotonous in the electronic structure at the Fermi energy, such a discon-
increase inT, suggests the pressure effect on the spin fluctinuity in T.(P) may provide a clue to understanding the
tuation holding over a large compression of the lattice coninterplay of the parameters necessary for calculating the mi-
stant,Aa/a=0.122 at 120 GP#; or another mechanism en- croscopicT, . Expansion of the pressure range to higher val-
hancing the electron-phonon coupling working under highyes as well as detailed measurements will be needed to ob-
pressure. Recent calculations of electron-phonon couplingsin more information about the behavior Bf(P). Further

for the vanadium groufs, however, show a good agreement theoretical investigations afb initio calculations of the su-

of the calculated values with those obtained by specific-hegie conducting transition temperature will also be needed for
measurements without considering paramagnon contr|but|oréxp|aining such a highf. .

A small steplike increase could be observedTig(P) at

about 60 GPa but the change is so small that a detailed mea- This work has been supported by CRE&Jore Research
surement will be required to confirm the existence of thefor Evolutional Science and Technologgf Japan Science
“step.” Since there is no structural change for V up to 160and Technology Corporation.
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