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We performed magnetization M(H, T) and magnetoresistance R(T, H) measurements on powdered

(grain size �149 lm) as well as highly oriented rhombohedral (A7) bismuth (Bi) samples consisting

of single crystalline blocks of size �1� 1 mm in the plane perpendicular to the trigonal c axis. The

obtained results revealed the occurrence of (1) local superconductivity in powdered samples with

Tc(0)¼ (8.75 6 0.05) K, and (2) global superconductivity at Tc(0)¼ (7.3 6 0.1) K in polycrystalline

Bi triggered by low-resistance ohmic contacts with silver (Ag) normal metal. The results provide

evidence that the superconductivity in Bi is localized in a tiny volume fraction, probably at inter-

grain or Ag/Bi interfaces. On the other hand, the occurrence of global superconductivity observed

for polycrystalline Bi can be accounted for by enhancement of the superconducting order parameter

phase stiffness induced by the normal metal contacts, the scenario proposed in the context of

“pseudogap regime” in cuprates [E. Berg et al., Phys. Rev. B 78, 094509 (2008)].
VC 2011 American Institute of Physics. [doi: 10.1063/1.3671591]

In spite of semimetallic bismuth (Bi) has been extensively

studied for decades, it still possesses a number of puzzling

physical properties that include, for example: (i) a huge non-

saturating magnetoresistance,1–3 magnetic-field-driven metal-

insulator-type transition(s),4 strong diamagnetism,5,6 possible

fractional quantum Hall effect,7 and superconductivity.8–14

In the present work we focus our attention on supercon-

ducting properties of Bi. While single crystalline rhombohe-

dral (A7) Bi is not superconducting, at least down to 50 mK,

the superconductivity has been observed for high-pressure

phases: Bi-II (monoclinic, p¼ 2.55 GPa), Bi-III (tetragonal,

p¼ 2.7 GPa), and Bi–V (bcc, p¼ 7.7 GPa), having the super-

conducting transition temperature Tc¼ 3.9, 7.2, and 8.3 K,

respectively (see, e.g., Ref. 15).

On the other hand, the surface or interface superconduc-

tivity has been found in granular films10,11 and nanowires12

made of Bi clusters with rhombohedral structure, bicrys-

tals,13 and amorphous Bi.16 One possible explanation for the

superconductivity occurrence is the structural reconstruction

at the grain or bicrystal interfaces. If such a reconstruction

takes place indeed, the observation of superconductivity

with Tc¼ 21 K (Ref. 14) suggests that the phase(s) are differ-

ent from that obtained under pressure. The strong sensitivity

of Tc to adsorbed gases10 also suggests that the origin of the

superconductivity may be different. Besides, earlier experi-

ments8 demonstrated that the ohmic contact between single

crystalline Bi and metal, e.g., silver (Ag), may trigger the

superconductivity.

Aiming to shed more light on the origin of the surface/

interface superconductivity in Bi, in this work we performed

magnetic and magnetotransport measurements on highly ori-

ented polycrystalline rhombohedral (A7) Bi as well as rhom-

bohedral Bi powder with the grain size of �149 lm (Aldrich,

99.999% pure) [the impurity content in ppm: Si (4), Cu (2),

and Fe (1)]. Magnetization M(T, H) measurements were car-

ried out with a commercial superconducting quantum inter-

ference device magnetometer (Quantum Design) MPMS5.

Low-frequency (f¼ 1 Hz) and dc magnetoresistance measure-

ments R(T,B) were performed by means of PPMS (Quantum

Design) and Janis 9 T-magnet 4He cryostats using standard

four- (or two-) probe methods with Ag electrodes placed on

the sample surface.

Figure 1 presents temperature dependencies of normal-

ized magnetization MZFC(T)/|MZFC(60 K)| obtained for Bi

powder in the zero-field-cooling (ZFC) regime for various

applied magnetic fields. The results provide a clear experi-

mental evidence for the superconducting transition that takes

place at T� 8.7 K. The right inset gives both MZFC(T)/

|MZFC(60 K)| and MFFC(T)/|MFFC(60 K)| obtained for

H¼ 100 Oe, where MFFC(T) is the magnetization measured

in the field cooled on cooling (FCC) regime. In the FCC re-

gime the superconducting transition is not visible indicating

an immeasurably small Meissner fraction being consistent

with the surface/interface superconductivity or/and strong

vortex pinning (see below). The superconducting shielding

FIG. 1. Normalized magnetization vs. temperature measured for Bi powder

at various magnetic fields in the ZFC regimes, showing the occurrence of

superconducting transition at Tc¼ 8.7 K. The right inset demonstrates the

invisibility of the Meissner fraction verified in field cooled on cooling

(FCC) measurements. The left inset gives the temperature dependence of

the resistance R(T).
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fraction is estimated to be �0.003%. The resistance meas-

urements (the left inset in Fig. 1) revealed no signature for

the superconducting transition implying that the supercon-

ductivity is localized within some sort of decoupled super-

conducting grains or islands large enough to carry vortices.

Noting that our x-ray (h–2h geometry) analysis revealed

only rhombohedral A7 Bi and 2% of Bi2O3 which is not

superconducting.

To characterize further the superconducting phase, we

performed M vs. H measurements at various temperatures.

The low-field portions of MZFC(H) isotherms obtained after

subtraction of irrelevant here orbital diamagnetic signal are

shown in Fig. 2. The measured magnetization hysteresis

loop, see Fig. 3, provides the unambiguous evidence that our

sample is a type-II superconductor with a strong vortex

pinning.17 The results of Fig. 2 allow to determine the lower

critical field Hc1(T). For H<Hc1(T), the |MZFC(T)| linearly

increases with field, see Fig. 2, as in the Meissner phase, and

it deviates from the straight line when the field starts to pene-

trate superconducting regions in the form of vortices. The

obtained Hc1(T) is shown in Fig. 4 that can be best fitted by

the two-fluid-model equation Hc1(T)¼Hc1(0)[1�(T/Tc)
4]

with Hc1(0)¼ (129 6 1) Oe, and Tc¼ (8.75 6 0.05) K.

Figure 5 illustrates that the superconductivity vanishes

after the sample annealing pointing out on the surface char-

acter of the phenomenon. Much smaller superconducting

signal observed in Bi polycrystalline samples4 consisting of

single crystalline blocks of size �1� 1 mm in the plane

perpendicular to the trigonal c axis4 (see also Fig. 6) pro-

vides another piece of evidence that the enhanced surface

area in powdered samples plays an important role in the

superconductivity occurrence.

In what follows, we show that both local and global

(zero resistance) superconductivity can be induced in Bi

contacted by a normal metal.

We performed magnetoresistance measurements on

highly oriented rhombohedral polycrystalline bismuth

samples (Fig. 6) in magnetic field applied parallel to the tri-

gonal c axis. Several Bi samples obtained from the same bar

were used in transport measurements. Four nonsupercon-

ducting contacts (Ag) in the standard configuration were

placed on the sample surface, as exemplified by Fig. 7 for

one of the studied samples.

Figures 8(a) and 8(b) present results of four- and two-

probe resistance measurements, respectively. In four-probe

FIG. 2. The low-field portions of M(H) isotherms obtained in ZFC regime

after subtraction of the irrelevant here orbital diamagnetic signal. The mag-

netization values were multiplied by factors (in brackets) to better visualize

the data. The lower critical field Hc1(T) was determined as exemplified for

M(H) obtained at T¼ 2 K (the straight line corresponds to the Meissner

behavior).

FIG. 3. (a) Magnetization hysteresis loop M(H) measured at T¼ 2 K; (b) the

same M(H) after subtraction of the diamagnetic background magnetization

M¼�vH, where |v|¼ 0.0151 mG/Oe. The results demonstrate that the

measured Bi powder is a type-II superconductor with a strong vortex

pinning.17

FIG. 4. Lower critical field Hc1(T) obtained from the data of Fig. 2. The line

corresponds to the two-fluid-model equation Hc1(T)¼Hc1(0)[1�(T/Tc)
4]

with Hc1(0)¼ (129 6 1) Oe, and Tc¼ (8.75 6 0.05) K.

FIG. 5. Reduced ZFC magnetization measured for virgin Bi powder and

after the sample annealing at T¼ 300 �C during 24 h in Ar atmosphere.
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measurements R23¼V23/I14:R1 where the current I14 flows

between contacts 1 and 4 and the voltage is recorded

between contacts 2 and 3. In two-probe measurements, the

resistance R14¼V14/I14:R2 is obtained applying the

current I14 between contacts 1 and 4 and measuring the volt-

age V14 at the same contacts.

The salient feature of the data given in Fig. 8(a) is the

zero-resistance state that takes place below the supercon-

ducting transition temperature Tc(H). The superconductivity

is also evident from the resistance drop measured in two-

probe configuration (Fig. 8(b)).

These data allow to get the upper critical field Hc2(T), as

shown in Fig. 9. The linear fit to the data gives the slope

dHc2/dT% 0.6 kOe/K. Using the Werthamer–Helfand–-

Hohenber (WHH) result,18 Hc2(0)¼ 0.69(dHc2/dT)Tc¼ 3

kOe, and the zero-temperature coherence length n(0)

¼ [U0/2pHc2(0)]1/2% 30 nm, where Tc¼ (7.3 6 0.1) K is the

superconducting transition temperature determined at the

peak of dR23(T)/dT. The linear Ginzburg–Landau extrapola-

tion gives Hc2(0)¼ 4.5 kOe. The obtained values of Hc2(0)

are much smaller than those reported for Bi so far.12

The superconductivity occurrence at the interface

between normal metals and semimetals such as Bi, Sb, and

Bi–Sb has been reported long ago by Esaki and Stiles.8

Instead, in Ref. 9 the superconductivity has been attributed

to the formation of Bi-based superconducting phase (s).

However, Tc(0)¼ (7.3 6 0.1) K (Fig. 8) is much higher than

that reported for Bi–Ag phases (Tc< 3 K) corroborating the

interface-related (Ag/Bi) scenario8 for the superconductivity.

This is also evident from a dramatic sensitivity of the super-

conductivity to the contact resistance value. As Table I illus-

trates, the sample with Ag/Bi contact resistance Rc� 3 X
possesses no signature for the superconductivity neither in

four- nor two-probe configurations. All other samples with

lower values of Rc revealed the superconducting signal at

least in two-probe measurements.

The zero-resistance state measured in the four-probe

configuration (Fig. 8(a)) is of a particular interest because no

FIG. 6. False color optical image of Bi polycrystalline sample studied in

Ref. 4 and the present work.

FIG. 7. Four nonsuperconducting contacts (Ag) placed on the surface of Bi

polycrystalline sample consisting of single crystalline blocks of size

�1� 1 mm (Fig. 6) in the plane perpendicular to the trigonal c axis.

FIG. 8. Reduced resistance measured for bulk polycrystalline Bi sample

(Fig. 7) at zero and various applied magnetic fields: four-probe R1¼V23/I14

(a) and two-probe R2¼V14/I14 (b) measurements. Arrow in (a) marks the

zero-field superconducting transition temperature Tc(0)¼ (7.3 6 0.1) K

determined at the maximum of the derivative dR1(T)/dT.

FIG. 9. The upper critical field Hc2(T) obtained from the data of Fig. 8(a).

The linear fit gives the slope dHc2/dT% 0.6 kOe/K.
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normal metal (Ag) is placed between the internal electrodes

(2 and 3, Fig. 7). One can account for the effect as following.

The superconducting order parameter W¼W0exp(iu) has

two components: a magnitude |W0|¼ (ns)
1/2 and a phase u.

Phase fluctuations destroy the global phase coherence and

hence the superconductivity, although locally the supercon-

ducting pairing may exist (W0= 0). Very recently, it has

been theoretically demonstrated19 that a normal metal in a

contact with such a phase-fluctuating superconductor

increases the phase stiffness and triggers the global super-

conductivity with the zero-resistance state. It seems, in our

case the effect of Ag contacts is two-fold: Ag induces the

superconductivity locally, and it may also trigger the global

phase coherence.

In conclusion, our results revealed the occurrence of (1)

the local superconductivity in powdered Bi samples with

Tc(0)¼ (8.75 6 0.05) K, and (2) the global superconductivity

with Tc(0)¼ (7.3 6 0.1) K in polycrystalline Bi triggered by

low-resistance ohmic contacts with silver (Ag) normal metal.

The results indicate that the superconductivity emerges at

the sample surface. The occurrence of global superconduc-

tivity observed for polycrystalline Bi can be accounted for

by an enhancement of the superconducting order parameter

phase stiffness induced by the normal metal contacts.
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TABLE I. Contact resistances Rc for six measured polycrystalline Bi sam-

ples. The sample with slightly higher Rc loses the superconductivity. For the

definition of internal and external contacts see text and Fig. 7.

Sample

External contact

resistance, X
Internal contact

resistance, X Superconducting?

1 0.40 0.21 Yes

2 3.13 0.98 No

3 0.75 0.97 Yes

4 0.50 1.00 Yes

5 1.05 0.74 Yes

6 0.46 0.53 Yes
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