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We report on the magneto- thermopower of single-crystal Bi nanowires with diameters 75 nm and
250 nm in a longitudinal and transverse magnetic fields of 0-14T. The temperature range is 1.5-300K.
Bi nanowires in a glass capillary have been prepared by the high frequency liquid phase casting. The
temperature dependence R(T) shows the transition from metallic to semiconducting behavior due to
quantum size effect, where the Bi-wire diameter is reduced to less than 80 nm. It is for the first time
that the effect of the negative magneto-resistance in a transverse magnetic field, due to the quantum
size effect on 75 nm Bi wires, has been observed. The thermopower is very sensitive to the wire dia-
meter, up to a change in the sign from negative to positive at low temperatures, and to a significant ex-
tent in a weak longitudinal magnetic field. The field dependences of longitudinal and transverse mag-
neto-resistance have features characteristic of the occurrence of the quantum size effect and galva-
nomagnetic size effect, and provide information on the parameters of the energy spectrum and charge
carrier mobility. The enhancement of the thermoelectric figure of merit for Bi nanowires is discussed.
We also discuss the power factor ac and its dependence on the diameter, magnetic field and tempera-

ture.
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INTRODUCTION

The electrical transport and magneto-thermo-
electric properties of single crystal Bi nanowires
have attracted considerable attention because of the
guantum size effect (QSE). In a semimetal, the QSE
causes the conduction band and the valence band to
break up into subbands whose numbers correspond
to discrete values of the wave vector along the
“quantizing” dimension. By introducing a quantum
confinement, a semimetal — semiconductor transition
can be achieved [1]. Due to a long electron mean
free path (m.f.p.) le (~ 100 nm at room temperature)
and a very large Fermi wavelength A (40-60 nm),
material Bi is the best candidate to study the classi-
cal and quantum size effects for the object size com-
parable to I, and A [1-9].

In [10, 11] a significant increase in thermoelec-
tric efficiency Z was predicted in quantum Bi-wires
at the semimetal — semiconductor transition due to
the QSE. In the thermoelectric figure of merit

a :<12_ch o is the electrical conductivity, o is the
x
Seebeck coefficient (thermopower), y — = ketk; is
the thermal conductivity (k, k; are the electron and
lattice contributions, T is the absolute temperature).
An approach to increase Z is to increase the den-
sity of states near the Fermy level at the size quan-
tized and to decrease thermal conductivity due to an
additional strong phonon scattering on the surface of

guantum Bi nanowire walls [1, 10, 11]. Single-
crystal wires are required so as to observe the QSE.

The galvanomagnetic size effect (GMSE) was
studied theoretically and experimentally in bismuth
wires with d > 200 nm, prepared by various methods
[3, 6-10]; in particular, its occurrence in p(H), (HJ|I)
is in fairly good agreement for both individual Bi
wires and nanowire arrays.

As for the thermoelectric power, the available
experimental results obtained in most cases on Bi
nanowire arrays embedded in a porous Al,O; dielec-
tric matrix are very contradictory [12-14] and differ
not only quantitatively but also qualitatively. This is
probably due to some variation in the diameter of
nanowire arrays, filling of pores Al,O3; as well as to
the presence of uncontrolled structural defects, espe-
cially in establishing contacts, because the length of
the nanowire arrays is less than 200 um.

The most suitable material to study the QSE and
GMSE is strictly cylindrical single-crystal Bi wires,
die-cast from the liquid phase in a glass envelope
with a length of a few mm [6, 8, 9].

In this paper we report the dimensional features
in the magneto-field dependences of resistance and
thermopower in longitudinal and transverse magne-
tic fields up to 14T for single crystal Bi wires with
diameters of 250 nm and 75 nm (at the semimetal —
semiconductor transition due to the QSE).

In weak magnetic fields, Hma, the maximum in
the longitudinal magneto-resistance (LMR) R(H),
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corresponds to the “cutoff” magnetic field of SdH
oscillations at 4.2 K. With decreasing diameter of
the wires (d < 80 nm) this maximum disappears and
magneto thermopower achieves the maximum posi-
tive value at 20-30 K.

It is for the first time that the effect of the nega-
tive magneto-resistance in a transverse magnetic
field (TMR) due to the QSE has been observed. The
power factor a’c and its dependence on the diame-
ter, magnetic field and temperature were calculated
from the experimental data.

SAMPLES AND EXPERIMENT

Individual glass-coated Bi wires with the diame-
ter < 100 nm were prepared by the high frequency
liquid phase casting (the improved Ulitovsky-Taylor
method) [6, 8, 9].

The orientation of the wires was verified by the
X-Ray diffraction. Studies on the Diffractometer
Xcalibur-E reveal that the investigated wires are sin-

gle crystals and have the (1011) orientation along the

wire axis (Fig. 1, inset). In this orientation the wire
axis makes an angle of 19.5° with the bisector axis
C; in the bisector-trigonal plane. The trigonal axis
Cs is inclined to the wire axis at the angle of 70°, and
one of the binary axes C, is perpendicular to it
(Fig. 1, inset).
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Fig. 1. Angle diagrams of transverse MR R(0) (H.LT), of Bi

wires at 100K, H=1T.1-d=75nm; 2 —d = 250 nm. Inset:

Schematic drawing the three Fermy surface electron pockets L

and T hole pocket. The orientation of (1011) and Bi wire is also

indicated.

Figure 1 shows the rotation angular diagram of
the transverse magneto-resistance (ADTMR) R(6)
Bi wires with d = 75 nm and d = 250 nm at 100K.
The curves qualitatively correspond to the similar
ADBMR for bulk single crystal Bi samples for the
case where the current is directed along the bisector
axis [15]. In weak magnetic fields ADBMR curves
have a simple bell-shape with a periodicity of 180°.
The maximum on the R(8) (6 = 90°) corresponds to
H||C, and the minimum (6 = 0° = 180°) corresponds
to the situation when the wire axis, the crystal-
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lographic Cs axis and the vector H are in one plane,
and the angle Z HC; ~ 20°.

Electrical contact in the butt-end of the wire to
the copper foil was performed either by a fusible
solder (58°) or by In or InGa-eutectics (low melting
alloys). The type of the contact solder did not influ-
ence the results of measurements.

For investigations in the transverse magnetic
field, a special device was applied, which allows
rotating the sample in two directions: L and || to the
magnetic field. The TMR (H_L1) was measured at
6 = 0 (Fig. 1, inset). Measurements of the LMR
(H||1) and TMR (H _L 1) were carried out in a super-
conducting solenoid field up to 14 T in the tempera-
ture range of 1.5-300K in the International Labora-
tory of High Magnetic Fields and Low Temperatures
(Wroclaw, Poland).

RESULTS AND DISCUSSION

The semimetalic Bi wires with a diameter of
250 nm exhibit Shubnikov de Haas (SdH) oscil-
lations. Figure 2 (inset) shows SdH oscillations on
the magneto-resistance R(H) (derivative dR/8H(H))
in longitudinal orientations HJ|I||C; of Bi wires, with
d =250 nm.
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Fig. 2. Temperature dependences residual resistance
AR~ _ R =Ry (T) of single Bi nanowires: 1 — d = 75 nm;
R (M="R
300

2 —d = 250 nm. Inset: Field dependences of LMR derivative
S8R/6H(H) of Bi wire (d = 250 nm) at T = 2.1K and 4.2K and
dependences of quantum number n of SdH oscillations on re-
verse field H™.

The SdH oscillations are periodic in 1/H, with a
period of A(1/H) = 2=eh/cS, which is inversely pro-
portional to the extreme cross-section S of the Fermy
surface in the plane normal to the magnetic
field H.

In the longitudinal magnetic field (H||I), there are
three different extreme cross sections S (cross-
hatched in Fig. 1, inset) and three respective SdH
oscillation periods: 1 - A, = 7-10° Oe™ from one
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Fig. 3. Magnetic field dependences of longitudinal residual MR
AR/R(H) for 250 nm Bi wire at different temperatures (tempe-
ratures indicated). Vertical bars indicate maximum position on
AR/R(H). Inset: P peak position Hy as function of T.

0.3
0.2
0.1
10.0
-0.1
-0.2
-0.3

AR/R
q/av

7 102K

20645 ik 0.4
4 — 20K
D8I 0% -0.5

I — 15K
-1.0 T
0 2 4 6 8 10 12
H, T

Fig. 5. Magnetic field dependences of longitudinal residual MR
AR/R(H) Bi wire d = 75 nm at different temperatures (tempera-
ture indicated). Inset: Peak position Hp. as function of tempe-
rature T.
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electron ellipsoid L; of a smaller size S,
2 — A, = 3.2.10° Oe™ from two equivalent electron
ellipsoids of a larger size S5, 3 — Az = 0.5-10 Oe™*
from the hole ellipsoid Stz (Fig. 2, inset). The
oscillations are in good agreement with those
determined from bulk single crystals [16].

The Dingle temperature was determined from the
dependences of the SdH oscillation amplitude versus
the magnetic field at 2.1K. The Dingle temperature
To = b/xgt, where © = l/vg = em+/hxe is the carrier
relaxation time. In our 250 nm Bi wire Tp ~ 1K [6].
This suggests that the investigated single Bi wires
have very high structural perfection.

Figure 2 shows temperature dependences of the
residual resistance A—RCF): Rr — R M of Bi wires
R R

300
with d = 250 nm and d = 75 nm. For wires with
d = 75 nm, a semiconducting behavior of R(T) is
observed; it indicates the semimetal-semiconductor
transition due to the QSE. The temperature depen-
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Fig. 4. Longitudinal thermopower (H||AT) as function of mag-
netic field at various temperatures (temperatures indicated) Bi
wire, d = 250 nm. Inset: Magnetic field dependences (H||I) of
P.f. = a’c(H) for various temperatures calculated from Figs. 3,
4 of Bi wire, d =250 nm. 1 - T = 13K; 2 - T = 25K;
3-T=98K.

200
H

%0 s i
160 n
140 3

20 40 60 SOT.K
120

wh

60 4 m*K“ 5

40 2.0x10%4]
20 1.0x107H //é\&u
q 4

0 0.0

=]
o

H, T

Fig. 6. Longitudinal thermopower (H||AT) as function of mag-
netic field at various temperatures (temperatures indicated in
Fig. 5) Bi wire, d = 75 nm. Inset on the right: Peak position
Hmax as function of temperature T. Inset down: Magnetic field
dependences (H||AT) of P.f. = ac for various temperatures
calculated from Figs. 5, 6 of Bi wired = 75 nm. 1 - T = 5K;
2-T=10K;3-T=20K;4-T=57K;5-T =100K.

dence AR/R(T) for the wire with d = 250 nm charac-
terizes the transition from bulk bismuth to size-
dimensional wires [6, 9].

Figures 3-6 show field dependences of LMR
AR/R(H) and longitudinal magneto-thermopower
(LMTP) o(H) of Bi wires with d = 250 nm
(Fig. 3, 4) and d = 75 nm (Fig. 5, 6) in a temperature
range of 1.5-100K. A specific feature of LMR in Bi
wires is the presence of a maximum in R(H) in weak
magnetic fields, which depends on the wire diameter
and negative magneto-resistance in strong magnetic
fields. Magnetic fields change the trajectory of the
carriers, which leads to a change in the electrical
conductivity of metals placed in an external magne-
tic field. The nature of the electron motion in weak
and strong magnetic fields is very different. In a
weak magnetic field, the Larmor radius r_ of the
electron orbit r. = p,c/eH is superior to the mean
free path r_ > I, (p. is the component of the Fermi
momentum vector perpendicular to the magnetic



field H; m.p.f. evaluated in our paper [9]) and, be-
tween the successive acts of scattering, an electron
moves along a short arc trajectory. In this case, the
electron motion under the influence of an applied
electric field is the same as in the absence of a mag-
netic field. Electrons, due to the curvature of the tra-
jectory in the magnetic field, can reach the surface
and be additionally scattered on the surface. In a
strong magnetic field (uH >> 1), the electron has
time to make several complete cycles of motion
without scattering, and in this case r. < 1.

As mentioned previously [3, 4, 6] in the wires
with 200 nm < d <1 pm, the dependence of
Hyax ~ d™*. The Fermi momentum P was calculated
from the dependence

H,. :%C, 1)
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In the redistribution of the measurement, an error of
Pr calculated from (1) coincides with the value of
Pe, obtained from SdH oscillations from the two
electron ellipsoids L, 3 symmetrically arranged with
respect to the wire axis (inset in Fig. 1). The pres-
ence of the maximum Hp,y in weak magnetic fields
and negative magneto-resistance in strong magnetic
fields testify to the occurrence of the GMSE in Bi
wires. Later Dresselhaus [10] observed a similar be-
havior on Bi nanowire arrays.

In the wires with d = 75 nm, the maximum of the
longitudinal magneto-resistance at 4.2K was absent
(Fig. 5, curve 1), indicating that there is a very small
contribution to the conductivity of the L carrier, or
none at all, due to the absence or reduction of the
overlap of L and T bands because of the QSE.
However, with increasing the temperature to a cer-
tain T value, depending on the wire diameter d (in
this case, T = 13K) in weak magnetic fields, R(H)
exhibits the maximum, the behavior of which with a
further rise in temperature T is similar to the beha-
vior of Hpx(T) in the Bi wires with d = 250 nm. At
T > 40K, Hpax is shifted towards higher temperatures
according to the law close to linear (inset in Fig. 5).
Apparently, an increase in temperature results in the
diminishing of the forbidden band for semiconduc-
tors or of a band overlapping for semimetal propor-
tionally T, promoting the appearance of L carriers
and increasing their contribution to the conductivity.

As shown in [2] and subsequently widely used in
[17], especially at high temperatures, in order to
explain the anomalous peak of the LMR in wires and
films at higher temperatures, the following expres-
sion should be used:

— 2PF

2
= o ()

H
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where | is m.p.f., i.e. in the maximum m.f.p. 1 =d. In
this case, the temperature dependence of Hpa at
R(H) (H | 1) becomes clear. In fact, it represents the
temperature of a carrier mobility u in Bi wires, and
the maximum of R(H) separates strong and weak
magnetic fields (uH <1 and puH > 1).

In the longitudinal configuration, the magneto-
thermopower a(H) also exhibits its maximum in low
magnetic fields (Fig. 6) and generally shows the
same trends as the Hyax on R(H).

In the wires with d < 100 nm, the dependence of
the maximum Hp(T) on the longitudinal thermo-
power o(H) (H || AT) is nonmonotonic (inset in
Fig. 7). At T > 20K, the maximum is shifted to the
area of strong magnetic fields under the law close to
linear, as in the wires with d = 250 nm.
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Fig. 7. Magnetic field dependences of transverse MR (H.I,
H||C5) of Bi wire, d = 75 nm for various temperatures (tempera-
tures indicated). Inset: Magnetic field dependences MR
Ru/Ro(H) in initial magnetic field.

In a transverse magnetic field HLI, AT, H||Cs
(6 = 0 point on curve 1 in Fig. 1) in Bi wires with
d = 75 nm, we have been first to observe the effect
of a negative magneto-resistance at T < 5K associa-
ted with the quantum size effect [18, 19], which oc-
curs only in Bi wires with d < 80 nm. At the same
time, the field dependence of the thermoelectric
power o(H) exhibits a maximum positive polarity,
which decreases and shifts to the low magnetic field
with increasing temperature (inset in Fig. 8). In
strong magnetic fields, the thermoelectric power
changes its sign from positive to negative and the
point of the sign change is shifted in the region of
weak magnetic fields according to the conclusions of
the theory, taking into account the QSE [19].

Complex experimental studies of the resistance
R(H) and thermopower o(H) of Bi wires with
d = 250 nm and d = 75 nm at different temperatures
made it possible to calculate the Power factor
P.f. = oo and its dependence on the value and di-
rection of the magnetic field at various temperatures.



Figures 4, 6 and 8 (insert) show the P.f. as a func-
tion of a magnetic field at various temperatures for
wires with d = 250 nm and d = 75 nm. At the tem-
perature of 100K, the maximum value of
P.f. = 1.10" W/cm-K? at H = 2 T is achieved for Bi
wires with d = 250 nm. At T = 25K, the maximum
value P.f. = 8.0-10* W/cm-K*> at H = 5 T is ob-
served. In the transverse field HLAT, H||C; P.f. is
almost of an order of a magnitude smaller due to a
sharp rise in the positive thermopower in a trans-
verse magnetic field.
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Fig. 8. Transverse magneto thermopower (HLAT, HJ|C3) as
function of magnetic field at various temperatures Bi wire,
d =75 nm. Inset left: Peak position Hy,, as function of tempera-
ture T. Inset right: Field dependences (H_L1) P.f. = a%c(H) calcu-
lated from Figs. 7, 8 for various temperatures (temperatures
indicated in Fig. 7).

It is known that in bulk Bi samples of trigonal
orientation, in a temperature range of 100-150K, the
thermopower has a negative value and increases
2-fold in magnetic fields < 1T. The effect was used
in the magneto-thermoelectric power converters.

It should be noted that in Bi wires (d < 300 nm),
the thermopower is positive at T < 100K, which is an
important factor for thermoelectric applications be-
cause for the n-branches of the thermoelectric en-
ergy converter alloys, Bij4Shy are usually used, and
the creation of p branches at low temperatures is
problematic.

CONCLUSIONS

Single-crystal wires in glass cover with diameters
of 250 and 75 nm have been prepared and their
magneto thermoelectric properties investigated. As a
result, a semimetal-semiconductor transition has
been observed due to size quantization of the energy
spectrum. It is shown that field dependences of the
longitudinal and transverse magneto-resistance and
thermopower contain singular points characterizing
the expression of the GMSE and the QSE, and con-
tain information on the parameters of the energy
spectrum and on the charge carrier mobility. It is for
the first time effect of the negative magneto-
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resistance in a transverse magnetic field, due to QSE
on 75 nm Bi wires has been observed. It is also
demonstrated that in quantum Bi wires the ther-
mopower is positive, significantly increases at low
temperatures and heavily depends on the wire dia-
meter d. In addition, a significant increase in the
positive thermoelectric power in the presence of a
longitudinal magnetic field has been observed. The
studies carried out by the authors are important not
only for fundamental physics of one-dimensional
structures, but also for device applications in ther-
moelectricity.
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Pedepar

B pabote mpuBeneHBI pe3yIbTaThl K3MEPCHUN MarHu-
TO-TEPMOIJICKTPHUUCCKUX CBOWCTB MOHOKPHCTAJLTHYCC-
kux HaHoHute# Bi ¢ quamerpamu 75 um u 250 HM B 1po-
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JIOJIHOM W TIONEPEYHOM MarHuTHoOM mofisix 70 14 T B
unrepBane remneparyp 1,5-300K. Hunmunnpuueckue Hu-
TH Bi B CTeKIAHHOW 000J0YKE W3rOTABIMBAIUCEH JTUTHEM
n3 XKuaKo ¢aspl. TemrepaTypHble 3aBUCHMOCTH COIPO-
tupneHus R(T) MOKasbIBAIOT MEpexoi OT «MeTayuThye-
CKOW» K «IOJYHPOBOHUKOBOH» 3aBUCHMOCTH Oiaroniaps
NPOSIBIICHUIO KBaHTOBOTrO pasmepHoro sddexra (QSE)
Opy yMeHbLIeHHH auaMerpa Huted Bi menee 80 HM.
Briepsrie oO6HapyxeH 3¢ ekt oTpunaTensHOr0 MarHUTO-
CONPOTHBIICHHS B IONEPEYHOM MArHHTHOM IIOJIEe, CBS-
3aHHBIN C TIPOSIBIEHHEM KBaHTOBOTO pa3MepHOro 3ddex-
Ta B HUTAX ¢ 0 < 75 M. TepMo31c UyBCTBUTENbHA K AUA-
MeTpy HUTel d ¥ 3HAYMTETBHO BO3PACTALT B C1a00M Mpo-
JIOJIBHOM MarHuTHoM moiie. [lojeBbie 3aBUCHMOCTH TPO-
JIOJIBHOTO M TIOTIEPEYHOr0 MAarHUTOCONPOTHUBIICHHUS HMe-
I0T OCOOCHHOCTH XapaKTEepHU3YIOILIHe IPOsBICHUE KBaH-
TOBOTO ¥ TaJbBAaHOMAarHUTHOTO Pa3MEpHBIX 3(QEKTOB,
KOTOpBIE CO/IepKaT MH(GOPMAIMIO O MTapaMeTpax dHepre-
THUYECKOTO CIIEKTpa W TIOABM)KHOCTH HOCHTENICH 3apsia.
OO6cyxmaeTcss BOIPOC MOBBIIICHUS TEPMOIJICKTPUIECKOI
s¢dexTrBHOCTH B HaHOHHUTAX Bi. M3 sKcrepuMeHTAab-
HBIX JAHHBIX PACCUMTEHIBANICS CHIIOBOH (akTop a’c B 3a-
BHCUMOCTH OT [HaMeTpa, HHUTEeH, MarHUTHOTO MOJA U
TeMIIepaTyphl.

Kniouesvie cnosa. HaHOHUmMu 8ucMymda, mepmo-
ANEKMPULECTNBO, KBAHMOBHII pA3MEPHBIIL dhpexm.



