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The I-¥ characteristics and ohmic magnetoresistance R %, of filamentous bismuth single
crystals of thickness 1-10 um are studied in a transverse magnetic field HLC,. For strong
magnetic fields and sufficiently low temperatures, the I-V characteristic has a “kink’’ which
enhances the magnetoresistance and is due to longitudinal generation of phonons in the skin
layer. The corresponding current density jﬁ drops below the value _]2‘ ~nes for H =0 by an
amount which is proportional to the Larmor radius 7, where s is the speed of sound. Under the
experimental conditions, the transition to phonon generation serves as a reliable indication of
the current density distribution over the sample, and it is shown that the current density in the

bismuth crystals is concentrated in a surface layer of thickness ~r. The ohmic
magnetoresistance peaks as a function of temperature, and the maximum occurs at lower
temperatures T, as the crystal thickness increases; however, T, is independent of the

magnetic field strength. The ratio R ¢,/H is a minimum when the extreme orbit diameter D 2;
for the electrons in the equivalent 2.3 ellipsoids is =~d, where d is the crystal thickness. The
calculated I-¥ characteristic describes the onset of acoustoelectric instability when
longitudinal generation of phonons occurs. This I-¥ characteristic and the static skin theory
for r/dl S 1 are used to analyze the experimental results and estimate the probability for
intervalley scattering of the d electrons by the crystal surface. The electron mean free path / is

also estimated.

The static skin effect involves the expulsion of a dc elec-
tric current toward the surface of a conductor due to differ-
ences in the electron motion in the interior and at the sur-
face. This effect, which has been analyzed theoretically in
Refs. 1-6, can be described physically as follows. In compen-
sated conductors (we confine ourselves to a conducting
plate in a strong magnetic field which is parallel to the plate
surface and perpendicular to the current), the dissipative
current is determined by collision-induced displacements of
the centers of the Larmor orbits. Inside the crystal the orbit
centers are displaced by an amount ~r during the mean
collision time 7, where 7 is the Larmor radius. If we assume a
unit probability for intervalley (electron-hole) scattering at
the surface, if the scattering is coherent,” and if the electron
and hole orbits have equal radii, then the carriers near the
surface also move a distance ~ r during 7, and the conductiv-
ity oy inside the crystal and near the surface is ~o,(7/1)?,
where o, is the bulk conductivity in the absence of a magnet-
ic field. If the surface scattering is coherent but the orbit
radii differ considerably and electron-hole recombination is
either improbable or forbidden altogether by the structure of
the surface, then the carriers move a distance ~/ along the
surface during the time 7, where the mean free path / ~vp7is
determined by volume scattering processes. If the intra- and
inter-valley relaxation times in the interior are comparable
(r~7,), then the dc current becomes concentrated in a
boundary layer of thickness ~7 and conductivity ~o,.
However, when 7«7, (asin the case for bulky semimetals at
low temperatures®), the particle concentration distribution
in the valleys must change in order for the normal current
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across the surface to vanish. The concentration gradient de-
creases away from the surface at distances comparable to the
intervalley diffusion length L, ~r(7,/7)'/%. An expression
for the boundary layer conductivity o of semimetals was first
derived in Ref. 4; o is equal to oy, the conductivity of a skin
layer of thickness #, times the number L ,/r of electron gyra-
tions in the skin layer. In fact, because of diffusion we may
replace L,/r by r/dl (Ref. 5), where d is the intervalley scat-
tering probability at the surface, L,/r is the number of gyra-
tions in the skin layer when recombination is neglected, and
r/dl is the corresponding value corrected for the limiting
effects of surface recombination. According to Ref. 5, the
conductivity of the diffusion layer increases because the re-
peated reentry of carriers into the skin layer and their un-
bounded movement along the surface result in the formation
of an extended orbit along which the electrons gain energy in
the external field.

It seems plausible that under suitable conditions, the
static skin effect might radically alter the I-¥ characteristics
of conductors. This can be illustrated by considering the on-
set of acoustoelectric instability. For large compensated
conductors, for which the skin layer has little influence on
the magnetoresistance, phonon generation is detected at cur-
rent densities j~nes(r/l), where n is the carrier concentra-
tion and s is the speed of sound. This type of instability is due
to ultrasonic drifting of carriers in the plane normal to the
current (v ~cE /H>s, where E and H are the electric and
magnetic field strengths) and is accompanied by a signifi-
cant increase in the conductivity.® ' We consider a compen-
sated conductor of thickness d with a skin layer 2 <d; the
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TABLE 1.

e
. . \ 300, 4.2 —
Specimen Diameter,i0-*cv | Length, cm Ry /Ry em/V - d; 10-2
Bi-1A1 1.0 0.381 14.7 317 0,66
Bi-1A2 1.0 0.384 15.6 3.36 0.66
Bi-2B1 2.0 0.330 18.3 3.94 -
Bi-3B14 2.8 0.329 15.1 3.25 0.74
Bi-3B15 3.4 0.429 11.2 2.41 1.10
Bi-3B16 3.4 0.434 17.4 3.75 1.00
Bi-3B17 3.4 0.279 17.6 3.79 -
Bi-3B18 3.4 0.434 20.4 4.39 1,00
Bi-4B4 4.0 0.170 - - -
Bi-10B1 10.3 0.323 7.3 1.57 3.00
Bi-10B2 10.3 0.328 8.1 1.75 3.00

skin layer conductivity is assumed to be o, for crossed £ and
H fields,and (r/1)*<h /d. Itis easy tosee thatin this case, the
condition vy ~cE /H = s can be satisfied for current densi-
tiesji ~nes(l/r)(2h /d), whereas in the skin layer, phonon
generation along the drift field begins at an average current
density j; ~nes(2h /d)< ji. Longitudinal phonon genera-
tion is known to increase the resistance,''"'* and for this
reason the I-V characteristics may differ qualitatively for
thin and thick conductors when acoustoelectric instability
occurs.

Structurally perfect bismuth single crystals are well-
suited for experimental verification of the above conclu-
sions. In addition to the small ratio of the surface to the
volume magnetoresistance, acoustoelectric instability in
these crystals occurs at relatively low electric fields. The ex-
periments described in this paper were carried out using
slender Bi single crystals of thickness from 1 to 10 um (we
previously studied'* acoustoelectric instability in such crys-
tals for H = 0). The principal results may be summarized as
follows.

1. Under certain conditions, the I-¥ characteristics for
bismuth in a strong (7</, d) transverse magnetic field have a
“kink” which corresponds to the onset of acoustoelectric
instability. This kink enhances the magnetoresistance, and
the corresponding critical current density j; drops below
the value 3 ~nes for H = 0 by an amount which is propor-
tional to the Larmor radius. The extreme diameter D,,, (H)
of the electron orbit calculated from the relation
IR =j? Doy (H)/d isinreasonable agreement with the char-
acteristic dimension of the Fermi surface for bismuth under
the experimental conditions.

2. The ohmic magnetoresistance of the slender Bi crys-
tals peaks at a temperature 7, which decreases as the crystal
thickness d increases. However, T, is independent of H.

We regard our results as constituting a direct experi-
mental proof that when a transverse magnetic field is applied
to current-carrying conductors, the current may become
concentrated within a surface layer of width 42 ~r. The kink
in the I-¥ characteristic is associated with longitudinal gen-
eration of phonons in the skin layer, where the static skin-
effect theory for the case L,>7*/dl describes the experimen-
tal data on the linear part of the characteristic. In this model,
the temperature peak in the magnetoresistance is deter-
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mined by the condition that the surface and bulk conductiv-
ities be equal.

EXPERIMENTAL RESULTS

We studied cylindrical crystals insulated by Pyrex
glass; the long axis of the crystals made a 19.5° angle with the
C, axis in the bisecting C,C; trigonal plane. The crystals
were prepared and mounted as described in Refs. 14-16, and
their properties are summarized in Table I. The ohmic mag-
netoresistance was measured under steady-state conditions
for 4.2<T<77 K. The crystal and heater were inserted into
an ampul filled with heat-exchanging gas to a pressure of
10~2-1073 torr. The I-¥ characteristics were recorded un-
der both steady-state and pulsed conditions. In the former
case the current was specified exactly, while in the latter case
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FIG. 1. Ohmic magnetoresistance as a function of temperature. The insert
show the temperature 7T, at which R §, is a maximum for several crystal
thicknesses (the left- and right-hand vertical axes correspond to HLC,
and H||C,, respectively). Curves 1,2, 3, and 1’, 2', 3’ are for specimens Bi-
10V1 and Bi-3V18 in magnetic fields H = 17.1, 10.4, and 5.3 kOe.
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TABLE IL

Bi-10V1 Bi-3B18
H, kOe T.K
43 -8.2 23,2 48 45.5 62.9
5.3 473 52.6 13.7 13.1 138 10,3
10.4 158.2 167.3 469 449 418 32.3
174 385.0 393.0 113.4 1179 90.0 1.0

the desired currents were closely approximated. The GS5-
27A generator produced square-wave current pulses of
length 1-10 us, and the crystals were immersed directly into
the liquid helium while the -V characteristics were record-
ed. Except for the insert in Fig. 1, all the values reported
below were obtained for H1C,.

Figure 1 shows the temperature dependence R 4, (T) of
the ohmic magnetoresistance for Bi-3V18 and Bi-10V1 crys-
tals. The insert shows the characteristic peak, whose loca-
tion T, depends on the crystal thickness. Ford S4um, T,
is independent of the magnetic field vector H to within the
measurement error. However, for d = 10.3 um and HLC,,
T,, is lower than for the case when H||C,. T,, is virtually
independent of the magnetic field strength. Finally, for
4.2<T<«T,, the specific magnetoresistance behaves as
Py (T) —p5(42K) < T2

Table II lists the relative magnitudes of the magnetore-
sistive effect

AR [R'=[Ru"(T)—R*(T) /RS (T)

at several points on the curves R % (T)/R 3, where R § is
the electric resistance at zero magnetic field for a crystal of
thickness d and R 3% is the corresponding value at T = 300
K. For 1<d<10um, the specific resistance p3* at room tem-
perature is the same as for bulk crystals.'” A transition from
increasing to decreasing Ap}‘, (T) was noted in Ref. 18 for a

plate consisting of antimony “whiskers” when a magnetic

A2/R3H, kOe~1
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FIG. 2.
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field parallel to the plate surface was present [no informa-
tion regarding the dependences T, (d) and T, (H) was giv-
enin Ref. 18].

A rise in R § was reported in Ref. 6 for bismuth plates
for thickness ~1 mm in the interval 1.4<7<4.2 K when a
magnetic field 200-300 Oe was aligned parallel to the sur-
face (no measurements were carried out for 7> 4.2 K). This
finding was attributed® to a linear term p , H in the magnetor-
esistance; however, the nature of this term was not deter-
mined. According to our data, for fields 2< H<20 Oe and
T = const, Ap:, (H) in all cases obeys a single dependence of
the type p,H" , where the exponent N is slightly less than 2.
We found that even if the linear term p,H is actually pres-
ent,” the relation p,H ~p,H" can hold only for magnetic
fields below 1 kOe. Thus in any event, for fields H~ 10 kOe
the linear term in the magnetoresistance can contribute at
most 10%, and the dominant contribution to Ap‘,’, (T) comes
from p,H" . For our crystals, the relation p§ ~p% holds for
strong magnetic fields (Fig. 2).

Figure 3 shows the initial portions of the I-¥ character-
istics for a Bi-3V 16 crystal in a transverse magnetic field at
T = 4.2 K. The arrows indicate the currents j; and fields
E ! above which Ohm’s law starts to break down.? For large
H,wefindjf «H ~'and E} <H to within the experimen-
tal error. For crystals of thickness d = 10.3 um, the depen-
dencej; o H ~' persisted for all H considered in the experi-
ments (Figs. 4,5). For H=0, 3 was =4.8 - 10° A/cm’ for
all of the crystals.

Figure 6 shows some I-V characteristics for specimen
Bi-3V17 in a wide range of electric fields. We see that for

/, 103 A/cm?

FIG. 3.
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fields E} satisfying cE [ /HZs, the I-V curve contains a
second breakpoint which is reminiscent of the familiar Esaki
effect in bulky bismuth single crystals.®'° The acoustic emf
E,(j/ji) decreases with increasing H and T between the
first and second kinks.

To estimate the heating at the breakpoints, we note that
near the first kink, the power ®' calculated per unit surface
area of the Pyrex capillary is ~0.25 - 102 W/cm? for speci-
men Bi-3V16; this is less than one percent of the threshold
power g*? for the transition from bubble to film boiling in
liquid helium. The heating AT of the crystal relative to the
thermostat was therefore less than 1072 K (AT~ ® In(D /
d)/2wLA, where ® is the evolved power, D and L are the
external diameter and length of the insulating Pyrex capil-
lary, and A is the thermal conductivity of the Pyrex). The
critical heat transfer is apparently responsible for the jump
in the field with increasing current; indeed, this jump occurs
precisely when @ ~¢*?~0.5-0.7 W/cm?. The specific elec-
tric power evolved in the crystal can be found from the for-
mula®, =j(E — E,) (Ref. 14), where the acoustic emf E,
is determined as shown in the insert to Fig. 6. The I-V char-
acteristics for specimen Bi-3V 17 were recorded for H = 3.5,
7, and 13.6 kOe and contain jumps at j~4 - 10%, 2.25 . 10*,
and 1.23 . 10* A/cm? (®! =0.7 W/cm?). Under these con-
ditions the crystal was ~ 1 K warmer than the outer surface
of the Pyrex capillary. The steady-state and pulsed /-V char-
acteristics (curves and points in Fig. 6, respectively) coin-
cide for ¢ <0.7 W/cm?.

Near the second kink on the I-¥ curve for specimen Bi-
3V17 (Fig. 6, pulsed fields) we have ®. ~2 and 5 W/cm? for
T =4.2 and 20.4 K, respectively. Before the heating can be
estimated at these powers, we must know whether heating

EZ_10‘V/cm

FIG. 5.
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FIG. 6.

occurs ballistically or by diffusion, as well as the amount of
heat that is actually transferred to the liquid helium for
pulses of length 1-10 us (¢?**~11.3 W/cm?® according to
Ref. 19).

What little information is available'® suggests that
times 2 10~ 3 s are required for significant transient heating
to occur in liquid helium when & ~2 W/cm?. Furthermore,
the thermal conductivity data in Ref. 20 indicate that the
phonon mean free path /,, is only =~107> cm in dielectric
glasses at T~4.2 K—i.e., [, is comparable to the thickness
l; =1.2. 1072 cm of the capillary wall. On the other hand,
l,, is known to increase significantly for acoustic powers
above 10~7 W/cm?; indeed, because of the “acoustic trans-
parency” effect in glasses,” /,;, is ~1-10 cm for &, ~10~*
W/cm?. If heating occurred by the ballistic mechanism, the
Bi-3V17 specimen would be only a few tenths of a degree
warmer than the liquid helium thermostat for currents and
fields =~ji , E . (The formula used to calculate the heating
in the ballistic case was taken from Refs. 21-23, as well as
data on the phonon transmission coefficients for the metal/
glass and solid/liquid helium interfaces.) For the diffusion-
dominated case, the crystal should heat up by AT~ 10K for
both T'= 4.2 and T = 20.4 K; one thus cannot rule out the
possibility that heating might be responsible for the second
breakpoint on the I-V characteristic. We estimated AT for
the case /,, < /; by the following method. First we calculated
the thermal relaxation time #; from the relation At/
pCa®>~1-10 (Ref. 24), where p, C, and A are the density,
specific heat, and thermal conductivity of the Pyrex, and
a~d.For T =20.4K, t; is comparable to the length 10~
10~% s of the current pulse, while at 4.2 K ¢ is ~1077s.
These values are somewhat too low, because we have as-
sumed that C and A are independent of temperature. Thus,
under our experimental conditions we may use the above
formula for a steady-state heat flux across the capillary sur-
face to estimate the heating AT.

DISCUSSION

1. We will assume that when E>E {, phonons are gen-
erated along the direction of the current in a surface layer of
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width 4 in the conductor. Then if A<d and the surface
conductivity is much greater than the bulk conductivity,
h can be found from the relation jf‘ ~jx, (2h /d). Here
Ji =4I} /md? is the average current density in the crystal
at the kink on the I-¥ characteristic, and j;, is the current
density in the conducting layer due to carriers that drift lon-
gitudinally at the speed of sound s. We can in turn find j, by
measuring the /-V characteristic at zero magnetic field. This
procedure for determining the depth of the conducting layer
is justified only if the relative contributions to the electron
(e) and hole (p) currents from the different valleys are the
same for H #0 and for H = 0. A calculation shows that for
j|IC; and HLC, in bismuth, electrons from the equivalent
2.3 ellipsoids” completely determine both o and o, to
within 10%. If we set j, =/, (/% =4.8-10° A/cm? cf.
above) under our conditions, and H1C,, H~ 10 kOe, we
obtain24~3.7 - 107°>and 6.2 - 10~ cm for the Bi-10V2 and
Bi-3V16 specimens, respectively.® On the other hand, ac-
cording to Ref. 27 the extremal diameter D 2; of the electron
orbit in the C, direction lies between 3.75.107° and
4.7 - 1075 cm for our experimental geometry (here and be-
low, we consider the dimensions of orbits in a 10 kOe field).
The larger value is obtained by extrapolating the angular
dependence of the Fermi momenta p using the ellipsoidal
model, while the second smaller figure corresponds to the
experimental points in Ref. 27.%

The fact that the electrons in the 2.3 ellipsoids give the
decisive contribution to the measured magnetoresistance
provides independent confirmation of the results shown in
Fig. 2. Since R ¢, behaves differently in magnetic fields for
D.,, <d and for D.,, >d, the minimum on curves 3 and 4
must be taken to correspond precisely to the condition
D.,~d. This implies that D, ~(4-4.5)-107°
cm=~D 2} =2h.

If the current is concentrated at a distance A~D /2
from the surface, then the proportionality j; o7« H ~'val-
id for D,,, €d should break down for fields H~ 1-2 kOeina
crystal of thickness 3.4 pum. For a 10.3-um-thick crystal,
D 2} <d continues to hold for these fields, and the ji (H ~')
dependence should therefore remain linear, as is observed
experimentally (Fig. 4). We can calculate the speed of sound
s=~1.5.10° cm/s and the mobility ug’~s/E% (equal to
3.75 - 10°cm?/V - s for specimen Bi-3V16) from the relation
J%, =~nes, where n=n,, +n,; =2-10"7 cm™>. This value
of s agrees closely with the result in Ref. 28 for the fast shear-
ing mode along the C, direction. We used the conductivities
for H = 0 to calculate the electron mobilities in the other
crystals (Table I).

The dependence of the acoustic emf E, on the magnetic
field strength H can be explained if longitudinal phonon gen-
eration occurs in the skin layer. Apparently, this dependence
arises because the phonons increase in number in an angular
interval 6 Sr/1,, <arccos (s/v;) when a conducting chan-
nel of width ~7 is present (/,, =3 - 10~? according to Ref.
14). The relative number of radiated phonons (and hence
also E,) thus drops as H increases. The analogy here
between “‘grazing” electrons and “‘grazing” phonons is quite
plain—as r/1,,—0, the latter give the dominant contribu-
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tion to E,. The increased frequency of collisions between
energetic and thermal phonons'* is responsible for the tem-
perature dependence £, (7T) in Fig. 6.

2. Although no complete theory is yet available for the
resistance of semimetal wires with circular cross section in a
transverse magnetic field, we can use the formulas for the
conductivity of plates to qualitatively explain the experi-
mental results. According to Refs. 4 and 5, the average con-
ductivity of a two-band isotropic semimetal is given by

L.<r/ld, (1)
L>rild 2)

ou’~0u=+0,* (2L,/d),
ou’~ox= (1+1/dd),

when a strong magnetic field parallel to the surface is present
(r<l,d). Here o3; and oy are the total conductivities of the
electrons and holes in the limit d— oo ; the current is concen-
trated in a diffusion layer of thickness L,. Since under our
experimental conditions the electric current density was a
maximum at distances ~ 7 from the crystal surface, we can
use the corresponding theoretical expression” to describe the
results (it is easy to see® that this expression must be modi-
fied by replacing d by g, where ¢ is the diffusivity coeffi-
cient). In other words, we assume that 7, ~ 7 in thin Bi single
crystals of thickness 1-10 um, i.e., scattering by neutral im-
purities and defects is the dominant bulk relaxation mecha-
nism.?° Equation (2) coincides with the formula in Ref. 2 for
the conductivity of a plate in a parallel magnetic field when
r/d $ 1, and it is convenient to rewrite it in the form

on'~ox=+ao,” (r/ld) (2r/d), 3)
where
0o° (2r*/ld ) ~ (nec/H) (2r/d) (4)

is the surface® conductivity o.

2.1. The expressions for the average current density can
be used to find the characteristic kink points on the I-V char-
acteristic when longitudinal (j, ~nes) or transverse
(E, ~Hs/c) phonon generation occurs. For d>l/d
(0s<ogd), the I-V characteristics are of the form'°

E<Hs]c,
E>=Hs/c.

j~on"E,
j~ou=[E+ (l/r)E.],

When ! /d>d (current concentrated in the skin layer),'*

i~0,> (2r°E[d1d),

) j<nes(2r/d),
j~0,~(2r*/dld) (E—E,),

jZnes(2r/d), E<Hs/c.
Figure 7 shows some schematic I-V characteristics in strong
E X H fields; they contain several kink points which are due
to supersonic carrier drifting. The changes in the derivative
dj/JE at the kinks are determined by the general principle
that phonon generation along (transverse to) the current is
associated with an increase (respectively, decrease) in the
resistance.

Whenog»ojd the calculated field E 7 depends linear-
ly on H, in qualitative agreement with experiment.® If we use
the condition E ¢ ~sHd /c (Figs. 5, 7) to find the probabil-
ity for intervalley scattering at the surface, we find that d
differs considerably for specimens Bi-3V16 and Bi-10V2.
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FIG. 7. Sketch showing I-¥ characteristics for a compensated semimetal
in which longitudinal or transverse phonon generation occurs. The left-
most broken line corresponds to H = 0; for the middle line, r</, ! /d>d;
for the rightmost line, r</, / /d<d. The dashed-dotted extensions show
portions of the J-¥ characteristics which were not observed experimental-
ly.

This is very significant, because it indicates that relative
changes in the probabilities for intervalley surface scattering
of electrons and holes are responsible for the difference in the
values of 4 found for these specimens.

We now consider the static skin effect for a two-band
isotropic semimetal under the assumption that the hole con-
tribution to the surface current is less than the electron con-
tribution but is nonzero, i.e.,

nec 2r. ro/dy»
~Hd &',(1+re/5,)E’ (5)
Hs ro/d
Er~g, D% _
hy c (T, re/c,{e GSL

It is clear that in this case the radius of the electron orbit
must be found from the relation

jnT~nes 2r.(1+a)/d, (6)

where the coefficient a «d, /2p varies from specimen to
specimen.

If we introduce an effective intervalley scattering prob-
ability d~d,/(1 + @) and take a =0 for specimen Bi-
10V2, we can use the formula

put~0~'d~dd (H/c)* 2npe (7)

to calculate d for all the crystals which we investigated (Ta-
ble I). The intervalley scattering probability at the surface
generally increases with crystal thickness, as is also found
from an analysis of the data in Ref. 6. Our values of d agree
closely with the ones found there, and the methods used to
prepare the crystals were also similar to some extent—most
of the crystals in Ref. 6 were grown in quartz tubes, while we
used Pyrex capillaries. By contrast, the probability for inter-
valley carrier scattering at the surface is much higher for
specimens which are cut from massive ingots and then che-
mically polished.*

In bulky bismuth crystals, the nonlinearity caused by
longitudinal phonon generation in the skin layer” should be

594 Sov. Phys. JETP 63 (3), March 1986

observable at relatively low current densities. For example,
current densities j S 1 A/cm? are typical for 2 10~! cm,
H~10kOe, and o¢ ~05d; for I <1072 cm, these currents
are less than 10% of the value required for transverse gener-
ation, and this should be borne in mind when analyzing non-
linearities in semimetals that contain bismuth. We note that
no increase in the resistance preceding a positive jump in the
slope at a kink point was reported in Refs. 9, 10, where the
Esaki effect was analyzed. We may attribute this to the rath-
er low surface conductivity of the specimens there, and to the
large (~10%) experimental error due to the fact that the
signals were recorded on an oscilloscope. Analysis of some
results on the Esaki effect obtained by R. G. Valeev and one
of the present authors reveals that the magnetoresistance is
always 10-20% greater for j2 10 A/cm?, E < Hs/c than for
j~1 A/cm? (H~5.10* QOe, d~107! cm, T=42 K;
of R o). Wenote that the increase in the static magnetore-
sistance observed in Ref. 6 for bismuth in an electric field
whenos>o%d occurred precisely whenjX 1 A/cm?. Setting
d~1072 (Ref. 6), we obtain E{ ~Hsd /c~3-1072V/cm
for H=2.8 kOe and s~ 10> cm/s. This field is close to the
corresponding value deduced from Fig. 10 in Ref. 6.

2.2 Gaidukov and Golyamina in Ref. 18 also observed a
temperature peak in the magnetoresistance for antimony
whiskers, and like them, we attribute the peak to the static
skin effect. However, our detailed interpretations differ
somewhat; in Ref. 18 the experimental data were discussed
using the theory in Ref. 2, which treats the linear term in the
magnetoresistance. If we assume that os»ofd at low tem-
peratures and take the surface intervalley scattering prob-
ability to increase with T, we find the condition

{
_d;"(Tm)"’d (8)

for a maximum from relation (2).

Accordingto (8), T, isindependent of H, in full agree-
ment with experiment. However, if we use (1) to describe
the experimental data, (8) is replaced by

UTw) ~[dr(t/T) )", 9

which implies that 7, depends on the magnetic field. For
7,/7~1, (9) reduces to the corresponding condition in Ref.
18.

If we assume d~ 10~ '-1 for the intervalley scattering
probability for a Bi surface, and if we use*®

loT-! for 30<T<T70K,
loT~* for 4<T<30K,

for specimens Bi-1A1 and Bi-3V18, which were of roughly
identical quality, we find that /(4.2 K) ~1072-103cm. In
a field H ~ 10 kQe, this corresponds to r/ld ~107'-1, which
demonstrates that Eqs. (2)-(4) correctly describe the ex-
perimental results. The dependence of 7,,, on the direction of
the magnetic field vector observed for specimen Bi-10V1
may be ascribed to the anisotropy of the ratio (! /d) (T) for
Ts20K.

2.3 According to Ref. 31, the resistance of wires with
I>d is given in the absence of the magnetic field by
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pot~po=+po* (1/d) (1—P) (1+P) !, (10)

where P = 1 — g is the specularity coefficient. Setting g ~d
as before and assuming pg® €p3,0% €0, we find using (10)
and (3) that r~d for the case when p§ ~p%, (Fig. 2), in
qualitative agreement with experiment.

We close with the following observation. The tempera-
ture dependence of the diffusivity coefficient is usually attri-
buted to electron scattering by surface phonons and to
changes in the trajectory angle of the “‘grazing” electrons at
the boundary of the crystal.>? According to the data in Ref.
33, the diffusivity coefficient for cadmium and zinc whiskers
is almost equal to 1 even for 7=20 and 40 K. Under our
conditions, only the temperature dependence of the electron
scattering probability at the surface is important, although
the extent to which this mechanism changes the specularity
remains unclear.>? In any event, if we allow for a tempera-
ture-dependence d (T), our results can be explained in the
framework of a single closed model which yields electron
mean-free paths / that are reasonable for highly pure bis-
muth. Heating could conceivably alter the surface charge
distribution and widen the “cone of accessibility,””*® thereby
making intervalley scattering more likely. On the other
hand, it could be that expressions (2)-(4) do not fully de-
scribe the physics of the static skin effect observed here (they
then neglect the possible dependence of the surface conduc-
tivity o on the mean free path /).

We are grateful to E. T. Lemeshevskaya for help with
the experiment, and to A. I. Kopeliovich for some stimulat-
ing comments.

YExtrapolation in the AR % /H, H plane leads to unreliable results because
the data do not lie on a straight line when plotted in terms of these
coordinates, and the magnetoresistance was not measured systematical-
ly for H < 1 kOe.

IThe pulsed measurements show that in the nonlinear regime, the relaxa-
tion times are of the same order of magnitude for finite and zero H (Ref.
14).

3The length 6.2 - 10~5 cm corresponds to the experimental current jf' at
H = 10.4 kOe. Taking averages in the j{ , H ~' plane (curve 1, Fig. 4),
we find that 24=7.5- 107 cm.

“1t also follows from Ref. 27 that D¢, ~2.5.-10"° cm, while D?,,
=~15.10"%cm.

SAccording to Ref. 2, the transverse magnetoconductivity of a slender
wire (/>d) with g = 1 is 0§ ~0§ (2°/Id), which agrees with expres-
sion (3) when og»ojd andd = 1.

®If we use Eq. (1) to describe the I-¥ characteristic for o 3d<20¢ L, (i.e.,
when the current is concentrated in the diffusion layer L,), we find that
E, ~5/uo which does not depend on the magnetic field.

"Except for cleavage planes, all surfaces are inevitably rough to some
degree. According to Ref. 15, the current density is concentrated within
a skin layer of thickness 7 if the magnetic field is inclined at an angle
@2 r/l, (I <d) relative to the surface and r/d S 1.
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