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The dependence of resistance on transverse and longitudinal magnetic fields pd( H) is 
investigated for zinc whiskers at T = 4 .2L K. The thickness d of the samples, which we re 
in the form of filaments and plates, varied from 0.5 to 10 Ii, and this allowed measure
ments to be carried out under conditions of a strong size effect, d « I"", where l "" is 
the conduction-electron mean free path. For both longitudinal and transverse fields the 
pd( H) curves for samples of different thicknesses are similar to each other. and, in 
terms of the coordinates pdd and Hd, they reduce to a single curve. It is inferred that 
electron scattering at the surface plays the dominant role in the resistance of whiskers 
in a magnetic fie ld. In the region of weak magnetic fie Ids in whic h d < r (r is the 
radius of the electron orbit), the experimental results do not agree with the theoretical 
calculations. The unusual field dependence of the resistance pd( H) 0: H2/3 observed in 
these fields is ascribed to specular reflection of electrons from the surface. In the 
region of strong transverse magnetic fields, where r < d, good qualitative agreement 
with the theory of the static skin effect is obtained. In this region, the experimental 
pd(H) curves can be represented as the sum of two terms, one of which is linear and the 
other quadratic in the field. The linear term corresponds to specular reflection of elec
trons from the surface, while the quadratic term corresponds to diffuse scattering. It is 
postulated that the ratio of these terms should allow the determination of the specular 
reflection coefficient for the given sample. 

I. INTRODUCTION 

The idea that the boundaries of a sample influence 
the kinetic properties of a metal (the size effect) was 
put forward by Thomson as far back as in 1901 [lJ. 
Since then a large number of experimental and theoreti
cal investigations devoted to diverse size effects on re
sistance in the absence of a magnetic field have been 
carried out. This subject is reviewed by Brandli and 
Olsen in [2J . 

The boundaries of a sample can introduce important 
changes into the classical galvanomagnetic properties 
of a metal. The question of the influence of size on the 
galvanomagnetic properties when electrons are diffusely 
scattered at the surface has been considered by a num
ber of authors. Chambers l3J has obtained the depend
ence for the longitudinal, while Sarginson and Mac
Donald l4j and Sondheimer l5J have obtained the depend
ence for the transverse resistance of wires and plates 
in a magnetic field. Common to these investigations is 
the conclusion that the contribution to the resistance of 
the electrons colliding with the surface decreases as the 
magnetiC-field strength increases. An exception is the 
case when the sample is in the form of a plate and the 
magnetic field H is perpendicular to its plane: the mag
netic field does not diminish the size effect. 

The first experimental investigations of this sort 
date back to the beginning of the fifties. Analysis of the 
results shows these experiments to be in good qualita
ti ve agreement with theory. The main results of this 
comparison can also be found in Brandli and Olsen's 
review article[2j. We only add that an experimental 
proof of the influence of size on the galvanomagnetic 
properties is provided by the experiments on thin plates 
in a transverse magnetic field, proposed and carried 
out on bismuth samples by Borovik and Lazarev[6j. The 
case when the magnetic field is perpendicular to the 
surface of the plate is fundamentally different from the 
case when the field is parallel to the surface; therefore, 
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the resistance must possess an additional anisotropy, 
which was observed in[6j. These results were confirmed 
by Forsvoll and Holwech on aluminum samples l7J , and 
by Panchenko and Lutsishin on tungsten samples l8j . 

The theory of the galvanomagnetic size effects was 
further developed in the papers[9-12j by Azbel' and 
Peschanskii. The basic idea of these investigations 
amounts to the fact that in a strong magnetic field, when 
the radius r of an electron orbit is much smaller than 
the sample thickness d, the electrons colliding with the 
surface possess a higher mobility than the electrons in 
the interior of the metal. This increases the conductiv
ity in a surface layer of thickness of the order of r; 
therefore, the electric current is concentrated near the 
surface. The phenomenon was called the "static skin 
effect "l9 j. 

The galvanomagnetic properties of thin sample, 
d <-<- zoO (where l va is the conduction-electron mean free 
path in a thick sample), were considered inl10-12j in the 
entire range of magnetic fields from the point of view 
of the static skin effect. Since we shall henceforth be 
interested in this situation, we briefly discuss the main 
conclusions of these investigations below. 

1. The static skin effect exists only in those cases 
when there is an unrestricted growth of the bulk (or 
volume) resistance in a magnetic field: poO 0: H2. The 
cause of this growth is immaterial-equality of the num
bers of electrons and holes, open trajectories, etc. 

2. In a strong magnetic field, in which r « d (the 
field is parallel to the surface of the plate), the effective 
conduction-electron mean free path in a surface layer 
of thickness of the order of r is equal to r for the case 
of diffuse reflection (the specularity coefficient P = 0) 
and I va for the case of specular reflection (P = 1); the 
relati ve number of electrons colliding with the surface 
is equal to 2r / d. Thus, the "surface" conductivities 
for diffuse and specular reflections are respectively 
equal to 
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(a(f is the bulk conductivity in the absence of a field). 

3. Surface scattering does not change the quadratic 
dependence of the resistance of thin wires on strong 
transverse magnetic field, but this resistance is less 
than the ''bulk'' resistance: pd(H) = poO(H)d/l"" for 
diffuse and pd(H) = pOO(H)(d/l oO )2 for specular reflec
tions (p""(H) is the resistance of a thick sample in the 
field H). 

4. As for wires, surface scattering (diffuse, as well 
as specular) does not lead to a qualitatively new trans
verse-field dependence for the resistance of plate sam
ples: as before, pd(H) ex H2 for any relative orientation 
of the field and the normal to the surface. An exception 
is the case of specular scattering for a field parallel to 
the surface, when a linear growth of the resistance 
should be observed: pd(H) ex H. 

5. The size effect does not exist for wires and plates 
in a strong longitudinal magnetic field in which r « d. 

6. The quality of the surface ceases to play an im
portant role in weak magnetic fields in which r > d. The 
smallest characteristic length is the sample thickness 
d. The electric field is uniform over the interior of the 
sample. The role of the magnetic field amounts largely 
to decreasing the influence of electron scattering at the 
surface. Different cases of the behavior of the resist
ance of wires and plates in a weak magnetic field are 
sh{)wn in Fig. 1, which also shows the most important 
cases for a strong magnetic field. 

There are no investigations at present the results of 
which will confirm the main predictions of the theory 
of the static skin effect that pertain to the resistance of 
metals. Such attempts have, however, been made. Thus 

[13 ] , 
in the work the authors, Bogod et al., expected to see 
a variation of the exponent n in the expression p (H) 
ex Hn as the shape, thickness, and degree of perfection 
of the surfaces of the bismuth samples were varied. 
Such a variation was not observed, the exponent n re-

r-d H 

'1 
b 

, 

r- tZ/d r-d If 

FIG. 1. Theoretical'dependences of resistance on magnetic field 
for thin (d <l; l~) samples: the dashed curves are for filaments and the 
continuous curves are for plates. L'" In(Ho/H}. Ho is the field for 
which r = i; a-longitudinal field, H II J. b-Transverse field', H 1 J: 
I-the reflection is diffuse or specular, but the field H is not parallel 
to the surface of the "late; II-specular reflection, the field H is paral
lel to the plate surface; III-diffuse reflection; IV-specular reflection. 
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maining equal to 1.65 in all cases 1). In another work[8J 
likewise no variation of the exponent n was observed 
for different directions of the field H relative to the 
surfaces of tungsten plates. It was always equal to 2. 
But since the shape effect was very clearly observed 
and attested to the existence of the size effect, Pan
chenko and Lutsishin concluded that electron reflection 
from the surface is a totally diffuse reflection. How
ever, the final conclusion about this can be drawn only 
from the study of the sample-thickness dependence of 
resistance in a magnetic field. 

In view of the uncertainty about the results of the 
experiments on the static skin effect, it seems to us 
that under the experimental conditions, when d'" l 00 , it 
is apparently not possible to detect the manifestation of 
the static skin effect because of the shunting action of 
the bulk resistance. More promising for this purpose 
will be measurements under conditions of strong size 
effect: d « l o(). Indeed, choosing the least favorable 
condition-totally diffuse reflection-for the bulk and 
surface conductivities, we can respectively write: a V 
"'l a~(r/loO)2, as", a~r2/dl", from which as/aV"'lloO/d. 
Thus, for l 0() » d, the bulk part of the conductivity can 
be neglected. The resistance of the sample will be de
termined by only the electrons in a surface layer of 
thickness of the order of r. 

The present experiment was set up with the object of 
detecting the basic laws which govern the behavior of 
resistance in a magnetic field and which have been pre
dicted by the theory of the static skin effect for thin 
samples. The first experiments in this direction have 
been discussed previously[15]. 

II. SAMPLES AND MEASUREMENT PROCEDURE 

As the experimental object, we chose filamentary 
crystals (whiskers) of zinc, which satisfy all the re
quirements necessary for a successful detection of the 
static skin effect: the number of electrons is equal to 
the number of holes, the thickness of the whiskers is 
much smaller than the electron mean free path (d « l 00), 
(d« lOO), and a large specularity coefficient (P ~0.5). 
Furthermore, since zinc is a "good" metal, the inter
pretation of the results obtained should not be bound 
with such additional complications as the diffusive size 
effect and the variation of the number of electrons in 
the magnetic field. 

The samples were grown from the gaseous phase by 
a method suggested by Coleman and Sears[16j. The 
initial purity of the material for growing the crystals 
was characterized by the resistance ratio 
p(3000)/p(4.2°) = 10\ which corresponds to loO(4.2°K) 
"" 300 jJ.. The electrical mounting of the samples was 
accomplished by the clamping-contact method[17]. The 
distance between the potential contacts was 400-500 JJ.. 
The sample thicknesS' was determined to within 20% 
from the resistance at room temperature, where the 
size effect could be neglected. Then, in the case of 
filamentary whiskers d = {S (S is the cross-section 
area of the whisker), while -for plate whiskers d = Sib, 
where b is the plate's width2), which is determined 
under a microscope. The thicknesses of the samples 
ranged from 0.5 to 10 jJ. , i.e., the strong size effect con
dition, loo »d, was fulfilled. Under this condition the 
resistance of the samples obeys the following depend
ences [18J: for filaments 
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(la) 

and for plates 
d 00 4 1- P [OOpOO 1 

p = p +--:J1+l'-d-lgl'ld (lb) 

It has been previously[19] shown that the specularity 
coefficient for zinc whiskers is roughly equal to 0.6 for 
filaments and 0.75 for plates. Since the growth condi
tions and the purity of the initial metals in our case 
were the same as in[19], we selected for the measure
ments only those samples whose resistance satisfied 
the dependences (1) with P values equal to 0.6 and 0.75, 
and with a mean value of the product p OCz 00 = 1.8 
x 1O-11~1 x cm 2 [20J 3). In this case we might hope that 
the samples did not contain perceptible quantities of 
defects that changed the value of the resistance. 

The orientation of the whiskers could be judged on 
the basis of the indirect data on the anisotropy of the 
resistance in a magnetic field by comparing this aniso
tropy with the anisotropy for thick samples (see below). 

As a magnetic-field source, we used two separate 
superconducting solenoids. One of them had an axial 
cross section 75 x 75 mm and an operating channel of 
diameter 26 mm. Its critical field was 60 kOe and the 
remanent field at the center of the solenoid wa's about 
500e. The second solenoid, which was designed for the 
production of weak magnetic fields of up to 3 kOe, was 
a two-ply solenoid of length 30 cm and diameter 28 mm. 
Its remanent field at the center did not exceed 1 Oe. 

The potential difference across the contacts of the 
samples was measured with the aid of the F-18 instru
ment connected to an automatic x-y recorder. All the 
measurement curves were obtained at a temperature of 
4.2°K by automatic recording. 

III. RESULTS OF THE MEASUREMENTS 

1. Orientation of the Sample Axes 

As is well known, the axes of whisker samples of 
z~n~ are _gr:.0wn ~lc:ng the crystallographic directions 
[12101, l1213J, [12121. and [1211Il21,221 (for the orienta
tion [1210], the samples have, as a rule, the form of 
plates). We tried accordingly to detect four types of 
anisotropy in the resistance pd (e) of whiskers in a 

H 
constant magnetic field (e is the angle of rotation of 
the field H about the axis of the whisker). The me as -
urements were performed in a field ~50 kOe which 
satisfied the strong-field conditions r <<- d fo'r prac
tically all the samples. It turned out that the depend
ences p~( I)) can in fact be split into four types (Fig. 2). 

Of the four, type IV occurs extremely rarely (only twice 
in our experiments). Comparison with the dependences 
Pi'I( e) for thick samples 4 ) whose axes were directed ap
proximately along the four crystallographic directions 
indicated above allows us to make a judgement about 
the orientation of the axes of a whisker from the type of 
dependence p~( e). 

It became clear in the course of the measurements 
that the results for the samples with the orientations 
[1213] and [1212] (types II and III) do not have qualita
tive and practically distinguishable quantitative differ
ences 5 ), and, therefore, the results we shall present 
below will be largely for the [1213] (filament) and [1210] 
(plate) samples. The measurements amounted to obtain-
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ing the dependences pd( H) for the longitudinal (H :1 J) 
and transverse (H.l. J) orientations of the field H rela
ti ve to the measuring current J. In the latter case the 
directions of the magnetic field for which the depend
ences pd( H) were most thoroughly studied are marked 
by the numbers 1-3 ill Fig. 2. 

2. Longitudinal Magnetic Field 

Only those mounted samples which were not bent and 
appeared straight under a microscope were selected for 
the measurements. As the measurements showed a 
small bend of the sample (a depth of curvature of 'a few 
microns in the length of the sample) leads to an appreci
able distortion of the results, especially in the region 
of strong fields. 

To find in the magnetic field the position of the sam
ple that corresponded to the condition J II H, the sam
ple holder was mounted with the sample on a two-coord
inate rotatable device. The J II H position was fixed by 
the minimum value of the resistance in the static field. 

Figure 3 shows typical dependences of the resistance 

i'lp"(lJ) /pd(O) = (pd(H) -p"(O» /p"(O) 

on the magnitude of the magnetic field for filaments and 
plates. Their behavior can be desc ribed in the following 
manner: starting from the smallest values of the mag-

t t 
(1910) (ooO!) 

fl=18(}' --~ 

FIG. 2. Anisotropy of the resistance of Zn whiskers in a field H = 
50 kOe: the continuolls curves are for whiskers and the broken curves 
are for thick samples. Type [(plates), the upper curve is for the case 
when the axis of the sample was perpendicular to H; the lower curve, 
when the axis was displaced by 5° in the (H, J) plane and H was per
pendicular to the surface of the plate. The characteristic change at the 
p.?il~t 2 indicates that the orientation of the axis of the sample was 
r 1210] [23]. Type II: the orientation of the thick sample was [1213]. 
Type Ill: the orientation of the thick sample was [12121. Type IV: 
the orientation of the thick sample was [IiI 1]. 

J 

90 20 W !,5 
H, kOe 

FIG. 3. Dependence of resistance on longitudinal magnetic field. 
a-Filaments: d = 7.5/1 for the broken curve, d = 5.5/1 for the con
tinuous curves, d = 1.6/1 for the dot-dash curve. b-Plates: d = 1.6/1, 
b~ 120/1 for the continuous curves; d = 0.5/1, b = 45/1 for the broken 
curve. (The values of the angle between the axis of the sample and the 
direction of the magnetic field are indicated on the curves in Figs. a 
and b). c-Filaments: I--d = 1.4/1, 2-d = 3.3/1, 3-d = 7.5/1. 
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netic field, the resistance increases according to the 
law pd(H) ex: H1.5 (notice that the same law is also ob
served for thick zinc samples(24 1). We studied the 
initial region of the magnetic field only qualitatively. It 
was established that the thicker the sample the smaller 
the value of H bounding this region (Fig. 3c). For sam
ples whose thickness ~1 Il, this region is bounded by a 
field ~1000 Oe for filaments and 400 Oe for plates. 

At larger values of the magnetic field the resistance 
satisfies the dependence pd( H) ex: Hn , where the expon
ent n = 0.65 ± 0.05 for plates and n ~ 1 for filaments. 
In the field H = Hmax the resistance attains its maxi
mum value P~ax' after which it decreases, tending in 
fields H > 5Hmax to a constant value equal in order of 
magnitude to the resistance of a whisker in the absence 
of a field. In this region of fie Ids, the results are not 
completely reproducible from sample to sample. We 
link this circumstance to the strong dependence of the 
resistance on the angle between the current and the 
field (see Fig. 3). A small camber in the samples 
therefore always distorts the true behavior of pd(H) 
for the longitudinal field. The position of the maximum 
is less sensitive to the angle between the field and the 
axis of the sample. 

Figure 4 shows the dependence of the characteristic 
quantities Hmax and Il pd = pd(Hmax) - pd(O) on 
the inverse sample thickIill~~. Within the limits of the 
errors in the determination of the thickness, these de
pendences can be considered to be linear. 

3. Transverse Magnetic Field 

It has been established that for any direction of the 
magnetic field, and for both filaments and plates of 
different thicknesses, the dependences pd(H) have 
qualitatively the same behavior. For one and the same 
direction of the field, the pd( H) curves for samples of 
different thickness can always be made to coincide by 
a proportionate change of scale. A typical form of 
these dependences is shown in Fig. 5. They have the 
following distinctive features. In the initial region of 
the magnetic field, the resistance increases according 
to the law pd( H) ex: H1. 5 (special measurements we car
ried out showed that this same law is characteristic of 
thick zinc samples in the initial region of the field). The 
law pd( H) ex: H1.5 is observed in roughly the same mag
netic-field region as for the case of the longitudinal 
field. Then it is replaced by another dependence: 
pd(H) ex: HO. 65 ± 0.05. We emphasize that in contrast to 
the case of the longitudinal field, this law is also char
acteristic of filaments. In a field H> H1, the law pd(H) 

Hmax. kOe 
30 

j 
I 

20 
I 

). 
/'" I· 

i. t.L" 0 

j. " 
10 

t. tt" 
I,,~ 

OJ 

" 

,j p:'or ' 10-' n x em 

" " /"9 
.",/ 

,,'" 

I 
I 

1.5 
lid, ~-' 

3 

z 

o 
z 

FIG. 4. Dependence of the increment in the longitudinal resistance 
at the peak of the pd (H) curve, and in the magnitude Hmax of the 
field at this point, on the inverse thickness of the sample. Filaments: 
& stands for 211p!ax; .-Hmax. Plates: 1I stands for IIp!ax; O-Hmax. 
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ex: HO. 65±O.05 goes over into a linear dependence pd( H) 
ex: (H - H1), which extends to the field H2 (this region 
can be considered as a transition region). In fields 
H > H2 the dependence pd(H) can be considered as con
sisting of two parts, one of which is linear and the other 
quadratic: pd(H) 00 B1(H - H2) + Bz(H - H2)2 (Bl and 
B2 are constants). 

The above-described behavior of the resistance is 
especially well noticeable in Fig. 5 for those directions 
of the magnetic field for which the angular dependences 
p~( e) have minima (the directions marked by the num
ber 1). Notice also the characteristic detail of the pd( H) 
curves for the filaments (Fig. 5a). The curves for the 
directions of the maxima and minima of the depend
ence p~( e) (the points 1 and 3) intersect at some value 
H = Hinv' It can be seen from this that in the field 
H = Hinv the anisotropy in the resistance changes Sign 
(inversion). 

Averaging over all the investigated samples shows 
that the characteristic fields H2 and Hl are related to 
within 20% by the relation H2~ 2.5H 1. The field H2 
increases as the sample thickness is decreased. The 
product HoP for the various samples remains roughly 
a constant quantity. As an illustration, we present in 
Fig. 6 the dependence of the field H2 on the inverse 

H~--4---~~L-~~4-~ 

r--f--c~--;---t-: ... ~ ,f-----h.~~=--t-
I ! I 

zu JU 'to H, kOe o"-----+.----±;----,:::----.,:-;-;c! 

FIG. 5. Dependence of the resistance of samples on the transverse 
magnetic field. The numbers on the curves correspond to the peaks in 
the p~ (II) curve also shown here (see also Fig. 2). a-Filaments: d = 
1.6/l for the continuous curves and d = S.8/l for the broken curves; in 
the insert, a sample with d = 3.3/l. b-Plates: d = O.S/l, b = 4S/l for the 
continuous curves; d = 1.6/l. b = 120/l for the dot-dash curve; d = 2.7/l, 
b = 220/l for the broken curve. 

5.0 /-----+-----.lL------l 

2.5 

5.0 7.5 
lid, ~-' 

d, ~ 

FIG. 6 FIG. 7 
FIG. 6. Dependence on the inverse thickness: X-the values of H2 , 

.-Hinv. O-lIpd = pd (Hiltv)_pd (0). 
FIG. 7. Dependence of the increment in the resistance lIpd = pd 

(H)_pd(O) in a field H = 40 kOe on sample thickness: .-filaments, 
O-plates. 
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thickness of the filaments for the direction H II LOOl]. 
The same figure shows the dependences Hinv( lid) and 
~pfnv(1/d) (~prnv(l/d) = pd(Hinv) - pd(O) is the in
crement in the resistance at the point H = Hinv). These 
dependences are nearly linear. 

To establish the dependence of the resistance on 
sample thickness for a fixed value of the magnetic field, 
we selected the curves for the directions corresponding 
to the maxima of the resistance (the point 3 on the 
pi\( e) curves), since only in this case could we choose 
the fixed value of the field to be much larger than H2. 
This allowed us to carry out measurements far from 
the various transition regions of the dependence pd(H). 
The values of ~ pd( H = const) were chosen for the field 
H = 40 kOe, which is roughly three times larger than 
H2 for microns-thick samples. It can be seen in Fig. 7 
that for both filaments and plates the resistance in a 
strong magnetic field is proportional to the sample 
thickness. 

4. Generalization of the Results 

The obtained dependences of the resistance on mag
netic field for samples of different thicknesses are sim
ilar to each other in both the longitudinal and trans
verse magnetic field cases. Therefore, these depend
ences can be represented in the form of generalized 
curves in the coordinates Hd and ~ pdd (or in the co
ordinates Hd and ~pd( H)/ pd( 0), since for the resist
ance, it is convenient to introduce instead of d the fac
tor 1/ pd( 0), which is proportional to d 6»). Such curves 
for filaments and plates in a longitudinal field (Fig. 8) 

/Jpd(H}/pd(O} 
15-1---
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I 

\ , 
---~~\--T--- ----

\: 
"- "-+- ,'- 1 --

I '--..l.. 
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I '- I 

L_~, -~~~~ -Olr. a S ill' ~.' 
Hd, Oe x em 

FIG. 8. Generalized curves for the dependence of the resistance on 
longitudinal magnetic fkld: the broken curve is for plates (scale on thL' 
left) and the continuous curve is for filal1lents (scale on the right). 

5 

J 

Hinvd Hd, De X em 
Hid 

FIG. 9. Generalized curves for the dependence of the resistance of 
filaments on the transverse magnetic field. The quantities HI and H2 
pertain to the direction I (see Fig. 2). 
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and for filaments in a trans verse field (Fig. 9) were 
constructed on the basis of the averaged values of the 
products of sample thicknesses and the characteristic 
fields (HId, H2d, etc.) and the averaged values of the 
ratios ~ = ~pd( H)/ pd( 0) at the characteristic points of 
the field (~(HI), ~ (H 2), etc.). The generalized curves 
agree with the experimental curves to within 20%. An 
exception is the region H > Hmax for the longitudinal 
field, where the agreement is worse. 

The good reproducibility of the results in the trans
verse field allows an analytical description of the uni
versal curve in the various magnetic -field regions (with 
the exception of the insignificant initial region, which is 
not considered below): 

"£ (Il) = A. (Hd),". H < H., 

'§(Il) = ,§(H.) + A2(H - H.)d, H. < H < H" (2) 
"£ (H) ="£ (Il,) + A,(H - H,) d + A,(H - H,) 'd', H> H,; 

the constants AI,2,3 depend only on the direction of the 
magnetic field. The expression (2) is applicable for both 
filaments and plates. 

IV. DISCUSSION OF RESULTS 

Let us compare the experimental results with the 
results of the theoretical papers [10-121. Unfortunately, 
the comparison is complicated by the fact that for zinc, 
which has a complicated Fermi surface, it is not possi
ble to use a single radius for the electron orbits in the 
magnetic field. However, we can, on the basis of the 
volum-e and the dimensions of the Fermi surface of zinc, 
introduce for a qualitative comparison some mean 
radius rm, for which the product rmH is equal to a 
few units of Oe-cm. Below, by r we shall mean the 
quantity rm (for the alkali metals, for example, rH 
"" 8 Oe-cm). Then, the fields H « Hmax and H2 should 
be considered as weak fields, Le., d « r. Comparing 
the curves shown in Figs. la and 8, we can see that for 
the longitudinal field in the region r > d, there is no 
agreement between theory and experiment: instead of 
the expected decrease of the resistance in a wide range 
of magnetic fields (for plates, beginning from fields with 
r <. lTd), a significant growth was observed. 

We can arrive at similar conclusions for filaments 
in the case of the transverse field (Figs. Ib and 9). For 
plates in fields with r > d, the theory predicts a gradual 
increase of the reSistance, pd(H) a. A + B/ln(Ho/H) 
(Fig. Ib), which also does not agree with the experi
mentally observable strong dependence pd( H) ex; HO ' 65 

(Fig. 9). 

The reason for such a disagreement between theory 
and experiment lies, in our opinion, in the underestima
tion of the role of the nature of electron reflection from 
the surface. Evidently, the presence of electrons under
going specular reflection from the surface substantially 
changes the field-dependence picture for the resistance 
in the diffuse-scattering case even in the region of weak 
fields where r > d. There do not exist at present theo
retical papers in which this circumstance could have 
been taken into account. 

At the same time the physical ideas which form the 
basis of the existing theory of the static skin effect 
allow a satisfactory explanation of the results obtained 
in the region of strong transverse magnetic fields where 
r < d. For the strong longitudinal field, the question 
remains open. It is not clear what causes such a sharp 
quantitative discrepancy in the value of the limit to 
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which the resistance tends in high fields (the resistance 
tends to a value close to pd(O), and not to p""(oo), as the 
theory predicts; a similar result has been obtained in [7]. 

It seems to us that to explain this only by the inexact 
fulfilment of the condition J II H is not possible. Evi
dently, for thin samples (d« l 00), and in strong longi
tudinal magnetic fields, scattering at the surface is 
decisive. 

Be low, we shall discuss only the results for the 
transverse field. To begin with, let us discuss two ex
perimental facts which are vital for the physical inter
pretation of the results obtained. 

1) The similarity law which has been established for 
the dependences pdt H), and in which the sample thick
ness d plays the role of a similarity coeffiCient, con
firms the viewpoint that when l d »d the dominant role 
in electron scattering in a magnetic field is played by 
the surface of the sample. Then, as for the bulk resist
ance, we can, in analogy with the Kohler rule, write for 
the surface resistance in a magnetic field 

[pS(H) _pS(O)]/pS(O) ~F(II/pS(O», 

where the universal function F is given by the expres
sion (2). 

2) Zinc whiskers have a large specularity coefficient 
at T = 4.2°K. We can conclude from this that the prob
ability of specular reflection is close to unity for up to 
large angles of impact on the surface. 

The subsequent qualitative arguments are based on 
these two circumstances. 

In the region of small values of the magnetic field 
(r » d) the electrons colliding with the surface can be 
di vided into two groups. The electrons in the first group 
collide with and are specularly reflected (owing to the 
small impact angle) from anyone surface, while those 
in the second group collide with two surfaces (in the 
main, diffuse scattering). The motion of the electrons 
of the first group in the ''hopping'' orbits is connected 
with the effective mean free path, which is equal to leN. 
However, the contribution of the electrons of this group 
to the total conducti vity of the sample is small, since 
their relative number in weak fields is small7 ). There
fore, the conductivity of a thin sample in weak fields is 
largely determined by the electrons of the second group, 
whose effective mean free path is in order of magnitude 
equal to the sample thickness (as in the magnetic-field 
free case). Thus, in a magnetic field in which r » d, 
the boundaries of the sample only lead to a limitation of 
the mean free path l 0() , while in the remaining region of 
magnetic fields everything must proceed as in the bulk 
metal: pd(H) cc (dirt, where n is a typical exponent 
for the bulk metal: n = 1.5. 

As the magnetic field increases, the role of the 
electrons of the first group in the total conductivity in
creases, while that of the second group of electrons de
creases. We ascribe this unusual law of increase of the 
reSistance, pd(H) cc HO. 65 ~ H2/3 , to the electrons mov
ing in the' "hopping" orbits. Fal'kovskii's paper[26J, in 
which it was shown that the density of 3uantum surface 
states varies in a magnetic field as H 3, attests to this. 

When the maximum angle of impact on the surfd.ce 
for the electrons of the first group becomes large and 
attains a certain value O!o in the magnetic field, the 
number of quantum surface levels attains its maximum 
value and subsequently remains constant. The value (.\(0 
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of the angle can be compared to the field Hl starting 
from which the law pd(H) ex HO. 65 is replaced by a 
linear growth of the resistance. Starting from this 
moment, the "specular" electron conductivity is a con
stant quantity (the number and mean free path loO of the 
electrons remain constant). At the same time the num
ber of the "diffuse" electrons interacting with only one 
surface of the sample begins to increase (at the expense 
of the electrons of the second group); when this happens, 
both the number and the mean free path of the electrons 
then vary. The transition region of the linear growth of 
the resistance in the field range from Hl to H2 should 
be linked to these processes. 

In strong magnetic fields, when there is room in the 
sample for the electron orbits to be wholly located in it 
(r < d), the relative number of electrons colliding with 
the surface varies. It is proportional to the ratio 2r I d. 
This subsidiary factor decreases the conductivity in the 
field. We associate the value H2 of the field with the 
moment when 2r = d. Taking, as before, only the elec
trons colliding with a surface into account, we can as
sume that for r < d these electrons have two scattering 
channels-specular (with probability equal to P) and 
diffuse (with probability 1 - P). To the first of these 
channels corresponds a linear growth of the resistance, 
to the second a quadratic growth. 

Then, we can write 
d lOOd 

pd(H) ~ Ppoo 2;:- + (1- P) poo '2r" (3 ) 

This expression describes qualitatively well the experi
mental results in the region H » H2 • 

Unfortunately, a quantitative comparison is not pos
sible, since the expression (3) is approximate in nature 
and is correct for r « d, whereas the experimental re
sults were obtained in fields when rand d were com
parable in order of magnitude. Nevertheless, we wish 
to draw attention to the astonishing formal Similarity 
between the expressions (2) and (3) for fields H > H2. 
To show this, let us write the expression (3) differently, 
using the equality 2r = k/H (k is a constant): 

d l~d IId 2II'lood 
p"(II) ~ P27 +(1- P)'l'i' ~PT+(1-P)-k'-' (4) 

Let us also transform the expression (2) for fields 
H> H2 : 

hd 2h'ldd 
p'(H) ~ A 2 (II -1I,)d+A,(1l-H2 )'d2 ~ A,' -,;-+ A,'~, (5) 

where h = H - H2 and ld is the effective mean free 
path of electrons in the field h = 0 (2l d = d). The physi
cal meaning of the replacement of the quantities Hand 
l"" in the expression (4) by hand 1 d in the expression 
(5) is not entirely clear. On the formal side the matter 
reduces simply to a change of origin for the curve (3). 
If we succeed in justifying such a change, then there 
will arise the alluring possibility of determining the 
specularity coefficient P from measurements on one 
sample under conditions when loO» d. Indeed, it can be 
seen from the expression (5) that, in analogy with the 
expression (4), the ratio of the quadratic part of the 
resistance Apd . d 

diff to the hnear part Apsp should be 

equal to 

llp~iff/llp~p =(1-P) (H-H,)/PH 2 • 

Having analyzed the experimental curves, we deduced 
for P the mean value of 0.5, which agrees with the 
specularity coefficient for the investigated samples. 
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Strictly speaking, the analysis carried out should 
pertain only to the case of a plate in a field parallel to 
the surface. The experimental curves are however uni
form, and do not reveal a qualitative difference in the 
dependence on sample shape and field orientation rela
ti ve to the surface, and this does not agree with the 
deductions of the theory. It is possible this is connected 
with the fact that the investigated filamentary and plate 
whiskers are not, from the theoretical point of view, 
fundamentally different, since filamentary whiskers 
have a specular facet, while the width of the plates was 
less than the electron mean free path. Further, the 
static skin effect should manifest itself in the resistance 
only in the case when poo(H) a: H2. For zinc, this condi
tion is not fulfilled for H II [0001] (the direction 2 for 
the whisker plates )l23 J• Nevertheless, there are in this 
case also no qualitative differences between the pd(H) 
curves and the curves for the other directions of the 
field. 

An important clarification of the physical picture of 
the observed behavior of the surface resistance in a 
magnetic field can be obtained by varying the specularity 
coefficient of the samples. Only in this case can we 
provide a complete picture and an unambiguous inter
pretation of the experimental results of the present 
paper. 

I)The deviation of n from two is explained at present by the so-called 
diffusive size effect [14] . 

2)By plate we mean a sample for which the ratio of width to thickness 
is not less than 10. 

3)The quantity p-Z- should be chosen in accordance with the orienta
tion of the whisker. However, allowance for this circumstance leads 
in our case to an insignificant change in the coefficient P. Thus, for 
filaments and plates, which have been most thoroughly investigated, 
the coefficient P should respectively be equal to 0.5 and 0.8. 

4)Despite the fact that the resistance of thin samples is completely de
termined by scattering at the surface, all the characteristics of the 
dependence PH (II) for thick samples should also manifest themselves 
in the case of the strong size effect. This proposition has been theo
retically validated in Peschanskil's paper [12]. 

5)This is explained by the fact that the orientations of the [1213] and 
[1212] axes were very close. The angle between them was ~ I 0°. 

6)The logarithmic factor in the expression (I) for' pd (0) of plates is un
important, considering our experimental error (20',Yr.). 

7)This is connected, in particular, with the fact that as a result of the 
quantization of the motion of the electrons in the "hopping" orbits 
[25], a finite number N of such orbits (quantum surface levels) can 
be located in a sample of finite dimensions; the number N then de
creases with decreasing magnetic field intensity. 
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