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The dependence of the real R of the surface impedance on the magnetic field strength H (0-70 
kOe), frequency (3.6-1400 kHz), and temperature (1.8-4.2 'K) has been investigated for tin single 
crystals. It is found that for a strong magnetic field H perpendicular to the sample surface, the 
behavior of R can be described by the normal skin-effect theory. The R(H, T) behavior is 
qualitatively different for a field parallel to the sample surface. This difference, which depends 
exclusively on the field orientation with respect to the sample surface, can be explained by the static 
skin-effect theory. In a parallel field, the scattering of the electrons by the sample surface results in 
an increase in the static conductivity in a thin surface layer with a thickness of the order of the 
Larmor radius. An analysis of the experimental results indicates that the surface scattering is mainly 
diffuse. However, it is necessary to assume that a small fraction (0.01) is due to specular reflection, 
which yields a significant contribution to the surface layer conductivity at the lowest temperatures. 

1. INTRODUCTION 

It has been shown in a number of theoretical papers 
that the interaction of conduction electrons with the sur
face in metals with equal numbers of electrons and 
holes in a strong magnetic field leads to the appearance 
of a current density that is inhomogeneous over the 
depth of the sample-the" static skin effect." [1 ,2J In a 
magnetic field that is transverse to the current, under 
the condition that the Larmor radius r of the electron 
orbit is much less than the free path length 1, the elec
trical conductivity of a surface layer of thickness r turns 
out to be of the order of uT(0)r/1 for the case of diffuse 
scattering of the electrons from the surface of the me
tal, and uT(O) for specular reflection. At the same time, 
the specific electrical conductivity in the bulk of the 
metal is uT(0)(r/l)2 (uT(O) is the specific electrical con
ductivity at a temperature T and magnetic field H = 0). 

Studies of the static skin effect can be carried out 
both with direct current and by high-frequency (hf) me
thods. In both cases, the conductivity of the near-surface 
layer must be separated from the total conductivity of 
the sample. At constant current, the contribution of the 
surface conductivity changes with the sample thickness 
d. In hf methods, a similar role is played by the depth 
of the skin layer a < d. 

The surface impedance of a half-space, with account 
of the interaction of electrons with the boundary, can be 
expressed in terms of the impedance of the "unbounded" 
metal ZoO> in which the surface current is not taken into 
account, and the surface conductivity S:[3J 

Z-I=Z~ -I+S. (1) 

That the surface and volume conductivities are in 
parallel is explained by the fact that in a half-space filled 
with the metal, the surface current does not change the 
distribution of the electric field over depth if the condi
tion a/r »1 is satisfied. It was also established in [3J 
that the real part of the impedance Z = R + iX does not 
depend on the frequency over a wide range of frequencies 
corresponding to the condition r « a « 1, and is pro
portional to the square of the magnetic field. 

In the experimental papers[4,5J, the surface imped
ance of Single-crystal samples of tin was investigated; 
it was shown that the theory of the static skin effect can 
satisfactorily describe the results obtained. In particu-
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lar, a significant difference was discovered in [5J in the 
imaginary parts of the impedance in cases in which the 
field H is parallel to the surface of the. sample and when 
it is normal to it; this observation has been explained 
by the different values of the surface conductivity, which 
is comparable with the hf conductivity of the metal in 
the parallel case, and is inSignificant in the normal case. 

The purpose of the present investigation was to make 
a more detailed study of hf conductivity in a strong mag
netic field. As the object of investigation, we chose tin, 
for which a strong quadratic increase in the transverse 
magnetoresistance with field corresponds to most direc
tions of the magnetic field relative to the crystallo
graphic axes. This produces favorable conditions for 
observation of the contribution of the surface conductiv
ity to the total conductivity of the sample. 

2. SAMPLES AND METHOD OF EXPERIMENT 

Single-crystal tin samples were grown in a dismount
able quartz mold with optically polished surfaces, ac
cording to the method of Sharvin and Gantmakher, [6J and 
took the form of disks of diameter 18 mm and thickness 
1 mm. The initial tin had a resistance ratio 
p(293°K)/p(4.2°K) ~ 105, which corresponds to 1(4.2°K) 
~ 0.07 cm. Experimental results are reported for the 
direction of the magnetic field along the [100] axis of the 
crystal in a hf current in the (100) plane in a direction 
close to the [010] axis .(see Table). Such conditions 
correspond to maximal growth of resistance with field. 
However, study of cases of fields normal and parallel to 
the surface required the use of two samples. 

The measurements consisted of study of the depend
ence of the real part R of the surface impedance (the 
losses) on the magnetic field H and the temperature T 
in the range of frequencies 3.6-1400 kHz. For this pur
pose we used a simple resonance bridge. [7J The source 
of sinusoidal voltage was a standard-signal generator, to 
the output of which was connected a broadband amplifier 

Sample I Orientation of the normal 
to the surface n 

Direction of the vector E I Direction of the 
vector H 

,),;, 1 [I\Xi] in plane (100), 
<r: (E. 010) ~~ 27° 

[100] 

oN, 2 in plane (100). in plane (100), [100] 
<;:. (n. 001) '.!.7 0 <r: (E,l110) = 27° 

Error 10 2° P 
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with automatic gain control, which was accomplished by 
negative dc feedback. Thanks to the use of the automatic 
gain control, amplitude stability of the amplifier output 
voltage was maintained with accuracy no worse than 
0.05% during the course of the experiment. The ampli
tude-stabilized voltage was fed to the input of the bridge, 
which represents a parallel tank circuit tuned to reson
ance, with the sample placed in the induction coil. The 
detected bridge voltage was applied to the input of a 
differential dc amplifier. A voltage proportional to the 
amplitude of the input signal of the bridge was main
tained at the second input of the amplifier. The drift 
noise reduced to the input of the direct-current ampli
fier, amounted to ~ 5 JJ. V, which was at the intrinsic 
noise level of the vibropack input stage of the amplifier. 

The induction coil was wound with brass wire, which 
made it possible practically to eliminate the dependence 
of its resistance on the magnetic field and the tempera
ture. For comparison of the losses R in the samples at 
different frequencies, the bridge was sensitivity calibra
ted against the superconducting transition in lead sam
ples of the same geometry as the samples studied. The 
resistance ratio amounted to p(293°K)/p(4.2°K) f>; 50; 
therefore the skin effect in the lead samples could be 
regarded as normal. The latter was further confirmed 
by measurement of the penetration depth of the electro
magnetic field into the metal. The loss-comparison 
error did not exceed 15% in the frequency range 
120-1400 kHz. At a fixed frequency, the error in the 
reproducibility of the results amounted to 2%. The los
ses in the samples were measured in relative units. The 
accuracy of duplication of the sample orientations in the 
magnetic field was no worse than 7'4 degree. 

The measurements were carried out in the tempera-
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FIG. I. Dependence of the real part of the surface impedance of 
tin on the magnetic field: a-at T = 4.2°K; b-at T = 2.1 OK. The dashed 
curves correspond to the experimental conditions H II [100]11 n at a 
frequency f = 200 kHz. The solid curves 1,2,3 are for H II [100]1 n 
at the frequencies f = 200, 300, 600 kHz, respectively. The frequency 
fo = 200 kHz. 
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ture range 1.8-4.2°K. Magnetic fields up to 70 kOe 
were produced by a superconducting solenoid. 

3. RESULTS 
L Figure 1 shows records of the dependence of the 

real part R of the surface impedance on the value of the 
magnetic field H at temperatures 4.2°K and 1.8c K and an 
electromagnetic-field frequency f = 200 kHz, (An ex
planation of the choice of coordinates for these plots is 
given in par. 3). The losses in the samples in the super
conducting state were taken as zero. Similar records 
were obtained at other frequencies in the interval 
120-1400 kHz. At lower frequencies, it was difficult to 
obtain satisfactory accuracy of the measurements; at the 
high-frequency end, the interval was limited by the maxi
mum value of the magnetic field achieved in the experi
ment. 

Since the path lengths in the samples differed insignifi
cantly (see below), we shall henceforth speak of losses 
in magnetic fields parallel and normal to the surface of 
the sample, RII and R l' respectively. 

2. Let us consider the behavior of the losses R1. The 
value of R1 increases monotonically with the field, 
reaching a maximum value at H = HTax, and thereafter 
decreases monotonically with increasing field. 

In fields H ~ HTax, the losses are approximately 
proportional to the square of the field. At a temperature 
T = 4.2°K (Fig. 1a), in the range of fields from OolHTax 
to H ~ 0.7Hmax, the losses R 1 (H) are proportional to the 
field H. If tfhs linear dependence is extended into the 
low-field region, the straight line passes through the 
origin. As the temperature is decreased, the origin of 
the linear part of the R 1 (H) curve is shifted in the direc
tion of larger fields. For fixed H < HTax (1.8°K), the 
quantity R.l(H, T) increases monotonically with decrease 
in temperature, but at T < 2.0oK the growth practically 
ceases (Fig. 2). Along with this, the value of the losses 
at the maximum RTax is independent of temperature 
within the accuracy of the experiment; this has been ob
served in the frequency range 120-600 kHz. In this same 
interval, the losses at the maximum are proportional to 
the frequency: RTax ex: f. 

Figure 2 also represents the temperature dependence 
of the reciprocal of the field HTax , referred to 
H~ax(4.2°K). This dependence is identieal with the 
ralio R1(T)/R1(4.2°K), if the values of R1 are taken from 
the region where R1 cx: H. According to the measure
ments, 

[H:ox (T)!fl:" (4,2° K) 1'=[RL (4,2° K)IR1- (T) ]2=a+~T;·'±o.'., 

where Q' ~ 0.28 and (3 = 0.24 X 10-3 deg-506 • The constant 
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FIG. 3. Dependence of the quantity HTIiX on fll2: 
X-HTax (2.1 o K), O-Hilax (2.1 o K), +-'HTax (4.2°K), ._H~x 
(4.2°K). 

a was chosen so that the experimental points would lie 
on a single line in log-log coordinates. Investigations 
carried out in the frequency range 3.6-600 kHz have 
shown that at a fixed temperature, HTax 0: f1/2 (Fig. 3). 

3. In the case in which the magnetic field is parallel 
to the surface of the sample, the dependence of the 
losses on the magnetic field also has a maximum at 
H = H~ax (Fig. 1). However, in the range of fields 
where Ri 0: H, the quantity RII is approximately propor
tional to the square of the field. Furthermore, at fixed 
values of H in this region, there is a broad temperature 
range with an upper bound close to T = 4.2 u K, in which 
the losses decrease monotonically with decrease in tem
perature. This temperature dependence remains impor
tant down to the lowest temperature of the experiment, 
T = 1.8°K (Fig. 2). The value of the losses at the maxi
mum depends weakly on the temperature. 

The value of the field H~ax decreases on a decrease 
in the temperature from T = 4.2°K to T = 3.7°K; how
ever, it does so much more slowly than HTax , and at 
T ~ 3.7 ° K, in contrast with HTax , it begins to increase 
monotonically. Figure 2 shows the temperature depend
ence of the ratio HTax(4.2°K)/H~ax(T). 

The freq~ency dependences of HTax and H~ax are 
the same (Fig. 3). It was observed that the losses in a 
magnetic field parallel to the surface of the sample do 
not depend on the frequency in the range of fields for 
which RII 0: H2. 

The experimental results allow us to combine the 
curves for the different frequencies at a fixed tempera
ture if in place of the variables Rand H we introduce the 
new variables R(f/fof 1 and H(f/f of I/2, where fo is arbi
trarily chosen to be the frequency f = 200 kHz. The 
choice of coordinates in Fig. 1 is explained in this fash
ion; there, to illustrate the agreement of the curves of 
RII (H, f) in these coordinates, the two records which 
have the maximum difference are given (curves 2, 3). 

4. DISCUSSION OF RESULTS 

1. We first consider the problem of the origin of the 
loss maximum in the magnetic field. In the work of 
Fisher and Kao, [8J it was shown that under the condi
tions of the normal skin effect for a bilateral, E-anti
symmetric excitation of the electromagnetic field in a 
plate, the losses cannot exceed some maximum value 
corresponding to the condition 6 = 0.45d, where d is the 
thickness of the plate. Since Rn = 41T2C -2f6 n for the 
normal skin effect, the losses at the maximum, Rmax, 
should be proportional only to f and d. Taking intJ1 ac
count that the magnetoresistance PT(H) = PT(0)(l/r)2 
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0: l/r in a strong magnetic field, we can write for the 
skin-layer depth 

whence 

Hmuoofhl-'I., 

(2') 

(2") 

It was shown by Perov [5J that the value of Hmax 
0: f1hT 512 in tin with H II [100] II n (this is equivalent to 
(2"), since r 1 0: T5) and that the imaginary part of the 
surface impedance is identical to that calculated from 
the formulas of the normal skin effect at H > 0.5Hmax, 
a sample thickness of 1 mm and a resistance ratio 
p(293°K)/p(4.2°K) ~ 105• 

The results of our measurements of HTax(f, T) agree 
with the results of[sJ. Moreover, it has been established 
that at H :G 0.5HTax, R 0: HT512, which also corresponds 
to the normal skin effecL (The case in which 6/d > 1 is 
not considered quantitatively.) It is natural that the 
magnetic-field region of existence of the normal skin 
effect is limited from below; in the limiting case, when 
15/r « 1, the skin effect is anomalous. If we assume that 
only the ratio 6/r is responsible for the position, with 
regard to the field, of the lower boundary of the region 
of the normal skin effect, then we must expect a shift of 
the boundary to smaller fields on a temperature de
crease, inasmuch as O/r increases in this case. It is 
observed, however, that this boundary shifts to larger 
fields (cf. the dashed curves of Fig. 1), i.e., the real 
losses turn out to be somewhat smaller than expected. 
It is evident that this can be connected with the existence 
of an electromagnetic wave of the type described in [9J. 

Since the following relations are valid for the normal 
skin effect: 

[ l!(Ilc~'~l' =[ l!""" (T" f) ]' ~p(T,) 
RUl, T"f) H"""(T"j) p(T,) 

(p(T) is the resistivity at H = 0), then, considering the 
results that we have obtained, we have for the tempera
ture dependence of the resistance: 

[1(7')/p(4.2° K) =a+~T;""'. 

This is in accord with the results of Zernov and 
Sharvin [10J on the temperature dependence of the re
sistance of tin, from a comparison with which we obtain 
an estimate of the value of the resistivity of sample 
No.1: p(4.2°K) ~ 1.4 x 10-10 n-cm and p(1.8°K) ~ 0.4 
x 10-10 n-cm. USing the known value [I1J of the product 
pl = 1.05 x 10-11 n-cm2, [llJ we find the free path lengths: 
1(4.2°K) ~ 0.07 cm and 1 ~ 0.25 cm (these values will be 
used below). 

2. When the magnetic field is parallel to the surface 
of the sample, the dependence of the losses RII on the 
field, temperature, and frequency have a character that 
differs in principle from Ri . In the region of magnetic 
fields and frequencies where Ri can be determined from 
the formulas of the normal skin effect, RII is propor
tional to H2 and does not depend on frequency. Such be
havior is identical with that predicted for the active part 
of the impedance of the half-space in the case of a dom
inant role of the surface conductivity over the volume 
conductivity. [3J Moreover, inasmuch as the dependence 
Ri(H, f) in the coordinates R(f/for 1 and H(f/for1/2 is 
universal in the normal skin effect for fixed tempera
ture, then, in accord with the experiment, the ratio 
R II /R 1 depends only on Hrl12 or 6 n (H, f). This also sup

ports the existence of surface scattering, and can be ob-
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tained from expression (1). Therefore, the experimental 
results will be discussed with account of the contribution 
of the surface scattering to the total conductivity of the 
sample. 

3. In a magnetic field normal to the surface of the 
sample, the larger part of the electrons in the skin layer 
can collide with the surface not more than once during 
the time of relaxation in the volume. In this case, the 
active part of the impedance of the sample in a strong 
magnetic field is determined by the volume magneto
resistance of the metal. In a parallel field, the number 
of collisions of electrons with the surface is much grea
ter than in the normal field and the surface conductivity 
accordingly makes a significant contribution to the im
pedance of the metal. 

We find the relation between the surface conductivity 
S and the active parts of Z and Zoo from Eq. (1). Setting 
Z '" R + iX and Zoo '" Roo(l + i), we get 

1+2R~S 

R=R~ 1+2R~S+2(R~S)' (3) 

Thus, S can be found by using the experimental results 
if we substitute RII and R 1 for R and Roo in (3). 

It must be noted that such a calculation is possible if 
the path lengths in the samples are the same. The dif
ference in path lengths in samples No.1 and No.2 did 
not exceed 209'0 at T = 4.2uK. (This was established 
from measurements of the losses in the samples for 
identical directions of field and current relative to the 
crystallographic axes and close to the angles of inclina
tion of the field to the surface, In a strong magnetic 
field, where the skin effect was close to normal, the 
losses in the samples differed within 10%.) Therefore, 
for qualitative considerations, we can regard the lengths 
as the same. The results given below are based on a 
calculation of the surface conductivity from measure
ments at f '" 200 kHz in the range of fields 8-16 kOe and 
temperatures L8-4,2°K, Under these conditions, the 
relation of the depth of the skin layer 0 to the thickness 
of the sample d was such that the impedance of the sam
ple differs little from the impedance of the half-space, 

We shall assume that the character of the scattering 
of electrons from the boundary is diffuse, i.e., S '" Sdiff 
Q uT r 21l (Sdiff does not depend on the temperature, inas
much as uT/l '" const), Taking into account the results 
obtained earlier for p(4.2°K) and l(4.2 G K), we find that 
at T = 4.2uK, H = 16 kOe and f = 200 kHZ, the product 

Using expression (3) and the experimental value of 
the ratio RII IR 1 = 0.7 for the same values of the field, 
temperature, and frequency, we obtain the result that 
R 1 Sdiff Rl 0.75. Further, it is easy to see that the prod
uct RnSdiff is proportional to lO~I. Assuming Rn = Roo, 
we find that the ratio RlRoo is a function of 0n(H, f) at 
fixed temperature. 

Thus, at a fixed temperature, the model of the static 
skin effect, under the assumption of diffuse scattering, 
satisfactorily explains the experimental results. How
ever, the temperature dependence of the losses in the 
parallel field, i.e., the decrease in losses with decreas
ing T, does not satisfy the model of completely diffuse 
scattering. Actually, if the surface conductivity does not 
depend on the temperature, then, even in the limiting 
case in which S »l/R, a decrease in losses with de
creasing temperature is impossible. 
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Figure 2 shows the result of calculation of the tem
perature dependence of lis, for a fixed value of the 
magnetic field, on the basis of relation (3). Figure 4 
illustrates the change in the surface resistivity with the 
square of the temperature for several values of the mag
netic field. For the temperature dependence of the sur
face resistivity we obtained the expression 

I/S(T, II) =lISo(H) +r;, (ll) THO,'. 

Here So(H) is obtained by extrapolation of the tempera
ture dependence S(H, T) to zero; the form of the func
tion !; (H) is determined by experiment. At a fixed tem
perature, lis is approximately proportional to H2. 

The value of the error is connected basically with the 
indeterminacy of the ratio of the path lengths in the sam
pIes. For illustration, Fig, 4 shows the calculation in 
the case in which the path length l(4.2°K) in sample No. 
2 is 209f. less than in sample No. 1. It is seen from the 
same figure that at the lowest experimental tempera
tures the effect of this indeterminacy on the result of 
calculation is small, which is explained by the dominant 
contribution of the surface conductivity to the active part 
of the impedance of the sample. 

In explaining the temperature dependence of the sur
face conductivity, it is natural to suppose that some 
fraction of the electrons is scattered specularly by the 
surface, and that the contribution to the conductivity from 
the specular electrons increases with decrease in tem
perature. We estimate the fraction of specular electrons 
k at T = OaK that is necessary to explain the experimen
tal results. The surface conductivity due to specular 
electrons is Ssp_ej:; ex kaTr; the ratio of the conductivities 
Sspec ISdiff Q Rl/ r. Since the estimates showed that at 
4.2uK the surface conductivity obtained experimentally 
is of the order of the diffuse conductivity, we can take as 
the ratio SspeciSdiff the quantity [S(O) - S(4.2°K)] 
x S(4.2°K), which is approximately equal to 4 at 
H = 16 kOe (see Fig, 4), from which we obtain the result 
that the fraction of specular electrons at T = OaK is 
k ~ 10-2 • 

As is well known, electrons with very small approach 
angles can scatter specularly from a metallic surface 
with [12J, We use a model according to which all the 
electrons are reflected specularly from the surface at 
angles of approach cp ::5 cpo and diffusely at cp > cpo. If 
we assume the orbits of the electrons to be circles with 
equal radii, then the fraction of specular electrons is 
k Rl 1- cos cpo. The limiting angle cpo Rl 0.1 rad corre
sponds to the value k Rl 10-2• The orbits of electrons with 
angles of approach less than cpo congregate in a layer of 
thickness kr at the surface. If an electron from this 
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layer is scattered on an orbit at an angle greater than k, 
the center of the orbit will be shifted through a distance 
greater than kr, and the electron either leaves the sur
face layer or arrives at the surface at an angle greater 
than the limiting angle and is reflected diffusely from it, 
In a strong magnetic field (r/l « 1) parallel to the boun
dary of the metal, the frequency of collisions of the elec
trons of the surface layer with the boundary is signifi
cantly greater than the frequency of collisions with vol
ume phonons, Moreover, the collisions in the volume do 
not change the number of electrons in the surface, 
Therefore, in the case of diffuse scattering, the volume 
collisions of the electrons should not effect the surface 
conductivity and the temperature dependence of the sur
face conductivity S should indicate the presence of 
specular electrons, 

Study of the conductivity of filamentary single crys
tals (whiskers) has shown that the coefficient of diffusiv
ity q is proportional to T4. This dependence has been 
explained by the fact that the diffusivity is proportional 
to the density of surface phonons (ex:T 2), and a factor of 
the order of (T/eO)2 is added because of the ineffective 
scattering of the electrons by the surface phonons (eO is 
the Oebye temperature). In a strong magnetic field, as 
has been noted previously, small-angle scattering should 
be effective and, consequently, it is natural to ascribe 
the observed proportionality between S and the square of 
the temperature solely to the temperature dependence of 
the density of surface excitations. 

Finally, in the case of a predominant role of specular 
electrons in the surface conductivity, which obtains at 
the lowest temperatures in this experiment, the quantity 
S should be proportional to H-l (S ex: r), The departure 
from this dependence (S ex: H-2) should evidently be ex
plained by the decrease in the probability of specular 
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reflection, since the number of collisions of the elec
trons with the surface in a time corresponding to the 
free path length increases with increase in the magnetic 
field, 
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