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Oscillations of the impedance of thin tungsten plates in a

magnetic field

O. A. Panchenko, V. V. Vladimirov, P. P. Lutsishin, and M. A. Mukhtarov

Institute of Physics, Ukrainian Academy of Sciences
(Submitted 16 July 1977)
Zh. Eksp. Teor. Fiz. 74, 658-664 (February 1978)

The derivative with respect to the magnetic field of the surface impedance of thin tungsten plates (the skin
layer depth being comparable with the thickness) in circularly polarized radio-frequency fields (f =5
MH?z) is investigated experimentally and theoretically. The magnetic field is perpendicular to the (001)
face of the sample. It is shown that in both polarizations the impedance oscillations are due to a group of
holes lying at the inflection of the Fermi surface octahedron. The “-” polarization oscillation series can
be attributed entirely to the Gantmakher-Kaner radio-frequency effect [Sov. Phys. JETP 21, 1053
(1965)]. The impedance oscillations in the “+* polarization are due to both the Gantmakher-Kaner effect

and to doppleron excitation [McGraddy et al., Phys. Rev. 141, 437(1966); Fisher et al., Sov. Phys.

JETP 33, 410 (1971)].

PACS numbers: 72.15.Gd

1. It is known that weakly attenuating electromag-
netic waves, calleddopplerons, can exist in metals
near the threshold of Doppler-shifted cyclotron reson-
ance.''"?) The dopplerons are most clearly observed in
compensated metals, where the helicons cannot propa-
gate. Tungsten is one such metal. The excitation of
dopplerons can lead to an oscillatory dependence of the
impedance of the plate on the magnetic field.

In the present work, we have investigated the surface
resistance of thin single-crystal samples of tungsten
(D~6&, D is the thickness of the plate, 0 is the skindepth)
in the radiofrequency region of the spectrum. A circul-

arly polarized exciting field was used in the experiments.

A sharply delineated series of oscillations of the deriva-
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tive of the impedance with respect to the magnetic field
was observed in strong magnetic fields in both polar-
izations. The period of the oscillations in the “+” polar-
ization (direction of rotation of the radiofrequency field
corresponds to the cyclotron rotation of the holes)
changes by about 5% with the magnetic field, and in the
“~” polarization it is practically independent of the field.
In very strong fields, the two periods coincide and cor-
respond to the cyclotron displacements of the holes lo-
cated at the inflection points of the octahedron of the
Fermi surface. The conclusion has been drawn, on the
basis of these results, that all the observed phenomena
are connected with a single group of carriers. It will be
shown that the series of oscillations with constant period
(“~” polarization) is due to the Gantmakher-Kaner ef-
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fect.’™® Oscillations in the “+” polarization are connect-
ed both with the excitation of the doppleron due to Dop-
pler-shifted cyclotron resonance of the holes of the
octahedron, and to the associated Gantmakher-Kaner
effect whose amplitude depends on the direction of rota-
tion of the radio-frequency field.'3? There is satisfactory
agreement between the theoretical and experimental re-
sults.

2. Measurements of the high-frequency impedance of
thin plates (pyo0 x/Pa. . x = 10°) of tungsten (D =450 p) have
been carried out at the temperature of liquid helium. The
method of preparation of samples and carrying out the
experiment have been described previously.[4?

The results of recording the derivatives of the real
part of the surface impedance with respect to the mag-
netic field, dR/dH, as a function of the applied field H
are shown in Fig. 1. The plots in both polarizations
were obtained at equal amplification coefficients of the
measuring apparatus. Figure 2 shows the experimental
dependence of the period of oscillation on the magnetic
field. It is clearly seen that the period in the “-" pol-
arization does not depend on the magnetic field and cor-
responds to the cyclotron displacement of the holes at
the inflection of the octahedron of the Fermi surface.'®?
(AHD =21 Oe* cm, (27)"1(85/8p ), = —0.491A71,1") where
S is the cross section area of the Fermi surface as in-
tercepted by the plane p,=const). The period of oscilla-
tion in the “+” polarization is significantly increased
with increase in the magnetic field (~5%) and approaches
the value in the “~”’ polarization.

Such a character of the dependence of the period on
the magnetic field is typical for the oscillations pro-
duced by the excitation of the doppleron connected with
the Doppler-shifted cyclotron resonance of the carriers
having a maximum shift after one cyclotron period.

Just such a group (section A of the hole octahedron!™)
makes the greatest contribution to the non-local con-
ductivity. The results (Figs. 1 and 2) indicate that both
series of oscillations are due to the single group of car-
riers.” The absence of dispersion of the period in the

dR/dl

MMIWW’

I /lz /Ii .;0 22/ 2
H, kOe

FIG. 1. Dependence of the derivative of the surface resistance
of a thin single crystal plate of tungsten on the value of the
constant magnetic field H. The normal to the surface of the
plate and the vector H are parallel to the (01) axis, the thick-
ness of the plate D =450 u, the frequency of the alternating field
f=5 MHz; 1—‘+” polarization, 2— ‘="’ polarization.
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FIG. 2. Dependence of the period of oscillations of the deriva-
tive of the surface resistance on the magnetic field. The open
circles correspond to the “+” polarization, the crosses to the
“~” polarization, the continuous curve denotes the calculated
dependence of the period in the “+” polarization.

“~” polarization has made possible the conclusion that
this series of oscillations is produced by the single-par-
ticle Gantmakher-Kaner effect. This effect should arise
in both polarizations.

3. We proceed to the theoretical analysis of the re-
sults. The real Fermi surface of tungsten consists of
an electron jack, six hole ellipsoids, and a hold octa-
hedron.t®? In calculations of the nonlocal conductivity,
we neglect the contribution of the hole ellipsoids (their
total volume is ~10% of the volume of the octahedron'®?),
The electron contribution to the conductivity is taken into
account in the local limit, while the dispersion law for
the hole octahedron in the vicinity of the Fermi surface
is chosen in the form

G np.1?
e(p)—ﬂ[ r—acos 4q)—bcos-—d—] s (1)

where p is the wave vector, r=(p2+p2)'/2, ¢
=arctan(p,/p,), -d <p,<d, the quantities m,a,b,d are
constant parameters, and 2d is the diameter of the Fer-
mi surface along the z axis. The z axis is oriented along
the magnetic field and coincides with the axis of fourth-
order symmetry (001). The numerical values of the
parameters (ZmeF)l’z,a,b,d are chosen from the re-
quirements of equality of the phase volume, of the de-
rivative (85/8p,).,, and of the two linear dimensions (»
—a-b,r +a =D) to the real values which are given in the
literature.'®#’ These parameters are respectively equal
to

h~'(2mer)"=0.56 A, a=0.075 A~*, b=0.115 A", d=043 A-".

It should be noted that on the jack there are groups of
electrons which undergo larger displacements over the
cyclotron period than the considered group of holes of
section A.'”1 Corresponding estimates given in the Ap-
pendix show that we can neglect the collisionless ab-
sorption of the wave by these electrons.

The nonsphericity of the Fermi surface, whichis taken
into account in our model by the parameter a, leads tothe
the possibility of the existence of multiple dopplerons.m
In our experiments, no multiple dopplerons were ob-
served. We shall therefore assume below that a=0
and in the Appendix we estimate the amplitude of the

multiple dopplerons.

The dispersion equation for waves propagating along
the magnetic field is of the form
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K —4niwo, (k) =0, 2)

c is the velocity of light in vacuum, %k and w are the
wave vector and the wave frequency, respectively, and
o,(k) is the nonlocal conductivity tensor for circular
polarizations of the field.

The conductivity tensor, obtained from the general
expression,''®! is equal in our model of the Fermi sur-
face (without account of multiple Doppler-shifted cyclo-
tron resonances) to

oath=omsion = = e = 1] +1 [ 1]} @

where

2 d
N= ’(z‘)—’-.‘[ S dp.

is the hole concentration, e is the absolute value of the
electron charge, &=k(v,/Q),u, 2 =¢H/mc is the cyclo-
tron frequency, v, is the projection of the hole velocity
on the z axis, y=v/Q, and v is the frequency of colli-
sions of carriers with scatterers. The expression (3)
was obtained in the limit |1 - £2[>y, w<v< Q.

In the “4+” polarization, there is an almost true solu-
tion (| £ |> £”) of the dispersion equation, describing
the doppleron:

vt [ () T ®
B+ (=) "] )

E”"_'Im §=—'{ 3(5,)2_2“_(1__(.51):)%] .

Here

H\? N
= () Bo= T,
Ho e

The quantity measured in the experiments is the de-
rivative of the surface resistance with respect to the
magnetic field. We calculate it, making use of the ex-
pression for the impedance in the case of specular re-

flection of the carriers from the boundary of the sample.

It should be noted that the real character of the reflec-
tion of carriers is close to diffuse in our experiments;
however, in the case of bilateral antisymmetry excita-
tion, when the thickness of the skin layer is comparable
with the thickness of the sample, the reflection condi-
tions have a weak effect on the amplitude of the doppler-
on. Thus, for example, it has been shown!!'! that the
amplitude of the doppleron increases under these condi-
tions, by about 30% upon change in the specularity co-
efficient from 0 to 0.5. Qualitatively, this can be ex-
plained in the following fashion. Of the entire skin lay-
er, only that spatial harmonic whose length is close to
the cyclotron shift of the resonance group of carriers

is “useful” for the doppleron and the Gantmakher-Kaner
wave (for this harmonic, decompensation of the Hall con-
ductivities takes place). The amplitude of this harmonic
depends on the distribution of the field in the skin layer.
In the case of bilateral antisymmetric excitation, when
6~D, the field distribution is such that the depth of the

348 Sov. Phys. JETP 47(2), Feb. 1978

effective skin layer 8,,,=D/2 (the field is equal to zero
at the center of the plate) and depends weakly on the re-
flection conditions at the boundary. Under conditions in
which the thickness of the skin layer is considerably
less than the thickness of the sample, the character of
the scattering can depend strongly on the amplitude of
the doppleron, as is shown in the theoretical researches
of Refs. 12 and 13. In the calculations, we have taken
into account the character of the scattering by the intro-
duction of the effective path length: 1/1*=1/1+1/D,
where [ is the free path length.

According to Fisher etal.,m the expression for the
impedance of the plate in the case of bilateral antisym-
metric excitation is of the form

1_eﬂb
—_—dk.
ck*—4niwo. (k)

Z.=—8io j'. (6)

The doppleron contribution to the impedance is

here

1 1 1

~vlwes alaee il

E=E'+iE", where &’ and £” are determined by the ex-
pressions (4) and (5). The period of the impedance os-
cillations is

, ot’
M=o (—&-3h75). ®
where
2nc(mv:)ex  hc [ S
Moo= —"p—— —5(5;),‘

is the period of the Gantmakher-Kaner oscillations.

The oscillations, connected with the excitation of the
doppleron, of the derivative of the surface impedance
dR/dH [R=Re(AZ,)] for a plate with D =450y, excita-
tion frequency f =w/27 =5 MHz and effective path length
1*=200y, are shown in Fig. 3 (curve 1). For compari-
son, the result of the calculation of the experimental
records of the derivative of the impedance in the polar-
izations “+” and “-”, is shown in Fig. 3 (curve 2). The
qualitative form of curves 1 and 2 (Fig. 3) is approxi-
mately the same. However, the theoretical excitation
threshold of the doppleron in the magnetic field is low-
er than the one observed experimentally. The reason
for this discrepancy is the following. The lower thres-
hold field is determined by the value at which the Hall
current, which is connected with the nonlocal decom-
pensation of the electron and hole conductivities, be-
comes equal to the dissipative conductivity. Since the
electron conductivity is taken into account in the calcul-
ations in the local limit, the theoretical decompensa-
tion of the Hall conductivities at fixed magnetic field
exceeds the real. Figure 2 shows the calculated de-
pendence of the period of the oscillations (the solid
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FIG. 3. Dependence of the derivative of the surface resistance
of a thin single crystal plate of tungsten on the constant magne-
tic field. The vector H is directed along the normal to the
surface of the plate and coincides with the (01) axis, the
thickness of the plate D =450 i, the frequency of the alternating
field =5 MHz. 1—calculated curve for doppleron oscillations
(“+” polarization), 2—result of substraction of the experimen-
tal recordings of the derivatives of the surface resistance in
the “+” and “=” polarizations.

curve) in the “+” polarization on the magnetic field,
which agrees qualitatively with the observed.

The contribution to the impedance from the Gantmak-
her-Kaner effect in the region of fields H ~10 kQe is de-
scribed by the expression

M aretrien (- 2) (25) e (1 E2). @

TNE(mo) 1"/ \2aD

u Vs

= (%)
Comparison of the formulas (7) and (9) shows that in the
region of strong magnetic fields, the amplitudes of the
doppleron oscillations and those connected with the
Gantmakher-Kaner effect are close in value. A com-
parison of the experimental data (Fig. 1, curve 2 and
Fig. 3, curve 2) confirms this conclusion. In the range
of fields where the amplitude of the doppleron is a max-
imum, the measured ratio of the amplitudes of the dop-
pleron and the oscillations in the “+” polarization is ap-
proximately equal to 5. The calculated value is about
12 (¢’ =-0.96). These estimates allow us to draw the
conclusion that the oscillations of the impedance in the
“~” polarization are due to the Gantmakher-Kaner ef-
fect.

We express our deep gratitude to E. A. Kaner for val-
ued critical remarks.

APPENDIX

1. The dissipative conductivity connected with colli-
sionless absorption is determined by the expression

as ;oS l}
ap. { dp.’ r,-r;m,

where p,(k) is determined by the condition for Doppler
shifted cyclotron resonance of carriers with the wave:

) z_i_ﬁc—{s (A.1)

8nt H
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__hek _5_5_0
2neH 3p, )

The estimates made by means of Eq. (1), with the use of
the data for 8S/8p, in Ref. 7, show that the collisionless
damping is comparable with the collision damping at
v~1073, Actually, in tungsten in the range of fields H
~10 kQe, v = 10°%; therefore, we shall neglect this damp-
ing in the calculations.

(A.2)

2. The transverse corrugation of the Fermi surface
leads to the existence of multiple Doppler shifted trans-
verse resonances.!” In our model, the conductivity ten-
sor in the case a+0 is of the form

o:(k)=%{$i[(1—_1gz)—,h—i+4p}(— (9_152)% + (25_152)% FIZE)]
H[ (1—132)‘"’ HM”Z( (9—331)% *+ (25—552)% )] +0(“‘)}’

u=ha/(2mer)". (A.3)

1t follows from this expression that the multiple Doppler
shifted cyclotron resonances appear in the region |n2
- £2[<p*~10"*-10" (z=3,5). Since y 2107, in our ex-
periments the multiple dopplerons were not observed.

In the collisionless limit y «< u* weakly damped waves
can exist, near multiple Doppler shifted cyclotron reson-
ances. Analytical estimates for the ratio of the ampli-
tudes of the single and triple dopplerons that are maxi-
mal in the magnetic field yield A,/A, <1072, while the
triple doppleron is estimated in the limit y=0, i.e.,
this is its maximum value at the given corrugation u.
The amplitude of the five-fold doppleron is much less
than the triple because of the presence of the resonant
group of electrons (section H of the jack) with displace-
ments ]close to the wavelength (-(8S/8p,),/(8S/8p,)
=~4,8t73),

The dependence of the maximum aplitude of the mul-
tiple doppleron on the transverse corrugation u in the
limit ¥ =0 is weak:

As{p) =As (1+2u)?(1-8, ),

[ 2nD "% Umax c _ (1, n=0"
*= ( ) o el U B _{0, u%o '
H_,, corresponds to the field at which the amplitude of
the doppleron is maximum, and the dependence of H .,
on u can be neglected. For the thicknesses used in the
experiment, »=3. Thus the amplitude of the transverse
corrugation strongly affects the possibility of existence
of weakly damped waves near multiple Doppler shifted
cyclotron resonances, but has little effect on their max-
imum amplitude.

(A.4)

Umasx

Note, The authors offer sincere apology to Professor
Carolan, whose earlier investigations [Low Temp. Phys. 13,
No. 4, 75 (1974)] were unknown to them and were therefore not
cited in the article. In our article, unlike in Prof. Carolan’s,
we analyzed theoretically the experimental data and obtained
more unequivocal conclusions concerning the character of dop-
pleron excitation and the Gantmakher-Kaner effect when the RF
emission is circularly polarized. Our experimental results
differ also somewhat from those of Professor Carolan.

(signed) O. A. Panchenko, V. V. Vladimirov, P. P, Lutsishin,
and M. A. Mukhtarov. 4 September 1978

Dn doppleron excitation, the period of the oscillations in
strong magnetic fields is determined by the displacement of
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that group of carriers which makes the greatest contribution
to the nonlocal conductivity. There is a group of electrons in
tungsten with an extremal shift (the section I m); however,
for these electrons, the quantity 8S/0p, differs by 30% from
the corresponding value for the holes of the section A (at the
limiting points of the electron Fermi surface, this difference
is even greater). Therefore, the oscillations in the “~” po-
larization cannot be connected with the excitation of the elec-
tron doppleron.
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Penetration of a magnetic field into a Josephson junction

G. F. Zharkov and S. A. Vasenko
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All the possible types of solutions to the nonlinear equation for the distribution of a static magnetic field
in a Josephon barrier of finite width are described. For each type of solution corresponding to the
boundary-value problem, the Cauchy problem, which allows a unique association of a definite set of
“initial” data with each solution, is formulated and solved by numerical methods. The magnetization
curves of the Josephson junction are found for several barrier-width values (L =1, 4, 10). The question
of the stability of the static solutions, including those that are anomalous in comparison with the usual

Meissner-type solutions, is investigated. Examples of the numerical solution of the nonstationary,
nonlinear equation that illustrate the dynamics of the establishment of the static solutions are given.

PACS numbers: 74.30.Ci, 74.50.+r

The question of the penetration of a static magnetic
field into a Josephson junction has been repeatedly dis-
cussed in the literature. 2~ The one-dimensional linear
vortex structure that arises in the barrier in the case of
an infinitely wide barrier has been analytically described
by Kulik,™'3! while for the case of a barrier of finite
width some examples of the field distribution in the
junction have been obtained with the aid of numerical
methods by Owen and Skalapino.®! A number of dis-
tinctive features of the penetration of a magnetic field
into a junction of finite width have been noted in a paper
by one of the present authors™? (in particular, the un-
evenness of the entry of the individual vortices into the
junction, as well as the presence of “superheating” and
“supercooling” fields that limit the existence domain of
a given number of vortices in a weak superconductor).

The present paper is devoted to a more detailed—in
comparison with Refs. 4 and 7—study of the character of
the penetration of a magnetic field into a Josephson bar-
rier of finite width. The boundary-value problem for the
nonlinear equation governing the steady-state magnetic-
field and current distributions inside the barrier turns
out to be nonunique: for specified values of the field at
the junction edges the equation has several solutions
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describing different field distributions inside the bar-
rier. In the present paper the boundary-value problem
is reduced to an equivalent Cauchy problem; this pro-
cedure allows us to uniquely associate a definite set of
“initial” data with each solution and find all the solutions
of the problem. Below we describe all the possible types
of solutions (Sec. 1) and find the integral relations that
allow the determination of the initial data (i.e., the val-
ues of the function and its derivative at one of the bar-
rier edges) in terms of the parameters of the boundary-
value problem (Sec. 2). Dependences found with the aid
of a computer (and, in a number of cases, analytically)
are illustrated with graphs. Besides the usual Meis-
sner-type solutions,®~"? in which the field falls off into
the barrier in comparison with its value at the edges,
we describe anamalous solutions in which the field in-
creases into the barrier, or else there obtains an asym-
metric distribution of the field, as well as solutions
corresponding to more complex field configurations, in
particular, to an array of vortices with alternating
signs.

We find the free-energy functions of the Josephson
barrier in an external field for the various types of sol-
utions (Sec. 3), and present graphs illustrating the shape
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