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THE TUNNEL EFFECT ON SINGLE-CRYSTAL TIN
ZAVAFTITSKY. USSR

The author studied the tunnel effect between single crystals of tine
and tine films, The thickness of the films was less than 1000 £, The
current-voltage and current- dV characteristics of Sn {Film} -~ Sn m -

‘ H
Sn m sandwich were measured, The sandwich resistances are 0,5 + 50
om/mmz.

Fron the B.C.S. thcory /4, 5/ it may be scen/1-3/ that for two
supercon'uctors there is a noticeable jump in the tunnel current at oV =
Al * A,y cven 2t Tinite temperatures.

The experimental results for diffcrent oricntations of crystals are
shown in Figs.la, 1b, lc, Thc rcsults shown in Fig, le agree satisfactorily
with the B.C.S. theory, Anothcr type of charactcristies givc Figs., 1b
and le, Here scveral scperated jumps in the current- voltage or @ (v)
~voltage characteristics (6‘ = vsbn) and several minima in dV are obscrved.,
The trensition from le type to 1b, lc typc is observed when t(lilc normal to
the surfacc of tin crystals deviates froi the [OO]J oricntation, From
experiments /2, 3/ we know that in the case of thin films only onc jump in
thej-V curve is obscrved, Hence, we moy conclude thnt seversl jumps
observed in present experiments (sce Figs, 1b, lc) arce duc to the propertiocs
of thc single-crystal tin,

At present only speculations on the origin of the characteristics of
sccond type arc possible. Recent cxperiments /6~8/ demonstrated the presence
of several parts of the Fermi surface of tin. It is possible that these
parts have in the superconlucting state different ecnergy gaps. Then the
jump in the currcent or ¢ (v) should be at oV =4, * Alg( where Ag is the
cnergy gap of some clectron group which pley an important part in the
turncl current for a given orientation of the crystal.

From the jump of € (v) charccteristics we found, in addition to
A% = 0,56 # 0,58 meV which is particular to cvery oricntation, Ag = 0,45
meV,Ag = 0,65 meV for scveral orientations,

The above results are obtained at temperatures 1,36%K. At higher
temperatures the sccond type jumps arc not obscrved only in the interval about
O.3° from Tc' In Fig. 2 the temperaturc dependence of A % is shown for
specincns of different oricntation, These datz arc in exccllent agreement

with the B.C.S. theory.
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Captions

Fig. 1. Tunncl effect for single-crystal-tin specimens of different
oricntation, The angles of the normal to the surface of tin
crystals ) and the [00I] direction are O -9 =22°% B -9 = 60°,

C .. -V charactoristics, = 4V ,

.

Fig, 2. Al + A ; temperature dependence for specimens of different

oricntation, = = = B.C.S. theory with 24 = 1,12 meV at T = ° {2),
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MAGNETOACOUSTIC OSCILLATIONS AND FERMI SURFACE

IN ALUMINUM.

P.A.Besugly, A.A.Golkin, A.I.Pushkin

The anisotropy of megnetoacoustic oscillations for wave vector
dircctions of sound wave bf along the principal [III] ’ [IOO] ’ '[III]
crystallographic directions has been investigated on aluminunm specimons
at h.ZOK, ultrasonic frequency 183 Mc/s and 223 Mc/s and in magnctic
ficlds of 2500 ocrsteds. Hxperinental results agree with Fermi surface
for sceond zonc, deduced for aluminum'by Herrison on the base of nearly
free vlectron uodel, represcnting its size and shape, amd et the sanc

time point cut ot the absence of sharp intersections at the surface cof

second zone,

INTRCDUCTION

The oxperiucntal investipgations of oscillation anisotropy of

ultrascnic sbsorption coefficicnt are of great interust because they

allow to deternine the cxperimental dianeter of Ferni surface for

electrons in o metal and for scnc cases completely restore its shnpe/i/.

Here one should nct fergot, thot the funcnene of gecnetrical resonance

will be observed, if thc éonditicn gl 3y qr 31 (% -nean free path of

e

cleetrons in mctal,_irradius of clectren orbit) is fulfillcd. Thus, the

number of oscilletions and hence the relinbility of extreme Fermi surface

dimensions are given by'jk\valuc. This means that the study of oscillation

anisotropy of iltrascnic absorpticn cocfficient has to be nade with single

erystal mctals of high purity, using ultrasonic frequency of possibly high

frequency.

This prper is devobed to nagnetcaccustic effects in nluninun. At

. present two papers duvoted to oxpurimentel study of nagnctoaccustic
effects in this netal are knowm, In the work of Morsc ond Bohm/z/ the
oscillations of sound abscrption coufficicnt were not observed, For the
first time thc oscillations of ultrascnic absorption coefficient in
aluninum were cbscrved by Rsburts/j/, who studied absorption cocfficicnt
dependence of angnetic ficld fer longitudinal waves at I0 to I00 Mc/s
frequency. The shortcoming of these studics, which, as it is shown by

N " Roberts, are in qualitative agrcenent with Fermi surfacce nodel, proposed
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by Herrisor/ %/, is thet the velue of liniting pulse wes detornined with
small accuracy, as not more than two insufficiently sharp oscillations were
observed by the author. It was interesting therefore to carry out

investigations on aluminum specimens of hiQxer purity, increasing a.f, the

same time the ultrasonic frequencye

EXPERIMENTAL PROCEDURE AND SPECIMENS

A e s

The investigation of magnetic field dependence of ultrasonic wave
gbsorption coefficient was carried out by a pulse method, described
earliez/é/. The expcriments were accomplished by using lon'gitudinal
sound ot =4.2°K in magnetic field up to 2500 oersteds at two frequencies!
183 Mc/s and 223 Mc/s on aluminum specimens for which

R293%
T = 14000 - 20000
Le2 K

As the sound absorption coefficient in eluminum at helium temperatures
and frequencics used is fairly large, the aluminum specimens were used in
the form of disks of 10 mm diamctor and about 2 mm thick. The application
of comparatively thin specimens involved o delay element, the latter being
used to seperate the last sound pulse from the probe pulse. A bar of
crysalline quartz of square section has 8 mm side and 10 millineters
length, which together with aluninum specimen was arranged between the
transmitting and recciving quartz was used as a delay element.

Following specimens were used: specimen I with a deflection of the
normel to the disk surface from the [IIO] crystallographio direction not
exceeding 2° and specimen 3 with the deflection of the normal to the disk
surface from [III] erystallographic dircction not exceeding 2°,  The sound
wave vector g coincided with the direction of the normal to specimen plane.
The velocities of longitudinal sound wave distribution in aluminum for
different orientations were taken from Roberts' pa.pex/j/.

The megnetic field dependence of sbsorption coefficient of longitudinal
ultrascnic wave in aluminun specimen was recorded by means of two-

coordinate recordex/ &/ .
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RESULTS

The studies of absorption coefficient oscillation anisotropy S were
carried out when the waves vector g was directed. along one of crystal axes
- [IIO], [IOO] and (III] , and the magnetic ficld vector R was rotating
around 3. For the safety of good reproduction of results the o< (H)
dependence by a given direction of sound distribution and a given
direction of magnetic ficld vector B was recorded twices In all cases
the obtained oscillation curves appeared identical.

I. g along (II0]); ° N = 183 Mc/s.

The particular feature of the results for this orientation is the
availability of & large number of oscillations (to 15 oscillations) for

a nunber of directions of magnetic field vector B , that indicates at

long mean free path of carricrs. The second circumstance, indicating
at the lerge gl value (for some directions ql» 200), is the mode of
dependence ofe (H) : abscrption coefficient value at saturation is
essentially grcater than that without megnetic field.

A lorge number of sharp oscillations with a good periodicity in a
reversed field were cbserved g [II0], H [IIO] orientation; ie.ee for such
direction of magnctic field B towards wave vector g, for which in Roberts'
exporiments/ 3/ the oscillatory behavior of absorption coefficient was not
mentioncd. The dependence mode of ® (H) (here and furthere is expreséed
in arbitrary units) for this direction is given on fig.I.

With the change of the direction of magnetic field vector f the
oscillation period in reversed field changed: at first thc decrease of
period was obscrved, then its increase was observed. Fige2. gives the
run of << (H) dependence for the case, when the magnetic field vector it
nade an angle of 35° with {IIO] dircction. The simple comparison of
oscillation curves in figs.I and 2 shows that the. ocscillation period in
the second case is larger than in the first one.

Simultaneously with the short period oscillations the long period
oscillations are obscrved by the directions of magnetic f‘iéld, making an
angle of 0° = 25° with [00L] direction. Bocause of superposition of
oscillations of differcnt periods, the interprotation ofex(H) dependence

curves appears fairly difficult, thet is why in the mentioned directions

Declassified in Part - Sanitized Copy Approved for Release 2012/01/06 : CIA-RDP80T00246A018600210001-2



b

I3

R

o

Declassified ir_] Part - Sanitized Copy Approved for Releasé 2012/01/06 : CIA-RDP'80T00246AO18é00210001-2

-l

it was possible to estimate periods in the reversed field only for long
period oscillations not exceeding 10 per cent. Long périod oscillations
are also observed in the case when magnetic field vector makes an angle
of 15O - 250 with [IIO] direction. Under these conditions however, it
appeared possible to determine the value 8 %g only for short period
oscillations. _

The distinct oscillatory behavior of ebsorption cocfficient is also
cbserved for 2 [II0], R [00I) orientation, for which in Roberts!
exporimenté/ 5 the oscilldtions were not mentioned. The particular featurs
of this orientation was absence of short oscillations. For this direction
of thc field with a period @ %g = (6, & L 0,3) .10_z+qe were distinctly
cbserved, The O (#) dcpendence made for this case is given in fig.3.

Let us comparc experimental data dbtained with Fermi surfacc model
for aluminum, proposed by Harrison.  Aluminum belongs to metals with
face~centered cubic lattice, for which the first Brillouin zone has a form,
shown in fig.he by dotted line. hccording to Harrison/l*"S/, the first
Brillouin zone, completely fillcd with electrons, is surrounded by pockets
of holes of second zone, the surfacc boundaries of which ere shown in
figJha by solid lines. The third zone (see fig.4b) has en interrelated
set of arms with varying cross scctions.

As it is lmown/l'7/ tho oscillation period @ %g is connected with

oxtpome distances K to Ferni surface (X is normal to g and B) by e simple

hX = P cessene (1)
2c & 33

where T\‘ = b— (Lv Plank constant),
27

ratio

ﬁ)\ - the length of sound wave,

Q. = cluctron charge,

¢ = velccity of light.

If now, using ratio (I), the K values arc expressed in K’o units
(KO = —i{: , where O, = Lp.OA'IO_ch), found by oscillations periods in
reversed field for each dircction f, they will represent the distance in

wave numbers space from the center of Brillouin zone to Fermi surface of

corresponding zone.
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Fige5 gives the projection of Brillouin zone onto the plene, normal
to [IIO] axis, where the form of central section of Fermi surface for
second zone by a plane, alsc normal to[IIO] direction, is given on
corresponding scale,

In the same figure the valucs, obtained from experiment based on
ratio (I) are given. The attention is drawn to the fact, that the
short period oscillations, for which the 1arge’r K values are responsible,
the form of Fermi surface central section for given dircction g on the
whole represent well, thus supplying proof of Haorrison model. As to
long period oscillations, for which the angular dependence of projection
of extremal diomecter on[IIO] plane is given in fig.6, the question about
their origin needs further nore profound analysis. Probably for these
oscillations non-central scctions in the vicinity of zone boundary in
[IIO] direcction are rcsponsible,

II. g along \’Ioo],‘l = 183 Mc/s

The reliable ossillatory behavior of absorption coefficient is found
practically for all dircctions of magnetic field B, normal to wave vector
3. Unlike to previous case however, when the sound was directed along
[IIO] axis, the number of cbserved oscillations was not great (4=5
oscillations). Thc sccond particuler feature of oscillations, obsorved
for the given wave vector g, is their comparatively large periods In
fact, if at frequency 9: 183 Mc/s for the casc when sound wave vector a
was directed along [IIO] axis, thc oscillations period, reproducing the
centrol section of Fermi surface sccond zone by rotating B from 0° to

b 3.01+'10'J+ oo "I

1800, changed in the range of 2,03°10 s then in our
case the oscillations period changed in the range of 6.I'I0-&‘ -
7.35'10-40«3-1, i.e, the period was 2,5-3 times larger. It means, that
for these oscillations non-cuntral orbits are responsible,

At the seme time it should be noted that for the oricntations in the
vicinity of § [100], A {001] ana g (100}, & (010) orientations with long
period oscilletions short period oscillations were observed. Naturally,
because of supeérposition of oscillation of different periods, the accuracy
of D% determination for short period oscillations was not good enough

(5=10 per cent).
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As an illustration of oseillatory dependence of absorption coefficient,
when q is directed along [IOO] axis, a record of % (H), when R makes an
angle of 50° with [00I) direction, is given in fig.7.

Fige8 gives the central section of Brillouin zone by the plahe, normal
to [IOO] axis, at which the central sections of the second zone surface and
two other sections, situated from the central scction along the perpendicular
at tho distance of 0,75K_ and 0,90K (K = ﬁ":) arc reproséntod in proper
scale, As it is seen from the figure the short period oscillations,
observed in a small interval of angles, represent well the dimensions of
centfal section in I:OIO] and [OOI] directions, and short poriod oscillations
mainly represcnt the form of scetion at K = 0'9Ko’ thus indicating the
absence of sharp intorsections in accordance with completed Herrison's
theory/ 5/ B

Magnetoacoustic effects in aluninum in the direction of sound along
[IOO] exis werc studiecd at two frequencies: 183 and 223 Mc/s; the

values obtained at these two frequencies being in good agrecment,

III, g along [IIT); N = 223 Mc/s

As in above mentioned case, the trustworthy oscillating behavior of
absorption coefficient was prectically observed for all dircctions of
veetor H in the angular interval 0° - 1800. Because the numbcer of
oscillations was not lerge in this case the accuracy in determination of
K (sec eq.(I)) was about 10 per cent. The measurenent at a given
direction of wave vector § were carried out at freguencies 183 Mo/s and
223 Mc/s. In view of the fact that the volues of measurements at these
frequencies gave a good agriement, and taking into account that the
oscillations of absorption cocfficient at N = 223 Mc/s appecared more
distinct; further the compariscn with the form of the surface, proposed
by Harrison, will be based on results, obtained at 223 Mc/s.

The shape of Brillouin zone along (IIIJ directions is given in fig.9.
The shapc represents the central scction of Fermi surface by (III] plane
for second zone and two non-contral sections at the distance of 0.6]{0 and
O.7K° from central scction. Valuus given in the same figure and

calculated after measured oscillation periods on the base of oqe(I) in
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the range of experimental error are in good agreement with the form of

section, corresponding to level O, 6Ko.

DISCUSSION

The above comparison of experimental values, obtained in this paper,
with the shape of Fermi surface for aluminum, proposed by Harrison on the
base of nearly free electrons model, shows, that both dimensions of second
zone and its shape can be well reproduced by values of nagneto-acoustic
neasurements. The discrepancy, as a rule, is in experimental linit of
¢rror, with the cxception of sharp edges of Fermi surface; the results of
present study testify on behalf of completed calculation of Hnrrison/5/;
the latter introducing no essential changes in the dimensions of sccond
zone Fermi surface, lead to rounding its sharp edges. Unfortunately it
was not possible to carefully study it in just these parts of Fermi surface.
At those directions of wave vector g and nagnetic field vector H, thet had
to give information about the dimensions of Fermi surface in the dircctions
of sharp intersections, the oscillations of absorption coefficient proved
to be bads Apparently it's duc to small electron state density in
indicated directions,

In this paper it was possiblc to state the character of anisotropy
of short period oscillations, representing the central section of Fermi
surface of second zone for wave vector q directions along [IIO] and (IOO]
8xes morc or less in deteil. Also we succceded in clearing up the
charecter of oscillation anisotrcpy with 2,5-3 times larger period which
represents non-central sections of second zone Fermi surface, At the
same time for some dircctions of q and B the oscillations with still
larger period, which wcre carlier mentioned in our short note/s/, were
studied. Tc¢ estimate their period with enough authenticity and the nmore
80 to study the character of anisotropy of their period for the present
is not possible, although to find them is very interesting, The study
of anisotropy of period of thesc nost long period oscillations (which is
a hard but evidently not a hopeless task) will, I;robably, throw some light

on the structure of third zone.
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Explanations to the figares to the paper
“MAGNETOACOUSTIC OSCILLATIONS OF FERMI SURFACE IN ALUMINUM"

by PeAdBesugly, AsAcGelkin and A.I.Pushidn,

Record of magnetic ficld dependence of sbsorption coefficient

at § along (110] ana B along (TI0) ; N = 183 Mc/s.

Record of magnetic ficld dependence of absorption coefficioent
at § along (I10] end R direction, meking 35° angle with [I10);

\' = 183 Mc/s.

Record of magnetic field dependence of absorpticn coefficient

at g along [IIO) and B along (001} ; N = 183 Mc/s.

Fermi surface in aluminum after Harrison:
a) Regions of holcs in second zone;

b) Regicns of electrons in third zones

The projection of Brillouin zone onto the plane, normal to
[IIO] axis and the form of central section of Fermi surface
for seccond zone, © -—.'.. measurements data (@ - 2-3 per cent

/3/

accuracy, -—%... 5-10 per cent accuracy) Roberts' results’ /.,

Angular dependence of projection of extremal diamcter onto the
(IIO] plene, obtained from & %; long=period oscillations

measurencnts.

Record of magnetic ficld dependence of absorption cocfficicnt
- = o
at q along EIOO] and H direction, fcrming 50  angle with [OOI];

\] = 183 Mc/s.

The central scetion of Brillouin zone by the planc, nornal to
[IOO} axis, on which thc contours of sections of Fermi surface
for sceond zunc are shown. The levels a.fc given in Ko unitse.

c, ....‘- - valucs from long period oscillations ncasure-
nents (@ -labout 5 per cent accuracy) -!—- - about 10 per cent
accuracy) £, & = valucs from short period oscillations
ncasurcments (L = 223 Mc/s & = 183 Mc/s) {3~ = Roberts'
results/j/.

The projection of Brillouin zone onto the plane, normal to@.’II],
in whioh the contours of section of Fermi surface for second zone
are drawn. The levels are given in Ko unitse

/Y,

—L— - Roberts!' results
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