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1. INTRODUCTION

Transverse focusing of conduction electrons by a
magnetic field (EFF was previously used (see the re-
view!) principally as a differential method for the mea-
surement of the probability ¢ of specular reflection of
electrons from the surface of a sample at normal in-
cidence. This method was used to investigate reflection
of electrons in Bi, Sb, W, Cu, and Ag samples. The
value of ¢ is determined by the ratio of the amplitudes
of the neighboring EF lines. This was precisely the
quantity measured in the experiments. The decrease
of ¢ from unity can be due to intervalley scattering
from the surface, and this makes it possible to deter-
mine, from the known value of ¢, the maximum possible
probability 1 — g of intervalley scattering produced
when an electron collides with a crystal boundary.® It
will be shown in this paper that a detailed study of
EF-observation of additional series of lines and mea-
surement of their amplitudes—makes it possible, first,
to obtain more detailed information on the intervalley
scattering processes, namely, to determine the proba-
bility and character of these processes, and second,
determine the parameters of the regular structure of
the sample surface., The development of methods of
investigation of intervalley scattering processes is of
considerable interest, inasmuch as in collisions of
electrons with the boundary this type of scattering al-
ters radically the kinetic properties of a bounded sam-
ple and gives rise to a large number of physical phe-
nomena—anisotropic size effects.? The possibility of
determining the structure of a surface from the char-
acter of the reflection of conduction electrons from it
is of particular interest.

As a result of the presence of intervalley scattering
with absence of correlation between momenta of the in-
cident and reflected electrons, the effective charges of
valley s, focused on the surface, have a definite proba-
bility of striking any point of, say, the valley s’. This
produces a voltage spike at a distance L' =cD3" /|elH
from the point of the focusing of the electrons of valley
s (c is the speed of light, e is the electron charge, H
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is the magnetic field, and D" is the extremal di-
mension of the valley s’ along the normal to the sample
surface). Observation of this spike and measurement
of its amplitude not only confirm the existence of in-
tervalley scattering, but also determine the probability
of this process.

The condition that the reflection of the electron from
the conductor boundary be specular, which calls for
conservation of the energy and of the tangential com-
ponent of the electron quasimomentum p,, do not al-
ways ensure a single-valued state of the reflected
electron.® In multivalley conductors they do not ob-
struct, generally speaking, intervalley transfer of
electrons, which in turn is the cause of the decreased
amplitude of the EF lines in fields that are exact
multiples, and of the appearance of additional potential
peaks whose amplitude is proportional to the proba-
bility of the intervalley transition.

In the case when the states of the incident and re-
flected electrons are correlated (both intravalley and
intervalley processes are possible) and there is a finite
set of vectors Ap,, by a linear combination of which
the tangential component of the electron momentum can
change upon reflection from the surface, additional
series of EF lines appear and make it possible to de-
termine the set Ap, from the known experimental con-
ditions of their observation and from the geometry of
the Fermi surface (FS)., It is shown in Ref. 5 that if the
translational symmetry of the surface layer of the
atoms differs from the translational symmetry of an
atomic plane parallel to the surface, but lying in the
valley of the crystal (the well known reconstructed sur-
faces constitute a particular case of surfaces of this
type), then there exists a set of vectors Ap,, deter-
mined by the structure of the surface, by which p, can
change when the electron interacts with the crystal
boundary. It is possible to determine Ap, by solving
the problem of electron diffraction by a surface layer
of atoms (two-dimensional surface lattice). The possi-
ble states of the reflected electron are determined by
the energy conservation laws and by p,, accurate to
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the reciprocal surface lattice vector. Thus, the set of
vectors Ap,, which constitute the basis vectors of the
lattice that is the inverse of the crystallographic two-
dimensional lattice of the surface layer of atoms, It is
precisely this circumstance that makes it possible to
determine the structure of the crystal surface by
studying the EF, The diffraction problem includes the
case of an ideal surface, when the translational sym-
metry of the surface layer of the atoms coincides with
the translational symmetry of the internal layer of the
atoms, parallel to the surface of the crystal, and the
reflection takes place with conservation of the tangen-
tial component of the quasimomentum when reflection
is treated in the repeating band scheme.’ In this situa-
tion, the number of nonequivalent states of the elec-
tron after reflection, even in the case of a spherical
Fermi surface, is determined by the crystallographic
orientation of the reflecting surface.

Figure 1 illustrates the case of a quadratic two-.
dimensional lattice for the surface (12). If an electron
incident on the surface is located at point A of momen-
tum space (Fig. 1b), then if the energy and tangential
component of the quasimomentum are conserved, the
possible states of the electron after reflection from the
surface are determined by the intersection of the
straight line passing through the point A and parallel
to the normal and to the sample surface, with the
equal-energy surfaces (points B,B’,B”,...,C,C/,...,
the remaining points correspond to the states of elec-
trons moving towards the surface). The number of
nonequivalent states of the reflected electron is equal
to 2; in the “reduced-band” scheme (the “reduced
band” is bordered in Fig. 1b by a thick line) these are
the states B and D, Thus, in the “reduced-band”
scheme the reflection takes place with change of the
tangential component of the quasimomentum by an
amount

Ap.=g sin a=2nf/d,

where d is the lattice constant of the surface layer of
atoms (Fig. 1a) and consequently Ap., is the vector of
the reciprocal surface lattice.

In this paper we consider theoretically the phenomena
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described above and present results of observation of
EF in bismuth, due to intervalley scattering of elec-
trons upon reflection from the trigonal face of the
crystal.,

2. THEORY

A theoretical investigation of EF in the geometry of
the experiments performed in Ref. 1 is the subject of a
paper by Korzh,® who analyzed, on the basis of a method
developed by Azbel’ and Peschanskii,”*® the dependence
of the potential on the measuring contact on the mag-
netic field, and showed which characteristics the Fermi
surface can be determined from the position of the EF
lines. The scattering of the carriers by the boundary
was taken into account in Ref. 6 with the aid of a specu-
larity parameter that did not depend on the momentum
of the incident electron or on the coordinate of the sur-
face point. In this section we consider EF in multi-
valley conductors using a more general form of the
boundary condition for the nonequilibrium distribution
function of the electrons of the valley s

B =Fo(e) — 3 ¥ (5, B)
in the form of a linear integral relation

olmo R p)= Y o (0, R) Y (R P+ (R p). 1

8 -1

The kernel of the integral operator®:!®

(0)
w.(p,p’; R)=w..: (p,p’;R)

4 o) w. o (p”, 03 R <. (p") s (p”,p'; R) >,
[

@)

automatically ensures conservation of the normal com-
ponents of the partial currents of each valley through
the surface is(R):

o ﬁ), [<vz\v'(R P

+Z s (.0 R o) (R ) | = (R). (3)
Here R=(0,R,,R,) is a two-dimensional vector in the
plane of the sample surface; w2}(p, p’; R) is the proba-
bility that an electron mc1dent on the boundary with
momentum p’ from the valley s’ will have after re-
flection a momentum p belonging to the valley with
number s; v is the number of, valleys; the angle brac-
kets (...)} denote integration over that part of the
valley s of the Fermi surface, where the velocity com-
ponent normal to the surface is v,20;  ¥(R, p) are
specified distribution function of the electrons on the
contacts; € is the energy of the electron of the valley
s; 2m% is Planck’s constant.

To solve the equation
6(;]) +——- [vxH] —+ W\p‘—eEv (4)
with boundary condition (1) we use a method proposed
in Refs. 9 and 10, In Eq. (4), E is the intensity of the

electric field, v and r are the velocity and coordinate
of the electron, and Wy° is the integral of the collisions
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inside the volume, To observe the transverse EF it is
necessary that the distance Iz, between the emitter E
and the collector K (see Fig. 4 below) not exceed the
smallest volume relaxation length [ of the carriers.

To avoid cumbersome formulas, we assume henceforth
that Iz, <<1 and that the main mechanism of the electron-
current dissipation is scattering of the charges by the
surface,

The complete system of the equations of our problem
consists of the kinetic equation (4) with boundary con-
dition (1) and the electroneutrality equation

2 <¢*(r, p) >*=0. (5)
The general solution of (4) can be easily obtained by the
method of characteristics and is of the form

P (r, p)=F*(r—r(p))eq(r), (6)

where F'[r - r(p)] is an arbitrary function of the char-
acteristics, which must be obtained with the aid of the
boundary condition (1); ¢(r) is the potential of the elec-
tric field. Knowing F°[r — r(p)] we can determine the
value of the potential at any point:

(P(r)=(e 2(1)‘)_12 CF* (r—1(p)) ", Q)

Since the function F° has a constant value on the tra-
jectory of the electron between two collisions with the
boundary, it follows that condition (1) makes it pos-
sible to find its variation as a result with collision with
the surface:

F¢(R—R(p:))

=Y | @wn e RFLRARE) H R (8)

=t e, (P =¢y,
vz<<0

(e, is the Fermi surface), Using the recurrence rela-
tion (8) we obtain for the function F{[R, - R(p, )] the ex-
pression

o v v

Ff(Ri—R(p) = 9* Rup)+ Y Yoo Y, | dp®
n=1 =1 8=18y =80

. o v, <0 .
Xu, (P1, PV; Ry)... S dp™uw,,_ 4 (pr P™; Ry—AR® (pV) —... —AR™(p™))

e.ﬂ:ie., T ) X

<0

X9, (Ry — AR* (p) — ... — AR™ (p™); p™), (9)
AR (p™) =R (i;(n)) —R(Pa-y). (1 0)

The electron momenta p'™ and p,., are related by the
condition that the reflection be specular:

(D) =esa(Pamt),  [BXP™]=[0Xpa-i], (11)

where n is the inward normal to the surface of the con-

ductor. Substituting the solution (9) in (7) we obtain the

distribution of the potential over the sample surface:

o (R, H) = (eZm' )— 2 (P (R—R(p)) +F* (R—R(p)—AR* (p) ) >-*.
- - (12)

Equations (9) and (12) show that if the emitter is
pointlike, i.e., the function y¥(R, p) differs from zero
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only in a small vicinity of the point R= 0 near the con-
tact, the distribution of the potential over the surface
at a fixed magnetic field is inhomogeneous, owing to
the strong inhomogeneity of ¥ *(R,p). We shall assume
henceforth that the distribution with respect to the mo-
menta of the electrons injected by the contact E are
isotropic, i.e.,

., 2e e

is*(R) —(2nﬁ)’ (v 4", (R),
an assumption that appears to be realized in experi-
ment,

We examine now some consequences of the derived
formulas, assuming that the magnetic field is parallel
to the z axis and lies in the plane of the sample sur-
face. The collector K is assumed for simplicity point-
like. The scattering processes will be classified in ac-
cordance with the “reduced-band” scheme.

1. Intervalley processes with conservation of the tan-
gential component of the electvon quasimomentum
(Ap.=0). We separate in the kernel w(p, p’;R) of the
integral operator the term connected with reflection,
wherein the electron-~quasimomentum component tan-
gential to the surface is conserved

w.i (p,p's R) =k, (9, R)8(p—p') + W (p,p'; R), (13)

YO et

s'=1 eu(p')=t,
<0

(14)

where W (p,p’;R) is a certain function that is smooth
compared with the first term. We note that the tensor
hss-(p, R) has nonzero off-diagonal components only
when the specularly reflected electron corresponds to
several points in p space, belonging to different valleys
of the Fermi surface, This form of the function w{2
makes it possible to separate the fraction of electrons
that pass through the current and potential contacts and
is reflected specularly by the surface of the sample.
The nonmonotonic part of the potential, which is con-
nected with this group of charges and has the strongest
singularities, can be written in the form

o™ (L, H)= Y <Q.(p, L)is* (L-AR")>"

n

+ 2 ZI Z ]_:[< Regerss (‘pk,Lw Y are)

n=2 =1 sp==1 Rt q=h

XQ., (pn, L) iz (L - EAR’V ) > _ ,

q=1

(15)

where p, is the momentum of the electron belonging to
the valley s,, and by virtue of the specularity condi-
tions (11) is a function of the momentum p, of the valley
S,, with which the charge was injected by the emitter;
AR®e=AR%(p,),

0.(p, L) = (2h)* (2&2 A )A'

(B

L e
oo Fhes(p, L
<vx>+’ZJ,{6 (p,L)

S ) W (B LD W (0 B L)
WO , .
e ) W L ) (16)
(V=
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In obtaining the result (15), L was assumed to be
much less than the distance between the current con-
tacts as is usually the case in experiments. It is easy
to note that the amplitude of the n-th peak of the EF is
determined by the n-th term in the nonmonotonic part
of the potential (15), Therefore for the first line
formed by the electrons that move directly from con-
tact to contact we obtain

v

" (LH)= Y’ <Qu(p, L)' (L-AR' (p) ).

st

amn

The amplitude of the second EF line, due to the charges
specularly reflected from the boundary of the conductor,
is determined by the terms

9 (LH)= Y (P L) Qs (py, L) s (L—AR* (p.) ~AR* (p,))->.(18)
Integrating (17) and (18) under the assumption that

i%(R) is a function that varies rapidly near the emitter,
we obtain for the amplitude of the first EF peak (the
effective electrons are those with maximum diameter,
which do not collide with the surface)

6. =AJ:Rs(b/L)". (19)
The magnetic field in which the spike (19) is observed
is equal to Hy=cD™* /|e| L;I; and R are the total cur-
rent through the emitter and its resistance.

In the asymptotic calculation of the amplitudes of the
EF lines (b/L—0,b is the characteristic dimension of
the emitter; see Eq. (19) and formulas (22), (23), (29),
(33), (36) below), we assume the following: 1) the
-Fermi surface consists of v convex centrosymmetric
valleys; 2) the second derivatives 92S,/9p*? and
82D, /8p*? are different from zero (S; is the area of the
intersection of the Fermi surface with the plane p,=p¥,
p* is the momentum of the focused electron). Genera-
lization to the case of a more complicated Fermi sur-
face (see Ref. 6) entails no difficulties in principle. In
real experiments, the result is valid when

(20)

maxye g max a9
i.e., the Fermi surface near the effective point is ap-
proximated with sufficient accuracy by a section of a
spherical surface. In the opposite case the amplitude
of the EF line has, generally speaking, a different de-
pendence on the parameter b/L(DT* is the maximum
chord of the equal-energy surface in the corresponding
direction).

The “additional” singularities in the function ¢ (R, H)
are due to the fact that the maximum displacement of the
electron along the line between the contacts after two
hops with an intervalley transition upon reflection

AR (ppy) =AR? (Pp:) TAR (P (P51)) (21 )
is no longer equal to double the maximum distance be-
tween the points of two collisions with the surface
2cDm> /|e|H. The amplitude of the line due to the
jumps of the carriers from one valley to another is
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described by the formula

8" =4 huy (py:) IsRs (b/L)*. (22)
In addition, “steps” can exist on the ¢(R, H) curve,
inasmuch as the smallest value of ARS?(ppin) differs
from zero. The reason for the appearance of such an
EF line is the abrupt decrease of the number of elec-
trons incident on the measuring contact when
nAR$?(ppin) becomes larger than L, The height of the
“step,” calculated from (18), is
3" =4 hoy(p,"" ) IsRe (b/L)*. (23)
Here A, and A{%? are dimensionless constants that de-
pend on the carrier dispersion law and on the form of
the current-conducting contact, which in each concrete
case are calculated from (17) and (18). The values of
the magnetic field at which the EF lines with amplitude
(22) and (23) will be observed satisfying the conditions

AR;*(py)=L, AP.(p,’)+AR,*(p.(p,’)) =0, (24)
where
Py’ =Pp: OF Pp'=P:m

The results (19) and (22), (23) show that a comparison
of the amplitudes of the “additional” lines @‘**?(s#p)
with the main focusing lines makes it possible to deter-
mine directly the probability 4, of the intervalley
transition with conservation of p, upon reflection of the
charge by the surface of the conductor.

In the particular case when it is possible to neglect
completely the intervalley processes and when the scat-
tering is completely within the valley, the tensor
wes(p, p'; R) is diagonal, i.e., g =wsds:. We replace
the integration with respect to the momenta p,, p,, and
b, in (15) by an integral with respect to €, and
R, =AR’(gs, p,,p,). We recognize also that 3f, /3¢
=-58(gs — €,) at low temperatures T <g,. After simple
transformations, expression (15) can be rewritten in

the form
c u [ Uy 9%S,
= B | (52 ) (5
e IeIH;I ve ol /\70p

1 vyt A VA v, Ve \217!
oo (ram) o (esm) D -Gr )|
P1 [ P2 12%) Ux2 Uxy

XQ‘_(E"_WP_‘;_Ii[iE'(L—R.)

[val

o n—i

+ 2 1T hutenppis L-iR) i n) |}

n=2 k=1

R, =oR® (25)
All the quantities under the sign of integration with re-
spect to R, pertain to the valley s; v,,, v, and v,,, Vg,
are the projections of the velocity of the incident and
of the specularly reflected charges (v,,>0, v,,<0);p;
is the radius of curvature of the intersection of the
valley s of the FS by the plane p, =const at the point
i=1,2:
Pxy
S.(€0, Py P2) = Ipv ap..

For an emitter with small dimensions, the main con-

(26)
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tribution to the integral will be made by a small region
defined near the points p,,p, by the relations

Px2
: dp.
nR,.=nAR.'(p,, Py = [ 222 o, (27)
eH vy
Pxt
cnD.,
nR,,=nAR.' (p,,p;)=— N L, (28)

where D, =p,, - p,,. For the extremal diameter of the
Fermi surface D, (p,o,P,), the amplitude of the n-th
peak of the potential formed by the electrons of the s
valley is equal to

n—i

Gu=AsRs (/L)" [ [P (60 Prss i L—RAR (e, Pin, P))  (n>1). (29)
The result (29), which was obtained analytically, yields
the same order of magnitude of the amplitude with re-
spect to the parameter b/L as the previously proposed
“geometric model” of the EF,!! and also makes it pos-
sible to describe the experimentally observed decrease
of the amplitudes of the individual peaks in the presence
of an imperfect section between the contacts.!!

2. Correlation processes with nonconservation of the
tangential component of the quasimomentum. The exis-
tence of processes with conservation of p,, accurate
to a quantity that is a multiple of Ap, (we consider here
for simplicity the case when only one value of Ap,
exists) means that part of the function w2 (p, p’; R),
which describes the strictly correlated scattering of
electrons by the sample boundary, constitutes a sum of
terms, each of which describes the probability of scat-
tering in which the tangential component of the quasi-
momentum changes by kAp,, i.e.,

wll (i R)= Y hra@ R 6@+ W (0,05 R),  (30)

where p,=p’ +kAp, and p, =p;. Using the recurrence
relation (8), we arrive at the following expression for
the nonmonotonic part of the potential difference be-
tween the measuring contact and the peripheral point
of the sample:

@"™(L, H)= 2 <Q.(p,L)1s* (L—AR*)>"

IR (TN (T

ne2 gy, syl Ry, Ry el qui

X0, Ly (1- 3 ame) ), (31)

gt

where Q,(p, L) is defined in(16), in which

h...-z Busra, ARymmAR®,
1)

AR =R (f)“"l'z', k(AP:) -R ( P¢+2¢‘ k«APt) (g#n).
famt it

The EF lines that result from processes with corre-
lated change of p, are described by the second term of
(31).

To illustrate the result, we consider one particular
case. Let the Fermi surface have one valley and let
the maximum possible number of nonequivalent states
of the reflected electron by equal to 2, i.e., upon re-
flection p, can change only by Ap, or by —Ap,. When
these conditions are satisfied we should observe EF
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lines analogous to the series of the peaks with the
amplitudes (22) and (23), which were considered above.
The effective carriers are those for which the path

ARS” (p;) =AR, (ps) +AR, (ps:Ap:)

along the straight line joining the emitter and collector
is 2 maximum or a minimum, For example, for a
spherical Fermi surface the minimal displacement is
that of the electrons of the points pTir =+p  pmin =0 (p,
is the radius of the Fermi surface), and the maximal
displacements—by the electrons belonging to a chord
located at a distance +3Ap, (p™* =+ 34p ,p™* =0) from
the maximum diameter. The magnetic field at which
potential spikes are produced on the measuring contact
are determined by the conditions

nAR" (p;)=L, n[AR.(ps)+AR.(pstAp.)]1=0, (32)
and the amplitude of the lines is equal to

(b/L) 2, P2=p: (33)

2n—1
L P

Here a is a certain constant, the concrete form of
which depends on the dispersion law and on the geometry
of the current contact. Thus, the probability of re-
flection of an electron with change of tangential com-
ponent of the quasimomentum by +Ap, can be deter-
mined from the ratio of the amplitude of the first
fundamental EF line (19) to the amplitude of the line
(33) with =1, An essential role is played by the posi-
tion of the line (32) on the magnetic-field scale, since

it contains information on the vector Ap,, from which
we can obtain the reciprocal vectors of the surface lat-
tice of the crystal. The results can be easily genera-
lized to the case of a change of the tangential component
of the quasimomentum p, by kAp,(k=+2,%3,...,m),

It follows from (31) that there should exist series of

EF lines formed by electrons with minimal and maxi-
mal displacement after 2 <m jumps.

For a multivalley Fermi surface, the state with
p.+ Ap, can belong to ancther valley. The expression
for the amplitude takes a form similar to (33), and
hss' , is the probability of reflection with a momentum
transfer kAp, from one valley of the Fermi surface to
another,

3. Random intervalley scattering. If the specularity
of reflection of the electrons of the valley s is small,
then it becomes possible to observe EF lines connected
with diffusely scattered carriers. The absence of a
rigorous correlation between the specular reflection
(11) for the momenta of the electrons interacting with
the surface leads to additional averaging over the mo-
menta p,,...,p, of the charges that arrive at the point
L after executing 2,...,#n jumps. This smoothes out
the potential-difference extrema due to the intra- and
intervalley scattering, We separate the nonmonotonic
potential term connected with the charges that have
undergone in the first reflection with the surface of the
crystal a transition with an uncorrelated change of p.:

¢ (LE)=Y" (Wop(pi,ps L-AR? (1)) 0. (p.)

3, p=1

Xs(p2) iz? (L—AR* (p,) —AR? (p,) ) > 2> . (34)
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If follows therefore that an “additional” series of peaks
will be observed at those magnetic-field values for
which

D.. (p.)+Dxp (pn)= —

AR, (p.) +AR.? (p,.) =0. (35)
It can be shown that the ratio of the amplitude of such a
line pi** to the amplitude of the first line of focusing
without scattering (19) for a cylindrical dispersion law
3Ss/3p,=3D_,/3p,=0 is equal to

&7 Bum h
b = Wor (b b L-aR ) ) (36)

A
where B**? ig a certain constant that depends on the
dispersion law and on the shape of the emitter, and can
be calculated from (34). It should be noted here that
the EF lines described by the term in the potential (17)
are connected with the extremum of a sum of two
diameters of different Fermi-surface volumes, while
the lines (34) are connected with the sum of the ex-
tremal diameters. This makes it possible to deter-
mine, for a conductor with a known dispersion law,
which of the lines (18) or (34), is being measured.

3. EXPERIMENT

Electron focusing due to intervalley scattering was
observed in bismuth samples in which nl|C,. Figure 2a
shows the structure of an ideal trigonal face of a bis-
muth crystal. The atoms lying in different planes per-
pendicular to C, are marked with dark and light cir-
cles. Figure 2b shows schematically the projection of
the electron (ellipses) and hole (circles) valleys in the

FIG. 2.
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repeating-band scheme on a plane perpendicular to C,.
The valleys lying in one plane perpendicular to C, are
designated by identical marks. The electron part of the
Fermi surface constitutes three strongly elongated

“ellipsoids” with principal axes ratio 14:1:1.3, elon-

gated along directions close to the bisector axis C,.'*
If the motion of the electrons of the central section of
the Fermi surface in a magnetic field is considered,
the ellipsoid can be replaced by a cylinder up to angles
~80° between H and the major axis of the ellipsoid.

In experiments aimed to observe EF, two needle con-
tacts, emitter and collector, are mounted on the sur-
face of the crystal. Electric current is made to flow
through the emitter and the potential difference ¢(L,H)
between the collector and a peripheral point of the sam-
ple is measured. If the emitter and collector are
mounted on the trigonal face of the crystal in such a
way that the contact line L is perpendicular to C, (per-
pendicular to the major axis of one of the electron
ellipsoids), and the magnetic field is directed in such
a way that the trajectories of the electrons leaving the
emitter are turned towards the collector, then voltage
spikes are observed on the collector; they are periodic
in the field H with a period H, =p.c/lel Lcos6, where 6
is the angle between H and the major axis of the ellip-
soid (the cylinder axis, 6<80°), and p, is the extremal
dimension of the electron ellipsoid along C,. The elec-
trons of the ellipsoids whose major axis is perpen-
dicular to the line of the contacts are focused on the
collector in fields mH, (m is an integer and m>1 is
possible because of the specular reflection of the elec-
trons from the sample surface). It is just these singu-
larities of the EF which are illustrated in Fig. 3 (the
upper curves).

Deflection of H from the major axis of the ellipsoid
by an angle 6=20° leads only to a change, proportional
to 1/cos20°, in the scale of the plot along the mag-
netic-field axis. If the contacts are mounted on the
trigonal face of the crystal in such a way that LI|C,,
while the magnetic field HL L and turns around the
electrons leaving the emitter towards the collector,
then at the same value of L the first EF line is ob-
served in a field H,=2p,c/lel L. When the angle be-
tween H in the plane of the sample and the normal to
L is 20° (lower curve on Fig, 3b), two weak EF lines
are observed instead of a single intense one. One of

] 1 I 1 I I 1
g 4 ' 12 ) 4 '] /4 "
H,0Oe

FIG. 3. Dependence of the collector voltage on the magnetic
field @) Hin, ) H1L; «(HL)=70°. The upper curves are
for L || Cy, and the lower for L || C;. To plot the lower curves
the gain of the measuring circuitry was increased fivefold.
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them practically disappears when 6 is further in-
creased to 30°, whereas the other line increases in
amplitude and is displaced in the field 2p,cV3/lelL
(cf. the behavior of the EF line at Ll|C, upper curves
of Fig. 3). Attention is called to the steeper decrease
of the amplitudes of the EF lines with increasing H at
LIl C, compared with the case LI|C,. Many measure-
ments on different samples have shown that this de-
crease is due precisely to the orientation of L relative
to the crystallographic axes of the sample, and not to
the quality of the surface in the region of the contacts.

4. DISCUSSION

The described singularities of EF at L||C, cannot be
explained by taking into account in ¢ the electrons of
only a single valley. Such a possibility exists in princi-
ple because of the weak effect of the focusing of the
electrons of the non-extremal section of the ellipsoid.
However, first, this effect should be negligibly small,
as is evidenced by the abrupt and considerable de-
crease of the amplitude of the EF line following a small
deflection of L from the C, axis?'!3; second, the ob-
served fact that the position of the EF lines on the
magnetic-field scale depends on the direction of H does
not agree with this assumption. The results of the ob-
servation can be explained in the following manner
(see Fig, 4).

As shown by experiment, effective electrons of three
ellipsoids are radiated from the emitter—at a fixed
position, EF is observed whenever the direction of L
coincides with one of the axes C,(HLL), and focusing
of electrons without reflections by the surface takes
place in a field H=p,c/lel L. Assume that at Li|C, LH
the effective electrons of the ellipsoid 1 (2) (Fig. 4a),
after leaving the emitter E, are focused at the point
O (0') (Fig. 4b) on a line drawn at an angle 30° (-30°)
to the line of contacts at a distance EO =EO’ =p,c/
| el Hcos30°. If effective electrons of the ellipsoid 2
(1) are generated at the point O (0’), then they are
focused on a straight line drawn at an angle —30° (30°)
to the line of contacts, at the point K on the line of
contacts (OK =0’K =p,c/|el Hcos30°). Focusing should
be observed in a field H=2p,c/| el L, when EO =0K
=EO’'=0'K=L/2co0s30°. If H is deflected away from
the normal to the line of contacts by an angle 6, then
D, =EO =p,c/|elHcos(30° +06),D, =EO =p,c/
lel Hcos(30° - 9), and the collector can receive only
electrons from the vicinities of the points of ellipsoids
1 and 2 (Fig. 4a), for which the length of the jumps
over the surface D, and D, are in a prime-number
ratio. Weak “focusing” of the electrons of the vicini-
ties of the points of the nonextremal diameters of the

6

X | 2
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FIG. 4.
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Fermi surface will take place, in analogy with the
situation with EF in an oblique field,' or in the case of
a steplike angular dependence of the specularity co-
efficient of the reflection.!* At 6=30° we have D, =2D,
and the focused electrons are from the vicinities of the
maximal diameters, parallel to n, of the central sec-
tions of ellipsoids 1 and 2. This explains the increased
amplitude of the EF line and its shift in a field
H=2p,c+ 3 el L. The ratio of the amplitude of the line
connected with the intervalley scattering to the ampli-
tude of the first EF line (without collisions with the
boundary), measured in the experiment described
above, is equal to

3" /9," =0.05. (37)

This value is determined by the probability of the in-
tervalley scattering of the electrons. The geometry of
the present experiment is such that the EF line can be
formed by electrons whose tangential components of the
quasimomentum changes by b/2 upon reflection from
the surface [Fig. 2b, Eq. (33)]. This situation is pos-
sible, for example, in the case of reconstruction of the
trigonal face, shown in Fig. 2a, when the atoms marked
by the bars are shifted from the equilibrium position
and the translational vectors of the surface lattice is
doubled, and consequently the reciprocal surface lattice
vectors are decreased by one-half (b—5/2). The pres-
ence of a random intervalley scattering also leads to
the onset of an EF line at the same value of the mag-
netic field [Eq. (36)]. We have not succeeded so far in
changing, at a fixed position of the contacts, the re-
flecting properties of the surface in the region of re-
flection of electrons from it, without changing at the
same time the bulk properties of the sample, and to
separate just the influence of the state of the boundary
on the amplitude of the EF line, and not the mean free
path, the contact dimension, and others. The absolute
value of the amplitude of the EF line depends substan-
tially on the number of difficult-to-control circum-
stances in the contact mounting procedure, therefore

a comparison of the absolute values of the EF lines at
different positions of the contact is only qualitative in
character., Summarizing the foregoing, it seems to us
that it is premature at the present stage to draw any
definite conclusion on the type of intervalley processes
(correlated or random) which cause the observed EF,
or concerning their probability.

At LliC,, the ratio of the amplitude of the second EF
line @{? to the amplitude of the first line @{*?’ is 0.5
(lower curve in Fig. 3a). The main contribution to
@{? is made by electrons that traverse the path
EOK(EO’K) (Fig. 4b) with additional specular intravalley
reflection at the points EO/2 =0OK/2 =EO’ /2 =0'K /2,
According to formulas (15), (34), ${2 /@2 = by, * Iy,.

In our case %,, ~h,, =~0.65 (upper curve in Fig. 3a), and
consequently ¢\?)/p!?) 0,42, which is in satisfactory
agreement with the measured value 0.5,

5. CONCLUSION

The present investigation has shown that EF permits
direct observation of intervalley scattering processes
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and a determination of the probability of intervalley
scattering and of the presence of a correlation between
the number of the electrons before and after reflection
with an intervalley transition. The sensitivity of the
EF to the crystallographic structure of the surface
uncovers new methodological possibilities of the EF,
It is of interest in this connection to use EF for the
study of “brittle” two-dimensional structures on me-
tallic surfaces. It is known that at helium tempera-
tures and at very small degrees of coating (less than
one monolayer) two-dimensional crystalline structures
of impurity atoms are produced on the surfaces of
metals. In a number of cases they have small defect-
formation energies and are destroyed even when bom-
barded with slow electrons. From the Bragg condition
nX=d coséb it follows that to observe the diffraction of
the electrons incident on the surface from the outside,
the electron wavelength A should be less than d, and
consequently the electron energy 2 10 eV. The use of
conduction electrons as a probe in these cases has ob-
vious advantages, inasmuch as in EF the excitation
energy of the focused electrons can be of the order of
several degrees (~10~* eV).

Interest attaches also to the possibility of deter-
mining with the aid of EF the crystallographic struc-
ture of the surface under a layer of adsorbed impurity
atoms and molecules, whose presence does not inter-
fere with the measurements, since the “irradiation”
of the surface takes place “from the inside.” Simi-
larly, the EF can be used to determine the crystallo-
graphic structure of the interphase boundary.

The authors are grateful to E. I. Rashba and

V. G. Peschanskii for helpful discussions and to
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Resonant changes of optical orientation of electrons in
anti-intersection of the spin levels of the nuclel of a

semiconductor lattice

R. I. Dzhioev, B. P. Zakharchenya, M. N. Tkachuk, and V. G. Flelsher

A. F. Iofffe Physicotechnical Institute, USSR Academy of Sciences

(Submitted 27 November 1979)
Zh. Eksp. Teor. Fiz. 78, 2056-2063 (May 1980)

We investigate the circular polarization of the luminescence of GaAlAs crystals under conditions of optical
orientation of the electrons and mixing of the spin states of the lattice nuclei. This mixing is the result of local
violation of the crystal cubic symmetry, and depends on the crystal orientation in the external magnetic field.
Optical detection of NMR transitions at the triple Larmor frequency without change of the magnetic
quantum number (4 = 0) demonstrates the mixing of the states y .3, and y _;;, of the As™ nuclei in a
narrow angle range corresponding to anti-intersection of the spin levels. The change of the mixing with
change of the crystal orientation in a magnetic field is resonant and leads to the onset of a region with two
stable polarization states of the spin system near the anti-intersection point. Optical NMR detection in the
anti-intersection region has made it possible to determine the electric-field-gradient asymmetry parameter

(n <0.06).

PACS numbers: 76.60. — k, 78.55.Hx, 78.20.Ls

Optical orientation of electrons in semiconductors in
interband absorption of circularly polarized light is
accompanied by dynamic polarization of the nuclei.!

In turn, the polarized nuclei can exert a strong influ-
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ence on the behavior of oriented nuclei on account of
the hyperfine interaction.?’®* The effective field Hy of
the nuclei, which acts on the average electron spin
(S), is determined by various factors. By studying the
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