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A study of electron tunneling from quasi-two-dimensional (surface) states with spin-orbit interaction
into bulk-mode states, within the framework of a model of an infinitely thin inhomogeneous tunnel
magnetic barrier between two conductors. We analyze how the scattering of quasi-two-dimensional
electrons on a single magnetic defect affects the tunneling current in this system. We also obtain an

analytical expression for the conductance of the tunnel point-contact, as a function of its distance
from the defect. It is shown that analyzing local magnetization oscillations around the defect using
spin-polarized scanning tunneling microscopy allows us to determine the spin-orbit interaction
constant. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4948444]

Introduction

Interest in the study of spin-orbit interaction (SOI) in a
two-dimensional electron gas (2DEG) is fueled by the fact that
SOI manifests itself as a diverse range of physical phenom-
ena,"? and that it has many promising practical applications in
an emerging field of quantum electronics—spintronics.” Two-
dimensional (2D) electron (and hole) systems can be created
artificially (semiconducting heterostructures with quantum
wells, delta-doped semiconductors, electrons on the surface of
liquid helium), or they are the properties of certain physical
systems (graphene, thin films).

One example of 2DEG with SOI is surface electron
states in metals.* In contrast to isolated two-dimensional
conducting systems in heterostructures, surface states cannot
be studied using galvanomagnetic measurements due to their
high bulk conductivity. However they can be detected and
studied using methods that are sensitive to the electron struc-
ture of the surface layer of a conductor. Therefore, in Refs.
5-7, spin-orbit splitting of the spectrum of surface states
near the surface (111) of precious metals was detected using
angle-resolved photoemission spectroscopy.

Scanning tunneling microscopy (STM)® is an effective
method of studying conductor surfaces. In a study authored
by Tersoff and Hamann,9 it was shown that the STM-
measured conductance between the atomically sharp contact
and the test sample is proportional to the local density of
states (LDS) at the point located directly beneath the contact.
This result determined how one branch of STM development
is applied.'® Spin-polarized scanning tunneling microscopy
(SP-STM) allows us to study the surface magnetic structures
with an atomic resolution.'’'? In Ref. 13 it was shown that
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the SP-STM current contains an additional term that is pro-
portional to the scalar product of the magnetization vector of
the STM contact and the vector of the local magnetization
density (LMD) of the sample. Therefore, the spin-polarized
scanning tunneling microscopy is a method for determining
local magnetic characteristics of the surface.

Additional possibilities for obtaining information about
the electron energy spectrum come to us from studying the
oscillations of the density of states (Friedel oscillations'*) in
the vicinity of the point defects on the surface.'® In particu-
lar, the STM analysis of the image around the defect allows
us to recreate the Fermi-contour of two-dimensional surface
states.'®'® If the defect has a magnetic moment, in addition
to Friedel oscillations, magnetization oscillations are gener-
ated by the electron spin polarization (RKKY spin polariza-
tion)19 around the defect. In Ref. 20, SP-STM was used to
reveal how the magnetic state of nano Co islands on the sur-
face of Cu (111), affects the oscillations observed in the
STM conductance, which were occurring on the islands
themselves and around them.

A significant number of experimental and theoretic stud-
ies (see Refs. 21-30 and references therein) are dedicated to
studying quantum interference effects in 2D electron scatter-
ing by a point defect with SOI. However, there is still
undoubted interest in obtaining analytical formulas for SP-
STM conductance, which would allow us to analyze its de-
pendence on STM distance between the contact and the
defect, the magnitude and direction of the magnetic moment
of the defect, the SOI constants and the energy spectrum pa-
rameters of the charge carriers, in explicit form. Although
similar results can be obtained only within the framework of

Published by AIP Publishing.


http://crossmark.crossref.org/dialog/?doi=10.1063/1.4948444&domain=pdf&date_stamp=2016-04-01

Low Temp. Phys. 42 (4), April 2016

considerably simplified models, they often turn out to be cru-
cial in the physical interpretation of the data obtained in the
experiment.

In this study we examined the problem of conductance
G of the tunnel point-contact in the case of electron tunnel-
ing between the bulk states and those states localized around
the interface (surface) with Rashba SOL*! The manifestation
of quantum interference effects in the contact conductance,
caused by the scattering of electrons by the magnetic point
defect, is examined.

The model of an inhomogeneous d-barrier’> is general-
ized by us for a case of a magnetic dielectric layer between
conductors. An analytical expression for the contact conduct-
ance is obtained in an approximation with low tunneling bar-
rier transparency and in the Born approximation for electron
scattering by a defect. The connection between the conduct-
ance and the local density of states and local magnetization
around the defect, is established. The value of G is analyzed
as a function of the parameters that characterize 2DEG and
the defect. The possibilities of obtaining information about
SOI in 2DEG in experiments using SP-STM, is discussed.

1. Model of an inhomogeneous magnetic tunneling junction

One of the models used to describe STM experiments is
the model of an inhomogeneous J-barrier that describes the
tunneling current through a small area of the interface that
divides two conductors. This model was first considered in
Ref. 32, in which it was shown that in the limit approaching
infinity of the amplitude Uy — oo of the barrier with an arbi-
trary shape between two conducting half-spaces, the tunnel-
ing resistance can be found as asymptotically exact.

In a number of studies (see overview in Ref. 33) the
model of the o-barrier is used to describe the influence of
single point defects under the conductor surface, on the con-
ductance of the tunnel point-contact, measured using STM.
In particular, the problem of tunneling between ferromag-
netic and nonmagnetic metals in the presence of a magnetic
cluster close to the contact, was considered.®* As a result,
the applicability of this model to the description of electron
tunneling from (three-dimensional) bulk states to quasi-
two-dimensional surface states, for sufficiently small areas
of a transparent barrier, has been proved.*-¢

The model used when solving this problem is shown in
Fig. 1. Two conductive half-spaces are divided by a mag-
netic dielectric barrier that is impenetrable to electrons. The
barrier has a small area (with a typical radius @) with ulti-
mate transparency (contact). In the half-space z < 0 there
exist electron states with spin-orbit interaction, which are
localized close to the boundary. At a distance of ry from the
center of the tunneling region r = 0, which is zo from the
interface, there is a short-range magnetic defect that has a
spin of § > 1, and is less than the attenuation depth of the
“surface” states [,y > a. The former condition ensures
the absence of a full screening of the magnetic moment of
the defect by electrons (Kondo effect), even at T = 0.3 we
think that the only reason the electron scatter occurs is due
to their elastic interaction with the defect. We assume the
temperature is about equal to zero. A sufficiently small volt-
age V is applied to the system. We will calculate the current
using an approximation that is linear with respect to V, to be
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FIG. 1. A model depicting an inhomogeneous magnetic tunneling barrier.
The arrows represent the direction of the barrier magnetization vector M,
and the magnetic moment of the defect, J.

specific when the tunneling occurs from the “surface” states
to the bulk states.

The magnetic d-barrier between metals will be described
using the potential

U(r) = (6, — Mo6)Uof (p)o(2), Q)]

wherein M, is the dimensionless (normalized to the ampli-
tude of the barrier Uj,) vector of tunnel barrier magnetiza-
tion, My < 1,6 = (6, 6y, 6,) is the Pauli vector, &, is the
unit 2 x 2 matrix. The function f{(p) of the two-dimensional
vector p = (x,y) in the plane of the barrier boundary z = 0

fulfills the condition

ﬂMZ{NL

— 00,

p= a,

p > a, )

in which a is the typical size of the tunneling region (of the
contact). Hereinafter we will assume that the radius « is suf-
ficiently small, and that the following inequality is fulfilled*”

P kpa®

2
m’ Uolsurf

< 1, 3

wherein kr = %\/2}’”*817 is the Fermi wave vector, & is the

Fermi energy, m* is the effective electron mass. Inequality
(3) ensures that the perturbation theory is applicable in solv-
ing this problem. - )

For z > 0 the wave functions W' "(p, z) satisfy the
Schrodinger equation for free electrons with an effective
mass m* and energy &

p>
2m*

li,(Jr)

(0. 2) =¥ (p. 2). 4)

wherein p = iV is the momentum operator.
In the half-space z < 0, the Schrodinger equation looks
like
PR ()
2m* 6’0 + HSO + D(p7 Z) + 6-0Vsurf(z) \P

=¥ (p, 2). )

(9. )

In Equation (5), H,, is the SOI Hamiltonian. The D(p,z)
term describes the interaction of the electrons with the mag-
netic defect, that is simulated by the point potential
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D(p,z) = (36, + J&)3(p — py)d(z — z0), (6)

wherein g is the constant of the potential electron interaction
with the defect, J is the effective magnetic moment of the
alloy, with a spin § > 1, J = J (S), wherein J., is the con-
stant of exchange interaction of the electron and the defect,
(S) is the intrinsic magnetic moment of the defect, based on a
partial screening of the conduction electrons. We assume that
the direction of the J vector is fixed, and do not consider the
processes of revolution and precession of the defect spin. The
potential V,(z) leads to the appearance of a related (surface)
state in the z<0 region, near the interface. Hereinafter the spe-
cific form of the potential Vg ,«(z) in Equation (5) is not
significant. . (%)

The wave functions W' '(p,z) are related to the
O-barrier via the standard terms of continuity and discontinu-
ity of the normal derivative

¥ (p,+0) = ¥ (p, —0), ™)
R PP o o D
aZ‘I’ (p,z=+0) az‘l’ (p,z =—0)
2mx . . < (%)
— % Un(G0 — MoG)f ()~ (p, 0). ®)

2. The calculation of tunneling current

Further analytical calculations demand additional
assumptions. Following the procedure proposed in Ref. 32,

the wave functions ‘i’(i)(p,z) in the half spaces z > 0 and
z < 0 will be sought in the form of an expansion in powers
of 1/U,. Since it is enough to know the wave function of the

&)
electrons passing through the barrier ¥, (p,z) to calculate
the tunneling current, we will write the expansion of the

function ¥ (p, 2) as follows:

(0.2) =¥ (p.2) = ¥ (p. ), ©)

() () )
k4 (p,Z) :lPO (p,Z) +lP1 (p,Z), (10)
wherein ‘i’(li) ~ 1/Uy. For U — oo from the boundary con-

dition of (7) we have

¥ 0,00 =0, ¥ (0, + ¥ pz). (D
In the zeroth-order approximation with respect to 1/U, the

boundary condition for ‘i’fj ) (p, z) obtains the shape

2m* . . « (4)
hz U()(O-O - MOG)f(p)\Pl (pa O)a

s=1,2. (12)

O »~ (-
_a\P((] >(paZ: _O) =

Therefore the problem of finding ‘i’fj >(p, z) reduces to
solving two simpler equations: solving the Schrodinger

equation (5) with a zero boundary condition ‘i’é_)(p, 0) =0,
and solving the Schrodinger equation for free electrons (4)

for the function ‘i’gﬂ(p, z) with the given condition (12) at

the interface ‘i’EH (p,0). As a result of calculations that are
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similar to those conducted in Refs. 35 and 38, and account-
ing for My < 1, we get

N +)(p 2) = _flz(O'() + Myo)
o 2(27r)2m x Uy
x | aw J —
J ) fp) oz

eiK’(p—p/>+iZ\/ kz—K/z' (13)

X [‘P((;) (p', z)} o

Equation (5) with the boundary condition (11) is solved
according to the scattering potential perturbation theory
D(p,z), which we believe to be sufficiently small, and will
therefore limit ourselves to the linear (Born) approximation
with respect to D (p, z)

\i,(*) _ \i,(*) li,(*)
o (p,2) =Yg (p2) + ¥ (p,2). (14)

For D(p,z) = 0, the variables in Equation (5) can be
separated and its solution can be represented as a product
(=) 4 (00)
WYoo' (p,2) =
in which ‘i’(oo)(p) is the wave function of the two-
dimensional electron gas with SOI. The wave function that
describes the motion of the electron along the normal to the
interface y (z, ¢ ), is the solution to equation

(P)xo(2), z<0, (15)

n* 3% y(z)

< (16)
2m* 0z 20,

+ (61 = Vaurr (2))2(2) = 0,

normalized, and satisfies the boundary conditions
2(0) =0, x(z—00) =0, a7

and the spectrum of eigenvalues of Equation (16) is discrete.
We assume that in the energy region that is of interest to us,
which is less than the Fermi energy &, there is only one dis-
crete level ¢, = g. If Vu¢(z) is a monotonically increasing
analytic function, then we can always select the solution y
(z) = y (z, &o) as being real.®

The eigenvalues of the energy E,, that correspond to
the wave functions (15) are equal to

E15(k) = e12(k) + &, (18)

wherein ¢; , (k) are two branches of the energy spectrum for
a two-dimensional electron gas with SOL'

The addition of D (p, z) to the wave function ‘i’g)(p, z)
(15), that is proportional to the potential of the interaction

with the defect ‘i’(()g) (p, z), can be written as

*

o (= 2m* AR . e (—
Wi (p:2) = =5 Gy (rm0:.) (800 + 6) iy (oo, 20). (19)
wherein Gf(r, r’; ¢) is the half-retarded Green’s function z < 0

~R ~R
G, (r, r'; €)= XO(Z)XO(Z/)GO (P p'; €), (20)

and ég(p, p’; €) is the Green’s function of a two-dimensional
electron gas with SOI.
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After the obvious transformations, the wave function
¥, "(p,z) (14) can be written in a form that is similar to
Equation (15)

W (p,2) = (0)20(2), @1
where

~(00) 2m*

b0k p0) = U (9 ) +

5 [%0(20)) (¢ + J6)
G o(PsPo; € )x/} (PorK) s=1,2, (22)

and p 7# po.
Knowing the wave function of the electrons that passed

through the barrier ‘I’ (p,z) (13), we can calculate the cur-
rent through the barrler At zero temperature and |eV| < &g,
the expression for the tunneling current looks like

B eVh
(2n)*m*
o0 o0 . a
xImy J dp JdK ([‘P.E,Tr)(p, 0) o[ .)] ,+0>
s=12 % % -
x 8(er — Ey), 23)

in which k is the tangential component of the wave vector,
and E;, is the energy of the two branches of the energy
spectrum (18).

Substituting the expression for the wave function
‘i‘[j )(p, z) (13) and its derivative into the formula for the
tunneling current (23), taking into account the form of the
wave function of the “surface” states (21), after integrating
with respect to k¥’ we get

o eVnk: (5 (0)
(2n)*m* \2m*Uy

[o¢] [o.¢] ;. ,
J dp J dp’ jikelp —p'|
s=1,2

ERACQRRACONN e
XJd@@F—%—fQWJ%KﬂY%+“%®¢Jﬂm%

(24)

where j;(x) is the spherical Bessel function. Accordingly, the
tunneling conductance in the linear voltage approximation is
equalto G =1/V.

For small contacts, kra < 1, Equation (24) is simplified
significantly

G == Ter(er)psn (or) P20 (Po) + (MoMi(p0))].  25)

wherein T.s(er) < 1 is the effective coefficient of electron
tunneling through the barrier

neph (naz)z

/ 2
“aamagz %) (26)

Terr(er) =

p({})) is the bulk density of states in the halfspace z > 0
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(0) - m*kp
Pip = gy 27

02p(po) and M(py) is the local density of states and the local
density of magnetization at py

P2p(Po) ) J dxo(er — &9 — 8s)|lps(07 K; Po)|2»
s=1,2
oo
2 J dxd(ep — & — &) (28)
s=1,2 e
X, (0, po )61, (0, 5 o). (29)

A similar result was earlier obtained in the Tersoff'® and
Hamann’ model for a contact between magnetic conduc-
tors. For contacts with a diameter xpa > 1, where kg
= %1 2m*(er — &), a more general expression (24) should
be used, that accounts for blurred STM images due to the
quantum interference of electron waves in the spatially in-
homogeneous barrier in the contact region.*

Thus, if the area through which the tunneling occurs is
small, kra < 1, then the analysis of spatial oscillations of
STM conductance is reduced to analyzing the local density
of states and local magnetization as a function of the dis-
tance from the defect py. In the following sections we will
limit ourselves to discussing only LDS and LMD.

3. Wave function and Green’s function of surface states
with SOI

The Bychkov-Rashba SOI Hamiltonian H go in Equation
(5) looks like

. o
Hgso ==

i (a-xﬁy - &yﬁx)7 (30)

in which o is the SOI constant.
The wave functions of the ideal two-dimensional elec-

~ (00
tron gas with Rashba SOI wi ) (p) can be written as'

l/A/1,2 p) = znl\/iemp@m(e); P1,(0) = ( ?m), 31

*ie

wherein 0 is the angle between the direction of the k vector
and the x axis, i.e., the phase of the spin part of the wave func-
tion (,,(0) depends on the direction of the electron wave
vector in the xy plane. The eigenvalues of the energy & »(x),
corresponding to the wave functions (31), are equal to

2.2
&1 = 5— Fohk > 0. 32)
2m

In the following calculations we will assume that the
SOI constant is limited by the condition o < hirc(2m*).

The Fermi “surface” due to SOI is split into two con-
tours (Fig. 2)

8172(16) =& —e > 0. (33)

This results in the removal of spin degeneracy without the
occurrence of a gap in the spectrum. The orientation of the
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spin in each contour of the Fermi surface (33) is determined
by the average

Sip = @I,Z(H)qul’z(e) = F(sin 6, —cos 6,0). (34)

The vectors s;, (34) are perpendicular to the wave vector:
S12 L k¥ = «(cos 0, sin 0,0).

We will note a particularity of the energy spectrum (33)
that will be useful in discussing the process of scattering by
a defect. When the direction of the wave vector reverses,
there are two possible states with the same energy. One of

o *

~R
Gy(p,pie) =— x
o(PP 8) 4’%7[2

Khotkevych, Vovk, and Kolesnichenko

them belongs to the same Fermi contour and has a spin that
is opposite to the spin of the initial state (for example, states
a < d and b < c in Fig. 2). The second belongs to another
Fermi contour (i.e., it corresponds to another absolute value
of the wave vector) and has a spin that is parallel to the spin
of the initial state (for example, states a <+ ¢ and b < d on
Fig. 2).

We will now write the retarded Greelgl’s function for a
two-dimensional electron gas with SOI Go (p,p’;€),*" which
will be necessary in order to account for the scattering by a
defect in the wave function (22)

~ (v _ ) _ ~ _
{@wwwwwo+m%%mmwnmm%“-” oy =)

p— 9]

(o~ 1)~ s 1) | @

where

- 2m*e mro\ 2
K= P + 2 ) (36)
m*o

. (37)

Ki2 = K+ h2

The Green’s function (35) contains a divergence at p — py,

AR K 2i Ki|p — P
G (P Po; &) ~ {K_; [1+E(V+ln¥)]

2i —
+?b+’0+mmm'wﬂ}.@m
K n 2
ej(K)=ep —g K{ (k) =€p — &
4
K
a b c' d s
Ky

FIG. 2. Two Fermi contours of 2DEG with Rashba SOI. The arrows indicate
the direction of the spin.
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This divergence leads to a divergence of the wave function
(22), which is the result of a “non-physical” selection of the
coordinate dependence of the scattering potential (6) in the
form of the J-function. 7y is the Euler constant. The asymp-
totic behavior in (38) allows us to assess the range of applic-
ability of Equation (22), which according to the order of
magnitude is determined by the inequality kz| p — po| > 1.

By knowing the wave function (31) and the Green’s
function (35) of an ideal 2DEG with SOI, we can find the
wave function (22) in a linear approximation of the scatter-
ing potential at the defect (6), which we can use to calculate
the LDS (28) and LMD (29).

4. Local density of states

Substituting the wave functions (22) into Equation (28),
we find the local density of states. As a result of relatively
simple, however rather cumbersome calculations, we get

m* m*é
Pan(Po) = —5\ L+ ozl (kifo(kipo) + Kalo(12p0))

X (k1Yo (k1p0) + 12Y0(K2p0))
+ (K1J1(Klpo) + Kzfl(szo))

X (K]Y] (K]po) + K2Y1(K2p0))]}, K12P0 Z 1.
(39)

In Expression (39) and below, the values of x5 (¢) and i (&)
are taken at an energy of ¢ = ¢z — ¢p. Note that Expression
(39) does not contain a magnetic input into the LDS, as is
the case with the absence of SOI.'® The result we obtained is
in agreement with the conclusions in Ref. 22, and does not
confirm the result of Ref. 26, in which the approximation
that is linear with respect to SOI constants and exchange
interaction of the electrons and the magnetic defect is given
a nonzero correction with respect to LDS, proportional to J.

Formula (39) is reduced to the following at large distan-
ces from the defect
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* *

m m*g
Pap(Po) = prel L MTszO\/K”Q cos((x1+K2)py) |+
K1,2P¢ > 1,

(40)
where

zm*(&‘p — 80)
h2
K1 (SF — 80)K2(8F — 80) = 2I~C(SF — 80)

2 Zm*<81:—80) m*o 2
e )

(41)

K](SF — 80)K2(8F — 80)

)

Thus, the period of LDS oscillations depends on the sum
of the wave vectors K » (6p — &) of two Fermi contours (33)

|

2
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Apy = /K (er — &). (42)

Such a conclusion, however, can be made even from the
consideration that during the potential scattering in the oppo-
site direction, the electron spin conservation requirement is
allowed only by the state belonging to another Fermi
contour.**

5. Local magnetization density

In cases when the magnetic moment of the defect lies in
the plane of the 2DEG with Rashba SOI, the expression for
LMD near a magnetic point defect was obtained and ana-
lyzed in Ref. 29. Below we examine a more general case,
when the magnetic moment of the defect is directed under
an arbitrary angle toward the surface plane. The components
of the LMD vector, obtained by calculating Formula (29),
look like

{Po(KIJO(Klpo) + 12Jo(Kk2p0)) X (Jxpo(K1¥0(K1p0) + 12Y0(K2p0))

X [szoxo(KlYO(Klpo) — 12¥o(120)) = (1 (x5 = ¥5) + 2Jyx0y0) (k1Y1 (1 pg) — K2Y (sz@)} } (43)

{Po (c1d0(k1p0) + K2Jo(12p0) ) X (Jypo(K1Y0(K1p0) + K2Yo(K2p0)) + J-yo(r1Y1 (k1 po) —12Y 1 (K20) )

m
M =
+(Po) 4R p?
X (JZX()(K]Yl(Klpo) — KQY] (sz())))—l—(l(]f](lc]po) — K2J1(K2p0>)
m2
WolPo) =~

+ (k11(k1po) — k21 (12P0)) X U=poyo (1Yo (K1p0) + K2Yo(K2p0))

+(7, (x5 = ¥5) + 2/:x0y0) ()1 Y1 (1 o) — 12Y 1 (120 )] } (44)
2
My(p) = = iz { Ut ) x (01 (1p0) = ol (apo)) (a Tl ) + KFoloapy)

+(r1Jo(k1po) + K2J0(K2p0)) (K1 Y1 (K1 pg) — K2Y1(K2p0))]
+ Jzpo[(k1J1(k1pg) — (k21 (K2p0)) (k1Y 1 (K1p0) — K1 Y1 (K1py))
)

~(do(k1p0) + Kala(k2po)) (k1 Yo(k1p0) + K2Yo(r2py) - (45)

As follows from Formulas (43)—(45), in the absence of
SOI M (pg)~J;, which corresponds to a well-known result.!”
We can confirm that

Mz(p078F) :pT(pOagF) _pl(p078F)v (46)

where pq(}) (Po, er) is the LDS for electrons with a spin “up”
(“down”).

Figures 3 and 4 are composed using Formulas (43)—(45),
and illustrate the distribution of local magnetization in the
defect region. The charts exclude the region kgpy < 1 near
the point p, = 0, at which our theory is applicable. For com-
parison, on Fig. 5 we see the LMD in the absence of SOL
Based on Figs. 2-5 we can make the following conclusions:
1. A strong SOI interaction has a significant influence on the
LMD distribution M(py) near the magnetic defect. 2. The

RIGHTSE LI MN iy

presence of a plane perpendicular to the interface (close to
which the surface states are localized), a J, component of the
defect magnetic moment vector J, affects the distribution of
the LMD component M;|(po), which is parallel to the inter-
face, in the presence of SOI (see Figs. 3(a) and 3(b)). In turn,
the momentum component J|| that is parallel to the interface,
influences the distribution of M, (py) (see Figs. 4(b) and
5(b)). In the absence SOI, there is no influence of the J vec-
tor components on the perpendicular components of the
LMD vector (see Fig. 5). 3. Even in the case when the J vec-
tor is in the xy plane, the LMD component perpendicular to
this plane M.(py) is nonzero (see Fig. 4(a)).

Using well-known asymptotes for the Bessel function*?
at ky,p9 > 1, we will find the asymptotic expressions
for the components of the local density of magnetization
vector
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2
m
M. (po) = =755 X [XOJII(O)(Kl cos(2K1pg) + K2 cos(2K20)) +2y0\/m§Jn(f> cos((x1 + K2)po)
2m2 1K P I
+J.xo (1 sin(2k1 pg) — K2 8in(2x2p0))], 47)
’ 0
M =———X n "’ (k cos(2k K2 cos(2k
(Po) 2R [voJmy " (11 cos(2k1pg) + 12 c0s(2K2p)) 48)
+2x0+/K1 K2Jn<f) cos((k1 + K2)pg) +J-yo (k1 sin(2k1 pg) — K2 sin(2x2p0))],
m? .
M. (py) = m X [Jnl(lo)(lq sin(2ic1pg) + K2 c08(2K200)) +J(ic1 cos(2Kk1py) — K2 COS(2K2pO)):|. (49)

We introduce the following notations for two mutually
perpendicular vectors, one of which is directed along the
direction of the p, nH(O) = po/po vector, and the second n(f)
perpendicular to it

n‘(‘o) _ nH(QO) = (cos 0o, sin 0, 0),

n<f> =n_(0p) = (sinfp, —cos 0p,0), mmny =0. (50)
In the case when the magnetic moment of the defect is per-
pendicular to the plane of the interface, J = J,, Formulas
(47)—(49) describe the skyrmionic-like spin texture of the
electron magnetization around the defect, first investigated
theoretically in Ref. 29.

6. Discussion of results

As shown in Ref. 35, the amplitude and period of the
oscillations of the density of states and the STM of the con-
ductance at a distance of po from the defect, are determined
by electron interference, the wave vectors of which before
and after defect scattering are collinear to the py vector. In
order to explain the obtained results (47)-(49), we will
examine the matrix elements of the magnetic interaction of
the electron with the defect, which determine the probability
of backscattering. An electron, approaching a defect at an
angle 0 with respect to the x axis, with the wave vector k,

KpXo

corresponds to an electron moving in the opposite direction
with the wave vector —k, with an angle 6 + 7 with respect to
the x axis. The matrix elements @I,z(O)J"(APLz(O + 7) of the
transition between states belonging to the same Fermi sur-
face contour, are equal wo®

@T,Z(Q)Jc¢172(9 + ) =J.¥i(J,cos 0 + Jysin 0)
:JZIiJn”(H), (51)

whereas the matrix elements ¢T2(0)J6¢172(9+ n) of the
transition between states belonging to different Fermi sur-
face contours, look like

#1 (07045, (04 1) = *(Jycos 0 — J,sin0) = FJn_(0).
(52)

Equations (51) and (52) reflect the fact that the probability of
backscattering depends on the projection of the electron spin
direction s;, (k)| ny (0) (34) in the direction of the mag-
netic moment of the defect J.

Expressions (51) and (52) explain the dependence of the
vector components M(poy) on the direction of the magnetic
moment of the defect J.

The terms proportional to the projection of the magnetic
moment of the impurity on the direction of the spin Jn,
describe the input of the no spin-flip scattering process into

"

KXo

FIG. 3. The distribution of the magnetization density Mf + Mg in the xy plane. J = J(1,0,0) (a); J = J(1/,2, 0,1/,2) (b), arrows show the directions of the vec-

tor My (M., M,); m*aficph’ = 0.3.

RIGHTS LI N K



Low Temp. Phys. 42 (4), April 2016

(a)
4
5 EOA
B Eg 0.2
& 07 E o
—21 E§ 0.2
E—OA

KXo

FIG. 4. Spatial distribution of the M. component in units m=2JjAnh?, m*a/lcph4 =0.3:J=J(1,0,0) (a); J =J(1/,2,0,1/,2) (b).

the M(py) vector, which is accompanied by transitions
between energy spectrum branches. The corresponding term
in LMD oscillations as a function of the distance p,, depends
on the sum of Fermi wave vectors for two energy bands
(42), as is the case for LDS oscillations (40).

The terms proportional to vector components Jn and J.
of the defect magnetic moment J, which are perpendicular to
S1 2, take into account the spin-flip scattering. The periods of
these harmonics in the LDS depend on the radii of each of
the Fermi surface contours, separately

Ap = /i1 (er). (53)

In accordance with this substantially isotropic distribu-
tion of local magnetization M(p,), the most convenient oscil-
lation analysis is in the py direction, which is parallel to the
projection J)| of the J vector on the xy plane. With this type
of geometry, Jn;, =0 and Jn| =J) = %+ Jzy)l/z, and the
amplitude of the oscillations with periods (53) is maximized.
Knowing the periods Ap(()l’z) of the spatial oscillations of the
M(p,) vector components, caused by spin-flip scattering, we
can define the SOI constant

1 I 2m'a
Ao AplD ol

(54

KXo
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Note that the eigenstates and the wave functions are also
known for the Dresselhaus Hamiltonian of SOI** (see Ref. 1,
for example)

Hsop == (6.5, — 64D, (55)

A
wherein /5 is the SOI constant. They allow us to obtain ana-
lytic expressions for Green’s function for 2DEG on an
unbounded plane, similar to Expression (35), and calculate
the spatial distribution for LDS and LMD around the mag-
netic defect. Despite the fact that the Hamiltonian in (55) has
a different symmetry in comparison to the Bychkov-Rashba
Hamiltonian (30), the final results differ from the ones
obtained above in Section 5, due to the substitutions in
Formulas (43)—(45) xo — Yo, Yo — Xo, & — f3, and also due to
the substitution

m = m

n(f) — n(f) = (cos 0y, —sinby, 0), nl(lo)n(f> =0, (56)

= (sin 0, cos 0y, 0),

in Formulas (47)—(49).
All conclusions presented in this section, relative to the
LDS and LMD distributions, remain valid for the Dresselhaus

e
o

S

=

2

_____URRNENNEERRR

FIG. 5. The distribution of the magnetization density Mf. + M)z, in the xy plane (a) and M. components perpendicular to the interface (b) in units m**//4nA* in
the absence of SOI, o = 0; J = J(1/,2, 0,1/,2); arrows show the directions of the MH = (M., M,) vector.
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(=)

ELELLL L

KXo

FIG. 6. The distribution of magnetization density M?> + Mf, in the xy plane (a) and M, components perpendicular to the interface (b) in units n*%//4nfi* with
Dresselhaus SOI (55) m*ﬁ/Kphz = 0.3; J =J(1/,2, 0,1/,2); the arrows indicate the direction of the M), = (M,, M,) vector.

SOI, even though the concrete distribution of the absolute
value and direction of the LMD vector changes significantly,
as illustrated by Fig. 6 (compare Figs. 3(b) and 4(b), and Figs.
6(a) and 6(b)).

Conclusion

In this study we have generalized the model of an inho-
mogeneous J-barrier’> for a case of a potential barrier con-
sisting of magnetic dielectrics (1). We examined tunneling
between quasi-two-dimensional (surface) states and bulk
states. For a large amplitude of the barrier, an expression for
the tunneling current through the contact (24), that can be
used to describe SP-STM experiments, is obtained. It is
shown that in the case when the typical size of the tunneling
field is significantly smaller than the de Broglie electron
wavelength 1 = 1/, the conductance of the contact is
proportional to the scalar product of a specific magnetization
barrier and the local magnetization of 2DEG (25). The result
in (25) is similar to the results from Ref. 13, in which the
conductance of the SP-STM conductance is calculated when
tunneling occurs between two ferromagnetic conductors,
within the framework of the Tersoff and Hamann model.’
We examine a case when the inhomogeneous magnetization
in 2DEG with SOI is associated with the presence of a single
magnetic defect. Within the framework of the Born approxi-
mation, we found the dependence of the local density of
states and local magnetization of 2DEG, on the distance
between the contact and the defect (39), (43)—(49). At large
distances kgpy > 1 we obtained asymptotic expressions for
02p (po) and M(py) (40), (47)—(49). It is shown that the study
of SP-STM images showing spatial oscillations of the con-
ductance allows us to determine the SOI constant (54).

In conclusion, one of the authors (Yu. K.) wishes to
thank A. A. Zvyagin, G. P. Mikitik, and A. N. Omelyanchyk
for the useful discussions.
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