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Measurements performed on quantum systems are too specific. Unlike their classical counterparts, quantum
measurements can be invasive and destroy the state of interest. Besides, quantumness limits the accuracy of
measurements performed on quantum systems. Uncertainty relations define the universal accuracy limit of
the quantum measurements. Relatively recently, it was discovered that quantum correlations and quantum
memory might reduce the uncertainty of quantum measurements. In this paper, we study two different types
of measurements performed on the topological system. Namely, we discuss measurements performed on the
spin operators and measurements performed on the canonical pair of operators: momentum and coordinate.
We quantify the spin operator’s measurements through the entropic measures of uncertainty and exploit the
concept of quantum memory. In contrast, for the momentum and coordinate operators, we exploit the improved
uncertainty relations. We discover that quantum memory reduces the uncertainties of spin measurements. On
the other hand, we prove that the uncertainties in the measurements of the coordinate and momentum operators
depend on the value of the momentum and are substantially enhanced at small distances between itinerant and
localized electrons (the large-momentum limit). We note that the topological nature of the system leads to
the spin-momentum locking. The momentum of the electron depends on the spin, and vice versa. Therefore
we suggest an indirect measurement scheme for the momentum and coordinate operators through the spin
operator. Due to the factor of quantum memory, such indirect measurements in topological insulators have

smaller uncertainties than direct measurements.

DOI: 10.1103/PhysRevB.108.134411

I. INTRODUCTION

Heisenberg’s uncertainty principle limits the precision of
measurements performed on momentum p and coordinate X of
a quantum particle; that is, pinpoint measurement of one of the
variables enhances uncertainty about the second variable, and
vice versa: AxAp > i, where 7 is Planck’s constant [1]. Note
that from the point of view of classical mechanics, the mo-
mentum and coordinate are a pair of canonical variables. From
the point of view of quantum mechanics, momentum and
coordinate operators violate commutativity [p, X] # 0, i.e.,
the property of two operators considered together. Commuta-
tivity applies also to a broader class of Hermitian operators
which are not canonically conjugate. The generalization of
Heisenberg’s uncertainty principle by Robertson applies to
two arbitrary operators A and B and has the form [2]

AA-AB > 5| (WA, BlIY) |, 6]

where AO = /(0?) — (0)2. While Eq. (1) is more general
than Heisenberg’s relation, it still depends on the choice of
the state over which averaging is performed. Consequently,
when the state |/) is the eigenfunction of one of the operators
A or B, Eq. (1) takes a trivial form. Maccone and Pati tried
to avoid this problem and quantified uncertainty through two
orthogonal states as follows [3]:

AA* + AB* Z i (YI[A, BI 1Y) + [ (WA +iBly) P, ()
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Here, |y1) is the state orthogonal to |y). The early at-
tempts at studying quantum uncertainty relations concerned
a proper choice of quantum states. However, remarkable re-
cent progress was achieved through reforming the uncertainty
paradigm to the entropic measures and entropic uncertainty
relations. We admit a celebrated work [4]. The core concepts
of entropic uncertainty relations are viable for quantum guess-
ing games and quantum memory [5-14].

In what follows, we study a guessing game between two
parties Alice (A) and Bob (B). We implement tools of quantum
metrology to the experimentally feasible condensed matter
system: a quantum dot placed on the surface of a topological
insulator (TT). The model of interest is described in the next
section in detail. Here we specify the rules of the quantum
game that has to be played. In the quantum game, Bob rep-
resents a quantum dot (QD) placed on the surface of a TI.
Bob selects a single electron A from the surface of the TI
and scatters electron A on the electron B localized in the QD.
Bob shares the scattered electron A with Alice and lets her
perform two consecutive measurements on A. Alice performs
two measurements on the spin A. In the first measurement,
Alice measures the Z component of the spin, and in the second
measurement she measures the X component. Alice denotes
a set of measurements performed on A by R = {Z, X} and
stores measurement results in L. The aim of Bob is to guess
the results of the measurements R = {Z, X }. Bob’s uncertainty
about the measurements’ result can be reduced by quantum

©2023 American Physical Society
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memory. We note that these types of measurements are quite
important for spintronics [15,16]. In this paper, we analyze
two types of measurements performed on the system: mea-
surements performed on the momentum and coordinate of the
itinerant electron and spin projections of the itinerant electron.
To explore uncertainties of the measurements performed on
the momentum and coordinate, we follow Maccone and Pati
[3]. When quantifying uncertainties of the spin measurements,
we exploit the quantum memory. In the first case, we show that
uncertainty increases with the momentum £ (i.e., at the shorter
distances between localized and itinerant electrons). On the
other hand, the spin measurements’ uncertainty is reduced
by the quantum memory and is independent of k. The paper
is organized as follows: In Sec. II, we describe the model.
In Sec. III, we describe uncertainties of the momentum and
coordinate measurements. In Sec. IV, we analyze entropic
measures of spin measurements and quantum memory. In
Sec. V we conclude the work.

II. MODEL

The system in which we are interested consists of a two-
dimensional (2D) surface itinerant electron in a topological
insulator A}, a localized electron in a quantum dot placed on
the surface of the topological insulator Hp, and the exchange
interaction V between itinerant and localized electrons:

ﬁtot = ['?I + ﬂD + V (3)

The Hamiltonian of the surface electron explicitly reads
as follows [17]: H; = —iv6,4 -V, where 64 = (64, 6y,0)
and 6,, 6, are Pauli matrices and v is the velocity of the
surface electron. The eigenstates and eigenenergies of the
surface electrons can be found easily: Y7 ,(r) = %( iki /k),
E = tvk, where ky =k, + ik, k= ka +kf,, and r =
(x, y). The Hamiltonian of the electron localized in the quan-
tum dot (QD) has the form

Hp = —B6% — h—2§2 + lma)zr2 @)

B om 200

where wy is the frequency of electron oscillation in the QD.
Through the external magnetic field applied locally to the
quantum dot (e.g., through spin-polarized scanning tunneling
microscopy (SP-STM) [18,19]), we can freeze (strong field)
or relax the spin of the localized electron 65 depending on the
value of Zeeman splitting B = 7y, B (e.g., the direction of the

J

spin is not rigorously fixed, and it is possible to perform gate
operations on the spin). The lowest eigenstate of the localized
electron has the form

1 x> +y?
Yp(r) = G exp (—2—113)

Iy =15/, 1+ B2} /4R 3)

Here, [y = (h/mwo)l/ 2 is the confinement length [20]. The
last term in Eq. (3) describes the interaction between lo-
calized and surface electrons V = J 64 - 65 8(r; —rp). The
origin of the exchange interaction and exchange constant J
is described in Ref. [21]. In what follows, E = (E) = (vk),
and we set the dimensionless parameters through Hee —
Hy/J. Following the recent work [22], we consider the
spin-dependent formulation of the scattering problem and
exploit the Lippmann-Schwinger integral equation. When
studying the scattering of the itinerant electron on the mag-
netic impurity, the impurity magnetic moment, in many
cases, is assumed to be fixed. In contrast to that, we
consider a case where both spins (itinerant electron and
quantum dot) can flip. Therefore the postscattering wave
function in our case should contain both projections of both
spins. Considering conservation of the total spin, we ap-
ply the Lippmann-Schwinger approach formulated for the
spin-dependent scattering problem [23]. The initial wave
function is a product state V7 ,(ra) = ¥ (ra)(@|0)a + Bl1)a)
and ¥p ,(rg) = ¥(rp)|0)p, and for brevity, in what follows
rs =r; and rg =r,. Two states of the localized elec-
tron Yip,o(r) = Yp(r)[0) (spin up, [0) = [1)) and ¥, (r) =
Yp(r)|1) (spin down, |1) = |])) with the respective energies
go and &1 = gy + 2B (hereinafter, we set &g = 0) contribute to
the postscattering state. The postscattering wave function of
the two-electron system reads as follows [22]: Wy, (T, T2) =
@”;Jro) (r))¥po(r) + 1#;?(1‘1)@00,1(1‘2) In particular, we con-
sider the following initial state of the itinerant electron:
Yr.o(ra) = ¥(ra)0)4. Then the spinor ;') (r) quantifies
the contribution to the scattering process without flipping
the spin, while the spinor W}J”l)(r) quantifies the contribution

of the spin-flipping process. Both spinors w;ro)(r) = (ﬁgg;)

and Wﬁ)(r) = (ﬁigg) are found from the coupled integral
equations

go(r)) _ €M (1 20 A N D! 2 A e o (01
<X0(r)> = E(k.t,_/k) +/d r G(JF)(I',I' ,E)V()Q(l’)(xo(r,)> +/d r G(+)(I‘,I' ,E)Vm(l’)()(l(r,)),

<¢‘(r)> = / d*r' G (r,x';E — 2B)\710(r/)<;l:ggi;

x1(r)

where E = vk is the energy of the itinerant electron,
the Green’s function is given by G (r,r;E) = —zfvz
[Ko(—iE|r — 1| /v)] + K (—iE|r — r'|/v)6*], and Ky are
the modified Bessel functions (the Macdonald functions). We
skip cumbersome details [22] of the solution of Eq. (6) and

x (@)

) + f &’y G, v E — 2B)V11(r/)<¢l(r/)>, (6)

(

present the final result:

1) = C110)410)p +C210)4 [1)p +C3 [1)4[0)p +Ca [1)4 [1)p .
)
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Here, we introduced the following notations:

Yp(p')
27 \/EC()

+ Ao, o)),
~ Yo"
272G,

Yp(p')
273/2Cy

+ e A1(p, 9)))e”,
1aﬁD(,O )

273/2Cy

where Cy is chosen from the normalization condition
VICI2+ G2 + 1G>+ |Cs)? =1, 0, ¢ are polar coordi-
nates, and coefficients A are defined in Appendix A.
Dimensionless parameters are introduced through the follow-
ing notations: k, /k = €, J/v =k;,E = E/J,Eg = E — 2B,
E/v=k, Eg/v=k—2kg, kg =B/v, and [ =0, 1. In the
coefficients A;p(r), indices / = 0, 1 define the zeroth- and
first-order modified Bessel functions and B = 0, 1 indicate the
zero and nonzero magnetic field problems.

Ci(p, ¢) = Q2re* P 4 kik(Ao(p, @)

Cop, ) = ———=——(2k;(k — 2kp)Aos(p, 9))e”,

Cs(p, 9) = Qe @ 4 kk(Ao(p, ¢)

Ci(p, 9) = —————(2k;(k — 2kp)A15(p, 9))e”,  (8)

III. MOMENTUM AND COORDINATE UNCERTAINTIES

We apply the improved uncertainty relations by Maccone
and Pati, Eq. (2), to our system. Following Refs. [1,24], we
define the operators for the TI and QD as p, = —ih(% + %)
%) and obtain commutation relations
[o. byl =ik, [, ﬁp] =ih, [p?, P2l = 4h2<pdp + 3). and
(02, P 2] = 4F12(p - 42 ) The operator p, = — Bw leads to
the comphcatlons It is Hermman in the space of functions
with a period of 2w. However, if we restrict discussion to
this range, then commutation relations should be modified

following Ref. [25], meaning that one has to include a series
of § functions:

and p, = —ih(dip, +

400
[ﬁ(p,(p]:i{l—er > 8[(p—(2n+1)71]}. )

n=—0oo

In order to avoid complications with Eq. (9) we consider
two cases [26,27] of the commutator [sin ¢, p,] = i cos ¢ and
consider the operators S=¢é P= S a , [P, 81 =S. We note
that unlike the operator py, the operator P is Hermitian in the
whole range of S. Taking into account Egs. (2), (7), and (8),
after cumbersome calculations we deduce

AP+ AS® =i (Y| [P, S11y) + | (Y| P +iS|yt) %,
A(sing)’ + Ap;, > i (| [sing, p,] 1)
+ | (¥lsing +ip, [y ) 1%,

Ap, + Ap* Zi (W [P, PIIV) + [ (W] Py +ip Y ) 1.
(10)

Applying Eq. (10) to realistic physical systems of interest
technically is rather demanding. Therefore we calculate only

one particular relation (hereinafter i = 1):
2

2 2 d
Ap, + Ap >1+‘<wlp—(%+ >|¢) (11)

The set of the states C = {W~} orthogonal to |y) we express
in terms of the coefficients from Eq. (8) as follows:

Ul = (G, —Cy, Gy, —C3), (12)
Uy = (G5, —Cy, —C1, Ca}, (13)
= {C49 _C37 C27 _Cl}‘ (14)

The general orthogonal wave function reads
3
=)Wy, (15)

where |o1]? + |az|? + |o3|> = 1. Then we rewrite the general
orthogonal function in the computational basis of Eq. (7):

Yt = CH¥)ag. (16)

The coefficients C;- are expressed through the coefficients {C;}
and parameters {«}:

Ci = a1Cy + ayCs + a3Cy, (17)
Cf = —a;Cy — ayCy — a3C3, (18)
Cy = a;Cy — aCy + a3Ca, (19)
Ci = —a1C3 4+ a0,y — a3C. (20)

Let R be an arbitrary operator and Ry = i Ci*I?Ck pdpdg be
its matrix element. Then

(WIR|Y) =ai[Ria — Ryt + Ras — Ras]
+ az2[R13 — R31 — Rog + Ryo]
+ a3[Ri4 — Ry — Rz +R]. (21)

Comparing Eq. (21) with Eq. (11), we can see that the right-
hand side of Eq. (11) is larger than 1 only if Ry # Ry.
Therefore the nonzero (¥|p — (d, +1/p) |¥)t is granted
by the non-Hermitian part in the operator R. As shown in
Appendix B, the functions A;;, in the expressions for the co-
efficients C;(p, ¢) can be written as a product of functions of
p and ¢:

A(p, 9) = fr(p)gb(9). (22)

The first index, [ = 0, 1, arises from the expansion of the
Bessel-Macdonald functions. In the following we use A =
1 — 412, which is equal to either 1 or —3. The parameter of
the angular function, b, takes the values O and B for zero and
nonzero magnetic field, respectively. We set [z = 1 and obtain

o) = (4 2 (3)
[JAVY 8k2 ,03 2 )
8(9) = agy + a1 cos @ + azy cos” @, (24)

where A =1 — 412, apgp = 1-— (k(b)/Z) — (iﬁ/2)k(b), ap =
lkw) + i/ /2]k, axp = k*/2, and k,, is either k or k — 2kp
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depending on the absence or presence of the magnetic field.
The integrals of the uncertainty relation have the form

/pdpd(pA,]b] (o, <P) Alzbz(p ®)

d
- / s, ()85 (@) / 00 () 3 s 0)

R
= bezl)»l)»z,blbz' (25)

The integration over the angular variable is rather straightfor-
ward and yields

2w
Iy, = /o dog ()8 (p) = 2mag, aop,

i
* * * *
+ 7 (ajy, aip, + gy, a2p, + azp, dos,) + 7 Gan,92b -

(26)

In Appendix C we write explicitly the form of these integrals
for all possible values of the magnetic field. The result of the
radial integrations reads

o0
Iﬁxzbm:/l pdpf)\]b](,o) fxzbz(p)

2 5
:[ i ] > R (—iAkyY' T (=n, —iAky), (27)
kp1kpa

n=2
where kl,2b =k— 2kbl,2 = (E — 2b1,2)/v, Ak(b) =
kip — kap = 2(by — b1)/v, b1 2 = 0, B, and the coefficients F,
are
k= klbkgh, (28)
1o, 1
F= ghkz;, - g)\zklbk% + 2kipkop, (29)
1
Fy = — A Aakoyp, 30
i = ghhaka (30)
AAo
Fs=——. 31
5 0 3D

Ao =1-— 41&1 can take on values of either 1 (I = 0) or —3
(Z=1.

The incomplete gamma functions with a negative integer
index, ['(—n, x), satisfy the following condition in the limit
X —> 00:

1
lim x"T'(—n, x) = —. (32)
x—0 n

In Appendix D, we also calculate the sum of squares of the ab-
solute values of the coefficients C; truncating the contribution
from the plane waves. We proceed to the uncertainty relation
in Eq. (21). The simplest case corresponds to oy = 0, ap = 1,
a3z = 0. Then, we calculate the differences between matrix
elements Ri3 — R3; and R,4 — R4, where R corresponds to
the differentiation by p. Then antisymmetric combinations of
the matrix elements read

d d
R13 — R31 = /pdpdw[CT%C3 - C3 d—C1i|

= —2iA13(I} oo sin 20 + sin O[ I o + I 00 ]) 1o
(33)

Ryy — Ry = 4A24(I§1,BB - Iﬁ),BB)IB(pB, (34)
where
[V (p))*k7 k>
Ay = ———, 35
13 FETTONE (35)
[Wn(p)?k3 (k — 2kp)?
Ay = 36
24 S2ICol? (36)

We write down the integrals from Eqgs. (33) and (34). The
results of the angular integrations Iy, and I}, are presented
in Egs. (C1) and (C2) of Appendix C. For radial integrals, we

have
—1 37
160)] 37

7 [k 1 2
o=l 52— = )i 2k -
1100 = 757 [2( 128) + ’(3
7?2 1 K2 3

K+ — ) +il =+ =)
k2[ ( + 128)+l<3 +80)}

(3%)

R R
Iio,00 + Io1.00 =

Iﬁ),BB - I(ﬁ,BB =0. (39)

We see that for the transverse wave function of our choice,
only the term R;3 — R3; given by Eq. (33) contributes to the
uncertainty relation. Summarizing the obtained results, the
entire expression of the uncertainty reads
2

ApS + Ap* > ’WI lyt)

d

d
=1+ ‘ / pdpd(p[Cf%Q — Cgk%Cl

+C*dC forte :
2, G, e

(40)

The coefficients C; are similar to those given in Eq. (7) without
the contribution from the plane-wave components (the first
terms inside the parentheses in the expressions for C; and C3).
In this case, Cy is normalized by means of integration over
the entire space, as discussed in Appendix D. The coefficient
|Co)? is equal to

N2
|CO|2 — |¢sz )| ka
[;fg <k2(1 +cos) — —(1 + 20059))
4 1
Ty _ngs)z <(k 2kg)* — 5)} 1)

The coefficients I, and I} arise from the angular integration
of Aj;p(p, @) and are written explicitly in Egs. (C1) and (C2).
The integrals of the radial part are expressed in terms of
incomplete gamma functions, and it can be proved that in
Eq. (40) only the first two terms, C} C3 and C5 - d Cl, con-
tribute to the uncertainty. Without the normahzatlon factors,
those terms are equal to the sum of two terms proportional to
sin 26 and sin 6, respectively [see Eq. (33)], and the values
of the coefficients are given in Eqs. (37) and (38). In this
approximation, dependence on the magnetic field in the form
of kg remains only in one of the normalization constants, Cy.
To express our results in graphical form, we consider the

134411-4
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FIG. 1. Dependencies of the minimum value of the uncertainty
relation as calculated from Eq. (40) for different coefficients of
proportionality between kg and k at fixed k;, = k and three different
values of 6.

center of the localized electron p’ = 0, and |¥/p(p’)|*> = 1. In
Fig. 1, we plot the right-hand side of Eq. (40). Values above

1 are related to the contribution from the term | f [CT%Q —

2 .
C;‘dd—pCl + C;%CA; — CI%CQH . As we see, the uncertainty
depends on the scattering angle and magnetic field. In the case

of a strong magnetic field, kg = 1.5k, uncertainty is smaller.
On the other hand, uncertainty increases with the momentum
p = 7k (uncertainty is stronger at smaller distances). In what
follows, we show that this is not the case for the quantum
memory and entropic measures of the uncertainty.

IV. QUANTUM GUESSING GAME

Before starting the quantum guessing game between Alice
and Bob, sharing the system of the TI and QD, we define
quantities of interest and tools. Taking into account the wave
function of the system |y),5, we construct the density matrix
04 = |¥) (¥|45- Then, the reduced density matrices of the
TI and QD subsystems are defined as follows: 94 = Trg(04p)
and 9p = Tra(0ap). The von Neumann entropy of the entire
system is given by S(AB) = —Tr(0ap log, 045). The condi-
tional quantum entropy has the form S(A|B) = S(AB) — S(B).
After Alice performs two measurements and measures the z
and x components of her qubit A, the subsequent postmea-
surement density matrices are given through

0748 = Y _1Wa) (Wuls ® Tra{(1¥n) (Yals © I5)0an), (42)

Oxas = 3 160} {bula ® Tral(1bn) (Buls ® Tn)oan).  (43)

Here, [¥12) =10)4, 11)4 and |¢12) = —5(10)4 £ [1)4) are
eigenfunctions of the z and x components of the qubit A.
Through the scattering process, Bob entangles the particle
B QD with the particle A TI. Alice performs two measure-
ments on her particle A and broadcasts her measurement
choice to Bob. Bob wants to guess Alice’s outcome precisely
by measuring his particle B with the help of the received clas-
sical information (i.e., Alice’s choice of measurement). Bob’s
ignorance about Alice’s measurements is given by [4,28]

S(X|B) + S(Z|B) = log,(1/c) 4+ S(A|B), (44)

cij = max{| (Y] |¢;) I*}. (45)

¢ is a measure of complimentarity.

In essence, this scheme allows one to read out information
about the quantum dot through the measurements performed
on the itinerant electron from the topological insulator, or vice
versa, depending on the experimental feasibility and conve-
nience. We briefly explain the meaning of Eqs. (44) and (45).
The left-hand side of Eq. (44) defines the uncertainty about
the measurement results (two measurements performed on the
x and z spin components of the particle A). The right-hand
side of Eq. (44) defines the lower bound of this uncertainty.
The first term on the right-hand side, log,(1/c), is positive.
However, the conditional quantum entropy S(A|B) can be neg-
ative for entangled states, and when it is negative, it reduces
the lower bound of uncertainty. Negative conditional quantum
entropy S(A|B) means that the state 945 for sure is entangled,
but the converse is not always true. As an example, one can
consider the maximally entangled Bell state p g = |D) (D],
| D) = \/%(|O>A ®10)5 + |1)4 ® [1)p). Then it is easy to see
that log,(1/c) = 1, S(A|B) = —1, and the uncertainty is zero:
SX|B)+S(Z|B) = 0.

134411-5
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The density operator of our system 045 we present in the
form

@AB = Z Pikim |W,A1ﬁ/f) (W/AW,I,H . (46)
iklm

The indices {ikim} run over the components of the basis states
of the spins belonging to Alice and Bob meaning that each

|yA)y = 10)*, [1)* and the same for B. The matrix elements
Pikim are obtained from the coefficients C; in Eq. (7):

Pikim = Coitit1Cop i1 = CikClpy» (47)
where Coo = C], Col = C2, Clo = C3, and C11 = C4. After in-
serting Eq. (46) into Egs. (42) and (43), we deduce

0z.a8 =Y _ pixim [V VL) (W v (48)

ikm

0x.48 =) Pigon |67 6¢) (49)

tkm

where ,o[?} are the matrix coefficients in the basis {¢;, ¢,}. In
order to calculate ,0{‘?} we exploited Egs. (7) and (47) and the

coefficients C'® in the X basis. The details of the derivations
are given in Appendix E.

We write down the explicit expressions of the reduced
density operators:

QA—Zp,kW (it
QB—szk!w (vl
QZAZZP:zW)

QZB—Zp,kwf (Wi,

Pik = Z CimChm>  (50)
pix = Zcm,cmk, (51)

Z emichi,  (52)

pix = Zcmcm,{. (53)

k] pll

The characteristic equation for the matrix in Eq. (47) is
RO =GP =GP |Gl =G =0, (54)

and the eigenvalues A;, =0, 1. For the projected matrix
0z.48;

M= 1Ci* = IC41*) =0, (55)

we deduce Ao =0, A3 = |C1|> +|C|%, and Ay = |G3|* +
|C4|>. We apply a similar procedure to the other postmea-
surement density matrices Ox 4p and transformed coefficients
c®.

For the reduced matrices in Eqs. (50), (51), and (53) the
solutions are given by

ICIH (O — 1G5 —

Mo =31 £ V1 —41C1C - CGPIL (56)
and for the density matrix equation (52),
=G + |G, =GP +IC (57

We introduce the function
h(x) = —xlog, x — (1 —x)log,(1 — x). (58)

The pairs of distinct roots of the characteristic polynomials of
the entire and reduced density matrices satisfy the condition
A1+ Ay = 1. It is easy to see that A(x) = h(1 — x); therefore

h(X1) = h(),), and we can use either of them to calculate the
entropy.

The entropies corresponding to the bipartite and reduced
density operators read

S(0ap) = h(0) =0, (59)
S(04) = S(0B) = h(A), (60)
S(A|B) = —h(}). 61)

The entropy corresponding to the bipartite density opera-
tor is zero meaning that the system is in the pure state.
According to Eq. (54), A = 1[1£/1 —4|C\Cs — GG
For postmeasurement operators, after measuring the z
projection of the spin A, expressions of the entropies
read

S(@z.A8) = h(). (62)
S(0z.8) = h(b), (63)
S(Z|B) = h(n) — h(), (64)
where
w=ICP 4GP, (65)
A= 31+ V1 —4|CCG — OGP (66)

After measuring the X component of the spin A, the en-
tropies of the postmeasurement density operators read

S(ox.a8) = h(§), (67)
S(ox.p) = h({), (68)
S(X|B) = h(§) — h(¢). (69)

Here, we introduced notations

£=1C"P2 4+ 1P, (70)

¢ = 1141 -4c®c® -] @

The coefficients Cl@) are given by Eqs. (E2)-(ES), and
the eigenvalues & and ¢ are found through the original
coefficient C;. For more details we refer the reader to
Appendix E [see Egs. (E6)—-(E8)]. Inserting all these expres-
sions into Eq. (44), we obtain the following form of the
inequality:

h(§) — h(¢) + h(p) > log,(1/c), (72)
or
—&logy§ — (1 —§)logy(1 - §)
+¢logy & + (1 —)log,(1 —¢)
—plogy u— (1 — p)log,(1 — ) = log,(1/c).  (73)
The spatial inversion R?: (x' = —x, y/ = —y) in the polar

coordinates (x = pcosg, y = psing) is equivalent to the
translation on the angle m, ie., (X' = pcos(p + ), y =
psin(p + 7)) and is equivalent to p — —p. Because of the
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kB:17k‘]:1,9:0

T T T T

1.0 = S

Eigenvalues
=
[=2]
:
.

-10 -8 -6 -4 -2 0 2 4 6 8 10

Eigenvalues

0.9

08 — K]
—§

0.7 ]
—i{

Eigenvalues
[=}
[=2]
:
.

0.5

-10 -8 -6 -4 -2 0 2 4 6 8 10

FIG. 2. The eigenvalues u, &, and ¢ of the postmeasurement
density matrices 0zap, Ox.ap, and ox p, respectively, expressed by
Egs. (65), (70), and (71). The asymmetry between —p and p re-
sults is related to the SO coupling, broken inversion symmetry, and
¢ =m/4.

spin-orbit (SO) coupling and broken inversion symmetry,
we expect to see the difference between the results plotted
for p and —p. We calculate the eigenvalues u, ¢, and &
numerically for different values of k, kg, and k;. Figure 2
represents the dependence of u, ¢, and & on p for k =1,
kg =1, ky =1, ¢ = /4, and different values of 6. These
eigenvalues are important for the effect of quantum memory.
In Fig. 3 we plotted the left-hand side, S(X |B) + S(Z|B) (solid
lines), and the right-hand side, log,(1/c) 4 S(A|B) (dotted
lines), of Eq. (44) for different values of the angle 6 [k =
(kcosO,ksin®,0)] and kg =0, k; = 1.0, and ¢ = 7 /4. We
note that the left-hand side of Eq. (44) quantifies the uncer-
tainty of measurements, and the right-hand side quantifies the

kg=0,ky=1,p=7/4

2.0 T T

L4k — O=m/4"
—0—n/2

FIG. 3. The left-hand side (solid lines) and right-hand side (dot-
ted lines) of Eq. (44) as a function of the distance between electrons
p for kg = 0 and different values of 6. The same color corresponds to
the same set of parameters. The results for negative —p are equivalent
to the spatial inversion ¢ — ¢ + 7. The distance between electrons
is calculated in units of the confinement length p = |r|/lz (where I
is the magnetic confinement length).

minimal possible threshold value of the uncertainty. When
the right-hand side is reduced because of the negative con-
ditional quantum entropy S(A|B) < 0, the left-hand side also
can be reduced without violation of the inequality in Eq. (44).
We see in Fig. 3 that the right-hand side’s minimum always
coincides with the left-hand side’s minimum. The left-hand
side (solid lines) is always larger than the right-hand side,
meaning that Eq. (44) holds. Reduction of the measurement
uncertainty S(X|B) + S(Z|B) is the essence of the quantum
memory. As we see in the case 6 = (O the right-hand side
almost coincides with the left-hand side meaning that the
measurement uncertainty is minimal and the effect of the
quantum memory is most efficient in this case. The same
tendency is even more pronounced in the case of a nonzero
applied magnetic field kg = B/v = 1; see Figs. 4 and 5. We

ky=1L,kj=1,p=7/4

2.0 T T

FIG. 4. The left-hand side (solid lines) and right-hand side (dot-
ted lines) of Eq. (44) as a function of the distance between electrons
p for kg = 1. The same color corresponds to the same set of pa-
rameters. The results for negative —p are equivalent to the spatial
inversion ¢ — ¢ + . The distance between electrons is calculated
in units of the confinement length p = |r|/lz (Where Iy is the mag-
netic confinement length).
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ky=1ky=1,0=n/2
2.0 T T T T T T

18
16
14
12
1.0 P
0.8

0.6

0.4
-10

FIG. 5. The left-hand side (solid lines) and right-hand side (dot-
ted lines) of Eq. (44) as a function of the distance between electrons
p for kg = 1 and 6 = 7 /2. The same color corresponds to the same
set of parameters. The results for negative —p are equivalent to
the spatial inversion ¢ — ¢ + m. The distance between electrons is
calculated in units of the confinement length p = |r|/lg (where Iy is
the magnetic confinement length).

Ci(p, ¢) e 0
G(p, 9) 0 =2

—k
Bleso.o | =F1 1 o
Cy(p, @) 0 0

Here, we introduced the notations o = Cpe™™, B =
e kP Al(p, 9) = BkAo(p, @), Aj(p, @) = BkAI(p, ),
Apy(p. @) = Bk — 2kp)Aos(p, @), and  Ajy(p.p) =
Bk —2kp)Aip(p, ¢). As we see from Egs. (74) and (75),
when all A coefficients are zero, p > |r|/lg, only two
coefficients, Ci(p, ¢) and C3(p, ¢), are nonzero. Concurrence
is zero, meaning that we have the trivial disentangled state.
The numerical calculation results of coefficients A are
shown in Fig. 6. We see that the values of coefficients A
are finite even at distances of the order of p = 10. Thus the
entanglement in the system is quite robust, and the system
becomes disentangled only in the p > 1 limit. On the other

(a) (b) ()

see that the quantum memory decays sharply for p > 2/p.
On the other hand, the conditional quantum entropy S(A|B)
tends to zero asymptotically for large values of p > Iz. The
asymmetry between —p and p results is related to the SO
coupling and broken inversion symmetry. In order to an-
alyze the slow decay of the conditional quantum entropy,
we exploit the definition of concurrence [29], C = | (Y| 6, ®
6y [¥*) |, where 6, ® 6, is the direct product of Pauli matrices,
and calculate the entanglement between two electrons after
scattering:

2
C= EICE‘(,O, ©)C3(p, @) = Ci(p, )C(p. ). (74)
0

As we see from Eq. (74), entanglement in the system is zero if
at least two coefficients C,(p, ¢) are zero. The same applies to
S(A|B). The conditional quantum entropy of the disentangled
state is zero too. For further insights we rewrite Eq. (8) in the
following equivalent form:

0 Ay(p, @) 2me?

0 || Ao, 9 0

0 || a0 9 + . | (75)
=2 ) \Alz(0, 9) 0

(

hand, the effect of the quantum memory is more subtle and
is pronounced only on distances not larger than 2/z. The
dependence of the quantum memory on the distance between
the itinerant and localized electrons is distinct compared
with the improved uncertainty relations for the momentum
and coordinate operators. The distance between the incident
(itinerant) electron and target (localized in the quantum dot)
electron in the experiment is smaller for larger momentum
p = 7k of the itinerant electron. However, the momentum
and coordinate operators’ uncertainty increases with k.
Quantum memory substantially reduces the uncertainties of
spin measurements at the short distance between electrons.

(€) ‘(f)

(d)

FIG. 6. The grayscale xy plots of real (upper row) and imaginary (lower row) parts of the coefficients: (a) Ay, (b) A}, (c) Ay for kg =0,
(d) Agg for kg = 0, (e) A}, for kz = 0, and (f) A}, for kz = 1. The plots include the region of p = |r|/Iz < 10 around the center of the quantum
dot, where [ is the magnetic confinement length. Black and white correspond to the minimal and maximal values, respectively. The coefficients

decay to zero for p > 1 (not shown).
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V. CONCLUSIONS

It is well known that measurements performed on quantum
systems are specific and may be invasive and destroy the state
of interest. Beyond that, quantumness limits the accuracy of
measurements due to the fundamental uncertainty relations.
On the other hand, quantum correlations and memory might
reduce quantum measurements’ uncertainty. We studied two
types of measurements performed on a topological system:
(a) measurements performed on the spin operators and (b)
measurements of the canonical pair of operators, namely,
the momentum and the coordinate. We quantified the spin
operator’s measurements through the entropic measures of
uncertainty and exploited the concept of quantum memory.
For the momentum and coordinate operators, we exploited the
improved uncertainty relations. We showed that the depen-
dence of the quantum memory on the distance between the
itinerant and localized electrons is distinct compared with the
improved uncertainty relations for momentum and coordinate
operators. While the momentum and coordinate operators’
uncertainty increases with the momentum of the itinerant
electron, the quantum memory reduces the uncertainty of spin
measurements when the distance between electrons is not
larger than several confinement lengths /5. Therefore, based
on the discovered effect, we propose an indirect measurement

J

Voo(ra) = (¥p.o(rp)|V|¥p o(r)

Vio(ra) = (Yp.1(p)|V [¥p.o(rp)
Vii(ra) = (Yp1(xp)V [¥p 1 (rp)

) = {

Vor(xa) = (Yp.o(p) IV ¥p,1(xp)) = (Ypo(rp)lJ6a658(ra — tp)lYrp,1(xp)) = J|yp(ra)l* (65 — i63),
)=
) =

scheme for the momentum and coordinate operators through
the spin operator. Due to the factor of quantum memory,
such indirect measurements in topological insulators lead to
smaller uncertainties than one has with direct measurements.

APPENDIX A: COEFFICIENTS OF THE WAVE FUNCTION

Ao(r) = f pdp'dy’ Ko(~iE|r — ¥'|/0)[yp(p e <Y

APPENDIX B: APPROXIMATING INTEGRALS

We utilize the following asymptotic expressions for the Bessel functions at z > 1:

T,
Ki—01(z) = ——e™*

27

2= —ik@)|r — ¥'| = —ik@)\/p> + p? — 2pp’ cos(p — ¢'), and k(z) =

sions to Egs. (A1) and (A2):

> N N2 ikp’ cos(y+g¢) T 412 —1
Aizoaw ()~ [ p'dp'dy|¥p(p)l"e ¢ 1+ ;

(AD)
Ay = / pldp'dg’ Ki(—iElr —¥'|/v)|yn(p) e 7,
(A2)
Aop(r) = /,O'dp/dqi’ Ko(—i(E —2B)|r —1'|/v)
x [Yp (o2 <, (A3)
Ap(r) = /p/dp/dw/ Ki(—i(E —=2B)|r —r'|/v)
x [Yp(p")?e Y. (A4)
The explicit forms of the matrix elements are
Vp.o(Xp)IJ 64658 (xa — 1) o(rs)) = JI¥n(ra)|*6%,
)
Yp,1(Xp)|J64658(rs — 1) ¥po(rp)) = J|Yp(ra)* (67 + i6;).
Y1 (Ep)J64658(ta — T)|¥p.1 (X)) = —J|¥p(ra)*65. (AS)
412 — 1
1+ , (B1)
8z

E—-(2B)
v

=k — (2B/v). We apply these asymptotic expres-

2 (B2)

where y = ¢’ — ¢ is the scattering angle. We express z as z = —ikgya+/1 — bcos y, where a = \/p2? + p’2 and b = 2pp’/a’.
Assuming that b is a small parameter, we expand the square root into a power series and retain only the leading-order terms.
Performing an integration over the angle y, we calculate the following integral:

I /znd [k "cos(y + @) + ik (1 ; )] 1 1 + i : (B3)
= - exp | ikp' cos ikgal 1 — = cos .
y A y eXp | tkp yre ®) 2 Y ikgya (1 —2cosy)  8kiga® (1 —bcosy)

Both integrals in this expression can be transformed into contour integrals along a circle of unit radius around the origin:
Assuming z = €, dy = (1/i)dz/z, and cos y = (1/2)(z + 1/z), we deduce

f(@)
/|Z|=1 dZZz —c2—c

134411-9
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Here, c is either b or b/2. The square polynomial in the denominator has two real roots:

2 = %[1 ++v1 -2 BS5)

Only the root with the minus sign is located inside the unit circle at zo &~ ¢/2e and argzp = 0, and both residuals are equal to

—1. The final form of Eq. (B3) reads

—8ik(3)a + 412 -1

2 2
4k(3)a

I, =m

and

explikp’ cos ¢ + ikgya(l — b/2)], (B6)

T
Am013)(F) = —5 / P
R ki) (02 + )

/dp/_Sik(B)V I02 + 10/2 +4l2 -1 e

2 2 2 /
— . . +p° -
Xp |: ZIZ + ikp’ cos ¢ + lk(m%}. (B7)
B

Introducing the notation x = p’/p, we rewrite the expression as follows:

T —8ikp)pv/1 +x2 + 417 — 1 o\, . ) I —x+x2
A, (?):—/xdx exp|—( =) x* + ikpxcos @ + kg p ————
1=0,1(B) 4l§ k(zB)p2(1+x2) p Iy p. @ B)LP m
b4 1
~ ———— | xdx[(4ikgp — 4% + 1)x* — (Sikpyp — 41> + 1
LK /x x[(4ikp)p + Dx” — ik + D]
:02 3i\ 5, . .
X exp| — l—2+§ x“+i(kcos g — kg))px + ikpp |- (BY)
B

In the next step we analyze the term proportional to x°. Considering that p?/I3 >> 1, we perform the integration over x and obtain

T 8ik(3)p — 472 +1
8(ks)lp) (kgyp)?

Ao 1 (F) ~

K2y P [1 4 iklpll + erf (i lp)le™ ], (B9)

where k) = (k cos ¢ — kg)/2. Noting that the last line in Eq. (B9) is a function of ¢, we expand it in terms of the small parameter

lBK(B) < 1:

1+ \/EZ'K(B)ZB[I + el'f(l'K(B)lg)]eiKzl‘Z’ ~1+ l.\/;K(B)lB — 2(/((3)[3)2 =1-

i

i
2

APPENDIX C: EXPRESSIONS OF INTEGRALS
INTEGRATED OVER THE ANGLE

After integration over the angular variable ¢, from Eq. (26)
we deduce

19 3
I8 = 1_gk4 + (Zn - 1>71k2 + 27, (C1)

15y = IS + 8mkyy — 167kky + (14k* + 27 — 8)7k;
+[(8 — 27k — 6k |k, (C2)

18 =18 — (4 — KP)mks — [3k> 4 (1 — 4))kkg

—2in/T [kkg - G/& - 1)k3], (C3)
Iy = (I5)"- (C4

The difference between Eqgs. (C1) and (C2) vanishes when
kg = 0, k, and the expressions become symmetric with respect
to kg = 0.5k (Fig. 7).

1
kgl + <$ + k(B)lB>le Cos @ — Ekzllzg cos? ®.

ksl
2

(B10)

APPENDIX D: NORMALIZATION OF THE WAVE
FUNCTION

We calculate integrals for the products of the functions f;;
used in the normalization of the wave function:

~ 2
N *
L pn = /1 pAdp f3p, (P) fise, () = [ ko, kb2:|
4
X D Gl (=iBky)'T(—=n, —iAk). (D1)
n=2
where
G2 = kblkbz’ (DZ)
1
Gy = L ki, — k). (D3)
G, — M*2 (D4)
YT e
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140 T T T T T T T
kg=0.5k ——
| kg=1.5k ——
120 kg=2k ——
100 1
80 - B

220 | | | | | | |

FIG. 7. Difference I, — I, as a function of k for different pro-
portionality coefficients of k relative to k.

Expressions for all possible combinations of the parame-
ters read

N n? 2 1
IOO,OO = 2_/(4 k” + ﬁ , (D5)
2 9
g = ﬁ(kz + ﬁ) (D6)
2

(k — 2kp)* + —>, (D7)

T 9
AR k—2kp)’ + — ), D8
LBB ™ (k — 2kg)* ( B+ 128) D3)
7?2 3 1.
I = ﬁ<k2 -3 + §1k>, (D9)

*
10100 = (INo.00) " (D10)

W T (k— 2ks)? — —— 4 Litk — 2kp)
10.BB = 3 (k — 2kg)* B8 3 B7)

(D11)

P 7 =2k — —— — Yitk — ok
=— — —— — =itk — .
OLBB ™ 5k — 2kg)* BT 18 3 B

(D12)

kBZO, ](J:1
40 T T
35 -
30 |-
25 |-
o
=] -
o 20
15
10
5
0 L
0.5 1 1.5 2 2.5 3 3.5 4
k
kB:0.499k, kJ:].

105 T T T T E
F 6=0, /4, /2 ——

102 E E

10! £ 3

100 L 1 1 1 1 1 1 1

140

120 -

100

IC ol?

60 -

40 -

FIG. 8. The dependence of |Cy|> on k given in Eq. (D14) and
plotted for several values of kg and 6 for k; = k. The function has a
singularity when kg approaches 0.5k.

Squares of the modules of the coefficients are as follows:
/ i = A(kfk)zl(()po(l(])\(]),oo + Iﬁ,oo + Ié\;,ooeie

(mky)?

N —io
+1p 00¢”") = AL, 2

[kz(l + cosf)

1 1
+—(10—3cos€)+§sin9i|, (D13)

128
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where A = |[Yp(p')|?/(87?) includes the rest of the normal-
ization terms in front of the parentheses. The calculation of
|C>|? and |Cy4)? is rather straightforward. The expression for
|C3|? is different from Eq. (D13) only in terms of the sign in
front of the sin 6 term. Finally, the normalization coefficient
reads

4
Col* = f > IGI? = 2A( k)’
i=1

x it k*(1 4+ cos6) + 1(10 3cosh)
[Z 128

(4
+ L((k — 2k + i)}

(k — 2kg)? 64 D14)

One can see that the norm diverges at k = 0 and kg = 0.5k.
The dependence of |Cy|? on k is plotted in Fig. 8.

APPENDIX E: COEFFICIENTS IN THE NEW BASIS

The coefficients of the
of the wave function in the basis

alternative representation

{91, 2} are as

follows:
1®)45 = C|” |$10F) + O | p7'95)
+C |grof) + i @05),  ED
where
C® = HC + G+ G+ ), (E2)
Y =1 -0+G -0, (E3)
(@) _ 1
G =5C+C -G -G, (E4)
CP =10 -G -G+ ). (E5)

One can show that
2 2 * *
ICP]" + &))" = A1+ @i Cs + ¢ ¢c3)
+(C.Ch + GGy, (E6)
2 2 * *
GP ] +[G7] = 511 = (@G + GGy
—(G.Cy + GGy, (E7)

CPC® -V = 16y — o6 (E8)

[1] A. Messiah, Quantum Mechanics (Dover, Mineola, NY, 2014).

[2] P.J. Coles, M. Berta, M. Tomamichel, and S. Wehner, Entropic
uncertainty relations and their applications, Rev. Mod. Phys. 89,
015002 (2017).

[3] L. Maccone and A. K. Pati, Stronger uncertainty relations for all
incompatible observables, Phys. Rev. Lett. 113, 260401 (2014).

[4] M. Berta, M. Christandl, R. Colbeck, J. M. Renes, and R.
Renner, The uncertainty principle in the presence of quantum
memory, Nat. Phys. 6, 659 (2010).

[5] D. Wang, F. Ming, M.-L. Hu, and L. Ye, Quantum-memory-
assisted entropic uncertainty relations, Ann. Phys. (Berlin) 531,
1900124 (2019).

[6] F. Ming, D. Wang, X.-G. Fan, W.-N. Shi, L. Ye, and J.-L. Chen,
Improved tripartite uncertainty relation with quantum memory,
Phys. Rev. A 102, 012206 (2020).

[7] H. Dolatkhah, S. Haseli, S. Salimi, and A. S. Khorashad,
Tightening the tripartite quantum-memory-assisted entropic un-
certainty relation, Phys. Rev. A 102, 052227 (2020).

[8] B. Bergh and M. Girttner, Entanglement detection in quantum
many-body systems using entropic uncertainty relations, Phys.
Rev. A 103, 052412 (2021).

[9] B.-F. Xie, F. Ming, D. Wang, L. Ye, and J.-L. Chen, Optimized
entropic uncertainty relations for multiple measurements, Phys.
Rev. A 104, 062204 (2021).

[10] L. Chotorlishvili, A. Gudyma, J. Witzel, A. Ernst, and J.
Berakdar, Spin-orbit-coupled quantum memory of a double
quantum dot, Phys. Rev. B 100, 174413 (2019).

[11] M.-L. Song, L.-J. Li, X.-K. Song, L. Ye, and D. Wang,
Environment-mediated entropic uncertainty in charging quan-
tum batteries, Phys. Rev. E 106, 054107 (2022).

[12] H. Zhu, Zero uncertainty states in the presence of quantum
memory, npj Quantum Inf. 7, 47 (2021).

[13] P. Kurashvili, L. Chotorlishvili, K. Kouzakov, and A.
Studenikin, Quantum spin-flavour memory of ultrahigh-energy
neutrino, Eur. Phys. J. Plus 137, 234 (2022).

[14] P. Kurashvili, L. Chotorlishvili, K. A. Kouzakov, A. G.
Tevzadze, and A. 1. Studenikin, Quantum witness and inva-
siveness of cosmic neutrino measurements, Phys. Rev. D 103,
036011 (2021).

[15] D. Sokolovski and E. Y. Sherman, Spin measurements and
control of cold atoms using spin-orbit fields, Phys. Rev. A 89,
043614 (2014).

[16] D. Sokolovski and E. Ya. Sherman, Measurement of noncom-
muting spin components using spin-orbit interaction, Phys. Rev.
A 84, 030101(R) (2011).

[17] O. V. Yazyev, J. E. Moore, and S. G. Louie, Spin polarization
and transport of surface states in the topological insulators
Bi,Se; and Bi,Tes from first principles, Phys. Rev. Lett. 105,
266806 (2010).

[18] T. S. Seifert, S. Kovarik, P. Gambardella, and S. Stepanow, Ac-
curate measurement of atomic magnetic moments by minimiz-
ing the tip magnetic field in STM-based electron paramagnetic
resonance, Phys. Rev. Res. 3, 043185 (2021).

[19] P. Willke, A. Singha, X. Zhang, T. Esat, C. P. Lutz, A. J.
Heinrich, and T. Choi, Tuning single-atom electron spin reso-
nance in a vector magnetic field, Nano Lett. 19, 8201 (2019).

[20] F. Baruffa, P. Stano, and J. Fabian, Spin-orbit coupling and
anisotropic exchange in two-electron double quantum dots,
Phys. Rev. B 82, 045311 (2010).

[21] G. Cordourier-Maruri, Y. Omar, R. de Coss, and S. Bose,
Graphene-enabled low-control quantum gates between static
and mobile spins, Phys. Rev. B 89, 075426 (2014).

[22] S. Wolski, M. Inglot, C. Jasiukiewicz, K. A. Kouzakov, T.
Mastowski, T. Szczepanski, S. Stagraczyniski, R. Stagraczynski,

134411-12


https://doi.org/10.1103/RevModPhys.89.015002
https://doi.org/10.1103/PhysRevLett.113.260401
https://doi.org/10.1038/nphys1734
https://doi.org/10.1002/andp.201900124
https://doi.org/10.1103/PhysRevA.102.012206
https://doi.org/10.1103/PhysRevA.102.052227
https://doi.org/10.1103/PhysRevA.103.052412
https://doi.org/10.1103/PhysRevA.104.062204
https://doi.org/10.1103/PhysRevB.100.174413
https://doi.org/10.1103/PhysRevE.106.054107
https://doi.org/10.1038/s41534-021-00384-4
https://doi.org/10.1140/epjp/s13360-022-02457-5
https://doi.org/10.1103/PhysRevD.103.036011
https://doi.org/10.1103/PhysRevA.89.043614
https://doi.org/10.1103/PhysRevA.84.030101
https://doi.org/10.1103/PhysRevLett.105.266806
https://doi.org/10.1103/PhysRevResearch.3.043185
https://doi.org/10.1021/acs.nanolett.9b03559
https://doi.org/10.1103/PhysRevB.82.045311
https://doi.org/10.1103/PhysRevB.89.075426

TOPOLOGICAL INSULATOR AND QUANTUM MEMORY

PHYSICAL REVIEW B 108, 134411 (2023)

V. K. Dugaeyv, and L. Chotorlishvili, Random spin-orbit gates in
the system of a topological insulator and a quantum dot, Phys.
Rev. B 106, 224418 (2022).

[23] J. R. Taylor, Scattering Theory: The Quantum Theory of Non-
relativistic Collisions (Dover, Mineola, NY, 2006).

[24] A. Khelashvili and T. Nadareishvili, Generalized Heisenberg
uncertainty relation in spherical coordinates, Int. J. Mod. Phys.
B 36, 2250072 (2022).

[25] P. Carruthers and M. M. Nieto, Phase and angle variables in
quantum mechanics, Rev. Mod. Phys. 40, 411 (1968).

[26] J. R. Lombardi, Hydrogen atom in the momentum representa-
tion, Phys. Rev. A 22, 797 (1980).

[27] L. Chotorlishvili, P. Zigba, 1. Tralle, and A. Ugulava, Zitterbe-
wegung and symmetry switching in Klein’s four-group, J. Phys.
A: Math. Theor. 51, 035004 (2018).

[28] M. M. Wilde, Quantum Information Theory (Cambridge Uni-
versity Press, Cambridge, 2013).

[29] W. K. Wootters, Entanglement of formation of an ar-
bitrary state of two qubits, Phys. Rev. Lett. 80, 2245
(1998).

134411-13


https://doi.org/10.1103/PhysRevB.106.224418
https://doi.org/10.1142/S0217979222500722
https://doi.org/10.1103/RevModPhys.40.411
https://doi.org/10.1103/PhysRevA.22.797
https://doi.org/10.1088/1751-8121/aa9a2c
https://doi.org/10.1103/PhysRevLett.80.2245

