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Dirac monopoles embedded in SU(N) gauge theory with the 8 term are considered. For 6 = 41tM (where M is
half-integer and integer for N =2 and N > 2, respectively), these monopoles acquire an SU(N) charge dueto the
0 term and become dyons. They belong to various (but not any) irreducible representations of the SU(N) group.
The admissible representations are listed. Their minimum dimension increases with N. The basic result of the
study isthe representation of the partition function of any SU(N) model involving the 8 term and complemented
by singular gauge fields corresponding to the indicated monopolesin the form of avacuum average of the prod-
uct of Wilson loops viewed along the world lines of the monopoles. This vacuum average must be calculated in
the corresponding model without the 6 term. © 2002 MAIK “ Nauka/lInterperiodica” .
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The concept of monopol e proposed by Dirac[1] was
originally associated with singular field configurations
in electrodynamics, which have a magnetic charge due
to the presence of a singularity. The self-energy of
Dirac monopolesin U(1) gauge theory diverges, which
hinders their physical interpretation.

In non-Abelian gauge theories, monopoles first
appear as solutions of the classical equations of motion
inamodel involving the scalar product from the adjoint
representation of the gauge group [2]. These objectsare
referred to as t'Hooft—Polyakov monopoles and are
associated with the regular configurations of the gauge
field that carry finite energy. Nevertheless, t'Hooft—
Polyakov monopoles retain many properties of Dirac
monopolesthat are primarily related to the quantization
of the magnetic charge.

More recently, similar objects were found in many
models (see, e.g., [3]). Quantum objects corresponding
to these solutions to the classical equations of motion
are topological defects, i.e., topologicaly nontrivial
field configurations. In aparticular case of atopological
defect whose position istime-independent, the solution
to the classical equations of motion, which are consid-
ered in the space with “cut” tragjectory of the monopole
and topologically nontrivial boundary conditions,
reproducesthe classical monopole solution. Inthisway,
Dirac monopoles arise from the topological defects of
the U(1) gauge theory [4], and t Hooft—Polyakov
monopoles arise from the topological defects of the
Georgi—Glashow model. In what follows, both the solu-
tion to the classical equations of motion and the corre-
sponding topological defect will be referred to as
monopole. We note that two-dimensional objects can

be considered similarly. In particular, Abrikosov—
Nielsen—Olesen strings correspond to quantum topo-
logical defects of the Abelian Higgs model [5].

According to topological concepts, classical mono-
pole solutions are absent in pure SU(N) gauge theory.
However, in view of analysis of the confinement mech-
anism in Abelian projections of gluodynamics and phe-
nomena in the model of electroweak interactions at
finite temperature, interest in topological objects of
other models that are embedded in non-Abelian gauge
theory arose recently [6]. We note that embedded
monopoles, in contrast to “true’” monopoles, are unsta:
ble in most cases [6, 7]. Nevertheless, their relation to
dynamicsis very substantial. In particular, their behav-
ior in lattice electroweak theory at finite temperatureis
associated with the nature of electroweak phase transi-
tion [8]. After the fixation of the Abelian projection in
gluodynamics, monopoles corresponding to the U(1)N-1
residual symmetry group [9] are responsible for con-
finement [ 10]. We note that there are fundamentally dif-
ferent methods of embedding Abelian monopolesin a
non-Abelian model. The distinction is in the method
used to extract Abelian variables from SU(N) fields.

Morethan 20 years ago, considering amodel with an
additional scalar field in the semiclassical approxima-
tion, Witten showed that t' Hooft—Polyakov monopoles
in gauge theory with the 8 term become dyons [11].

In this study, the effect of the 8 term on the dynam-
ics of guantum monopoles is analyzed for pure SU(N)
gauge theory by considering a direct generalization of
the Dirac construction to SU(N) gauge theory. Objects
arising in such away are Dirac monopol es correspond-
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ing to the factors of the U(1)M group that are definitely
embedded in SU(N) gauge theory. The problems of
their possible instability and divergence of self-energy
are beyond the scope of this study. (Some remarks on
these problems are discussed in the conclusion of this
work.)

It is shown that monopoles thus defined are charged
with respect to the SU(N) group and belong to its vari-
ousirreduciblerepresentations. It isremarkable that the
0 term is “seen” only in that part of this construction
which imparts the SU(N) charge to monopoles. The
topological part associated with the behavior of fields at
infinity and proportional to the integer number of
instantons vanishesin the partition function for those 6
values for which the 8 term imparts an integer SU(N)
charge to monopoles. More exactly, the partition func-
tion of any theory including the 8 term and configura-
tions corresponding to the constructed monopoles (and
not including other singular gaugefields) isequal in the
theory without the 8 term to the vacuum average of the
product of Wilson loops corresponding to monopole
lines. Wilson loops are considered in those irreducible
SU(N)-group representations whose Young tableaus are
uniquely determined by the form of the corresponding
singularities of the field along the world lines of mono-
poles.

In this study, the definition of embedded monopoles
will differ from the definition of monopoles with even
Qm[12]. The latter monopoles can be treated as arising
under the application of a certain singular gauge trans-
formation. Aswill be seen below, thisis not the case for
the gauge-field singularities considered here.

Dirac monopoles in four-dimensional U(1) gauge
theory (treated as topological defects) are defined as
follows [4]. Let A be the gauge field that has strength
F;; and can have a singularity along surface = whose
boundary is the world line of a Dirac monopole. The
field strength is determined by the expression

0 0
Fu)dxidx” = exp(d A dxg-1, 1)
dJs

where sisaninfinitesimal areaand the transation oper-
ator is defined along the boundary of thisarea (y [J 0s).
At points where A is regular, Fi= a[iAﬂ, whereas this
expression along surface X is distorted by the subtrac-
tion of the singularity corresponding to the Dirac string.
In a certain gauge, the field corresponding to the world
line of the monopole j and its Dirac string  is repre-

sented asAi = A + A[Z] , where A isthe regular part
of the gauge field and
i lum
A = 5€ At'QMom ()]
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Here,

Qij(x) _ I O(BG;T(T)GZ (o)

>

o(X— z(r))d T,

where the points z of integration surface 2 are parame-
terized by thevariable 1, a = 1, 2: z= z(1).

Thefield strength corresponding to thisfield config-
uration is equal to Fi = 9l'/All — Tiei"QM . The singularity
of d;A; along Z cancels with the term involving Q.
Thus, the strength is singular only along the boundary
of this surface.

Such singular gauge fields satisfy the identity
o' (*F)* = 2m$¥, A3)

where

(* F)Ik — %elkImFlm — J'gdzga(X—Z(S))dS.

(The points z(s) of the monopoleworld line| are param-
eterized by variable s.) Expression (3) shows that the
indicated singular configurations are actually Dirac
monopoles, because $ is the magnetic current and *F
isthe tensor dual to the field strength.

For generalizing this construction to the SU(N) the-
ory, we begin with the generalization of identity (3) to
the non-Abelian case. We consider SU(N) gauge theory
in the 4-dimensional Euclidean space and denote the
gaugefieldas A = Aib T, O su(N), where the generators
T, (b=1, ..., N>—1) of the su(N) algebra are normal-

ized by the condition TrT§ = 1. Thestrength R; of reg-
ular fields A is equal to 9;Ay; + i[A, A]. Similar to the
Abelian case, the definition of the strength of a field
involving asingularity along a certain two-dimensional

surface is based on the expression i J’ L Ru(Y) dxtdx’ =

Pexp(iIasAi dx;) — 1, where s is the infinitesimal area
and the trand ation operator is defined al ong the bound-
ary of this area.

Regular fields satisfy the Bianchi identity 0'(* R)’k +
i[A, (*R)] =0, where (*R)ik=

ilar to the Abelian identity 0'(* F)"‘ = 0. It can be modi-
fied to the form involving the monopole current in the
case, where fields are singular and the definition of the
gauge-field strength is appropriately modified.

Thus, our aimisto find field-A configurations whose
strength satisfies the anomal ous Bianchi identity

""mR'm whichissim-

O *R*+i[A, (*R)"™ = 2n$*n, 4
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where the matrix n is an element of the SU(N) algebra
and transformed under the gauge transformations g as
n — gng*. If j has no sdlf-intersections, one can
always choose a gauge in which n is a Cartan element.
Therefore, monopoles determined by Eq. (4) are Abe-
lian. They must correspond to the U(1)N~*-group fac-
tors, whose generators are Cartan elements of the
SU(N) algebra, and must be, therefore, Dirac mono-
poles embedded in SU(N) gauge theory.

Below, we present the construction of such objects.
Similar to U(1) monopoles, they arise under the
assumption that the gauge field can be singular along
surface 2, whereas the field strength R can be singular
only along the boundary j (the world line of the mono-
pole) of this surface. Both j and X are supposed to be
smooth and free of self-intersections.

Let S, beaninfinitesimal circlethat hasradiusr and
intersects >. This circle lies in the plane orthogonal to
> and intersects > at the center of the circle. Gauge
transformations can reduce fields along all such circles
to the diagonal form

A's = An, 5)

where A [0 R and n is the diagonal matrix, both these
guantities being independent of their positions in S,
and s are the components of unit vector directed along
S,. Theregularity of the field strength in Z leads to the

condition Pexp(i f51 A'dx') = 1, which is satisfied if the
field A behaves as

A O1/r (6)

for r — 0. In this case, the diagona elements n; of
matrix n must be integer.

We consider field configurations such that the field
in other directionsisregular in Z. Surface Z generally
consists of severa parts, each corresponding to its own

n. We can write the symbolic equality ~ = zn 2,.

Let us consider the plane (ij) such that (i) and (j) are
directed along S; and Z, respectively. Then the require-
ment for the regularity of R leads to the equation

[Awn] =0 (7)

on %. Equation (7) showsthat fields are effectively Abe-
lian along Z. In what follows, we will assume that this
requirement extends to the Z boundary. This additional
requirement isvery stringent. Dueto it, the commutator
cannot contain any singularity that could cancel the
monopole singularity corresponding to the monopolein
the Abelian part of field strength and leading to the
anomalous Bianchi identity given by Eq. (4).

We arrive at the definition of singular gauge field
corresponding a U(1)N~* topological defect embedded
JETP LETTERS  Vol. 76
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in SU(N) theory. Similar to the U(1) case, thisfield can
be represented in the form

A=A+ ZA‘s[zn]n, 8)

wherethe gaugeisfixed sothat Eq. (5) isvalid, A isthe
regular part of the gauge field, and A(%,) is given by
Eq. (2).

The monopoles under consideration are determined
by Eg. (8) and additional condition (7) in agauge where
fields in all infinitesimal circles intersecting surface
arediagonal. A direct check shows that such configura-
tions cannot be obtained from regular fields by any
gauge transformations including singular ones.

Taking EQ. (7) into account, we can represent the

field strength corresponding to such a field configura-
tion in the form

R = " AT +i[A, A —1te™ Q" . )
Similar to the Abelian case, the singularity 0;A; + i[A;,
Aj] along 2 cancels with theterm involving Q. A direct
calculation shows that the singular gauge fields given
by Eq. (8) satisfy Bianchi identity (4).

Now, we can consider the effect of the 6 term on the
dynamics of the monopoles constructed above. We
have

1
Q= o J'd4xeuvp0TerRp0

1 1 (10)
= ——(d*xTrGG - = [d*TTrG;nt;;,
16r€f and o
where
. ij 0Z(1)02(0
G = A +HI[AL AL t) = GGB—OT(G)—(?T(B)'

Using Eq. (7), we obtain Tr[A;, A]n = 0. Therefore,
Q= LJ’d“xTrGEG - i]_deiTrAin. (11)
1677 4 )

A thorough analysis of the regularization of thefirst
termin Eq. (11) indicatesthat it depends only on A val-
ues at infinity. Assuming that the field strength vanishes
at infinity, we conclude that thisterm is nothing el se but
the integer number of instantons. Thus,

O O
eXp(4TMiQ) = explH Y J'dxiMTrA?[A'z]rD (12)
0 & O
for integer and half-integer M, where g[A, Z] is the
transformation modifying A to Eq. (5) dong Z.
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We consider an arbitrary SU(N) model with regular
fields and artificially supplement it with the monopole
singularities indicated above. In this case, the partition
function of the theory with added monopole singulari-
tiesin the presence of the 8 term can be expressed as a
vacuum average of exp(i6Q) in the corresponding
SU(N) theory without 8 term. For 8 = 41tM, we obtain

Z = Cexp(4nMi Q)0
O
= [N, expH J’dxiMTrAig[A'z] . (13)
0 - O

Below, we will use the following Abelian represen-
tation for the world line [13]:

i O g [q]D
Wiqlil =J'DgexpEJ'dXiTr[A]i?€ E (14
i

Here, #(9= Z m;H; , where m isthe highest weight of
the corresponding representation and H; is the defi-
nitely normalized basis of the Cartan elements of
SU(N) algebra. The Wilson loop W [j] is considered in
the irreducible representation of the SU(N) group. The
space of thisrepresentation consistsof tensors W, ;. ;

whose symmetry with respect to the index permutation
isdetermined by a set of integers (describing the'Young

tableat) g (1=1,....N-1) (Y, g =1, 62 0).

A direct calculation yields nonzero elements of the
diagonal matrix #4in the form (g = 0)

%I = qi_%qu (i=1..,N). (15)
k

We can introduce the correspondence between any
matrix n = diag(ny, ..., ny) defined in the world line of
the monopole and the SU(N)-group representation as
follows. Let the elements n, be ordered such that ny =
Ny_12 ... 2 N,;. The corresponding representation of the
group is determined by the set of numbers

q(n) = M(ny—m). (16)

This representation is denoted as [g(n)]. In this case,
19! coincides with -Mn except for the permutation
of elements. Asaresult,

Z = [exp(4niMQ)I = M \W gy [jnld  (17)

where the monopole world line j,, carries matrix n. For
g to be aninteger, M must generally be an integer. How-
ever, 0; isthe only Cartan element in the SU(2) group.
Therefore, = MTr(no;) isan integer for any half-inte-
ger M. For this reason, we consider here 6 = 41V,
where M is a haf-integer and integer for N = 2 and
N > 2, respectively.

ZUBKOV

Expression (17) indicates that monopoles become
dyons. An interesting feature of this expression is that
the topological term does not enter into the partition
function. The only meaning of this term in this caseis
that monopoles become charged with respect to the
gauge group.

Expression (17) caninclude only certain representa-
tionsthat are determined by sets(q;, ..., gy 1) such that

. 0, = NML, where L is an integer. In particular, the

complete set of irreducible representations of the SU(2)
group is admissible for N =2 and M = 1/2. The lowest
admissible representations for N = 3 and M = 1 are
(3,0),(2,1),(6,0),(51),(4,2),.... Thelowest admis-
sible symmetric representation for the SU(5) group is
(5,0,0,0).

Thus, our analysis of Dirac monopoles embedded in
the SU(N) gauge theory with the 6 term has demon-
strated that these monopoles are dyons. It was shown
that the partition function of the theory with artificially
introduced Abelian monopole singularities can be
expressed as a vacuum average of Wilson loops corre-
sponding to the world lines of monopoles, which is
determined in theory without the 6 term. This expres-
sion involves an infinite set of irreducible representa-
tions of the gauge group. An interesting feature of the
theory is that the topological term does not enter into
the partition function. Another surprising result is that
the lowest dimension of representations thus appearing
increases with N.

As was mentioned above, we treated monopole sin-
gularities as external ones and artificially introduced
them into the functional integral. At the current level of
understanding, we cannot consider these objects as
arising dynamically, because (similar to the case of the
Dirac monopole) we did not determine a model where
the corresponding singularity of the gauge field led to
the finite action. Moreover, arguments presented in [12]
indicates that such configurations can be unstable.
However, we note that many properties of unreal (from
the standpoint of Abelian theories) Dirac monopoles
proved to be inherent in objects with finite energy,
namely, in t'Hooft—Polyakov monopoles arising in a
more complex model. Similarly, the properties of the
above-analyzed Dirac monopoles embedded in SU(N)
theory with the 8 term can likely beinherent inrealistic
objects of a certain more complex physical model.
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FV. Gubarev for stimulating discussions. This work
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the U.S. Civilian Research and Development Founda-
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An arbitrary polarization state of a single-mode biphoton is considered. The operationalistic criterion isformu-
lated for the orthogonality of these states. It can be used to separate a biphoton with an arbitrary degree of polar-
ization from a set of biphotons orthogonal to it. Thisis necessary for the implementation of quantum cryptog-
raphy protocol based on the three-level systems. The experimental test of this criterion amounts to the observa-
tion of the anticorrelation effect for a biphoton with an arbitrary polarization state. © 2002 MAIK

“Nauka/Interperiodica” .
PACS numbers: 03.67.Hk; 42.25.Ja; 42.50.Dv

In recent years, considerable interest has been
shown in multilevel systems with dimensionality
higher than two, because they provide a way for more
dense data recording, as compared to the traditional
two-level systems. This is particularly important for
qguantum cryptography, because it enables one to
increase the data-exchange rate [1] and enhance secu-
rity against eavesdropping attacks of acertain class[2].
However, the transition to higher-dimensionality sys-
tems inevitably gives rise to experimental difficulties
associated with the implementation and the adequate
measurement of parameters. The solution of these
problems requires the design of a data output device,
error-correction protocols, repeaters, and other quan-
tum communication devices. After the two-level sys-
tem, the three-level system is the simplest. Its state in
quantum information is called “qutrit” by analogy with
qubit. The wavefunction of an arbitrary three-level sys-
tem can be written as

W = ¢, |10 c,|20+ c5|30) Q)

where |10 |20) and [3Clare the orthogonal basis states.
The complex coefficients ¢; are called the amplitudes of
basis states |iCand related to each other by the normal-
ization condition

3

Z|ci|2 = 1. )

i=1

At present, the use of qutritsin quantum informationis
not an exatic thing. For example, the authors of [ 3] have
proposed a quantum cryptography protocol based on
the three-level systems, and the interferometric method
of preparing multilevel systems was considered in [1].
The theoretical analysis of state restoration from the

measured quantities was carried out for an arbitrary
multilevel systemin [4].

Biphoton fields have been used in many experi-
ments of quantum optics practically sinceitsinception.
These fields are fluxes of photon pairs strongly corre-
lated in coordinate and time of their creation. In the
great majority of experiments, spontaneous parametric
down-conversion (SPDC) is used as a source of bipho-
ton field. It will be shown below that, in the case where
a photon pair is emitted into the same spatial and fre-
guency mode, the state polarization characteristics of
the biphoton allow it to be considered as a quitrit [5].
The use of single-mode biphotons as qutritsin quantum
communication protocols, e.g., in quantum cryptogra-
phy poses the problem of separating a certain biphoton
from the subset of biphotons with polarizations orthog-
onal to the polarization of the former. In this work, the
operationalistic biphoton orthogonality condition is
formulated for an arbitrary degree of polarization, and
the experimental schemeis proposed that allows unam-
biguous separation of a certain biphoton polarization
state from a set of states orthogonal to it. Thisisafun-
damental problem, and its solution can be used, e.g., in
the practical implementation of quantum cryptography
protocol for the three-level systems.

Biphotons and qutrits. The use of the polarization
states of single-mode biphotons for data recording was
proposed in [5], and the polarization characteristics of
thesefieldswerediscussedin[6, 7]. A pure polarization
state of a biphoton in the collinear frequency-degener-
ate regime can be written as[5]

[WO= |2, 00F c,|1, 10+ ¢4)0, 200 A3)

Here, |n, mCdenote the state with n photons in the hor-
izontal (H) polarization mode and m photonsin the ver-
tical (V) mode (n + m=2) and ¢, = |g;|lexp(iq) is the

0021-3640/02/7610-0596$22.00 © 2002 MAIK “Nauka/Interperiodica’



OPERATIONALISTIC ORTHOGONALITY CONDITION

Laser Ml M2 M3

12,0) 10,2) 11,1y rl;l
I¥)

A =d,—¢; AD=03—¢,

Fig. 1. Scheme of a nonlinear three-arm Mach—Zehnder
interferometer. Nonlinear crystals oriented so asto produce
the appropriate state are placed in each of the arms. By
introducing (with the use of mirrors) phase difference
between the states, one can change the phases of coeffi-
cientsc; inthedesired way and, by varying the pump power,
one can change their amplitudes in a desired way. Mirrors
are denoted by M1, M2, and M3.

complex amplitude of the probability of finding bipho-
ton in the corresponding state. The states |2, O[) |1, 10
and |0, 2Ckonstitute the orthogonal basis set in so-called
HV representation. By analogy with Eq. (1), this state
can be used for the ternary information coding. To visu-
alizethe polarization states of abiphoton light, itiscon-
venient to use the Poincaré sphere [7]. One can show
that state vector (3) can be represented as

Wo= al(®,¢)a’(®', ¢)|vacl
la’(8, 9)a’(9", ¢") vectll’
wherea'(8, ¢) and a'(9", ¢') are the operators of photon

creation and annihilation in an arbitrary polarization
mode, e.g.,

(32)

q’sin’ga\*,,

a'®,9) = cos’gaL +é >

2
where aL,V are the operators of photon creation in the
linear polarization modes H and V, and ¢, ¢' O [0, 211

and 9, 9' O [0, ] are, respectively, the azimuthal and
polar angles on the Poincaré sphere. In this case,

= ¢
- |1+ - cos(2d,—dbs) |,
/\/ 4|Cl|2|C3|2 leallcl e

8,0 = arcoos{ [|c,|*—|cy
£2,[[[c;*~ e/ |e c0s(26 91"~ [e,[*Ie3 ]

x [1+]cy” = 2|cy e cos(20 —@5)] '},

where the unprimed and primed quantities relate,
respectively, to the first and the second photon of the
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cC 9 D,

Fig. 2. Scheme for measuring arbitrary polarization state of
a biphoton field. NPBS is the nonpolarizing beam splitter,
WP is a set of wave plates, P isthe analyzer, D isasingle-
photon detector, and CC is the coincidence counting
scheme.

pair. It is aso convenient to introduce the degree of
biphoton polarization. This quantity was calculated in
[6] and, in the new representation, takes the form

2cos(a/2)

P = S :
1+ cos (a/2)
where a is the angle at which the pair of points map-
ping biphoton onto the Poincaré sphere is seen from its
center.

The generation of a biphoton field in an arbitrary
polarization state with given coefficients ¢; can be
accomplished in a three-arm interferometer of the
Mach—Zehnder type with three nonlinear crystals. Each
of them produces one of the basis states in the corre-
sponding arm to prepare a linear superposition of type
(3) at the output. The amplitudes and phases of the
complex coefficients ¢; can be varied in a desired way
in each of thearms (Fig. 1). In particular, all states used
in the quantum cryptography protocol proposed in [3]
can be prepared in the interferometer of this type.

To adequately measure the polarization characteris-
tics of single-mode biphoton fields, the Braun—Twiss
scheme is used with arbitrary polarizing filters in the
arms (Fig. 2). Each filter includes a polarization trans-
former and a linear polarization analyzer to separate a
certain polarization state. Upon measuring a certain set
of fourth-order field moments in this scheme, one can
determinethereal and imaginary parts of coefficientsc;
by varying the transformer characteristics. For some
pure states |WIthis was done in [8]. However, this
scheme can be used to measure an arbitrary polariza-
tion state of biphoton field in the HV basis. We will
refer to the measuring scheme as “tuned” to the partic-
ular polarization biphoton state (3a) if the polarization
state with parameters (3, ¢) is separated in one channel
and the state with parameters (8', ¢") in the other.
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Orthogonality of single-mode biphotons. Assume
that the polarization states corresponding to modes a;
and b, (letters denote the polarization states and index
denotes the spatial mode) are separated in channels 1
and 2 of adeviceillustrated in Fig. 2. Let us write the
orthogonality condition for a certain input state |W 4
and the state |¥,,L. 1o which the detector deviceistuned.
Let

W, 0= a'bflvacO _ cld"vacO
7 Jabfvecty |ctdtvact’

wherea’, bf, ¢t, and d' are the creation operatorsfor the
polarization modes a, b, ¢, and d, respectively. We
emphasize that, in the general case, the modes a, b, ¢,
and d are not mutually orthogonal. The condition for
the orthogonality of the input biphoton and the bipho-
ton to which the device is tuned has the form

[(Wop|Wed1 = 0

|cd

or, equivalently,
Wad abc'd'jvac= 0. 4

Since the creation and annihilation operators before
and after a 50% beam splitter are related to each other

asal = L (al +ial), Eq. (4) can be rewritten as
2
Wad (a; —ia,) (b, —ib,)(ci +icp)(d; +idy) vacO= 0.
(5

Neglecting the terms Nada;b; cfdﬂvacD which are
equal to zero according to Eg. (4), and the terms of the
form [Wad a;b; cJ-TdJ-T|vacD which are also equal to zero
because they correspond to the creation of aphoton pair

in the mode j and annihilation of a photon pair in the
modei, etc., one gets

ad a; b,(c1d} + c3d})
+a,b, (cld} + chdl) vacO= 0.
Note that

(6)

Wad a,b,(cld} + chdl)|vacO
= Qa,ci0fb,d:0+ fla,d00b,c0
= Qac'Opbd'T+ MadTybcT
[Wad a,b, (cld} + chdl)vacO
= Qa,ci0]b,di0+ Ma,di0Tb,clD

= QacTpbd'T+ Qlad'Tfbe’Ty

i.e., the mean values of both termsin Eq. (6) are equal,
because they differ only in the spatial indices and,
hence,

ZHUKOV et al.

[Wada,b,(cld} + chdl)|vacO= 0. )
Note that the state vectors of the form a,b;c/d] [vacCin

Eq. (7) contain two creation and two annihilation oper-
ators; hence, their sum is a vacuum state multiplied by
anumerical factor. It follows from Eq. (7) that this fac-
tor is zero. Therefore, the orthogonality condition for
the biphotons |W,,0and |V ,(finally takes the form

a,b,(cld} + chd)) vacO= 0. )
After the beam splitter, the input state | W [becomes
i
2||c"d*vact)
x{ c{dz + dIcZ + cIdI + cgdl} [vac

The last two terms make no contribution to the coinci-
dences, because they correspond to the situation where
both photons are led to the same photodetector. For this
reason, the coincidence counting rate is determined by
the second-order correlation function

|Weald=

@ _ 1
B 4c*d* vact®
x Wad{ c,d, + dyc3 ajbyasby{ cid; —dicy vach
The absence of photocount coincidences for detectors
D, and D, is equivaent to the zero value of the correla

tor in Eq. (9). The condition for the absence of coinci-
dences can be written as

(9)

Wad{ c,d, + d,c;} aibsa,b,{ cid} + dlc} vacO= 0,
(10)

which is equivalent to condition (8).

Therefore, the condition for the orthogonality of two
biphotons is equivalent to the condition for the absence
of coincidences in the scheme in Fig. 2, provided that
one biphoton is fed into the input, while the device is
tuned to the second biphoton. This procedure can be
regarded as the projection of one polarization state onto
the other, with the number of photocount coincidences
playing the role of an observable quantity. In the case
that the second state is orthogonal to theinitial state, the
coincidence counting rate should drop to the level of
accidental coincidences. It should also be noted that the
rate of single photocounts in both detectors will be,
generally, nonzero upon changing the characteristics of
polarization transformers, e.g., upon analyzer rotation.
In this case, the character of changing the number of
single photocounts takes the form of interference pat-
tern with the visibility equal to the degree of polariza-
tion of a measured biphoton [9].

The experimental data [5] presented in the table
illustrate the biphoton orthogonality criterion. For
example, if the recording scheme is tuned to the [H, VO
state, while the input stateis |R, LC(a pair of right- and
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Experimental dependence of the coincidence counting rate
on the input polarization state of a biphoton and the state to
which the deviceis tuned

Degree Degree | Coincidence

Iggtlét of polari- Dittgéed of polari- | countingrate
zation, P zation, P (s

[H, VO 0 H, VO 0 40+04
R, LO 0 H, VO 0 05+0.25
D, DO 0 [H, VO 0 025+0.1
[H, vO 0 D, DO 0 025+0.1
D, DO 0 D, DO 0 3.8+04
[H, vO 0 |H, HO 1 0.15+0.05
D, DO 0 |H, HO 1 1.9+0.2

Note: The following notation is used for the polarization modes:
H is the horizontal direction of mode polarization; V is the
vertical direction; D, D is the linear polarization with
angles of +45° and —45° to the vertical direction; and Rand
L are the right- and |eft-hand circular polarizations, respec-
tively.

left-hand circularly polarized photons) or |D D [{a pair
of photons linearly polarized at +45°) is orthogonal to
it, the coincidence counting rate is an order of magni-
tude lower than for the same input state |H, VI Like-
wise, alow coincidence counting rateis observed in the
case where the input stateis |H, VL while the deviceis
tuned to the orthogona state |H, HJAt the same time,

if the deviceistuned to the |H, H [(Btate and |D D Cisthe
input state, whose projection onto the [H, HOequals

1/.,/2, the coincidence counting rate is half as high as
for the case where the device is tuned to the input state.

Thus, the biphoton orthogonality criterion sug-
gested in thiswork allows one to unambiguously sepa-
rate a biphoton in an arbitrary polarization state from a
set of biphotons orthogonal to it. The experimental test
of this criterion amounts to the observation of anticor-
relation [10, 11] for an arbitrary biphoton polarization
state, in contrast to works[10, 11], where the directions
of photon polarization in apair were identical, or work
[12], where they were mutually orthogonal .

In practice, this criterion can be used for the imple-
mentation of aquantum cryptography protocol [3]. The
possibility of unambiguously separating the desired
biphoton polarization state from a set of states orthog-
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onal toit allowsacertainlogical value used in the secret
key to be assigned to this biphoton with assurance.
Nevertheless, this scheme is not free from losses. For
instance, both photons in a pair may be led into the
same arm after beam splitter and, hence, may make no
contribution to the coincidences. These processes alone
halve the amount of useful information. Another loss
source appears because, despite the fact that the sug-
gested scheme filters out only one biphoton |W4=
c'dlvactl||c'd’|vacl]] from aset of biphotons orthogonal
to it, the probability that this biphoton will make no
contribution at the output is nonzero even if the detec-
tors are ideal. This may occur if a photon in mode c is
led to the arm tuned to mode d, and vice versa. Clearly,
since the modes ¢ and d are generally different, each of
these photons may not be detected separately and, as a
result, no coincidence will occur.

We are grateful to S.P. Kulik and PA. Prudkovskii for
discussions. This work was supported by the Russian
Foundation for Basic Research (project nos. 02-02-
16664, 00-15-96541) and INTAS (grant no. 01-2122).
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The exact solution is obtained for a propagator describing x-ray propagation through a refractive parabolic
medium. Such a medium arises in compound many-element refractive x-ray lensesthat are used in synchrotron
radiation sources. The solution obtained allows one to analyze such lensesin detail to predict their operationin
particular applications (beam focusing, microobject imaging, and Fourier transform). © 2002 MAIK

“ Nauka/Interperiodica” .

PACS numbers: 41.50.+h; 07.85.Qe; 42.79.Bh; 42.30.-d

For a hundred years after the discovery of x-ray
radiation, it was thought that refractive lenses could not
be used for focusing hard x-rays because, at least, of
two reasons. First, the refractive index for electromag-
netic radiation with energy E ranging from 10to 50 keV
differs only dightly from unity. Second, the absorption
coefficient for this radiation is nonzero. When writing
the complex refractiveindex intheformn=1-95+if3,
one has, e.g., for aluminum at E = 25 keV & = 8.643 x
10" and B = 1.747 x 10°.

This problem was solved in 1996 [1] with the use of
compound lenses, i.e., lenses composed of alarge num-
ber of relatively thin elements. It proved to be quite for-
tunate that the x-ray phase velocity in a material is
higher than the velocity of light in free space. For this
reason, the focusing lens was taken to be biconcave and
the thickness of amaterial in the central part of thelens
was smaller than the absorption length. To date, many
publications have been devoted to various methods of
fabricating compound refractive x-ray lenses. Among
them, of primary interest are lenses with circular aper-
ture and parabolic profile. Elements of these prisms are
obtained by pressing out parabolic profilein aluminum
plates (see, e.g., [2]) or plates of organic materials (see,
e.0., [3]). Each element focuses aparalel beam into the
point at distance F, = R/28, where Ristheradius of cur-
vature of the parabolic profile (see figure). In this case,
the focal length of ablock with N elementsisF = F,/N.
Let, e.g., F; =100 m. The focal length of a block with
100 elementswill be 1 m, whichis quite appropriate for
the experiments at synchrotron radiation stations.

A lens containing 1000 or more elements can rather
easily be fabricated. The length L = Np of the com-
pound lens increases with the number N of elements,
while the focal length F decreases. Clearly, the focal
length in the case L < F can be estimated from the for-
mula F = R/2NJ for a thin lens. However, in this case

thelinear correctionsin the small parameter L/F may be
quite appreciable when imaging microobjects with
extreme resolution. The theoretical analysis of the
operation of acompound lenswith length L comparable
tothefocal length F was performed only in the geomet-
rical optics approximation (see, eg., [4]), which is,
clearly, insufficient for the estimation of focal spot size
and for the analysis of image transfer using thislens.

A complete solution to the problem of radiation
transfer through a long compound lens must have the
form of an integra relationship of the Kirchhoff inte-
gra type. In this case, the problem amounts to deter-
mining the kernel of integral transformation (propaga
tor) by solving the Maxwell equation with initial condi-
tion in the form of the Dirac delta function. It is shown
inthiswork that, under certain conditions, this problem
has an exact solution; i.e., the propagator can be calcu-
lated analytically in aform close to the Gaussian func-
tion with complex parameters, for which one can write
the exact recurrence formulas. It is assumed that the
synchrotron radiation (SR) is preliminarily monochro-
matized and has a rather high degree of spatia coher-
ence. These conditions are fulfilled, e.g., in the third-
generation SR sources [5].

(left) Compound refractive x-ray lens and (right) parame-
tersof itsindividual elements.
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We choose the optical axis along the z axis (figure)
and represent the general solution to the Maxwell equa-
tion as E(x, Y, 2) = exp(ikg A(X, ¥, 2), wherek = w/c is
the wave number in vacuum. The function A(X, vy, 2)
describesthetransfer, along the zaxis, of the transverse
dependence of the wave field. Since the radiation is
hard and interacts weakly with a material, one can use,
with a high accuracy, the paraxia approximation, i.e.,
ignore the second derivative of A, with respect to the
coordinate z, as compared to the first derivative. As a
result, onearrives at the parabolic equation for thefunc-

tion A(X, Y, 2

dA, _ i A, d°A
i —ikns(x, y, 2 A + ZkEd_ Ay N

wheren=1-n=956—if = & —iy). In the radiation-
transfer problem, the wave field at the entrance surface
of the lens is a given function A(X, y, 0) = Ay(X, Y),
where the coordinate z is measured from the outset of
the lens. In the compound lens, the function s(X, v, 2) is
unity in theregionsinside the material and zero outside
it (figure).

In what follows, | consider only the case where the
thickness p of an individual element of a compound
lensis smaller than the characteristic scale of changing
the transverse dependence of the wave field. In other
words, the thin-lens approximation is assumed to be
fulfilled for an individual element. This is always true
for a compound lens with many elements. This restric-
tion can be used for averaging the function s(x, y, 2)
over its period and replacing it by afunction depending
only on the transverse coordinates:

d, x° y2
= —+—+
(% ) > R DR

2
This dependenceisvalid only inside the lens geometri-
cal aperture with diameter a = 2[R(p — d)]¥2 (figure).
However, the effective operation area (effective aper-
ture) of the lens is determined by the x-ray absorption
in its material and is almost always smaller than the
geometrical aperture. Because of this, one can formally
assume that dependence (2) holds everywhere over the
region of transverse plane (X, Y) considered.

Let us represent the initial wave field as a Fourier
integral

At ) = [ 2 2:)‘*Yexp(uqxx+ 0y Addea) ()

and consider the solution P (X, ¥, O Gy, 2) With theini-

tial function in the form of planewave Py (X ¥ 0 0, 0) =
exp(ig.X + igyy). The solution can be represented as the
JETP LETTERS  Vol. 76
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product Py = exp(-ikn[d/p]2) P (x, 4, 2) P (¥, g, 2), with
the partial function P (%, q, 2) satisfying the equation

dP kn 2z i d?P
rEl |pr P+ —

2k’ (4)

P(x,g,0) = exp(igx).

This equation coincides formally with the Schrédinger
equation for a particle in a parabolic potential. Never-
theless, the expansion in terms of the stationary states
will not be considered in this work.

Taking into account the character of theinitial func-
tion, it is reasonable to seek a solution in the form of a
Gaussian function with complex coefficients

P(x, 0,2 = exp(iag@d +ia@)x+ia@x),
a(0) = a,(0) = 0, a(0) = q.

Inserting Eg. (5) into Eq. (4) and equating the coeffi-
cients of thetermsfor the same x powers, one arrives at
the system of ordinary differential equations

(%)

dap _ i, 1.
A
(6)
da, _ 2 . 9% _ _kn_2.
dz k17 dz pR k?

This system has an analytic solution for any initial con-
dition. It can be written as

) = a0,
a2 = aﬂ@#ﬂ“},zc),
D) = a0 -5t ()
___ay(0)ztan(z)
2K[1+ tanatan(Z/Z)]
wa =% =g «= B

The validity of this solution can be checked by direct
substitution. Using initial conditions (5) and recurrence

relations (7), one gets for the function P x,q,2

z s

I5(x,q,z) = exp%—izz—cxD expB q—

Fedt @®

Hereinafter, the notation s, = sin(z/'z,), ¢, = cos(z/z.), and
t,=tan(z/z,) is used.
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Let us represent the general solution to the problem
(for an arbitrary initial function) in the form of integral

A@%a—jﬂfmﬂyﬂwwa%%,ﬁ(%

Substituting the expression for Ao(qx, qy) intheform of

the inverse Fourier transform and integrating with
respect to g, and g, one obtains the desired integral
transformation for a compound x-ray lens with the par-
abolic profile

Alx. Y, 2) = IdX'dYPt(X, Y. X, ¥, 29A(X, Y, 0), (10)
whose propagator is factorized
Py, X,Y,2)

= exp(—ikn[d/p] 2)P(x, X, 2)P(y, Y, 2),

and the partial propagator is determined by the expres-
sion

(11)

D aFRL
P(x, x,2) = eXpD_I)-\—z—CXD
(12)
E (X XCZ) D
oxa%ﬂz Azs,c, U
Here, A = 21Uk is the x-ray wavelength.

This expression is the main result of the work. One
can readily verify that this function transforms to the
Dirac deltafunction d(x—x') at z= 0. Evidently, integral
(10) must transform to the Kirchhoff integral in the
limit |n| — 0. Indeed, after passing to the limit
|z.] —= o in Eq. (12), one obtains the following
expression for the transverse part of the spherical wave
in the paraxia approximation:

P(x, X, 2) = e o P(x=X, 2

(13)

- i

The expression for the propagator in a more complex
problem of radiation transfer in air at a distance of r,
before the lens, through alens of length L, and at adis-
tance of r; in air after the lens can be written as a con-
volution

G(x, X', ry, L, 1)

(14)
= J‘dxzdleK(x — Xy, ) P(X5, Xq, L)Pr(X; =X, 1).

Note that the integralsin Eq. (14) are calculated analyt-
ically to give an analytic expression for the propagator
G. However, the same result can be obtained by the
method developed above, namely, by triply using recur-
rence relations (7), with the limiting transition |n| — 0

KOHN

being used for air. The method of recurrence relations
(7) is particularly suitable in the development of algo-
rithms for computer simulation of imaging formation
using a lens. Although this computer program was
developed by us, the analysis of particular results is
beyond the scope or this brief communication. More-
over, this method can also be applied to a system of
lenses with different parameters.

Below, main features following from Eq. (12) for
the operation of a compound refractive lens are consid-
ered. Taking into account that y = /0 < 1, the complex
parameter z, can be written as z, = (pF,)Y2(1 + iy/2). At
L < (pF,)Y?, one can retain only the leading terms in
the sine and cosine expansions to obtain the following
expression for the propagator in the thin-lens limit:

2
Po(x, X, L) = exp T[)%[l—iy]EPK(x—x', L),
(19)

_F _ R
F=XN " 2n5

Note that the above-mentioned domain of applicability
of this approximation can be written asL < F. Due to
X-ray absorption, the plane wave, after passing through
the lens, acquires the Gaussian shape, for which the
intensity distribution halfwidth is a, = 0.664(AF/y)"2.
This value can be considered as the lens effective aper-
ture. The expression including the terms on the order of
(L/z.)® can easily be written to obtain the corrections on
the order of L/F to the focal length in the thin-lens
approximation.

For L = L, = (pF,)¥?1v2 and taking into account that
s,= 1 and c, = iy1i4, one obtains, in the linear approxi-
mation in y, the following expression for the propaga:
tor:

1

P(x, X) = —(i }\ZC)]JZ

2 (16)
x exp[—if—;:xx' —VLWC(X2 + x‘z)]

From this expression, it follows that, when passing
through this lens, the wave is modulated by a Gaussian
function because of the absorption in lens and then
turns to its Fourier transform. In particular, at the lens
output, a plane wave has a Gaussian intensity distribu-
tion with the halfwidth s, = 0.47(ALoy)"?, and the focal
lengthisL,. The quantity s, gives the focal spot diame-
ter, whereas the lens effective aperture in this case is
a,= 0.846(ALy/y)Y2. If the absorption is ignored, the
propagator will be equal to delta function d(x + Xx’) for
L = 2L i.e, the wave field is restored in the inverted
form. Clearly, the lenswill have the same propertiesfor
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L = 3L, 4L,, and so on. However, the absorption dimin-
ishes the lens working region with increasing L.

In conclusion, let us estimate the parameters of the
system. Consider a compound aluminum lens for pho-
ton energies of 25 keV. Let p=1mmand R= 0.2 mm
[2]. Onehasinthiscasey=2.02 x 10-3, F,= 116 m, and
L, = 53.4 cm. Therefore, the critical size of the com-
pound lens is achieved when 534 elements are used.
Evidently, L, is the minimal attainable focal length for
a given radius of curvature of the parabolic surfaces.
Thefocal spot diameter in thiscase issy =0.11 pm, and
the effective aperture is a, = 97 um. Smaller focal
length can be obtained by a gradual decrease in the
radius of curvature of the surfaces in individual ele-
ments.

JETP LETTERS Vol. 76 No. 10 2002
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We propose a mechanism for the effective transformation of dilaton-field energy in field starsinto relativistic-
plasma energy and radiation. The mechanism suggests initial transformation of the energy of an inhomoge-
neous dilaton field into electric-field energy followed by its dissipation into relativistic-plasma energy. The pro-
cessissimilar to the propagation of arelativistic detonation wave through a dilaton stellar atmosphere. © 2002

MAIK “ Nauka/Interperiodica” .

PACS numbers; 97.10.Cv; 97.10.Ex; 04.40.Dg; 95.30.Gv; 95.30.Qd

(1) Boson stars formed by various types of scalar
fields in their own gravitational field are extensively
studied in modern theoretical astrophysics [1]. In the
relativistic and nonrelativistic cases, the energy density
of such fields can be very high, and the problem of
transformation of this energy into radiation naturally
arises. One such mechanism was proposed by Tkachev
[2]. He considered a model for the generation of radia-
tion by axion fields based on an analogy with the mech-
anism of laser radiation. Here, we propose an aterna
tive mechanism which uses the dilaton-field energy.

Among the models of boson stars, the models of
self-gravitating structures with dilaton fields are known
[3]. The nature of these fields allows them to directly
interact with electromagnetic fields. The corresponding
system of eguations admits solitonlike solutions for a
longitudinal €electrodilaton wave. It was shown that
such a soliton could travel through an inhomogeneous
dilaton stellar atmosphere formed by its own gravita-
tiona field. Passing from aregion of high dilaton-field
energy density to aregion of lower energy density, such
a soliton can appreciably increase the electric-field
energy. According to the models of such field stars, the
energy difference can be significant. The maximum
electric-field strength can reach a critical value for the
production of electron—positron pairs or can result in
substantial Joule heating of the plasma that already
existsin the dilaton field. It isimportant to note that in
regions without electromagnetic fields, the dilaton field
does not interact with quasi-neutral plasma. Thismodel
was demonstrated with simple analytic and semiana-
Iytic solutions. The realization of this mechanism in
nature can give rise to impulsive energy release in the
form of intense plasma hesating and radiation in a
regime similar to the detonati on-wave mechanism. Pro-
cesses of this kind are being intensively studied (see,
e.g., [4] for areview). Note that the motion of this soli-
ton is assumed to be relativistic, and the gravitational
field of the boson star isassumed to be weak. Therefore,

the motion of an electrodilaton soliton with dissipation
may be considered in terms of special relativity. We
assume that an inhomogeneous dilaton-field energy
distribution has already been produced by gravity and
that only this distribution is important in the problem
under consideration.

(2) The Lagrangian of a dilaton-electromagnetic
fieldisgiven by [9]
L = 20,0" —(F,,F™Me™, (1)

where @ isthe dilaton-field potential, F,,,,isthe el ectro-
magnetic-field tensor, and a is the coupling constant.
Equations for @ and F;, can be derived from (1):

[e_ZGcDFik];k — 0, (2)
) = e (FinF"™). 3

Let usconsider aplane el ectrodilaton wave which prop-
agates along the x axis and has only the longitudinal
component F1° = E, = E by using these equations.
Equation (2) yields

(€*°E): = 0; (6™ E)x = 0, (4)
whence we can determine the constant of motion
e”*’E = E, = const. (5)
The quadratic field combination
| = F,F™ = —2E° (6)

isnegative in al special-relativity frames of reference.
The other field equation (3) takes the form

= aEe™® 7
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or, introducing the new variables 20E;x — X and
20E,T — T and the function ) = 2a®, we obtain

Py Y _
— _—x =¢'/2 (8
0t°  ax

This is one of the forms of the Liouville equation [6].
Thereisagenera class of solutionsfor this equation that
contains two arbitrary functions f;(x — 1) and f,(X + 1):

- In 126f'1(x—r)f'2(x+T) . ©)

cosh[f,(Xx—1) + f(x+1)]

The primes denote the derivatives with respect to the
arguments of the functions.

The solution for a steady-state soliton traveling with
velocity u follows from the general solution with the
arbitrary functions

1+u

fi(x=1) = y(x-1), y= 3 (10)
441—-u
1-u
f(x+1) = B(x+1), B= : (11)
4.J1-u°
It hasthe form
W = —2Incosh X4t E
D2A/1—u (12)

2[] X—UT ]
DZA/ 1- uéj
To analyze the soliton evolution on an inhomoge-

neous dilaton background, we choose arbitrary func-
tionsin the form

E = Ey/cosh

f, = y(x—=1) + Incoshp (T - %),
f, = B(x+71), (14)
wherey and 3 are determined by the initial wave veloc-

ity from Egs. (10) and (11) and u is an arbitrary con-
stant. The electric-field profile then takes the form

(13)

E/E, = 16B[y + ptanh u(T—x)]/cosh’Q,
Q = [(y+ B)x—(y—PB)T + Incoshp(t —x)].

The profile of thiswave is shown in Fig. 1. The numer-
ator in Eq. (15) slowly changes compared to the denom-
inator. It thusfollowsthat the el ectric soliton reachesits
maximum at a given T near zero of the cosh argument.
Sincethe soliton velocity u < 1, the argument of the tan-
gent is always positive in this range. The numerator in
Eg. (15) and, hence, the electric field grows with time.
This growth ceases as soon as tanh[j1(T — X)] reaches
its asymptotic value equal to 1 (see Fig. 1 for illustra-

(15
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2

1.5

E,/E,

Fig. 1. The growth of the electric soliton in awave with var-
ious asymptotic dilaton-field energy densities ahead of and

behind the wave. Solution (15) withu=1/./3 and p = yis
shown at various times t. The energy densities, in units of
Eg ,are 7.4 and 0.2 ahead of and behind the soliton, respec-

tively. At large 1, the solution transformsinto a steady-state
soliton.

tion). If an infinitely increasing function is substituted
for tanh[p(t —x)] in Eq. (15), then the electric field
will also continue to grow infinitely.

(3 A substantial accumulation of electric-field
energy as the wave travels in plasma can result in fast
heating of the latter. It is important to make sure that
this heating is powered by the dilaton-field energy. To
this end, let us consider the above wave traveling in
plasma. As was pointed out above, the quasi-neutral
plasma outside the region of E localization does not
interact with the dilaton field. A current is generated in
the electric-field region in plasmaand the complete sys-
tem of equations now takes the form

op_, 9] _ 0, 200 _
at Tax 0, ax(e E) = 4mp,
16
0 00 _ g o
o> ax? ’

where p is the charge density and j is the conduction
current. To further simplify the problem, we assume
that the plasma conductivity o is constant and that j =
OE. We seek a solution in the form of a steady-state
wave that depends on the argument & = x — ut. Choosing
E. and py asthe characteristic electric-field strength and
charge density, respectively, weintroduce thefollowing
dimensionless quantities:

e=E/E, W =2a®, &= plp,,
_ 20aE _2moy1 1P (17)
n= ﬁi, ( = TuE
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-4 L |

-15 -10 =5 0

Fig. 2. An eectro-dilaton soliton with dissipation. The
dimensionless conductivity ¢ and the constant C in Eq. (19)
were chosen to ensure the total transformation of dilaton-
field energy into plasma thermal energy behind the soliton
(p—=0).

The system of equations (16) then takes the form

2
- —%e‘”’ez, di(ze—a) -0,
dn n (18)
d, v, _
ﬁ(e e) = 0.
This system has the first integral
Pyl ina- = 1w
2 +4Z2In(1 2(p) € +C, (29

where p = d¥/dn and C is the integration constant. Its
analysis alows the transformation of dilaton-field
energy into plasma thermal energy to be traced. Asin
the nondissipative case (see (12)), ¥ —» —oo ahead of
and behind this soliton and the corresponding asymp-
totic values of p follow from Eq. (19) for €¥ — 0. In
these regions, the dilaton-field energy density is deter-
mined only by the derivatives of the dilaton potential;
i.e., itisproportional to p.

When dissipation is switched off (¢ — 0), it fol-
lows from Eq. (19) that the asymptotic values of p are
equal in magnitude. This equality implies that the
asymptotic values of the dilaton-field energy density
ahead of and behind the soliton are equal. Otherwise,
the transformation of dilaton-field energy into electric
energy and back into dilaton energy would be revers-
ible. In the presence of dissipation (¢ # 0), the asymp-
totic value of p ahead of the soliton is larger than its
value behind the soliton, implying energy losses
through dissipation. Figure 2 shows our numerical

GUROVICH, FOLOMEEV

solution to the system of equations (18), which con-
firms the above analysis. The conductivity { was cho-
sen in such away that al of the dilaton-field energy
transformed into thermal energy. Note that the wave
carries a finite charge. If this solution is assumed to
evolve from a quasi-neutral system, then the corre-
sponding negative charge should be assumed to remain
outside the soliton-like solution.

(4) A more complex dissipation mechanism, in par-
ticular, the production of electron—positron pairsin an
intense field E, can be considered in terms of this
model. However, it was first necessary to demonstrate
the very fact of the transformation of dilaton-field
energy into plasma thermal energy using a simple
example.

The realization of this mechanism greatly depends
on the experimental confirmation of the direct interac-
tion between the dilaton and electromagnetic fields in
Lagrangian (1). We are grateful to the referee who
pointed to the paper by Chiba and Kohri [7], in which
this problem was addressed. However, note the follow-
ing. If the dilaton charge h?e®® is substituted in
Lagrangian (1) for the electromagnetic field, then all of
the above conclusions regarding the increase in the
energy of the soliton as it moves in an inhomogeneous
field remain valid. This concentrated dilaton-field
energy can be transferred through a different channel
when the dilaton interaction with other fields is
included. Radiation can be generated, for example, by
the mechanism from [2].

We thank H. Kleinert and H.J. Schmidt with whom
weformulated the original problem [8]. We are grateful
to A. Starobinsky and V. Usov for the discussion of the
model. This study was supported by the ISTC Project
no. KR-677.
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The evolution of longitudinal-and-transverse acoustic pulses propagating along an external magnetic field
through a system of resonant paramagnetic impurities with effective spin S= 1/2 is studied theoreticaly. It is
shown that, when the group velocities of longitudinal and transverse waves are equal and the impurity concen-
trationissufficiently small, theinitial system of equationsisreduced to new evolution equations, which areinte-
grable within the framework of the inverse scattering problem approach. These equations qualitatively describe
the new coherent dynamics of acoustic pulses. © 2002 MAIK “ Nauka/Interperiodica” .
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Nonlinear coherent optical phenomena associated
with soliton and other self-similar solutions [1] were
thoroughly studied analytically within the framework
of integrable models[2]. When el astic waves propagate
through a paramagnetic crystal, solitonlike pulses can
form as a result of the effects associated with anhar-
monic oscillations and dispersion [3], aswell as dueto
the effect of nonlinear coherent interaction of acoustic
waves with paramagnetic impurities in the medium, in
the conditions of a self-induced acoustic transparency
[4,5].

The evolution of an acoustic pulse in a crystal with
paramagnetic impurities has a number of distinctive
features making it qualitatively different from the light-
wave dynamics in the medium. For example, such fea-
tures are associated with the fact that the sound wavein
acrystal may be of alongitudinal-and-transverse type.
The self-induced acoustic transparency was observed at
low temperaturesin crystal samples with paramagnetic
impurities [6]. In other experiments [7, 8], this effect
was observed in Fe** impurities in MgO and LiNbO,
crystal matrices.

Thetheory of salf-induced acoustic transparency for
atransverse pulse propagating in the direction parallel
to magnetic field in a spin system with S = 1/2 was
developed, e.g., in [4, 5]. In this theory, the equations
describing the acousti c-pul se dynamics under anumber
of simplifying assumptions were reduced to both non-
integrable and well-known simple integrable models.

The main purpose of this paper is the study of the
new acoustic-pul se dynamicswith allowancefor signif-
icant changes in the transverse and longitudinal field
components. For this purpose, anew general integrable
model that describes the one-dimensional dynamics of

pulses propagating in a crystal with paramagnetic
impurities with spin S= 1/2 is proposed.

L et us derive the equations describing the dynamics
of alongitudinal-and-transverse wave in a crystal with
paramagnetic impurities (cf. [5]). We assume that a
homogeneous static external magnetic field B is
directed along the z axis. The contribution of the Zee-

man interaction of the magnetic moment ﬁ(a) located at
—1®B. The
components ﬁ(a) are expressed through the spin com-

ponents SA(r,), wherer , isthe radius vector of the ath
spin:

point a to the general Hamiltonianis Ha =

(a) = z UngkSK

Here, g is the Bohr magneton and g, are the compo-
nents of the Landé tensor.

Assume that the X, y, and z coordinate axes directed
along the principal axes of the Landé tensor coincide
with the crystal symmetry axes. Then, in the unstrained
unperturbed medium, the Landé tensor is diagonal:

Ok = ng g0k Where g, is the delta function. To

describe the crystal strain caused by the acoustic wave,
we introduce linear corrections to the Landé tensor:

- 404 09k
gjk z @% o O% (1)

where € isthe elastic strain tensor of the crystal at the
point where the spin is located. The derivatives are
taken at the point where the strain is zero. The strain

0021-3640/02/7610-0607$22.00 © 2002 MAIK “Nauka/Interperiodica’



608

tensor components are expressed through the compo-
nents of the displacement vector U = (U,, U,, U,):

1@U aUd]
2Dc)x ax ox.

The spin—phonon interaction is described by the
Hamiltonian involving the first-order terms of the
expansion in €,,, powers. We consider the evolution of
the field along the z axis parall€l to the vector B. In this
case, the symmetry transformations include the mirror
reflections about the planesx =0, y =0, and z= 0. With

allowance for these conditions, the expressions for Hs
and Hix take the form

A = J’nﬁwBSZd3r, 2)

= [375

Hereafter, y sequentially represents x, y, and z, S, =
Tr{§,, p}, where p isthedensity matrix and §, arethe
Pauli matrices; wg = gugB/7 isthefrequency of Zeeman
splitting of the Kramers doublet, where g = g, = g, =
O, Nn(r) = 21 o(r —r;) is the concentration of para-
magnetic impurities; the integrals are taken over the
crystal volume; and f, = dg,/0€,, are the spin—-phonon
coupling constants [8].

Without regard for anharmonicity, under the afore-
mentioned symmetry conditions the acoustic-field

dynamicsin the crystal can be described by the Hamil-
tonian

%pq -

i 6.5, 3)

ﬂ ;Jvljpx-i- py+ pz Z (4)

O Y

where n, is the average density of the crystal, p; (j = X,
Y, 2) are the momentum density components caused by
the dynamic displacements, and A, are the elements of
the elastic constant tensor of the crystal [9]. The num-
ber of phononsis assumed to be large, so that the clas-
sical description of the acoustic field dynamicsisvalid.

The equations describing the evolution of the effec-
tive spin and the acoustic field have the form

in92 = [, p1, )

oU _dH odp _ oH
at _op’ ot ou’ ©)

Here, H = H, + [Hin [] Theinteraction between the spin
and thefield of an elastic pulseis described by the clas-
sical Hamilton equations for a continuous medium.

ZABOLOTSKII

Using Egs. (2)—(6), we obtain a system of evolution
equations for €, .

az%yz_‘/Zaz%yZ - n_(;yaz_a, (7)
o ' oF o o7
Here, G, = huxgf,/g, v, = JA, /Ny,

9 G , G % ‘s

95 = Lo+ Zelg 4 S ©

d Gz%z Gx((_gxz

D= Qo+ s Zems (g
= HG#uS-GS). (0

Let us obtain the most general integrable reduction
of the basic system of equations (7)—(10) without con-
sidering losses. Assume that the phase velocities of
waves are equal: v, = v, = v, = v. This situation takes
place in elastically isotropic crystals, such as alkali
metal halides with central interaction forces between
the atoms [10].

The reduction must describe the dynamics of acous-

tic pulses with durations on the order of nwgl or

smaller. With this condition, the slow envelope approx-
imation does not apply.

In real media, the concentration of paramagnetic
impurities can often be considered as small. Then, it is
possible to apply the unidirectional propagation
approximation similar to that used in [11] for deriving
the reduced Maxwell-Bloch equations for a two-level
optical medium. Inthiscase, we can writethefollowing
formal approximate equality: 9, = —v %9, + O(€), where
e isaperturbation. The normalized impurity concentra-
tion is of the same order of smallness as the derivative
0; =0, + v 10, of the acoustic field amplitudes. The

derivative with respect to z on the right-hand sides of
Egs. (7) can be replaced by v 19, with an accuracy of
O(€?).

If the propagation of acoustic pulses is unidirec-
tional, system (7) is reduced to the form

0¢€, nG, 05,
— = —4—= 11
0X  2v’n, 0t e
From Egs. (8)—11), we derive the relation
2
Gt B+ 20 =ik, @2

Here, the real function ly(t) is determined by the
boundary conditions. With allowance for Eqg. (12), new
JETP LETTERS  Vol. 76
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integrable system of equations (8)—11) can be repre-
sented as

dg 0 0 -
555 = [F. 95, &F = a—SJs (13)
Here, F, = Gé,,l5 , F, = Gé, 15, and F, = (G&,, +

fiod) 15+ are the components of the vector F; S arethe
components of the vector S; J = diag(L, a, b), where
a= fo/f; andb= f2/f.; 9 = J‘OIO(t')dt'; and 9 =
X NG: (2hngv 2L,

System (13) can be represented as the condition that
the following linear systems of equations are compati-
ble:

—iAF,

]
;P = §
UyoF« +VY1Fy

YOFX + yle Eq),
iAF, O

(14)

S, BoS+BS O
BoS +PiS, —iNAS, -

= L2 ffo-v+ fa-v]
Yo = = /\/: [(a Y]

_ abl(a=1)"-uT
16./aan

9, ® = (15)

0
O
X ds
O

Here,

& 16a)\

2a(b 1)[+a[(a+u 1)

Po 2(1+a-p)

L= 8)\(1+a W 0T 2(l+a—p)

(a+u 1) 2(b 1)[ [(a+u 1)

BA(1l+a—-)
and n = (1 + a + @4z - Y,
J16ar% + (1-a)?.

B, = =

u:
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As reductions, system (13) has new integrable sys-
tems of equations correspondingtoa# 1, b =1 and to
a=1b#1 Fora=1andb=1, system (13) formally
coincides with the model of asymmetric chiral field on
the O5; group [2]. It should be emphasized that system
(13) cannot be reduced to an integrable model of an
asymmetric chira field [12]. Since system (13) is diffi-
cult to analyze, we proceed with considering its simple
though nontrivial reduction.

Let the zaxisbe afourfold symmetry axis; i.e., con-
sider thecasea=1, b# 0. For a=1, system (13) has
the following Lax representation:

0.0 =g AFsA*BEL, 1o (1)
O-AE* iAF, 0O
2@
1 —msz —JB(A+B)SD¢ s (17)
@ 1>DJBAS* iAS, O

Here, A isthe spectral parameter, 1 =9 /b, E=F,—iF,
F,= J/bF5 S=S.—iS, and B = (1 -h)/2./b.

We solvethe problem on the entire axisfor E(t) — 0
and T — *oo under the assumption that, at the initial
andfinal instants, the spin systemisin the stable ground
state: S(1, X) = -1, 91, X) = 0, and T — *oo. We
assume that the acoustic pulse E(t, 0) introduced in the
crystal has an area sufficiently large for the soliton for-
mation.

Spectral problem (16) differsin its symmetry prop-
erties from previously investigated similar problems
associated with solving the integrable Heisenberg and
Landau—Lifshits equations [13] or the Raman scatter-
ing and four-wave mixing equations [14]. Therefore, it
is necessary to develop an apparatus for the inverse
problem method, as applied to this model with allow-
ance for its specificity.

The solutions to spectral problem (16) possess the
following involution:

o =50 (a+png
51 o o

b = MCD()\*)*M_I (18)

In view of Egs. (18), the Jost functions W*, being the
solutionsto problem (16) with the asymptotic behavior

W* = exp(—iAO,T), T— #oo, (19)
can be represented in the form
g + +x \ + B U
gy =y, 0
LIJt — Dq’ll lng )\ 0.
O . o O
O3 U O
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These solutions are related to the scattering matrix T :

a* b(\ +B)/A E_

(20)
—b* a O

. . D
w =yt T=0
0

The Jost functions have standard analytic properties
(see, e.g., [15]); a(A) is holomorphic in the upper half-
plane of A, where its zero values correspond to soliton
solutions.

Represent the Jost functionsin the form

l.|J+(-[) - e—i)\o3r
"0 AKL(T,5) (M +B)Ky(T, 9) 0 -os (21)

+J'D ds.
T0-AK3(1,8)  AKi(t,8) O

Substituting the components of these functions from
Eqg. (21) into Egs. (18) and integrating the resulting
equations with respect to A from —o to « with the
weighting function e*»Y(2rtA)~, we obtain the March-
enko equations for the right end of the axis (y = 1):

0

KZ(T,y) = Fo(t+y) + iIKl(Tv s)0,Fo(s+y)ds, (22)

[

Ki(ty) = —IKz(T, S)(B+idy)Fo(s+y)ds. (23)
Here,

Foly) = [2005m58 dh, (29
©

where 6 isacontour including thereal axisand passing
above all polesin the upper complex half-plane.

From Egs. (21) and (16), we obtain the relation
Ko(T, T)[1+ F3(1)] = EX(D)[1-iKy (T, T)].  (29)

Using EqQ. (25) and the condition F; + EE* = 1, we
obtain the relation between the potential E and the ker-
nelsKy

E(1)
_ 2[1-iKy (1, 1)]K5 (1, 1)
[1+iKE (T, T)][1-iKy(T, T)] +|Ko(T,T)[*

(26)

Let us find a single-soliton solution associated with
a single eigenvalue A. Represent the kernel F corre-
sponding to the eigenvalue A in the form

Fo(y) = Co(X)exp(=iAy),
where C, = —ib(x; A)/(Adna(X; Nl =»)-

(27)

ZABOLOTSKII

The dependence of the scattering data on x is deter-
mined by the formula[15]

—i03AT 4

0, T = -Te * A(T=-w,X)e

i05AT

—i03AT 4 (28)

+e A>T = 00, x)e " T

For the chosen initial and boundary conditions corre-
sponding to the soliton dynamics, Eq. (28) yields
b(A)
aﬂ a'( r] ) |n =A

where §) is a constant. For simplicity, we set & = 0.
Using Egs. (26)—(29), we obtain a single-soliton solu-
tion for the model under consideration with A = in:

E(t,X)
_ 25N UL X)L -yilu(nx)e™  (30)
L+ (XS] 2 =y = vET + @O yd
where

- [F2iXA0
(X) = ~Sexprr—_70

(29)

anx_, 4in’xp
1+4n® 1+4n™H

M(T,X) = exp2Tn —

_ o [1+yE I x)I? _|S%(n* +inp)
(pS - arg 2 | 1 = 4 ]
1+ vy, lu(t, x)l 4n

and the y and x components of the transversefield have
different signs at any instant of time. The soliton solu-
tion describes intense energy transfer between al com-
ponents of the acoustic field with allowance made for
relation (12). From solution (30), it also followsthat the
asymmetry associated with the deviation of b from
unity gives rise to a nonlinear addition to the soliton
phase .. This addition describes anonlinear rotation of
the polarization of atransverse field.

In the general case, apart from the soliton solutions,
it is necessary to take into account solutions of other
types, such as radiation solutions associated with the
continuous spectrum of problem (16). For example, for
asmall initial acoustic pulse |E| < 1 and S(0, X) =1,
soliton solutions do not exist, and the field dynamics
are associated with the continuous spectrum of problem
(16) alone. Consider some estimates for the medium
parameters and the power of soliton acoustic pulsesthat
can be generated in amedium of thiskind. Asan exam-
ple, we consider aMgO crystal with Fe?* paramagnetic
impurities at the temperature T = 4 K. Let the magnetic
field be such that wg = 10™? s™. In this case, the condi-
tion T, ~ wisvalid for pulse durations of ~100 ps. The
condition wyg = 10%? s corresponds to magnetic field
strengths attainable in laboratory conditions. For the
parameters of the medium, we have [6] G, ~ 103 Erg,
n~10% cm=3, ny ~ 3-4 g/cm?, v =5-10 x 10° cm/s, and
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A, =5-10 x 10* dyn/cm?. In these conditions, theinten-
sity of the soliton signal may reach | ~ 10° W/cm?.

System (13) describes the complex dynamics of
three field components and can be used to describe new
physical phenomena, including a strong interaction of
severa fields. For example, consider the phenomenon
of electromagnetically induced transparency (EIT)
[16], which was observed in multilevel optical systems.
In the presence of a strongly varying linear dispersion,
the EIT leads to a considerable decrease in the group
velocity of light in the medium down to valuesthat may
be comparable with or smaller than the velocity of
sound in this medium. Such a decrease in the group
velocities of light was observed experimentally in crys-
tals with implanted rare-earth ions and in other media.
A decrease in the resonance absorption, along with the
strong linear dispersion, suggests new mechanisms of
the resonance interaction of light with acoustic waves.
In[17], it was stated that, owing to the strong linear dis-
persion associated with the EIT, the phase matching
between electromagnetic and acoustic waves is possi-
ble in a dielectric optical waveguide with implanted
three-level ions. In [18], the interaction of an electro-
magnetic field with acoustic phonons was described
using a Hamiltonian similar to that used above for
describing the coupling between the spin states and
acoustic phonons. A resonant optical medium can be
modeled by an effective two-level medium. The pon-
dermotiveforcerelated to thelocal density variationsin
the optical medium makes a contribution to the acous-
tic-field dynamics, and the expression for this contribu-
tion corresponds to the right-hand sides of Egs. (7). In
such a scheme, it is necessary to take into account not
only the transverse electromagnetic field, but also the
longitudinal acoustic field, whose contribution to the
dynamics of optical medium manifests itself as a non-
linear phase modulation. With a model analogous to
model (13), it is possible to study the Brillouin scatter-
ing processes for picosecond acoustic pulses.

Inclosing, it should be noted that the new integrable
model (13) can aso be used in the theory of gravitation.
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The statistics of the jumplike plastic deformation of a Cu—Be alloy under the conditions of a low-temperature
unstable plastic flow is studied experimentally. At ahigh strain rate, the parameters of the load jumps are found
to be related by power laws, which corresponds to a scale-invariant behavior. A comparison with the data
obtained for another mechanism of plastic instability, namely, the Portevin—Le Chatelier effect, points to the
existence of universal laws governing the dynamics of a dislocation ensemble in the conditions of plastic insta-

bility. © 2002 MAIK * Nauka/Interperiodica” .

PACS numbers; 62.20.Fe; 46.35.+z; 81.05.Bx; 05.65.+b

The plastic flow of asolid isan example of anonlin-
ear dynamical phenomenon that occurs in an extended
dissipative system represented by an ensemble of
defectsinacrystal structure. The dynamicsof such sys-
tems obeys unified laws and, in particular, exhibit self-
organization at different scale levels in space and/or
time[1]. Therefore, studies of the plastic flow from the
viewpoint of the self-organization of the dislocation
motion, i.e., the motion of the main plasticity carriers,
have attracted considerableinterest in the last few years
[2, 3]. In some cases, collective processes in adisloca
tion ensemble manifest themselves at the macroscopic
level in the form of jumplike deformation curves
reflecting the complex evolution of the flow stress [3,
4]. The corresponding self-organization in time is
accompanied by a spatial self-organization, namely, by
the localization of the plastic flow in the deformation
bands, which may be stationary or may propagate along
the crystal in the form of solitary waves [3]. Such a
complex space-time behavior suggests that the jump-
like deformation curves be analyzed in terms of thethe-
ory of dynamical systems.

Recent studies (see, e.g., [5-9]) of the deformation
curves by the methods of statistical, dynamical, and
multifractal analyses have revealed complex correla-
tions between the plastic processes that occur in the
course of the jumplike plastic deformation of aloys as
aresult of the dynamic interaction of dislocations with
impurity atoms, i.e., in the conditions of the Portevin—
Le Chatelier effect [3]. It was found that, at low strain
rates, the character of flow corresponds to a dynamic
chaos [10], while, at higher strain rates, a transition to
self-organized criticality takes place [11]. At the same
time, the plastic instahility can be of a different micro-
scopic origin, which makes it possible to study both
universal and unique dynamic manifestations of physi-
cally different mechanisms. In this paper, we study the
statistics of the low-temperature instability for the jum-

plike plastic deformation of Cu-Be polycrystalline
specimens exhibiting a great number of load jumps at
liquid helium temperatures.

The typical experimental technique used for such
investigations includes the tension (compression) of a
specimen at a constant strain rate €, with the load
applied to the specimen being the measured quantity (in
some sense, this technique is opposite to the conven-
tional physical experiment in which the external action
is preset and the response of the system is measured).

The deformation with a given strain rate €, is aresult

of the plastic deformation of the specimen with arate &
and the elastic deformation of the specimen-oading
machine system with a rate /M (where o is the
mechanical stress and M is the rigidity of the system):
€, = € + 0/M. This relation explains the jumplike
character of the deformation in an unstable plastic flow:
a dislocation avalanche leads to the relation € > ¢,
and the load applied to the specimen drastically jumps
because of the elastic response of the maching; in its
turn, thisjump leads to the termination of the avalanche
process and to the repetition of the load increase cycle
and appearance of instability.

Polycrystalline specimens 0.5 mm in diameter and
30 mmin length were cut out of awire made of an aloy
with the composition Cu-12 at. % Be-0.2 at. % Co.
The specimens were subjected to tension at 4.2 K (M =
6.2 x 105 N/m) intheir initial state or after their homog-
enization by annealing at 800°C with a subseguent
quenching. The strain rate was varied in therange €, =
2.7 x 10%-5.4 x 10 s. The stress-time curves a(t)
(tis time) were recorded in a digital form with a fre-
guency of 5-50 Hz. The microstructural state of the
crystals changes with deformation, which is reflected
by a change in the rate of strain hardening (Fig. 1).
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Therefore, the statistical samples were accumulated at
the stage of steady-state jumplike plastic deformation
(e = 5-10%), and the amplitude of load jumps was nor-
malized to the running average (the detail s of the exper-
imental technique can be found in [8, 12]).

Although the microstructural state and the shape of
the stress—time curves cannot be exactly the same for
different specimens, the experimental results allow us
to determine some common features. At low strain
rates, the jumplike stress-time curves have a regular
character (see Fig. 1), which manifests itself in the
existence of adefinite scale of load jumps. Correspond-
ingly, the histograms of the amplitude and duration dis-
tributions of the jumps have a peaked form. As the
strain rate increases, the distributions become asym-
metric: the position of the maximum gradually moves
toward the ordinate axis (the probability of small load
jumpsincreases), and at strain rates higher than ~10° s,
the histograms are described by monotonically decreas-
ing functions.

The normalized probability density functions
obtained for the amplitudes & and durations t of load
jumps at high strain rates for annealed specimens are
adequately described by the power laws ns ~ &> and
n, ~ 1 (Fig. 2a). Hence, the quantities d and T are
related asd ~ " (Fig. 2b), where h characterizesthe sin-
gularity of the stress-time curve at the instant of jump
(inthecaseh < 1, ajump with the duration t — 0 has
a finite magnitude). For different specimens, the expo-
nents were found to vary within 1-1.5, and the set of
exponents for each specimen satisfied the relation y =
h(x — 1) + 1 (see, eg., caption to Fig. 2) that follows
from simple scaling considerations [13]. The absence
of the characteristic scale of deformation processes,
which manifests itself in the power-law statistics,
points to the possibility of self-organized critical
dynamics of the didlocation system. Deviations from
the power laws are observed at the edges of the ranges
within which the characteristics of the load jumps vary.
Presumably, these deviations can be attributed to the
lack of statistics for rare large jumps and to the limited
sensitivity of measurements. Note that the approxima
tion of the dependence for the durations in Fig. 2ais
less convincing than that for the amplitudes. Generally
speaking, even in the numerical modeling of the
dynamics of self-organized criticality, the distributions
of T exhibit amore noticeable scatter [11]. In the exper-
iment, this is due to the lower accuracy of the T mea
surements. An independent verification of the assump-
tion about the self-organized criticality can be provided
by the behavior of the energy spectrum of the stress—
time curve. According to [13], if the condition 2/h+ x< 3
is satisfied, the low-frequency part of the spectrum is
described by the dependence S(f) ~ 1/f2, which agrees
well with the experimental observations. Therefore,
despite the scatter of data and the narrow range of argu-
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Fig. 1. Stress-time curve obtained for an annealed Cu-Be
specimen (&, = 2.7 x 104 s  and T = 4.2K).
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Fig. 2. () Normalized probability density functions for the
(1) amplitudes 6 and (2) durations T of stressjumpsat €, =
2.7x 103 st and (b) the relation between the parameters
of stress jumps (the data are averaged for close values of T).

The corresponding estimates of the exponents are x = 1.2,
y =14, and h= 1.3 (notation is given in the text).

ment variations in the experimental dependences, the
assumption about the self-organized criticality seemsto
be quite plausible.
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One more characteristic feature is associated with
the effect of the microstructural state of the crystals.
The transition from the histograms with a maximum to
monotonic distributions is observed for all specimens;
however, in the case of annealed crystals, it occurs at

smaller values of €, . By contrast, the monotonic distri-

butions abtained for the initial specimens noticeably
deviate from the power laws even for the highest strain
rates (see [12]). Since the annealing leads to the relax-
ation of internal stresses and to crystal softening, this
observation agrees well with the fact that, at the initia
deformation stage (€ < 5%) in the annealed crystals, the
asymmetry of distributions is greater than is observed
after the strain hardening.

Thus, at certain conditions, the curve statistics
obtained for the jumplike plastic deformation of Cu-—Be
exhibits a scale invariance, giving evidence of the self-
organization of the dislocation dynamics. The compar-
ison with the data for the Portevin—Le Chatelier effect
showed that the types of distributions and the transi-
tions between them upon varying experimental condi-
tions are qualitatively similar for the two mechanisms
of plastic instability [7-9]. This result points to the
existence of genera laws that govern the instability
dynamics. However, the manifestation of the scale-
invariant behavior depends on the material and micro-
structure of the specimens and on the deformation con-
ditions. Therefore, it isof interest to consider the exper-
imental datafrom the viewpoint of similarity of and dif-
ference between the physical mechanisms responsible
for the analogous statistical properties of the jumplike
plastic deformations. In fact, the scale symmetry is
often associated with auniversal behavior for which the
scaling factors are determined by the fundamental
properties of the system and, specifically, by its dimen-
sion and symmetry and by the form of the nonlinear
dynamical law.

The dislocation glide is discontinuous: it consists of
themotion and arrests at |ocalized obstacles. In the case
of athermally activated dislocation motion, the depen-

dence o(€) observed at a constant temperature is a
monotonically increasing function, because the dislo-
cation waiting time at obstacles is inversely propor-
tiona to the strain rate, t,, ~ /€, and decreases with
increasing . In alloys, an additional resistanceto plas-
tic flow may be caused by the diffusion of impurity
atoms toward immobile dislocations. This component
of o decreases with increasing € because of a decrease
in the number of impurity atoms that have an opportu-
nity to reach a dislocation. Because of the competition
between these two contributions, the dependence o(€)
becomes N-shaped with a negative slopein some inter-
val of €. If the strain rate €, provided by the loading
machine correspondsto thisinterval, an instability sim-
ilar to relaxation oscillations takes place, as, e.g., in the
Gunn effect in a medium with a negative differential
conductivity [14]. These conceptslie at the basis of the

LEBYODKIN et al.

models of the Portevin—Le Chatelier effect. The low-
temperature jJumplike plastic deformation observedin a
number of materials, including pure substances, has a
different microscopic origin. The theoreticaly best
understood mechanism is the mechanism of thermome-
chanical instability caused by the relation between the
strain rate and the heat release. Namely, at liquid
helium temperatures, the energy dissipation that
accompanies the dislocation motion may cause consid-
erable local heating in the strained crystal. Since the
heating contributes to the activation of disocations, an
avalanche process may take place. An aternative
hypotheses was al so discussed in the literature, such as,
e.g., the nonthermic mechanism based on the concept
that the dislocation pile-ups mechanically break
through the obstacles. However, these hypotheses were
not adequately treated theoretically. From the experi-
ments, it was found that the low-temperature instability
is also associated with the N-like sensitivity of the flow
stress to the strain rate [15] (this also follows from the
thermal hypothesis [16]). Therefore, despite the differ-
ence in the microscopic nature, the plastic instability
mechanisms under consideration can be associated
with the same type of nonlinearity typical of the excited
media.

Intheideal case of ahomogeneous deformation, the
instability of the relaxation oscillation type should cor-
respond to periodic load jumps with the same ampli-
tude and duration. The complex behavior of real speci-
mens is caused by the inhomogeneity of plastic flow.
Therefore, along with the N-shaped response function,
the character of the spatial correlation between local
strains in the specimen is of fundamental significance.
In the case of the Portevin—Le Chatelier effect, the cor-
relation is mainly determined by the elastic stresses
associated with thefield of elastic strains compensating
the incompatibility between the plastic strains in the
inhomogeneous flow [7, 8]. Presumably, this mecha-
nism also manifestsitself in the low-temperature defor-
mation, because the effect produced by the annealing of
specimens on the experimental histograms pointsto the
important role of plastic relaxation of internal stresses.
Atthe sametime, it isevident that, at low temperatures,
the formation of spatial scales strongly depends on the
heat transfer processes. Along with other features of the
conditions for dislocation motion and multiplication at
low temperatures, thisfactor may be responsiblefor the
difference in the spatial patterns of the strain localiza-
tion. For example, at alow strain rate, each load jump
observed in the conditions of the Portevin-Le Chatelier
effect is usually associated with the formation of asin-
gle deformation band (the elastic stresses provide the
correlation only at small distances because of the expo-
nential dependence of the plastic strain rate on stress).
By contragt, at low temperature, amultiple shear gener-
ation is observed in different parts of the specimen.

A possible explanation of the experimental results
liesin the consideration of the competition between the
characteristic length and time scales, which are deter-
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mined by the properties of material and by the deforma-
tion conditions [9]. The arguments presented here are
of a general character and combine different mecha-
nismsof spatial correlation. When the plastic instability
occurs in some part of the crystal, the strain rate in this
region (deformation band) becomes higher than in the
rest of the crystal and, hence, givesriseto astrain gra-

dient. At a low €., the inhomogeneity considerably

decreases within the time interval between successive
load jumps, so that the correlation between them is
insignificant and their parameters are distributed near
the average ones, which approximately correspond to
the relaxation oscillations. At high strain rates, the time
between the jumps is insufficient for the relaxation of

the strain gradients (remind that €, was varied within

severa orders of magnitude). As a result, the correla-
tion length increases and the stress is always close to
the critical value for the initiation of a plastic burst at
some point, which istypical of the self-organized criti-
cality. This can lead to a repeated formation of new
bands and a hierarchical distribution of the load jump
parameters without any characteristic scale. Note that,
in the case of the Portevin—Le Chatelier effect, an
increase in the strain rate is accompanied by the transi-
tion from the localization to the propagation of the
deformation bands along the crystal [3]. This agrees
well with the assumption that the correlation length
increases. For the low-temperature deformation, such
data are as yet not available. The similarity of the shape
(see [7, 17]) and dtatistics of the stress-time curves
obtained for both instability mechanismsisindirect evi-
dencein favor of the possible propagation of the defor-
mation bands in the low-temperature deformation con-
ditions.

Thus, the data obtained from this study characterize
the plastically strained crystal as a system in which
complex dynamical regimes are possible, and the tran-
sitions between these regimes can be controlled by
varying the experimental conditions. More definite
conclusions concerning the universal properties of
plastic instability can presumably be obtained by
applying the methods of dynamical and multifractal
analyses used earlier for analyzing the Portevin-Le
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Chatelier effect [9]. The results of such investigations
will be reported elsewhere.

Thiswork was supported by the Russian Foundation
for Basic Research (project nos. 01-02-16461, 01-02-
16476, 00-15-96703, and 02-02-06352) and INTAS
(project no. Y SF 01/1-47).

REFERENCES
1. G. Nicalis and I. Prigogine, Self-Organization in Non-
Equilibrium Systems (Wiley, New York, 1977; Mir, Mos-
cow, 1979).
G. A. Malygin, Usp. Fiz. Nauk 169, 979 (1999).

3. L. P. Kubin, C. Fressengeas, and G. Ananthakrishna, in
Didocations in Solids, Ed. by F. R. N. Nabarro and
J. P. Hirth (Elsevier, 2001), Val. 11.

4. O. V. Klyavin, Physics of the Crystal Pladticity at
Helium Temperatures (Nauka, Moscow, 1987).

5. M. A. Lebyodkin, Y. Bréchet, Y. Estrin, and L. P. Kubin,
Phys. Rev. Lett. 74, 4758 (1995).

6. G. Ananthakrishna, C. Fressengeas, M. Grosbras, et al.,
Scr. Metall. Mater. 32, 1731 (1995).

7. M.A. Lebyodkin and L. R. Dunin-Barkovskii, Zh. Eksp.
Teor. Fiz. 113, 1816 (1998) [JETP 86, 993 (1998)].

8. M. A. Lebyodkin, L. R. Dunin-Barkowskii, Y. Brechet,
et al., ActaMater. 44, 2529 (2000).

9. M. S. Bharathi, M. A. Lebyodkin, G. Ananthakrishna,
et al., Phys. Rev. Lett. 87, 165508 (2001); Acta Mater.
50, 2813 (2002).

10. D. Ruelle and F. Takens, Commun. Math. Phys. 20, 167
(1971).

11. P.Bak, C. Tang, and K. Wiesenfeld, Phys. Rev. A 38, 364
(1988).

12. M. A. Lebyodkin, L. R. Dunin-Barkovskii, V. S. Bobrov,
and V. Groger, Scr. Metall. Mater. 33, 773 (1995).

13. J. Kertész and L. B. Kiss, J. Phys. A 23, L433 (1990).
14. J. Ganne, Usp. Fiz. Nauk 89, 147 (1966).

15. S. N. Komnik and V. V. Demirski, Cryst. Res. Technol.
19, 863 (1984).

16. G. A. Malygin, Fiz. Met. Metalloved. 63, 864 (1987).

17. Z. Troyanova, V. Groger, J. Stelzhammer, and G. Bis-
chof, Mater. Sci. Eng. A 234-236, 449 (1997).

N

Trandated by E. Golyamina



JETP Letters, Vol. 76, No. 10, 2002, pp. 616-619. Translated from Pis' ma v Zhurnal Eksperimental’ nor i Teoreticheskor Fiziki, Vol. 76, No. 10, 2002, pp. 719-722.

Original Russian Text Copyright © 2002 by Parfenov, Nikonov, Barilo.

Charge Transfer Near the Néel Temperaturein La,CuQ,, ,

O. E. Parfenov?, A. A. Nikonov?, and S. N. Barilo?
1 Russian Research Centre Kurchatov Institute, pl. Kurchatova 1, Moscow, 123182 Russia
e-mail: parfenov@isssph.kiae.ru

2| nstitute of Solid-State and Semiconductor Physics, Belarussian Academy of Sciences,
ul. Brovki 17, Minsk, 220072 Belarus

Received October 8, 2002

The electrical resistance and the thermoel ectric power in the ab plane of a weakly oxygen-doped La,CuOy, , 4
crystal (0.001 < x < 0.007) and its static magnetic susceptibility were studied in the vicinity of antiferromagnetic
transition. The electrical resistance and the thermoelectric power behave anomalously near the Néel tempera-
ture, indicating that the transport is strongly affected by the establishment of long-range antiferromagnetic
order. Analysis of the obtained data allows the conclusion to be drawn that the doping gives rise to a conduction
band as aresult of the overlap between the wave functions of deep impurity statesthat are strongly renormalized
due to the correlation and polaron effects. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 74.25.Fy; 74.72.Dn

Antiferromagnetic ordering of copper spins in the
dielectric phase and spin fluctuations in the metallic
state are universal features of the cuprate high-T, super-
conductors. For an understanding of the nature of the
superconducting state, it is important to know how
strong istheinteraction of charge carriers with the cop-
per spin subsystem. However, no direct experimental
data have been obtained thus far on the interaction of
charge carriers in the CuO, plane with copper spins. In
[1], the deviation from the linear temperature depen-
dence of the resistivity p,,(T) in the ab plane of the
metallic phase of high-T, superconductors was consid-
ered as a manifestation of the charge spin scattering
upon opening a pseudogap in the spectrum of magnetic
excitations. It has now become clear [2] that the
pseudogap effects primarily relate to the electronic
spectrum, so that the separation of charge and spin
degrees of freedom in the x—T domain of existence of
the pseudogap is not atrivial problem, because the ini-
tial states are renormalized in the presence of a high
hole concentration in CuO.,.

Clearly, the influence of the magnetic subsystem on
the transport properties manifests itself most strongly
in the vicinity of the Néel temperature (Ty), where
changes in the spin lattice are the strongest. The sur-
prising thing is that, despite the numerous measure-
ments of electrical resistance along the CuO, planesin
various single-crystal  high-T,  superconductors
(Lazcuo4+ X [3]! I—aZ—ysryCUO4 [4]1 YBa2C'~'|306+x [5]’
and Bi,Sr,ErCu,Og [6]), no anomalies were observed
for p(T) near Ty in the appropriate temperature and
concentration regions. An important question then
arises asto whether the absence of the manifestations of
spin ordering in the electrical resistance is evidence of

aweak interaction between the charge carriers and cop-
per spins (in particular, charge carriers may have zero
spin or the conduction may occur beyond the CuO,
planes) or it is an experimental artifact.

Thiswork is devoted to the solution of this question.
The temperature dependence of p,,(T) was measured
near the T, temperatures of La,CuQ, , , single crystals.
Itisknown[7] that p,,(T) shows only aweak inflection
caused by a change in the conductivity activation
energy. For this reason, our measurements of p.,(T)
were sufficiently accurate for the local conductivity
activation energy E_(T) = dIn(p.,(T))/dT to be deter-
mined. Together with the electrical resistance in the ab
plane, the thermoelectric power o ,(T) was aso mea
sured to separated the contributions to py,(T) from
changesin the el ectroni ¢ spectrum and from the scatter-
ing mechanism. The La,CuQ, . , Ssystem was chosen for
our measurements not only because it is the simplest
system among the high-T. superconducting cuprates[3]
but also because Ty, for this system can be determined
rather easily from the maximum of magnetic suscepti-
bility [8] due to the hidden weak ferromagnetism of
these systems.

Sample quality is highly important for measuring
transport properties, because the presence of uncon-
trolled impurities and defects or the inhomogeneous
dopant distribution may shunt the effect. We used high-
quality La,CuQ, ., , single crystals grown under quasi-
equilibrium conditions from a solution in melt [9]. The
sample orientation and the oxygen content were moni-
tored by single-crystal diffractometry [8]. The results
presented in this work were obtained for the samples
cut from the same La,CuQ, , , single crystal. Note that
the room-temperature resistivity of the samples with
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Fig. 1. (a) Electrical resistance pg,(T), activation energy
E(T), and (b) thermoelectric power a4, (T) in the ab plane
of the sample with Ty = 318 K and x = 0.0011.

X < 0.001 was higher than 10 mQ cm. On the one hand,
this restricted measurements of transport propertiesat a
low doping level but, on the other hand, indicated the
high quality of the crystals used. Measurements of the
transport properties were carried out by the standard
contact dc methods[10]. Ohmic contacts were obtained
by firing silver paste into the samples with a character-
isticsizeof 3x 1 x0.5mm.

The doping with oxygen was performed by anneal-
ing at an oxygen partial pressure from 2 x 10°to 1 atm
and temperatures <950 K to avoid the formation of oxy-
gen vacancies [11], which irreversibly deteriorate crys-
tal. The following relation was found between the oxy-
gen content in the samples and the oxygen pressure in
annealing: x 0 7pY6, where p is the oxygen pressure in
atm. Asshownin[11], this dependenceis evidence that
the degree of oxidation of the extra-stoichiometric oxy-
gen in La,CuQ,, , is two; i.e., one excessive oxygen
atom creates two holes in the CuO, plane.

Our measurements showed that, as regards the
transport properties, the domain of existence of the
antiferromagnetic phasein La,CuO, , , can convention-
ally be divided into three regions of oxygen concentra-
tion: the “dielectric” region at 0 < x < 0.0015 and Ty, >
310 K, the “semiconductor” region at 0.0015 < x <
0.006 and 240 K < Ty < 310 K, and the “electronic
decay” region at 0.006 < x <0.012 and Ty < 240 K. In
this work, only the dielectric (Fig. 1) and semiconduc-
tor (Figs. 2, 3) regions are considered, because the
microscopic decay in the third region occurs above Ty,
and the observed effects require separate consideration.
The dependences of p,, E,p,, and o, onthe averagedis-
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Fig. 2. (a) Electrical resistance pg(T), activation energy
E(T), and (b) thermoelectric power a4, (T) in the ab plane
of the sample with Ty = 300 K and x = 0.0015.

tance D(x) = 3.8/(2x)¥2 A between theimpurity centers
intheab planeat T=370K are showninFig. 4.

When characterizing the behavior of transport prop-
ertiesof La,CuQ, , ,inthedielectric region, the follow-
ing should be taken into account. At temperatures
higher than Ty, (Figs. 1a, 4a), the activation energy E,, =
0.5 eV is high, nearly constant, and depends exponen-
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Fig. 3. (a) Electrical resistance pg,(T), activation energy
E(T), and (b) thermoelectric power a4,(T) in the ab plane
of the samplewith Ty = 275 K and x = 0.0025. A hysteretic

“peak” caused by the electronic decay processesis seen for
E(T) near 240 K. The hysteresisisnot seen on the scale used
inthisfigure.
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Fig. 4. (a) Electrical resistance pgp, resistivity activation
energy E, and (b) thermoelectric power o, at T=370K as

functions of the average distance D(x) between impurity
centersin the ab plane.

tially on the distance between the impurity centers
(Fig. 4a); i.e., one can write

Pan(X, T) Dexp(AD(x) + Eqp/KT), )

where Aisaconstant. Taking into account the high acti-
vation energy and the metallic behavior of thermoelec-
tric power (Fig. 1b), one can state that such a behavior
of electrical resistance is typical of the nonadiabatic
high-temperature hopping of small polarons between
nearest neighbors [12]. In this case, A = 2/a, where ais
the characteristic localization radius of acharge carrier.
Indeed, using Eg. (1) and the obtained data (Fig. 44),
we can estimate the carrier localization radius at a ~
1 A. By the term “polaron” one should mean a hole
bonded to an acceptor (extra-stoichiometric oxygen),
asit follows from the exponential dependence of resis-
tivity on D(X) (Fig. 44). At the same time, according to
[12], E = W,/2, where W, is the polarization energy,
which can be estimated as

2
e

Wp = Zspa' (2)

where 1/g, = 1/e,, — 1/g, isthe difference of the inverse
optical and static dielectric constants and e is the ele-
mentary charge. Accordingto [3], /e, = 1/6 at x= 0. At
small X, W, in our samples reaches a value of =1 eV,
which is consistent, according to Eq. (2), with the
smallness of the charge localization radius.

At the Néel temperature, the resistivity curveisbent
due to a decrease in the activation energy E.(T) in the

antiferromagnetic phase (Fig. 1a). It is conceivable that
thisis an indication that the radius of localized states
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increases, according to Eg. (2), by severa times upon
the ordering of copper spins.

The thermoelectric power a,(T) changes linearly
with temperature at T < 250 K and T > 350 K in the
dielectric region and decreases by approximately
120 uV/K near the Ty temperature (Fig. 1b). Such a
behavior can be explained by the polaron hopping
transport [12] in the presence of charge-carrier interac-
tion with a magnetic lattice. For the polaron transport,
a contribution from the polaron kinetic energy to the
thermoelectric power is ignored, so that the thermo-
electric power can be written in the thermodynamic
approximation [10] as a change in the entropy upon the
transfer of charge —e:

8p(T) = AS+AS+AS,, ©)

where AS,, AS,, and AS, are changes in the configura-
tional, spin, and orbital entropies, respectively. Thespin
and orbital contributions ASJ/e = ASJ/e = kleln2 =
60 uV/K disappear upon the three-dimensional order-
ing of the Cu?* spinsbelow Ty [13], if the spin—spinand
spin—orbit interactions are taken into account. We
observed thisnot only inthe dielectric (Fig. 1b) but also
in the semiconductor (Figs. 2b, 3b) regions. The contri-
bution of AS to a,(T) changes with temperature
amost linearly in the regime of nearest-neighbor hop-
ping between impurity centers [12, 14] for a broad,
compared to the temperature range used, energy distri-
bution of acceptor levels.

As the concentration of the extra-stoichiometric
oxygen increases, the dependence of the resistivity and
thermoelectric power on the temperature (Figs. 2, 3)
and oxygen concentration (Fig. 4) weakens. We treat
the bends in the plots of thermoelectric power, resistiv-
ity, and its activation energy vs. D(x) (Fig. 4) asaman-
ifestation of the electronic transition from the dielectric
to the semiconductor phase.

In the semiconductor region above Ty, the thermo-
electric power is equal to =120 uV/K and does not
change with temperature and oxygen concentration
(Figs. 2-4); i.e., the contribution to a,(T) comes only
from AS, and AS,. This indicates that the carrier spins
remain free above Ty, despite the strong antiferromag-
netic fluctuations. The lack of activation contribution to
o,,(T) alows one to state, when characterizing the
kinetic properties of the semiconductor region, that
transport occurs near the Fermi level and the resistivity
activation energy has a purely kinetic character and is
mainly determined by the polaron shift W, In other
words, we have the polaron hopping conduction, asin
the dielectric region, but the conduction is due not to
small but to large polarons. Indeed, for the sample with
Ty =300 K one has W, = 2E,, = 0.1 eV and, according
toEq. (2),a=7 A:i.e., the hole localization region is
larger than the lattice constant.

We assume that the charge-carrier transport in the
semiconductor region proceeds through the impurity
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band, although not over the free states, asin the dielec-
tric phase, but over the occupied states. Theoretically,
this processis quite realistic. Due to the strong polaron
effect, the energy of Coulomb repulsion between two
carriers on the same center can be strongly lowered
[15], so that the upper and lower Hubbard bands over-
lap. In the case of low doping, when the resonant broad-
ening is smaller than the “classical” broadening, the
impurity states are localized, and conduction has the
hopping character. In the Hubbard model, the density
N(E) of impurity states near the Fermi level Ef is
approximately symmetric about its position. Then the
fact that the contribution to the thermoelectric power
from the configurational entropy is not observed exper-
imentally in the semiconductor region is easily under-
stood. For instance, according to [12, 14], A ~
dInN(E)/dE|¢. = 0, and only the term A + AS,
remainsin Eq. (3).

The electrical resistance anomaly near Ty (Fig. 2a)
differs substantially from the anomaly in the dielectric
region. Upon doping, it disappears as the boundary of
electronic decay region is approached (Fig. 3a). The
changes in the form of E(T) dependence are likely
caused by a change in the transport regime from the
nonadiabatic hopping of small bound polarons between
the free acceptor states to the hopping of large polarons
between the occupied states of impurity band. There-
fore, our measurements show that the resistivity anom-
alies near Ty, are caused by the polaron effect.

Our measurements of electrical resistance of the
La,CuQ, ., , crystaswith Ty < 310 K roughly correlate
with the data reported in [3]. However, the conclusion
drawn in [3] about the applicability of the shallow-
impurity model to La,CuQ, , , isincompatible with our
measurements of thermoelectric power and with the
data on electrical resistance in the dielectric region. We
believe that the deep-impurity model [16, 17], accord-
ing to which the impurity conduction band is formed
deep inside the charge-transfer gap (=2 eV) through the
overlap of impurity wave functions strongly renormal-
ized due to the correlation and polaron effects, is the
most realistic model for the explanation of the transport
properties of La,CuQOy,, .
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Quantum states of 2D electrons are studied in a periodic potential without inversion center in the presence of a
magnetic field. It is shown that the energy spectrum in magnetic subbands is not symmetric about the center of
magnetic Brillouin zone E(k) # E(—k). Singularities (phase branching points) of the electron wave function,
which determine the quantization law of Hall conductivity o,,, are studied in thek space. It isfound that asharp
change takes place in the number of pointsin the magneticxérilloui n zone and in the corresponding values of
topological invariants determining the Hall conductivity of filled subbands. It is noted that the longitudinal con-
ductivity of alattice without inversion center placed in amagnetic field is not invariant with respect to achange
in sign of the electric field, and a photovoltaic effect must arise in an ac el ectromagnetic field. © 2002 MAIK

“Nauka/Interperiodica” .
PACS numbers: 73.20.—; 73.43.Cd

It isknown that auniform magnetic field and a peri-
odic potential essentially differ in the character of their
action on an electron. In particular, a magnetic field
forms discrete levels (Landau levels), whereas a peri-
odic potential leads to the formation of energy bands.
As a result, the spectrum of an electron moving in a
magnetic field exhibits an extremely interesting and
rich structure, which received the name Hof stadter but-
terfly [1, 2].

Magnetic quantum states of a Bloch electron were
studied in detail in the tight- and weak-binding approx-
imations for potentials V(r) differing in symmetry (see,
for example, [3, 4] and also [5-7]). A number of exper-
imental workswere also devoted to this problem [8]. In
this case, however, it was aways assumed that the peri-
odic potential possess symmetry about the inversion of
coordinates, that is, V(r) = V(-r).

In azero magnetic field and aperiodic potential with
or without an inversion center, the Bloch electron
energy is invariant with respect to a change in sign of
guasi-momentum E(k) = E(-k). This symmetry is a
consequence of the invariance of the stationary
Schrddinger equation with respect to timereversal. Ina
magnetic field, the t — —t symmetry is violated.
Therefore, it is natural to assume that the energy of a
Bloch electron moving in crystal without an inversion
center in the presence of amagnetic field will not be an
even function of the quasi-momentum determined in
the magnetic Brillouin zone (MBZ). Because of this, it
may be expected that a crystal without inversion center
inthe k space, that is, E(k) # E(—k), possesses unusual
physical propertiesin a static magnetic field.

It should be noted that the symmetry of energy spec-
trum in the k space in crystals without inversion center
can aso beviolated asaresult of spin—orbit interaction.
Even in zero magnetic field, the electron energy in such
crystals depends on the spin orientation, and the Kram-
ersdegeneracy E(k, 1/2) = E(—k, -1/2) takes place. This
fact leads to a number of observable effects, one of
which is the circular photovoltaic effect in a 2D elec-
tron gas[9]. However, such effects are aways small on
the Brillouin zone scale because of the smallness of
spin-orbit interaction [10]. Below, we will show that
the energy spectrum of magnetic subbands of aspinless
particle can undergo drastic changesin the entire MBZ
in the absence of inversion center in the periodic poten-
tial.

The Hamiltonian of an electron in a uniform mag-
netic field and inthefield of atwo-dimensional periodic
potential will be written in the form

H = Fo+V(xY), 1)

where

~ 1 eA T
Ho = 2m*%j_TD @

isthe Hamiltonian of an electron in auniform magnetic
field. Here, c is the velocity of light, e is the electron
charge, and m* is the effective mass. From here on, the
vector potential A of the magnetic field is taken in the
Landau gauge A = (0, Hx, 0), so that H || z The model

0021-3640/02/7610-0620$22.00 © 2002 MAIK “Nauka/Interperiodica’
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periodic potentia of a lattice without inversion center
will be written in the form

V(X y)
+V,[sin(2mx/a) + sin(2my/a)],

= Vlcosz(nx/ a) cosz(ny/ a)

©)

where aisthe period of the potential (seeFig. 1). Here,
the parameter V, determines the degree of violation of
the spatial inversion symmetry of lattice (3). At V, =0,
the symmetry about inversion is restored. In what fol-
lows, we will assume that amplitude V; is fixed.

The character and structure of the eigenstates of
Hamiltonian (1) are determined by the magnetic flux
through a unit cell of the lattice [11]. If this flux (mea-
sured in terms of flux quanta @) is equal to arational
number

@ _p_leHa
cDO q 2mic’

then the wave function is an eigenfunction of the mag-
netic trandation operator and obeys the Bloch—Peierls
conditions

p, q are integer numbers, (4)

-ik,ga_-ik,a —Zmpy/a (5)

W (xy) = W(x+gay+a)e e Ve

Here, vectors a,, = {mga, ma}, (m,, m, are integer
numbers) specify the positions of sites of the so-called
magnetic lattice of the crystal and —17qa < k, < 17/ga, —
mas<k <1a

If theinequalities
hw, >V, V, lp<<a (6)

are fulfilled (here, I, and w, are magnetic length and
cyclotron frequency, respectively), the electron quan-
tum states can be calculated within the framework of
the perturbation theory, that is, without taking into
account the interaction between the Landau levels.
Simple estimates show that, at a = 80 nm, condition
p/q = 3isfulfilledin magnetic field H = 2 x 10* Og, and
conditions (6) will be true for amplitudes V;, V, =
1 meV. The wave function of an electron in the pth
magnetic subband obeying Eq. (5) can be expanded in
oscillator functions ¢, of the Nth Landau level [3]

W (%, Y)

_ chp(k) z ¢ |:X Xo— Iqa nqa/pi| (7)

ikyy ik,(lga+nga/p) 2miy(Ip+n)/a
xeg g™ e y(lp+n)

where x, = chik /leH = kylﬁ . Notethat condition (5) will

be fulfilled if the expansion coefficientsin Eq. (7) obey
the relationships

Crispu(K) = ChL(K). (8)
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Fig. 1. Lines of constant potential values V(x, y) (Eq (3)) in
acrystal lattice unit cell at V,/V; = 0.1. Signs“+” and “—~
correspond to the maximum and minimum of the potential.

In the representation of symmetrized linear combi-
nations of Landau functions (7), the stationary

Schroedinger equation H W = EW takes the form
Hm(K) (k)
0 N N N N (9)
= [Ex(P/a) O+ Vim(P/0, K)] Crry = B (K)Cy(k),

where EY = fiwy(N + 1/2). Matrix V), of dimension
(p % p) in Eq. (9) has the following structure:

0D, M; O ... .. 0 M’,;E
HM* D, M, 0 0
oWV Ds 2 0
N O O
Vnm - D wes was wwa wws waw . D (10)
0.. 0 M, _,D,M, O .4
O O
% e e e e s %
oM, O 0 Mg—l Dy, O
with diagonal elements
V,
D, = [—cos%nnq qpyaD
(11a)
- q, 9k 0 T, o [JW]
+V25|n%nnp+ 0 D}expD ZFDLNDpD
and off-diagonal elements
1 V1 xqﬁ\j 0 g, o (1197
M, = E[Z—IV }exp% OeXP T zd]LND?D
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Fig. 2. Isoenergetic lines Ei (k) = const in the lowest mag-

netic subband related to the first Landau level N = 1 at

Vo/V,=0.1, p/g=3/1.
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Fig. 3. Isoenergetic lines E? (k) = const in the lowest mag-
netic subband of the zero Landau level N =0 at (Vo/V)® =

0.051706, p/q = 3/1. The value of Eg (ko) reaches a maxi-

mum at the point k at which magnetic subbands touch each
other.

vy g, ak,ag kydar
+ gCOS%T[[n + 1/2] 5 + TDeXpETD (11b)

[ 9, o (219
X SPE O O

where L‘,i, (&) isaLaguerre polynomial. Thus, the peri-

odic potentia leads to the splitting of Landau levels
into p magnetic subbands for rational values of the
number of magnetic flux quanta. It should be noted that
the system of Egs. (9) determined according to
Egs. (10) and (11) is not periodic in p/gq with a period of
1, asit takes place for the standard Harper's equation [2].

The energy spectrum and the eigenvector compo-

nents CnNu (k) can be calculated analytically for smple
rational values of p/g. Our calculations of energy spec-
trum demonstrated the absence of aninversion center in
the k space for functions E, (k) assigned to different
magnetic subbands. A typical arrangement of isoener-
getic linesin the MBZ in the lowest of the three mag-
netic subbands (p/q = 3/1) split off from the first Lan-
daulevel N =1isshownin Fig. 2. Here, thelight areas
correspond to larger energy values in the subband.

It should be noted that, as the magnetic field direc-
tionisinverted (H — —H), the spectrum, as expected,
changesin the following way:

E.(k,H) = E (—k,—H).

At the same time, energies

EHB(X, g% = EHB(X, —I—B;

o 0O _ g D
. kE = B3k
“Lha’ O gal

and the corresponding partial derivatives0E/dk, (a =X, Y)
are equal at the opposite boundaries of the MBZ. At the
center and at the boundaries, 0E/0k, are nonzero. The

structure of energy spectrum must evidently depend on
parameter V,. In particular, we found that, at a certain
critical value of V,, the energy gap separating two

neighboring subbands disappears, and surfaces EE(k)
touch each other at a certain k lying on the diagonal of
MBZ. Figure 3 displays the plot of isoenergetic lines

for the lowest magnetic subband Ej (k) split off from
the zero Landau level N = 0 at p/g = 3/1 and the critical
value of the ratio (V./V))® = 0.051706. With a further
increase in parameter V., this degeneracy disappears,
and the neighboring subbands remain separated by an
energy gap. Below, it will be shown that at the critical
value V,, that is, at the point of gap collapse a sudden
change takes place in the singularities of the eigenvec-

tor C u(K) of the system of Egs. (9) in the k space, as

well as in the topologica invariants determining the
Hall conductivity of the corresponding subbands.

Coefficients C,Tu(k) can be chosen proportional to
the algebraic adjunct Dj,(k) of any (for example, jth)
row of the secular determinant of the system of Egs. (9)
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at E = E,(k). According to [12], the components of a
normalized eigenvector can be presented in the form

cV(k) = RV(k)exp(ig!(k)),
_ P Ve 12
Rﬁ”(k)=§0m(k)/zD$(k)§ Cnep

In Egs. (12), D, (k) is the algebraic adjunct to the
matrix element [Hy, — E}'1, and the phase ¢\ (k) is

determined by the relationships
i ReD; i ImD;
(1) — in i) — in i
cos = , = , n#j. (13
BT S T

It can be shown that component Cﬁj) (k) isapurely real
function, and it vanishes at some special points k,, of
the extended magnetic Brillouin zone—Tvga< k, < 17qa,

—Tp/ga < K, < Tp/ga. The other components Cf]” (K
(n# j) have no definite limit at kK — k,,, and k,, are
phase branching pointsfor these components. Note that
the notion of extended MBZ was introduced by Usov
[12]. From here on, the superscript in parentheses will
specify the representation number (that is, the row
number), and we will omit the indices of magnetic sub-
band p and Landau level N.

The properties of the spectrum and wave functions
of magnetic Bloch statesin a periodic potential without
an inversion center must essentially affect the transport
and optical characteristics of a2D electron gas. Below,
we will consider the specific features of the quantiza-
tion law of 2D Hall conductivity in crystalswith broken
inversion symmetry. The Hall conductivity of the fully
occupied magnetic subbands separated by energy gaps
was calculated in [3, 13]. In works by Novikov et al.
[14], the topologica nature of the singularities of
eigenfunctions corresponding to magnetic subbands
was discussed. Kohmoto showed that the quantized
Hall conductivity of a magnetic subband is determined
by the topological singularities of wave function [15],
and in terms of €%/h units this conductivity is equa to
the first Chern number taken with the opposite sign.
However, Kohmoto gave no explicit equations for the
calculations of conductivity. This problem was solved
by Usov [12], who found interrel ation between the Hall
conductivity a,, of asubband and wave-function singu-
larities (phase branching points in the k space). The
explicit equation for the conductivity of the puth mag-
netic subband corresponding to the Nth Landau level
takes the form [12]

2

O'Xy = —eﬁ[% + %kZS(km)i|

This equation is a direct consegquence of the Kubo for-
mula. Integer numbers Sk, of a given subband deter-

(14)
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minethe phase incursion (pfﬂ)(k) for coefficients Cff’(k)
in Eq. (7) (in 21t units) in tracing the points k,,, in the
negative direction (clockwise).

We performed calculations of the Hall conductivity
of magnetic subbands at p/q = 3/1 in the potential given
by Eq. (3). To cal cul ate the components of eigenvectors
of the Hamiltonian given by Eq. (1), we selected the
representation of the first row in the secular determi-
nant of the system of Egs. (9). Sections and singulari-

ties of function C(ll)(k) in the extended MBZ for the
lowest of the three magnetic subbands of the zero Lan-
dau level are given in Figs. 4a, 4b. The main computa-
tional parameters are given in the caption to the figure.
The values of the ratio V.,/V; in Figs. 4a and 4b are,
respectively, lower and higher than the critical value.

The two singularities where C(ll)(k) = 0 (see Fig. 4a)

are marked with letters A and B. When tracing each of
these points along the path shown in the figure, the

phases of each of the components C{”(k) and C{ (k)
change by +21t Thus, Sk,) = Skg) =1, and, according
to Eq. (14), o,, = —€%h. The Hall conductivities of the
other magnetic subbands can be calculated in asimilar

way. These conductivities are zero for the computa
tional parametersindicated in Fig. 4a

When the quantities V, are changed, singularities A
and B shift in the extended Brillouin zone, and small
changesin V, correspond to small displacements of sin-
gularities. In accordance with the topological nature of
Eqg. (14), the conductivity o, changes only at the
moment of tangency (degeneracy of the spectrum at
point k) of the neighboring subbands. Asthe parameter
V, reaches the critical value, two neighboring (in our
case, lower and middle) magnetic subbands of the zero
level under consideration touch each other at a certain
point of the MBZ. Singularities A and B disappear

immediately [that is, now C!" (k) does not vanish at
these points]. Note that these points do not annihilate
and do not go into the boundary of the extended MBZ.
Simultaneously, a new singularity appears at the point
where the component C{” (k), designated in Fig. 4b as
point C, vanishes. The position of the local minimum of

c{ (k) (the nucleus of singularity C) is marked with an

arrow in Fig. 4a. In tracing point C along the contour
indicated in Fig. 4b, the phase of each of the compo-

nents CS (k) and C{” (k) changes by —2m, and, as a
consequence of Eq. (14), the contribution to the con-
ductivity of the Landau level N = O from the lowest

magnetic subband related to thislevel is zero. It can be
shown that a contribution to the conductivity equal to

—e&%/h will be given now by the middie magnetic sub-
band E,(k), which touches the lowest E,(k) at the criti-

cal value V5 . At the same time, it is evident that the
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Fig. 4. Contourplots and singularities of the real function
c{P(K) in an extended MBZ for N = 0, plg = 3/1: (a) VoV =
0.02; (b) VoIV = 0.06.

change in the amplitude of the potential V; at V, =0
cannot lead to a change in the quantization law for Hall
conductivity. Thus, in crystals without an inversion
center, a new quantization rule is fulfilled for the Hall
conductivity, and its value changes abruptly at acertain
critical value of parameter V..

DEMIKHOVSKII, PEROV

Note in conclusion that the absence of spectrum
symmetry inthe k space must lead to anumber of other
observable effects. Thus, it can be expected that the lon-
gitudinal conductivity o,, will not be invariant about a
change in sign of a constant electric field E because of
the absence of aninversion center in thek space. A pho-
tovoltaic effect similar to that described in [9] must
arise in the situation under consideration in an ac elec-
tromagnetic field. These effects will be considered in a
separate publication.
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The decay times of the terahertz photoconductivity signal are studied for samplesin the quantum Hall regime.
The photoconductivity signal has both the longitudinal components caused by the photoinduced change in the
longitudinal resistance and the transverse components due to the photoinduced transverse current. The signal
kinetics are qualitatively different for samples with relatively low (500000 cm?/V's and lower) and relatively
high (900000 cm?/V's and higher) charge-carrier mobilities. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers: 72.40.+w; 73.43.—f

Studies of photoconductivity and cyclotron absorp-
tion of terahertz electromagnetic radiation in two-
dimensional (2D) electron systemsin the quantum Hall
(QH) regime have attracted the attention of researchers
since the time of discovery of the QH effect [1]. Two-
dimensional electron systems effectively interact with
terahertz radiation [2—17], because the characteristic
scale of energy gaps between the Landau levelsin the
QH regime is about 10 meV. The unique feature of the
terahertz spectroscopy consists in the absence of the
interband generation of electron-hole pairs, so that the
radiation absorption leads to a redistribution of elec-
trons in energy without changing the total number of
electrons in the 2D electron system. This provides a
possibility for the most correct study of the electron
excitation processes and the subsequent electron relax-
ation under the QH conditions. In this paper, we present
the results of studying the terahertz photoconductivity
kineticsin the QH regime.

Samples used in our experiments were made on the
basis of GaAs/AlGaAs heterostructures characterized
by the following mobilities g, , « and densities n, of 2D

electrons: structure A with 5« = 1.9 x 10° cm?Vsand
ng = 3.11 x 10 cm; structure B with P, = 5 x
10° cm?Vs and ng = 2 x 10" cm?; structure C with
Mgk =9 % 10°cm?Vsand n = 2 x 10" cm?; and struc-
ture D with Py, = 16 x 10° cm?Vs and ng = 3.57 x

10 cm™. The structures were used to fabricate the
devices in the form of Hall bridges (270 um wide and

1 Permanent address: Institute of Physics of Microstructures, Rus-
sian Academy of Sciences, Nizhni Novgorod, 603950 Russia.

2 mm long) and in the form of meanders (with awidth
of 100 pm and an effective length of 60 mm, so that the
resulting area of the sample was 2 x 3 mm). The tera-
hertz radiation source was a p-Ge pulsed cyclotron res-
onance laser (pulse duration was less than 1 ps) with a
wavelength tuned by a magnetic field within 100-
160 um [18-21]. The measured signal was the voltage
drop between the potential contacts induced by atera-
hertz radiation pulse in magnetic fields corresponding
to filling factors near v = 2. Figure 1 shows the depen-
dence of the photoresponse (PR) of a meander-shaped
sample B on magnetic field for different positions of the
p-Ge laser line. This dependence shows the presence of
two PR mechanisms. In addition to the double PR peak
that is associated with the bolometric response of the
system and is “fixed” to the edges of the QH plateau, a
single peak whose position depends on the photon
energy of laser radiation is observed. The position of
this peak varies linearly with magnetic field, in compli-
ance with the value of the cyclotron mass m, = 0.067m,
(my is the free electron mass); i.e., a cyclotron reso-
nance peak is observed in the PR.

In the course of the experiments, it was found that
samples with low and high mobilities exhibit not only
different transport characteristics but also qualitatively
different dynamics of the photoconductivity signal. The
time dependences of the PR, which are typical of the
samples made on the basis of structures A and B, are
presented in Figs. 1 and 2a. We observed two PR com-
ponents with different decay times. The initial rapidly
decreasing (with the decay timet = 2-3 usfor the Hall
bridges and 6-8 us for the meanders) part of PR
changes sign upon reverting magnetic field. This result

0021-3640/02/7610-0625%$22.00 © 2002 MAIK “Nauka/ I nterperiodica’
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Fig. 1. (8) Magnetic-field dependence of the photoresponse
of ameander-shaped sample (structure B) for different posi-
tions of the laser line 30 ps after the laser pulse. The maxi-
mal laser intensity Jyo corresponds to a pesk power of
about 1 W, the bias current is lpjos =25 HA and T = 4.2 K.

For illustration, the plot also presents the dependence of the
longitudinal resistance of the same sample on magnetic
field in the absence of laser radiation. (b)—€) Time depen-
dences of the photoresponse of a meander-shaped sample
(structure A): plots (b) and (c) show the dependences of the
early photoresponse evolution for two opposite directions
of magneticfield B=5.9T at I, = 25 pA and for the pho-

ton energy of laser radiation equal to 10.92 meV; plots
(d) and (e) present the results of numerical analysisand sep-
aration of the Hall (xy) and longitudinal (xx) photoresponse
components from the data of plots (b) and (c).

is explained by the fact that, within the first few micro-
seconds after the terahertz radiation pulse, the PR sig-
nal mainly results from the drift of photoexcited elec-
trons along the Hall field of the sample; i.e., itisacur-
rent flowing in the sample in the transverse direction
[20, 21]. It should be stressed that the PR component
induced by the transverse current contributes to the
voltage drop between the potential contacts. This con-
tribution is associated with the conductivity of 2D elec-
tron gas in the QH regime. The equation relating the
current density to the electric field has the form E, =
Puxix ¥ Pxyly, Where p,, and p,, are the resistivity tensor
components. From this equation, it follows that the

field strength, bias current, and photon energy of laser radi-
ation are as follows: (a) 6.17 T, 60 pA, and 10.68 meV,
respectively; (b) 5.25 T, 25 pA, and 9.126 meV, respec-
tively.

transverse current also makes a contribution to the lon-
gitudinal electric field.

In addition to thisrapidly decreasing component, for
samples A and B we observed longitudinal PR compo-
nents which did not change their sign under the mag-
netic field reversal; these components are characterized
by decay times of 280350 ps.

In both meanders (structuresA and B) and Hall bars,
the longitudinal PR component also contains very slow
components with decay times of tens or even hundreds
of milliseconds. One can assume that they are associ-
ated with the heating of crystal lattice or to the elastic
deformation of the structure because of the sound pulse
that accompanies the pulse of terahertz radiation and
propagates in liquid helium from the laser active ele-
ment.

We did not observe any substantial differencein the
time constants for the structures with relatively low
mobilities (samples A and B with mobilities of 190000
and 500000 cm?/Vs, respectively) in the case of both
meander-shaped samples and Hall bars. At the same
time, the signal intensity associated with the cyclotron
resonance was higher in the sampleswith higher mobil-
ity.

JETP LETTERS  Vol. 76
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For the structures with high mobilities (C and D),
we observed qualitatively different dynamics: unlike
samples A and B, which exhibited dynamics similar to
those shown in Fig. 2a, samples C and D produced a
signa of the type shown in Fig. 2b. The signa was
unstable and varied in shape from onelaser pulseto the
other. The samples operated not as linear devices but in
the “switch” mode. An increase in the mobility was
accompanied by a decrease in the QH breakdown cur-
rent and a narrowing of the QH plateau. The explana-
tion for such abehavior is known [22]: in sampleswith
higher mobility, the dimensions of the localization
regions become comparable with (or greater than) the
sample width, because they can reach tens (or even
hundreds) of microns. In such samples, the relaxation
to the equilibrium state requires much longer time.
Thus, the difference in the photoconductivity kinetics
observed for samples with different mobilities can be
attributed to the difference in the amplitude and corre-
lation radius of the scattering potential and to the corre-
sponding difference in the conduction mechanisms in
the QH regime.

In closing, we note that our experiments have
revealed the presence of two PR mechanisms: the bolo-
metric and the cyclotron resonance mechanism. The
effect observed by us is a result of the contributions
made by the variations of both longitudinal and trans-
verse conductivities under the terahertz radiation. The
photoconductivity signal kineticsisqualitatively differ-
ent for samples with low and high mobilities of charge
carriers.

We are grateful to K. von Klitzing, R. Haug, R. Ger-
hardts, and U. Zeitler for encouraging us in this work
and for useful discussions. Wethank 1.V. Kukushkin for
helping us in improving our experimental setup. The
work was supported by the German Scientific Commu-
nity (DFG, the program “Quantum Hall Systems’
project no. Na235/10-1/2). The work of Yu.V. and S.S.
was aso supported by the Russian Foundation for
Basic Research and by the programs “Low-Dimen-
sional Quantum Structures’ and “Physics of Solid-
State Nanostructures.”
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Itisfound that additional illumination by photonswith energies above the band gap width in barrier layersleads
to astrong (up to 40% in depth at the values of theillumination power used in thiswork) modulation of thelight
intensity elastically scattered upon resonant excitation of exciton states in quantum wells of GaAs/AlGaAs
structures. Evidently, the effect observed is associated with the redistribution of oscillator strengths of exciton
transitions due to the formation of three-particle exciton complexes (trions). These complexes arise through
preferred capture of nonequilibrium like charge carriers (in our case, holes). © 2002 MAIK “ Nauka/ I nter peri-

odica” .
PACS numbers: 73.21.Fg; 78.35.+c; 78.67.De

Light scattering arises because of static or dynamic
fluctuations of the refractive index of the medium. The
scattered light intensity strongly increases when the
frequency of the light propagating through the medium
is close to the frequency of a certain optical transition
in this medium (resonant scattering [1]). Resonant Ray-
leight scattering (RRS) upon excitations to heavy-hole
exciton states in semiconductor structures with quan-
tum wells (QW) wasfirst observed by Hegarty et al. [2,
3] and was explained by the occurrence of lateral fluc-
tuations of the QW width. These fluctuations lead to a
spread in the energy position of exciton levels, that is,
resonance frequency of exciton transitions. Resonant
scattering may serve as apowerful method for studying
effects associated with nonuniformities in the spatial
distribution of the electron density of states of various
types (localized and free excitons, impurity centers,
etc.). Currently, this method is rather widely used for
studying semiconductors and semiconductor-based
nanostructures (see, e.g., [4, 5] and references therein).

External perturbations (magnetic or electric field,
deformation of the sample, etc.) can significantly affect
the electronic spectrum of a semiconductor or a semi-
conductor nanostructure and, respectively, affect RRS.
Additional illumination of the sample by radiation with
a wavelength differing from the scattered light wave-
length is one of such perturbations. Much as this takes
place in experiments on photoreflectance and photoab-
sorption [6], illumination may lead to achangein inter-
nal electric fields, to occupation of electronic states,
etc. and, thus, affect the spectrum and intensity of RRS.

1 That is, elastic scattering by optical nonuniformities with linear
sizes much smaller than the light wave length.

In the case of intrawell excitation of excitons in semi-
conductor structures, additional illumination by radia-
tion with quantum energies above the band gap width in
barrier layers can induce the formation or recharging of
three-particle exciton complexes (trions) in QW, and
the change in their concentration lead to the corre-
sponding transformation of photoluminescence (PL)
and PL excitation (PLE) spectra [7, 8]. It should be
expected that the RRS spectra will also change under
these conditions.

In thiswork, we report the detection of strong mod-
ulation of the RRS intensity upon excitation of heavy-
hole excitons in shallow QW of GaAg/AlGaAs struc-
tures under additional above-barrier illumination under
conditions when illumination |eads to the formation of
trions in QW. We believe that, the main contribution to
the effect observed is associated with the occurrence of
an additional channel of electron—phonon interaction
upon illumination, namely, with the possibility of direct
(resonant) excitation of trions. As a result, RRS arises
at the trion transition frequency, and the oscillator
strengths of transitions to free exciton states decrease.
Hence, the intensity of light scattered at these transi-
tions decreases as well.

The structure under study contained two tunnel-iso-
lated GaAs QW 30 and 40 A in width separated by an
Alg,0sGaygsAs barrier 600 A in width and confined on
both sides by Al 0sGag osAS barrier layers 1000 A thick.
The band gap width in barrier layers Ey, was about
1.6 eV, and the depth of potential wells for electrons
and holes was 45 and 30 meV, respectively. QW with
such parameters must have one single-particle size-
guantization level for particles of each sort, namely,

0021-3640/02/7610-0628%$22.00 © 2002 MAIK “Nauka/ Interperiodica’
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electrons, heavy holes, and light holes. However, in
fact, their exciton spectrum is more complex than fol-
lows from this simple picture [9].

A titanium—sapphirelaser tunableintherange 1.49—
1.77 eV served as a source of exciting radiation. A He—
Ne laser was used for additional above-barrier illumi-
nation of the sample. The energy of itsquanta (1.96 eV)
considerably exceeded Ey, The beams of both lasers
were overlapped with each other and focused on the
sample surface into a spot about 3 mm in diameter. The
maximum radiation intensity incident on the sample was
about 1 W/cn for the Ti—sapphire laser and 1072 W/cnv?
for the He—Nelaser. In most of the experiments, the Ti—
sapphire laser power was chosen in such away that the
luminescence excited by both sources was of approxi-
mately the same intensity. The exciting or illuminating
laser beam was modulated by a mechanical chopper
with a frequency of 1 kHz. The secondary radiation
(luminescence and scattered light) was collected from
the excited sample surface (that is, in reflection geome-
try), analyzed by an MDR-2 monochromator (relative
aperture 1 : 2.5, collimator focal length 400 mm, and
grating with 600 lines per mm), and detected by a
cooled photomultiplier. The photomultiplier signal was
measured using a lock-in detection technique. During
the measurements, the sample wasin superfluid helium
at atemperature of =2 K.

The specific features of radiative recombination in
the structure under study were described previously in
[8]. It was found that the recombination radiation spec-
trum of each QW in the structure excited by the radia-
tion of a He—Ne laser consists of two lines: the high-
energy component corresponds to exciton lumines-
cence, and the low-energy component corresponds to
trion luminescence. The luminescence spectrum of a
narrow (30 A inwidth) QW of the structureis shownin
Fig. 1a. At the sametime, trion lines were absent in the
PL spectrum in the case of resonance excitation of free
heavy-hole excitons in QW by Ti—sapphire laser radia-
tion. A region of the PLE spectrum of a harrow QW
corresponding to thisexciton transition isalso shownin
Fig. 1la. These results demonstrate that the concentra-
tion of charge carriers (electrons or holes), which form
trions upon binding to excitons, is sufficiently small in
the absence of sample illumination. In the case of
above-barrier excitation by He—Ne laser radiation, an
excess of charge carriers of one sign or another (evi-
dently, holes in our case) appears in the wells because
of the difference in the capture efficiency of electrons
and holesin QW. Thus, conditions for the formation of
trions are created. In the case of simultaneous excita-
tion of the sample by both lasers, the ratio between the
intensities of the exciton and trion components of the
luminescence spectrum is determined by the rates of
Kinetic processes (capture of charge carriersin QW, for-
mation of excitons and trions, recombination pro-
cesses) in nonequilibrium electron—hole system and
2002

JETP LETTERS Vol. 76  No. 10

629

PL intensity (arb. units)

Scattering intensity (arb. units)

1.575
Photon energy (eV)

Fig. 1. (@) PL spectrum upon excitation by He-Ne laser
radiation (dashed curve) and PLE spectrum in the region of
transitions to heavy-hole exciton states (solid curve) of a
narrow QW of the structure. (b) Intensity of resonant Ray-
leigh light scattering in the absence of illumination | (cir-
cles) and itschange Al = | 5, — 1 o upon switching onillumi-
nation by He-Ne laser radiation (triangles) as functions of
the exciting light photon energy #weg,; fine solid lines are
secondary emission spectra for some values of 70gy.

depends on the density of excitation by each of these
lasers [§].

Several secondary emission spectra of anarrow QW
of the structure obtained upon excitation by Ti—sap-
phire laser radiation with different energies of light
guanta are drawn in Fig. 1b by fine lines. The peak
energy position of each spectral line corresponds to the
excitation quantum energy f,,, and itswidth is deter-
mined by the spectrometer spread function. That is, the
contribution from the elastic scattering of the exciting
light dominatesin all spectra. At the values of 7w, that
fall in the band of resonance excitation of heavy-hole
exciton photoluminescence (Fig. 1a), the secondary
emission spectrum also contains a low-energy wing
with an intensity considerably lower than the scattering
lineintensity. Thisis due to luminescence (at the given
amplification, it is manifested substantially in the third
and fourth curves at the right). The dependence of the
scattered light intensity on A1, is shown by circlesin
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Fig. 2. Differential RRS and PL spectra for two values of
the quantum energy of the exciting light.

Fig. 1b (lest the figure be overcharged, the spectra are
not given for al vaues of fw,.). The resonance
increase in scattering intensity is pronounced in the
vicinity of the exciton transition energy. The small (less
than 0.2 meV) Stokes shift of the RRS signal maximum
with respect to the maximum of the PLE spectrum
gives evidence of the high quality of the structure [10].
The light scattering intensity well apart from the reso-
nance is virtualy independent of the quantum energy
and is determined by nonselective (residual) scattering
from the sample surface and elements of the optical
system.

When switching on the additional stationary illumi-
nation of the sample by He-Ne laser radiation, we
observed a rather significant change in the scattered
light intensity. The decrease in the scattered light inten-
sity upon illumination at the maximum of the resonance
curve was about 40% of the resonance amplitude at the
excitation and illumination intensities used in this
work. At the sametime, the scattering intensity remains
virtually unchanged outside the resonance region. The
change in the scattered light intensity Al = I, — 1
under the action of illumination is shown in Fig. 1b by
triangles (I and 1, are the intensities, respectively,
without and with illumination). It is evident that the
dependence of Al on %w,,. approximately repeats the
dependence of | less the intensity of the background
nonresonant scattering.

The light-scattering experiments described above
were carried out with the use of modulated exciting
radiation of a Ti—sapphire laser and stationary He-Ne
illumination. In order to extract weak difference signals
more reliably and accurately, that is, for the direct
detection of the changes in the scattered light intensity

SIBEL’DIN et al.

Al arising upon illumination, we used a differential
technique that is commonly used in modulation spec-
troscopy when the illuminating rather than exciting
laser beam is modulated. In this case, changesin inten-
sity dueto additional illumination will also be observed
in luminescence spectra.

Figure 2 displays differential secondary emission
spectra of a narrow QW measured at two values of the
exciting light photon energy #w,. = 1.5757 and
1.5732 eV. Theformer valueis closeto the energy posi-
tion of the free exciton peak in the PLE spectrum, and
the second one, to the maximum of the trion PL line
(see Fig. 1a). It is evident in Fig. 2 that, in the case of
excitation to the free exciton state (lower spectrum), the
additional illumination leads to a decrease in the RRS
light intensity (narrow peak) accompanied by adropin
the free exciton luminescence line intensity (both sig-
nals, RRS and PL, are negative), whereasthetrion com-
ponent of the PL spectrum increases (signal ispositive).
It was aready noted that above-barrier illumination
gives rise to an excess of nonequilibrium holesin QW.
Excitons created upon resonance excitation are bound
with these holes, forming positively charged trions.
Therefore, the intensity of exciton luminescence
decreases, and that of trion luminescence increases[8].

When excitation is performed in the vicinity of the
peak of thetrion PL line (upper curvein Fig. 2), aspike
related to RRSlight aswell aslines of exciton and trion
luminescence are observed in the differential spectrum,
all the signals being positive. Note that the main contri-
bution to the luminescence spectrum arises from direct
excitation of the sample by He-Ne illumination. As
mentioned above, the equilibrium concentration of
charge carriersin QW istoo small in order for intrawell
excitation by Ti—sapphire laser radiation could result in
the formation of a notable amount of trions. On the
other hand, in the case of excitation to the stateswith an
energy lower than the free exciton energy (for example,
to localized exciton states), the line of free exciton
luminescence must have low intensity at low tempera-
tures, because it can appear only as a result of thermal
depletion of lower lying states (exciton del ocalization).

Thus, the use of the differential technique allows us
to find that the scattered light intensity can both
decrease and increase upon illumination, depending on
Wgyc-

Figure 3 demonstrates a series of differential spectra
obtained at various values of the quantum energy of the
exciting Ti—sapphire laser. As the excitation quantum
energy decreases, the amplitude of the negative signal
(corresponding to the decrease in the intensity of RRS
light upon additional illumination) first increases, then
starts to drop and changes its sign, when the quantum
energy At IS in the energy range in which the trion
luminescence lineislocated. The shape of the differen-
tial PL spectra at two values of Aw,,. was described in
sufficient detail and explained in the two preceding
paragraphs. The results presented in Fig. 3 allow oneto
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Fig. 3. Dependence of differential secondary emission spec-
tra of anarrow QW of the structure on the quantum energy
of the exciting light.

follow how these spectra are transformed as fig,. IS
changed. The spectral dependence of the amplitude of
the differential RRS signal (proportional to the change
in the scattered light intensity upon illumination)
obtained from the data similar to those given in Fig. 3
isshown in Fig. 4. Itisevident that the maximum value
of the negative RRS signal more than an order of mag-
nitude exceeds the maximum value of the positive
signal.

The results presented here relate to a narrow QW.
Theresultsfor awide (40 A in width) QW of the struc-
ture are in a qualitative agreement with the above
results and are not presented here to save room. Com-
pleting the description of experimental data, we note
that the amplitude of the differential RRS signal is
directly proportional to the excitation intensity,
whereas its dependence on the illumination intensity
exhibits more complicated nonmonotonic behavior and
needs presently a more careful investigation.

L et usdiscussthe possible qualitative explanation of
the effect observed. The scattered light intensity ischar-
acterized by the extinction coefficient h, which is
defined as the ratio of the total intensity of light scat-
teredin aunit volume along al the directionsto the flux
density of the incident light. It is proportiona to the
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Fig. 4. Dependence of the differential RRS signal amplitude
on the quantum energy of the exciting light (black trian-
gles). A portion of curve on a tenfold enlarged scale is
shown by light triangles. For comparison, dashed curve
shows the PL spectrum of a narrow QW upon excitation of
the structure by He-Ne laser radiation.

mean squared fluctuation of the permittivity [{(5€)2L) in
the volume V [11]

h = (w'v/enc’) [(de) . (1)

The contribution to the permittivity of the crystal from
each of the electronic transitions is proportiona to its
oscillator strength. If fluctuations of € are dueto thefluc-
tuations of exciton transition frequencies [2], then, in
the vicinity of the exciton resonance one has (d¢)? [ f 2,
wheref isthe oscillator strength of this transition.

Let us denote the oscillator strength of the exciton
transition in the absence of illumination (that is, in the
absence of charge carriersin QW) by fy; inthis case, the
oscillator strength of the trion transition equals zero.
When illumination is switched on, charge carriers
appear in QW. As aresult, the possibility of direct res-
onant excitation of trions arises. Therefore, the trion
transition acquires some oscillator strength f,,.. By virtue
of the sum rule, the oscillator strength of the exciton
transition decreases, because an additional channel of
electron—photon interaction opens. Let us denote the
change in the oscillator strength of the exciton transi-
tion by Af,, = fo —f,, where f, is the exciton oscillator
strength in the presence of illumination. As a conse-
guence, resonant Rayleigh light scattering arisesin the
vicinity of the transition to trion states upon illumina-

tion. Its intensity is proportiona to h, [ ff,, and the
RRS intensity in the vicinity of the exciton transition
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changes by the value proportional to Ah,, [ f2 — f3 O
2fAf, (at small Af,,). The relative change in the scat-
tered light intensity in the vicinity of the exciton reso-
nance Ahg,/hy 02Af,,/fy, where hy is the extinction coef-
ficient in the exciton resonance region in the absence of
illumination.

From experimenta data at the maximum levels of
excitation and illumination (Fig. 1b), we obtain
Ahg,/hy = —0.4, and an estimation of the change in the
oscillator strength of the exciton transition gives Af,, =
—0.2f,. Considering that the resonance frequencies and
the damping coefficient for exciton and trion transitions
are almost similar, we obtain from the above relation-

ships Ahg/hy, O 2fAfey ffr . From the differential RRS
spectrum (Fig. 4), we obtain Ah,/h, = —28. From here,
with the use of the above value of Af,, the estimation of
f, givesf, = 0.12f,.

Thus, f,, comprises approximately 60% of Af,,; that
is, most of the oscillator strength of the exciton transi-
tion is transferred to trions. Evidently, this means that,
under conditions when illumination can result in the
formation of trions, the effect of redistribution of oscil-
lator strengths of transitionsin the exciton region of the
spectrum considered above makes the main contribu-
tion to the strong photomodulation of the intensity of
resonant Rayleigh light scattering. However, in fact, the
real situation is more complicated. Thus, excess charge
carriers that appear upon illumination do not fill QW
uniformly and are accumulated in the regions with
larger local well width. This means that the resonant
photogeneration of trions can proceed only in these
regions. Therefore, besides energy fluctuations of exci-
ton transitions, fluctuations arise in the oscillator
strengths that are spatially correlated with the former
ones. This must also affect the scattering intensity. In
addition, the nonuniformity of the charge carrier distri-
bution in the well plane give rise to electric fields,
which can change the local values of €. Other effects
that can lead to a change in the RRS intensity are also
possible.

Thus, strong photomodulation of the resonant Ray-
leigh light scattering has been observed experimentally
inthiswork in the region of exciton transitionsin quan-
tum wells under illumination of the structure by radia-
tion with quantum energies that exceed the band-gap
width in barrier layers. The effect observed has been
explained by redistribution of oscillator strengths of

SIBEL’DIN et al.

exciton and trion transitions due to accumulation of
excess holesin wells and the possibility of direct (reso-
nant) photogeneration of trions arising in this case.
Note that an analogous effect should also be observed
in the resonant light reflection spectra.

We are deeply grateful to L.V. Keldysh for afruitful
discussion, B. Etienne for presenting structures, and
N.V. Zamkovets and B.D. Kopylovskii for technical
help. Thiswork was supported by the Russian Founda:
tion for Basic Research (project no. 02-02-17033),
Ministry of Industry, Science, and Technology of the
Russian Federation (Program “Physics of Solid-State
Nanostructures’), Program of Support for Scientific
Schools (project no. 00-15-96568), and Program of the
Russian Academy of Sciences “Low-Dimensional
Quantum Structures.”
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Resonant transitions predicted earlier between low-lying electron—nuclear sublevels of the Tm3* ground state
were observed at frequencies up to 700 MHz in adielectric Van Vleck paramagnet—thulium ethylsulfate single
crystal. It is shown that, due to the distortion of the 4f-electron shell of arare-earth ion in an applied magnetic
field, the parameters of electron—nuclear interaction become field-dependent. © 2002 MAIK “ Nauka/Interpe-

riodica” .
PACS numbers: 75.10.Dg; 76.30.Kg; 76.60.-k

1. Van Vleck (polarization) paramagnetism is most
often observed in crystals containing non-Kramers
rare-earth (RE) ions, i.e., RE ions with an even number
of electronsin the unfilled 4f shells. The crystal electric
field removes degeneracy of the ground 25* 1L ; multip-
let of these ions to generate Stark splitting on the order
of 10-100 cm2. In this case, the ground el ectronic state
isasinglet or a nonmagnetic doublet, so that all mag-
netic properties of Van Vleck paramagnets are caused
by the Zeeman splitting, which, asarule, can be calcu-
lated using second-order perturbation theory [1, 2].
However, in rather strong magnetic fields (H > 20 kOeg),
conditions for the applicability of the perturbation the-
ory are broken, and a number of new physical effects
arise [3]. Among them, field-induced structural phase
transitionsinthe dielectricVV paramagnets TmPO, [4]
and LiTmF, [5] and the appearance of coupled 4f-elec-
tron—phonon excitations in thulium ethylsulfate crys-
tals Tm(C,H5S0O,), - 9H,0 (TMES) [6] are noteworthy.
Strong magnetic fields aso give rise to the coupled
4f-electron—nuclear statesin dielectricVV paramagnets
[3, 7]. It should be noted that the transition frequencies
between the electron—nuclear sublevels of the ground
singlet in TmES crystals fall, practicaly, within the
EPR X-band, whereas the transition probabilities are
induced by the matrix elements of nuclear spin opera
tors. In this connection, one can speak about “ ultrahigh-
frequency” NMR in astrong magnetic field, contrary to
the enhanced NMR at moderate fields [2]. It is the pur-
pose of this work to observe and investigate ultrahigh-
frequency Tm®* NMR inaTmESsingle crystal in mag-
netic fieldsupto 3 T.

2. Theoretical studies of the effect of strong mag-
netic fields on the properties of Tm®* ionin TMES sin-
gle crystals [3] amount to the diagonalization of the

Hamiltonian of an isolated RE ion (in doing so, the
spin—spin interaction between the ions is, naturaly,
ignored, because this is a good approximation for eth-
ylsulfates, where the separations between the RE ions
are about 7 A)

% = %cr + %ez + %nz + %hfa (1)

where the Hamiltonian of crystal electric field in the
common notation is written as[8]

He = a BzoOg + BBmOZ + V(B6002 + B6602)' (2

The Zeeman interaction of the 4f shell, the nuclear Zee-
man interaction, and the hyperfine interaction (with a
constant A;) have the usual form

Hez = giugHI, 9, = -y AHI,
%hf = AthI.

The wave functions of electron—nuclear states, the tran-
sition frequencies, and the magnetic moment of the
Tm? ion were calculated as functions of the magnitude
and direction of an applied magnetic field. Further
development of the theory required experimental veri-
fication of these dependences. First of al, it was neces-
sary to observe the transitions between the ground-state
electron—nuclear sublevels.

3. To measure the °Tm NMR spectra of a TmES
single crystal in the frequency range from 18 to
700 MHz at atemperature of 4.2 K, astationary bridge-
type laboratory-assembled spectrometer with a
matched resonant circuit was used. The static magnetic
field and the perpendicular rf magnetic field were ori-
ented in the plane perpendicular to the crystallographic
axis c. To eliminate the effect of the demagnetizing
field, the sample was shaped like a sphere of diameter 4

©)
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Fig. 1. Derivative of the 15°Tm NMR absorption signal in
TmES. The frequency of applied rf magnetic field and the
peak-to-peak width areindicated. Magnetic field is oriented
perpendicular to the crystal symmetry axisc; temperatureis
4.2K.
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Fig. 2. Field dependences of the transition frequencies

between the Tm3* ground-state electron—nuclear sublevels
inTmES at liquid helium temperature: O are the experimen-
tal points; dotted line is for the results of the perturbation
theory of boosted NMR [2]; dot-and-dash line is for the
refined data given in [3, 7] for strong magnetic fields with-
out taking into account a change in the hyperfine interaction
parameters; and solid lineisfor the results of the theoretical
calculationsin thiswork (for details, see text).

mm. The transition frequency was determined from the
absorption signal minimum upon scanning an ampli-
tude-modul ated magnetic field. The observed spectrum
width monotonically increased with increasing static
field and reached approximately 50 Oe at 30 Oe. The
ratio of magnetic field to the solenoid current was cali-
brated against the EPR signal of aDPPH sample placed
in the immediate vicinity of the sample under study.

The Tm NMR signal in TmES at a frequency of
495 MHz isshownin Fig. 1. The measured field depen-

ABUBAKIROV ¢t al.

dence of the transition frequencies between the Tm3*
ground-state electron—nuclear sublevels in the TMES
single crystal at liquid helium temperature is shown in
Fig. 2 (points). Note that the observed dependence does
not coincide with the one calculated in [3, 7] (Fig. 2,
dot-and-dash line), where, for amore clear presentation
of the changes induced by strong magnetic fieldsin the
properties of electron—nuclear spin systems of dielec-
tric VV paramagnets, the changesin the hyperfine field
at the nucleus because of the electron-shell distortion
and electron-density redistribution were ignored. Thus,
we arrive at the conclusion that magnetic fields higher
than 2 T distort noticeably the unfilled 4f shell of the RE
ion, and one should not ignore the corresponding
changes in a hyperfine magnetic field at nucleus in the
calculations.

4. The standard scheme for analyzing the hyperfine
interaction effects for the RE elements (the quadrupole
effects are disregarded because the nuclear spin of
189Tmisl = 1/2) isasfollows(see, e.g., [8]). A magnetic
field produced by 4f electrons with orbital angular
momental; and spins §

Hae = =205 5 {1 Tli=5+3ri(ris)/ril)

id4f
= —2ug [ IN

within the ground 25*1L; multiplet, where the total
angular momentum is a good quantum number, can be
represented in the form

H,p = —2ug 0 TO0|N| J0D, (5)

where the reduced matrix elements [J||N|[JCican easily
be tabulated for different electronic 4f" configurations
[8]. As aresult, the Hamiltonian of hyperfine interac-
tion can be written as

P = 20y, h 0 TANI) = AL QD). (6)

The crystal electric field reduces rotational symmetry
and distorts electronic shells of theRE ionin crystal, as
compared to the free atom. As a result, the magnetic
hyperfine interaction is affected [11], and the hyperfine
constant A; becomes anisotropic, according to the sym-
metry of local environment of the RE ion. For thisrea-
son, Eq. (6) is replaced by the expression

Her = (JAI). (7)

For RE ethylsulfates with a magnetic ground state, the

principal values of hyperfine interaction tensor A, as
obtained from the experimentally measured hyperfine
structure of EPR line, may differ from each other more
than tenfold [8]. For theVV ions, i.e., ions with anon-
magnetic ground state (e.g., the Tm3* ion in TmMES),
paramagnetic resonance is unobservable, so that the
principal values of hyperfine interaction tensor can be
estimated only in an indirect way. Namely, one can
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measure the so-called paramagnetic shift [2] by
enhanced NMR at moderate fields. This shift is aniso-
tropic and its value depends on both the hyperfineinter-
action magnitude and the degree of Stark wave-func-
tion mixing due to the electronic Zeeman interaction.
Thereafter, one can perform numerical calculations
using the explicit form of RE wave functionsin crystal
field. The estimates, made by us using the data of works
[9] gave the following principal values of hyperfine
interaction tensor for Tm3* in axially symmetric crystal
fieldin TmMES[10]: A;=-241 MHz and A, =-388 MHz
(the estimate of A, made for a free trivalent Tm3* ion
from the Tm and Tm?* measurements gave —393.5
MHz [8]). Note that the perturbative theory developed
for enhanced NMR at moderate fields [2] predicts that
the tensor components of paramagnetic shift are field-
independent, as shown in Fig. 2 by the dotted line. One
can see that, at strong magnetic fields, all experimental
points lie systematically below this straight line. This
poses the problem of analyzing the effect of strong
magnetic fields on the electron—nuclear interaction in
VV paramagnets.

5. A sufficiently strong magnetic field, for which the
Zeeman energy of the RE ion iscomparableto the Stark
splitting energies of its ground multiplet, further
reduces the symmetry of the local environment.
Switching on such a magnetic field can be regarded as
the inclusion of a low-symmetry term in the crystal-
field Hamiltonian, with the magnitude of this term
depending on the magnetic field strength. It then
becomes clear that the hyperfine interaction should
change in asufficiently high magnetic field. Thisispri-
marily dueto thefact that the angular dependence of 4f-
electron density changes. Indeed, the radial distortions

of the crystal-field parameters [BY and B in Eq. (2)],
which are equal, by the order of magnitude, to tens and

hundreds of cm™, change the mean value En‘i_smby no

more than one percent [11]. The magnetic fields in the
range considered correspond to the Zeeman energieson
the order of afew cm.

To illustrate these arguments, we calculated the
Tm3* ground-state 4f wave functionsin aTmES crystal
exposed to different magnetic fields. Figure 3 depicts
the angular dependences of the Tm3* 4f-electron den-
sity for the TmES crystals placed in an external mag-
netic field of 5 T aligned with the x axis in the crystal
symmetry plane. One can clearly see that symmetry
breaks in the crystallographic plane between the x and
y directions. Naturally, the electron-density redistribu-
tion should affect the direction and magnitude of the
hyperfine magnetic field H,; at the nucleus. In addition,
it is conceivable that the appearance of electron-density
anisotropy in the xy plane perpendicular to the crystal-
lographic axis ¢ induces rotation of the nearest sur-
roundings of the VV ion and, as a result, violates the
equivalency of two Tm®*ionsin aunit cell of the TmES
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Fig. 3. Angular dependences of the 4f-electron density in
the crystal electric field of TmESin the absence of magnetic
field and in a magnetic field of 5 T oriented in the crystal
symmetry plane.

crystal, as it can be seen from the spectra of bound
4f-electron—phonon statesin TMES[3, 6].

Thus, the transition frequencies between the
ground-state el ectron—nuclear sublevelsof aVV ionin
strong magnetic fields should be calculated self-consis-
tently with alowance for the magnetic-field-induced
distortions in the 4f shell [10]. The results of such cal-
culations are presented in Fig. 2 by the solid line. Note
aso that, inasmuch as the field-induced magnetic
moment of the 4f-electron shell depends, in principle,
on temperature and, simultaneously, determines the
hyperfine field at nuclei, the transition frequencies
between the ground-state electron—nuclear sublevels
can also show temperature dependence [10]. However,
the experimental observation of this dependence neces-
Sitates substantial modification of the experimental
setup.

6. In conclusion, we sum up the main results of this
work. A specially designed experimental system has
been used to observe the ultrahigh-frequency 6°Tm
NMR signal in asingle crystal of adielectric VV para
magnet (thulium ethylsulfate) in the frequency range
from 18 to 700 MHz in magnetic fieldsup to 3 T at
helium temperature. The resonance signa was
observed for the transitions between the Tm** ground-
state electron—nuclear sublevels. The observed field
dependence of the transition frequencies is evidence
that the applied magnetic field affects the hyperfine
interaction parameters. The theoretical method sug-
gested for calculating these effects agrees satisfactorily
with the experiment.

Weare grateful to A.V. Egorov (Kazan State Univer-
sity) for assistance in experiment preparation, to Prof.
M.M. Zaripov (Kazan State University) for the atten-
tion to the work, and to Prof. H. Suzuki (Kanazawa
University, Japan) for the discussion of results. This
work was supported by the Scientific and Educational
CRDF center (REC-007) and the Nederlandse Organi-
satie voor Wetenschappelijk Onderzoek (NWO).
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We studied the polariton dispersion relations of a periodic quantum-well structure with a period in the vicinity
of half the exciton resonance wavelength, i.e., the Bragg structure. We classified polariton modes using an
approximation of alarge number of quantum wells. The polariton effective masses are found to be very small

and equal to 1031
PACS numbers; 73.21.Fg; 71.36.+c; 73.20.Mf

Semiconductor structures allow engineering of the
light—matter interaction. The band structure and disper-
sion relation of the coupled mode of exciton and pho-
ton, called a polariton, can be controlled by the struc-
ture design, thereby opening great opportunities for
fundamental studies of exciton and photon physics, as
well as for device applications. Recently, considerable
attention has been devoted to the study of photon—mat-
ter interaction in semiconductor microcavities (MCs)
[1] and photonic band-gap materials[2], i.e., structures
characterized by light-wavelength size. One of the
advantages of polariton-dispersion engineering is the
possibility to construct a bosonic quasiparticle with
extremely small effective mass m. In particular, due to
the small density of states in such a system, a statisti-
cally degenerate gas of polaritons may arise even at
high temperatures and small densities (the temperature
at which aquasi-2D gas of noninteracting bosonic qua-
siparticles becomes statistically degenerate is T, =

W2n/2mks [3]).

In this paper, we consider the system of polaritonsin
aperiodic quantum-well (PQW) structure with aperiod
close to half the exciton resonance wavelength, i.e., in
a Bragg structure. In PQW structures, due to the total
confinement of excitons in QWSs, the propagation of
polaritons through the PQW is possible only because of
the electromagnetic transfer of excitation through the
barrier layers; in this sense, they are Wannier—Mott
excitons for in-plane motion and Frenkel excitons for
motion in the growth direction [4]. Before there were
any experiments, several unique properties of polari-
tons in PQW structures had been predicted [4-9].
Ivchenko et al. [8] made two related and significant
predictions. First, in aninfinite Bragg structurewithd =
A2, the normal light waveis a standing wave character-
ized by two wave vectors Q = £17d with afield E(2) O
sin(tz/d) with nodes at every QW position. This wave

L This article was submitted by the authorsin English.

of the free-electron mass. © 2002 MAIK “ Nauka/Interperiodica” .

does not couple to excitons, because the optical transi-
tion matrix element O [dzE(2W¥(2) is minimal and,

therefore, Bragg PQW structures with a large number
of QWs poorly emit and absorb resonant light in the
normal direction [8]. Second, althoughitisapoor emit-
ter, the Bragg structure is an excellent reflector: due to
constructive interference between the light waves
reflected by various QWS, the reflectivity of the Bragg
structure is dramatically enhanced; in fact, in reflectiv-
ity or transmission, a set of N QWs with d = A/2 is
equivalent to asingle QW (SQW) with aradiative cou-
pling coefficient N amplified times over the valuefor an
SQW [8].

The theoretical predictions initiated intense experi-
mental studies. A strong amplification of thereflectance
in Bragg PQW structures was observed in [10]. The
enhancement of the signal decay rate in the Bragg
structure was observed in the degenerate four-wave-
mixing experiments in reflection geometry [11].
Recently, ailmost 100% reflectivity and the onset of a
photonic band gap were observed in a Bragg PQW
sample with N = 100 QWs [12]. These experiments
confirmed that the constructive interference between
the light wavesreflected by various QWSs can be treated
as a huge (ON) enhancement of the radiative coupling
coefficient [8]. Further resonant excitation studies
reveal ed that the radiative coupling effects dominate not
only the transmission, reflection, and absorption spectra
but also the resonance Rayleigh scattering [13, 14].

In this paper, we study polariton-dispersion rela-
tions of high-quality Bragg and nearly Bragg PQW
structures with d = A/2. In our experiments, e-h pairs
are generated by continuum absorption and lose energy
by incoherent processes, populating low-energy carrier
and polariton states. As shown in [12], under these con-
ditions the PL spectra of a PQW structure cannot be
explained by the radiatively uncoupled incoherent
emission of 100 individual QWSs but are dominated by

0021-3640/02/7610-0637$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. () The scheme showing the dispersions of polaritons
in PQW structures. In the infinite periodic structures, the
polariton dispersions in the PQW growth direction (dotted
lines) are constructed from the photon dispersions (bold
lines), their replicas (thin lines), and exciton dispersion
(dotted line). The polariton branches obey Eq. (2). Thetran-
sition from an infinite to finite number of QWSs, N, corre-
sponds to the transition from continuous Q to discrete
modes. For large N, the energies of the discrete modes
(dots) fall on the continuous branch dispersionsat Q; = gjﬁ ,
i =1, ..., N (vertical dashed line). (b) An example of in-
plane dispersions of polariton mode branches calculated
using Eq. (2). Dotted lines represent dispersions of the exci-
ton and standing waves of light. The polariton mode disper-
sions (solid lines) are formed by anticrossing dispersions of
the exciton and photon.

the cooperative emission from radiatively coupled
QWs, i.e., by polaritonic states. Radiative coupling of
the QWSs occurs without any external coherent exci-
tation.

The non-AR-coated PQW sample (DBR28) con-
tains N = 100 8.5-nm-thick Iny,GayggAS QWS
between GaAs barriers (for details, see [12]). The use
of low-In-concentration QWSs ensures that the back-
ground refractive indices of the well and barrier are
nearly identical, thereby eliminating the photonic band
gap arising from a distributed Bragg-mirror-like reflec-
tivity. A decrease in flux with increasing radius during
the growth on a rotating substrate provides an experi-
mental way to continuously scan d. For cw PL studies,
the excitation was provided either by an HeNe laser
(excitation energy #w = 1.96 eV) or by aTi : sapphire
laser. The excitation was focused to a 50-um spot.
Experiments were performed in a He, cryostat at T =
15K.

The theoretical analysis of the polariton mode dis-
persion is based on the transfer-matrix approach that
describes light propagation through a multilayer struc-
ture by solving the Maxwell wave equation including
the corresponding boundary condition at each interface
(LDT). According to [5, 9], the eéigenmodes of the self-
consistently coupled light-QW—exciton system in an
infinite PQW structure obey the dispersion relation

MINTSEV et al.

cos(Qd) = cos(kzd)—w———ot_gt—:—%sin(kzd), (D)

where Q is the wave vector of light aong the PQW
growth direction reduced to the first Brillouin zone, k =

wiic, k, = Je,k* =k, k, isthe in-plane polariton wave
vector, wy, isthe exciton resonance energy, and My and I
are, respectively, the radiative and nonradiative exciton
damping constants in a single QW. As was shown in
[9], for finite number N of QWSs, the eigenmodes cor-
respond to the discretized values of the complex wave
vector Q. For large N, the values of wave vector tend to
become real and equally spaced, and Eq. (1) trans
formsto

IMo(wy —w)k/k,

cos(Q;d) = cos(k,d) - >— sin(k,d), (2)
( )"+ T

0

where Q, = giNJ =1, ...,N. Theroots of Eq. (2) w=

w(j, k) correspond to the eigenenergies of the polariton
modes. The polariton energies also tend to become real
for large N and, therefore, since the imaginary part of
energies yields the radiative width of PQW polaritons,
polariton states become stationary in the high-N limit,
similar to bulk polaritons[7, 9].

The origin of polariton modes in PQW structures
can be understood with the schemes shown in Fig. 1.
Figure laschematically showsthe dispersion of polari-
tons in the PQW growth direction. For infinite N, the
polariton dispersions are constructed from the photon
dispersions, their replicas, and exciton dispersion. We
concentrate below on the energy region close to the
exciton resonance. Around wy, there are three PQW
polariton branches originating from the folded photon
dispersion and exciton dispersion: the upper (U), the
middle (M), and the lower (L) one. The splitting
between the branches at the anticrossing point at Q =
1Ud, proportional to the electromagnetic coupling
between the photon and exciton, is small compared to
wy and is exaggerated in Fig. 1a. For finite and large N,
the energies of the discrete modes fall on the continu-

ny -
ani =L

..., N for the jth polariton mode; i.e., the continuous
branch and discrete modes obey Eq. (2) with the same
r.h.s. We mark the upper jth mode as U; and so on. Fig-
ure la presents the case of a Bragg structure with d =

A2, i.e, with w, = nddje_t); the modification of the
scheme for different d is straightforward. An example
of the in-plane dispersions for U, M, and L polariton
branchesis shownin Fig. 1b. The dispersionswere cal-
culated using Eq. (2) for d/A = 0.501, Q; = 0.9917d, and
g = 20 peV. The polariton modes are formed by the
anticrossing dispersions of the exciton and standing
waves of light (Fig. 1b). Note that the mode My is a

ous branch dispersions at the momenta Q, =

JETP LETTERS Vol. 76 No. 10 2002
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standing wave with afield E(z) O sin(tz/d) with nodes
at every QW position [0d and Ok, and its optical tran-
sition matrix element is zero.

Figure 2a shows the cw spectra of PL emitted in the
direction normal to the PQW structure. Spectra are
taken from different positions on the sample corre-
sponding to different periods d, as labeled in Fig. 2a.
Figures 2b and 2c present the measured PL energy and
intensity of polariton modes at k, = O corrected for the
exciton energy shift due to a change in the QW thick-
ness. The radiative mode splitting well exceeds the
inhomogeneous exciton linewidth. The solid and
dashed lines show positions of the eigenmodes at k, =0
calculated using EqQ. (2). The best agreement between
the experiment and Eq. (2) is achieved using 'y =
20 peV (dashed lines). The linear fit to the HWHM of
reflectivity spectrum vs. N gives T, = 27 peV [12]. The
eigenmodes calculated using Eq. (2) with 'y = 27 peV
areaso showninFig. 2b. All polariton modes observed
in the experiment are clearly classified. This confirms
that the QW number N = 100 islarge enough to validate
the approximation of Eq. (2) with real and equally
spaced Q [9].2 Figure 2c shows eigenmodes (solid
lines), reflection dips (triangles), and absorption peaks
(squares) calculated for N = 100 PQW using the
Lorentzian excitonic susceptibility within an LDT
approach [12]. Here, the absorption A isdefined as A =
1-R-T, where Ris the reflection and T is the trans-
mission. The best agreement between the experiment
and the theory is achieved with 'y = 27 peV, in agree-
ment with [12]. As expected, PL clearly follows the
absorption; thus, the results of the LDT calculations are
in good agreement with the experiment.

To measure the dispersion of the PQW polariton
modes, we studied angularly resolved PL following
experiments in [15], where this method was applied to
study the dispersion of polaritonsin MCs. The disper-
sions of polariton modes are revealed via their PL
energy vs. k, = ksing dependence, where @ is the exter-
nal angle between the emitted photon and the direction
normal to the PQW structure. The measured disper-
sions of polariton modes are presented in Fig. 3. The
dashed lines show positions of the eigenmodes calcu-
lated using Eq. (2). Dispersions of the polariton modes
numerically calculated using LDT for 100 QWs (open
squares) are in good agreement with the experimental
data (Fig. 3). The calculation based on Eq. (2) has no
fitting parameter and usesthe value of I, obtained from
thefit to the experimental datain Fig. 2. The main result
of the polariton dispersion measurements is that the
polariton effective masses are very small. In particular,
for the mode My, _;, m=5 x 10~*my, they arecloseto the

2The calculation of the complex wave vectors Q by using the
transfer matrix of a finite 100-QW structure [9] shows that there
is a finite imaginary part for periods where the corresponding
mode is bright. Thisimplies that the large-N approximation is not
validated over the whole range of periods.
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Fig. 2. (8) PL spectrain the normal direction in the reflec-
tion geometry for the non-AR-coated N = 100
INg 04Gag g6ATGaAs PQW structure under cw nonresonant
excitation at 1.96 eV. Spectra are taken from different posi-
tions on the sample corresponding to different periods d;
T = 1.5 K. Poor emission in the normal direction at Bragg
resonance, d = A/2, reveals the vanishing overlap between
the QW excitons and the standing wave of light. (b) The
measured PL energy and intensity of polariton modesvs. d
(grayscde map). The mode energies calculated using
Eq. (2) with Tg = 20 peV (Mg = 27 peV) are shown by
dashed (solid) lines. The mode classification includes the
branch U, M, or L index andthej =1, ..., Nnumber (Fig. 1).
The optically inactive My mode is absent in the PL spectra
(c) Absorption peaks (squares), reflection dips (triangles),
and eigenenergies (solid lines) calculated using LDT
through afinite non-AR coated 100 QW structure. Note that
the functional dependence of A on the period isdifferent for
an AR-coated structure.

effective mass of microcavity polaritons. This agree-
ment is natural, because the polariton dispersions are
determined by the anticrossing dispersions of an exci-
ton and standing waves of light both for PQWSs and
MCs. Note that small density-of-states effective mass
[Um = 2/#20E/0(K?)] is characteristic of most of the
polariton modes (Fig. 3).
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Fig. 3. Measured PL energy of polariton modes (solid
points) in non-AR coated N = 100 Ingg4Gag geAYGaAs
PQW structure with d = 0.5025 A vs. k, under cw nonreso-
nant excitation at 1.495 eV; T = 1.5 K. Triangles correspond
presumably to the PL of localized states. The mode energies
calculated using Eq. (2) with 'y = 20 peV are shown by
dashed lines. The polariton effective masses are extremely
small; e.g., the quadratic fit to the mode My, _ ; dispersion at
small k, yields m= 5 x 10~*my, The calcul ated absorption

peaks using a Lorentzian excitonic susceptibility for the
propagation through a 100-QW non-AR coated PQW struc-
turewith ' = 27 peV are shown by open sguares.

We notice that the linewidth of the polariton PL
from the N = 100 PQW sample is sometimes narrower
than the linewidth of exciton PL from SQWSs grown
under as nearly as possible identical conditions. The
smallest PL linewidth, =0.15 meV, observed in N =

MINTSEV et al.

100 PQW at d = 0.5025\ is=4 times narrower than the
exciton PL linewidth in the SQWs. The effect of line
narrowing due to the radiative coupling between the
QWs clearly dominates over the broadening effects
originating from the inhomogeneities of QW thickness,
etc.

Thiswork was supported by the Russian Foundation
for Basic Research, INTAS (Y SF no. 01/2-50), NSF
AMOP, JSOP (AFOSR and ARO), and COEDIP.
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A model of aquantum computer with diagonal continuousinteraction between qubitsis proposed. Such acom-
puter iscontrolled only by short single-qubit operations. The realization of quantum Fourier transform and sim-
ulation of the wave function of a many-particle problem with linear and quadratic potentials on this quantum
computer are discussed. This method appliesto awide class of diagonal interactions and to the case, where the
interactions of different qubits are different. © 2002 MAIK “ Nauka/Interperiodica” .

PACS numbers; 03.67.Lx

1. Quantum computing is an unprecedented test for
modern physics, because it requires a level of control-
ling the behavior of nano-objects that has not been
achieved before. Whereas the mathematical theory of
qguantum calculations is well developed, their physical
realizations present a serious challenge to our under-
standing of the nature. For thisreason, it isimportant to
search for such simple realizations of quantum ago-
rithmsthat are associated with simple technology prob-
lems. A computational unit—qubit—is usually repre-
sented as a certain characteristic, e.g., spin, charge, or
position of some elementary particle.

Two-qubit transformations, which are of fundamen-
tal importance for quantum algorithms, are technically
very difficult. To realize such a transformation, one
must control the degree of entanglement of particles,
which is determined by the overlap of the spatial parts
of their wave functions. On the other hand, particles
participating in calculations must be clearly distin-
guished, which is possible only if the overlap of their
wave functions is sufficiently small. These require-
ments on the physical realization of quantum calcula-
tions are contradictory. In any case, two-qubit transfor-
mations are much more difficult than single-qubit ones.

It is reasonable to propose the following approach.
Since theinteraction between particleswith achangein
the degree of entanglement follows from the wave
equation, two-qubit transformations accompany the
natural time evolution of a quantum system. This sys-
tem can be controlled by single-qubit transformations,
which are easily inspected. Thus, calculations will be
carried out through acting on the system only by single-
qubit pulses, whereas two-qubit transformations will
proceed in the background mode and will be uncon-
trolled. This is the essence of the proposed computa-

tional model with single-qubit control. This model is
much more realistic than the abstract quantum com-
puter scheme implying control through two-qubit inter-
action. Below, this model will be applied to simulate
the behavior of a many-particle system with the qua-
dratic interaction specified by a diagonal matrix.

The basic problem in this model with single-qubit
control is that two-qubit interaction proceeds uncon-
trollably, in particular, with irrelevant qubits, which
serioudly distorts quantum agorithms. Calculations in
this model require methods of correcting undesirable
transformations by means of single-qubit pulses. To
demonstrate the capabilities of this approach, we first
apply this model to realize the quantum Fourier trans-
form. Our basic assumption is that the Hamiltonian
matrix of two-qubit interaction is diagonal. For conve-
nience and simplicity, we first additionally assume that
this interaction decreases with distance as the Yukawa
potential.

2. Realization of quantum Fourier transform
with single-qubit control. The quantum Fourier trans-
form is the key subroutine in quantum computing,
because it is used in many other algorithms [1-3]. Fig-
ure 1 showsthe simplest scheme of functional elements
for realizing thistransformation. This scheme was used
by Shor for fast quantum factorization [1]. Integer a =
ag+a2+ ... +a_,2 ~tisrepresented by the basis state
[agay ... _ 0= |al]l These states form an orthonormal-
ized basisfor the input states of the quantum scheme of
functional elements. We arrange them from top to bot-
tom. The same convention will be accepted for the out-
put states of the scheme, but bits b; of the number b =
bo + b2+ ... + b _;2' -1 will bearranged in the reverse
order.

0021-3640/02/7610-0641$22.00 © 2002 MAIK “Nauka/Interperiodica’
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Fig. 1. Quantum scheme of functional elements for the
inverse quantum Fourier transform with single- and two-
qubit control. Circles are the Hadamard gates, and two-
qubit operations have form (1).
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Fig. 2. Scheme for the inverse quantum Fourier transform
with continuous interaction given by Eq. (1a) and shown by
the rectangles. Circles are the Hadamard gates.

This scheme realizes the inverse quantum Fourier
transform in O(1?) steps, whereas the dimension of the
transformation matrix is equal to N = |2. However, this
scheme requires two-qubit control and cannot, there-
fore, be realized directly in the model under consider-
ation. Below, we demonstrate how it can be realized.
Let us consider interactions of the form

OooooU

0
H=300000" o550, (13)
Hoooo-
0000 p0
and
Hp, 0 0 04
0 0
H=pOP00p (1b)
00 0 ps 00
0 0
00 0 0 p,0

OZHIGOV

Here, p and p; (i =1, 2, 3, 4) havetheform p = py(e™/r),
where b = const and r is the separation between qubit
particles, and p, + p, # P, + ps. We arrange | qubits
equidistantly in one line. Let the interaction between
qubits j and k be specified by the Hamiltonian H;
given by Egs. (1). Such Hamiltonians arise, for exam-
ple, in the Ising model for spin-1/2 particles. The
required decrease in interaction with increasing dis-
tance can be achieved by putting qubits in a suitable
potential well. Taking an appropriate length unit, we
can have b = 1. We first examine interaction given by
Eq. (1a) and then expand the results to case (1b).

2.1. Realization of the quantum Fourier transform
without regard for the phase shift. Let the quantum
Fourier transform and inverse quantum Fourier trans-
form have the form

1 N-1 2miab
. L N
QFT: [a0— N Z e IbL)
@
1 N-1 2miab
OFT ™ lab0—-—=S e " b0
INE,

respectively. In this case, the inverse transform can be
reglized by using scheme shown in Fig. 2, where the

rectangles are unitary transformations U = e’ with

H = I:|j,k,whereeach I:|J-,k isgivenby Eq. (18)

I>j>k=0
with p, = tand r = j — k. If the time unit is chosen so
that the product of Plank’s constant by p, isequal to T,
and the length unit ischosen so that r = —k, U is such
transformation of the state vector that isinduced by the
Hamiltonian under consideration per unit time. Here, it
is assumed that single-qubit operations take negligibly
short time compared to unity, so that interaction
between qubit pairs cannot strongly change the phase
during thistime. To demonstrate that this schemerealy
realizes the inverse quantum Fourier transform, we
apply the method for calculating amplitudes proposed
by Shor in [1]. The output state corresponding to a
given basis input state |alis alinear combination of the
basis states |bCwith some amplitudes. All absolute val-

ues of these amplitudesare equal to 1/./L , and it is suf-
ficient to control their phases. For simplicity, we intro-
duce the notation a; =a_;_;,j=0,1, ...,1 -1 Inthe
process of applying our scheme, qubit valueswith num-

bersj and k < j pass from left to right through the ele-
ments shown in Fig. 2. Following thisdirection, wewill

take four types of interactions: (i) self-interaction of a;
and a, in the Hadamard operation, (ii) interaction
between a; and a, (j > K), (iii) interaction between a;
and b, (j > K), and (iv) interaction between b; and b,
(i > K) withtimes 0, k, j —k, and | — 1 —j, respectively.
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The resulting phase is the following sum of the contri-
butions of these interactions:

"2

I>j>k=0
+TI Z ab
1>j=0

In what follows, thefirst and last terms will be denoted
asA and B, respectively. Their contribution corresponds
to the action of the diagonal Hamiltonians on |alJand
|bC] respectively. After changej to | — 1 —j, the sum of
the second and third terms takes the form

ab2 "

nz 2,1+sza|1,bk

I-1>k+j=0 1-12j=20
j+k
ajb,2
|
2

a: ak ajb(j —K)

ST zj‘k(j—k)

I1>j>k=0 (3)
bb(l — )

jtm

|>jZk>0

2" ku K)

=27

I>k+j=0

b 2j+k
XS - ons+ 21%9

(4)

= 2TIS+ 21
I>gzo

where Sis an integer. Thefirst term does not change its
phase, and we obtain the desired result without regard
for the contributions A and B.

2.2. Correction of the phase shift. The contribution
of diagona terms A and B to the phase is calculated as
follows. We first consider only term A, which consists
of terms A = G @ &, Where ¢  depends only on j
and k but is independent of a. In order to suppress al
interactions except for the interaction between selected
qubits, single-qubit NOT transformation will be
applied several times to all qubits excepting selected
qubitsj and k.

We first consider a pair of unselected qubits with

numbers p and g such that g > p. Their continuousinter-
action during time interval At provides the term

d, Ata, a, in the phase, where d, , depends only on
the degree of a decrease in interaction with increasing

distance but is independent of a;, and a,. In particular,

for aYukawa-type decrease, d, , = € 9" /|q—p|. Then,
weinvert arbitrarily one (let it be g) of these two qubits
by applying the NOT operation. Its state becomes 1 —

a; . Then, the second interval At of continuous interac-

tion introduces term d, /Ata,(1 — a;) to the phase.

Finally, we recover the content of qubit g by applying
the second NOT operation. The resulting phase shift in

these four actionsisequal to d, ;Ata,, and dependsonly
on the content of qubit p.

Now, we can compensate this phase shift by onesin-
gle-qubit transformation. Interaction between a pair of
JETP LETTERS  Vol. 76
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gubits p and g, one of which (let it be p) is selected and
the other is unselected, can be compensated by using
only single-qubit operations, namely, two NOT opera-
tionsfor q and a certain phase shift for p.

Next, this method should be modified to simulta-
neously compensate for al effects of the unselected
qubits. For this purpose, we apply the NOT operations
to each such qubit with sufficiently short intervals so
that the contributions from the unselected qubits to the
phase cancel each other. This can be made by two meth-
ods: single-qubit operations are applied either at ran-
domly generated times or periodically with different
periods for different qubits. Let us discuss the first
approach.

2.3. Compensation of the phase shift. For each unse-
lected qubit p, we consider a Poisson process <, gen-
erating times0 <t} < t; <... <ty <1withacertain
fixed density A > 1. Let al s, be independent. Then,
the NOT operations are applied to each qubit p sequen-
tially at times t-,. At time 1, the NOT operation is
applied to qubit p, if and only if m, is odd. Thus, each
qubit recoversitsinitial state after this procedure. Inter-
actions between the selected qubits remain unaffected.
Let us calculate the contribution from a certain unse-
lected qubit to the phase. This contribution consists of
two terms corresponding to the interactions with

selected and unselected qubits, respectively. We will
calculate them sequentialy.

(i) Sincethedensity A of Poisson process s, ishigh,
qubit p isin the state a;, for about half the time and in

1— a, for the remaining half. The interaction of this
gubit with some selected qubit j makes the contribution

1 1 1
2dpJaPaJ+ dp(1—ay)a;,i ZdDJal

(i) Let us consider different unselected qubits g # p.
Since the NOT operations are applied to qubitsp and g
at independent times and the density A is high, these

qubits are in each of states (a,,, a,), (a,, 1—a,), (1 -
a,), and (1-a,, 1—a,) for about quarter the time.

The resulting contribution is equal to %dp,q[a'paq +

a,(l-ay)+(1-ap)a; +(1-a,)(1-ay)] = %dp q

The total phase shift from the unselected qubits is
the following sum of values from (i) and (ii) for all

pU{j, k-

1 : 1

§|: z dpyla] + Z dp'kaki|+z. Z dp,q'
pPO{R pO{iK p.a0{i.k

This shift can be compensated by single-qubit transfor-

mations, because the first two terms depend only on the
values of qubits, and the remaining terms are constants.
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Thus, we construct the scheme with continuous two-
qubit interaction and single-qubit operations that gives

phase shift d; ,aja,. Taking the time interval At as a
time unit in this procedure, we obtain phase shift
Atd, \aja. In order to obtain shift -Atd,  aja,, we
must first apply the NOT operation to qubit j, carry out
the above procedure, apply the NOT operation to qubit

j, and add -Atd, ,a, by the single-qubit operation.

Thus, we can make any addition of the form cajay to

the phase, where ¢ is any real number. The appropriate
combination of these schemes gives the phase shift

ZCJ,ka}a[( (5)
ik

for any ¢ . Performing these operations before and
after the inverse quantum Fourier transform in the pro-
cedure discussed in the preceding section, we compen-
sate terms A and B in the phase and obtain the scheme
realizing the inverse quantum Fourier transform.

L et us estimate the delay caused by the introduction
of the NOT operations with a high density compared to
the abstract realization of quantum agorithms on the
schemes based on functional elements. We fix the time
unit so that one operation in the scheme takes unit time.
The NOT operation can be applied with identical short
timeintervals dt, i.e., at times kot for any integer k with
probability p = /A, where A is the density of the pro-
cess. We denote M = T/dt, where T is the computational
time. The error of phase shift caused by the possible
imperfection of the random process in this model is
equal to &tD, where D isthe variance of the sum of ran-
dom variables taking values 1 and O with the respective

probabilities p and 1 — p, i.e., O(./M). Therefore, the

resulting error is equal to about T/./M and must be
negligibly small. For the quantum Fourier transform,

T=0(InN), and M = O(InZN/e) will be sufficiently
large for negligibly small €. Thus, the method of ran-
dom processes results in a delay that is slightly larger
than the quadratic delay, as compared to the standard
model, and this is quite admissible for fast algorithms
such as quantum Fourier transform. Applying the mod-
ifications of the above method to slower quantum algo-
rithms such as the Grover agorithm [7], one must use
the method of periodic NOT operations rather than the
method of random processes. In this model the NOT
transformations are applied to each of qubits| at times
jkot for integer k, where &t is the short time interval. In
this case, we can repeat the above construction and
remove undesirable phase shifts by appropriately
choosing &t. This method resultsin adelay in the form
of afactor of about n?, as compared to the complexity
of the abstract model of quantum functional schemes.

3. Possibility of using various interactions. The
proposed technique is easily extended to the general

OZHIGOV

case of Hamiltonian given by Eq. (1a) with an arbitrary
decrease; i.e., the phase shift of form (5) can be gener-
ated in thismodel, and

z Cj. ka by (6)
I>j>k=0
for any ¢ .

The application of interaction (1b) per unit time
gives phase shift py(1 — a;)(1 — by + py(1 — a;)by +
Psa; (1-Dy) + p,a; by, which can be reduced to the pre-
ceding case through the linear shift, because p; + p, #
P2t Ps.

Finally, thistechnique can be directly generalized to
the Hamiltonians that can be diagonalized by single-
gubit operations.

4. Simulation of physics by continuous interac-
tions. We discuss now an important Feynman’sidea[4]
of smulating many-particle physical problems on a
guantum computer. Zalka[5] and Wiesner [6] proposed
the scheme implementing this idea on the basis of the
Coppersmith-Deutsch-Shor (see Fig. 1) method for
inverse quantum Fourier transform. The method pro-
posed above for realizing the quantum Fourier trans-
form with single-qubit control providesasimpleway to
simulate the wave function of many-particle problems
with linear and quadratic potentials. The corresponding
Hamiltonian for s; particles has the form

S 2 s
1

H = Z%"‘éz Vi QG (7

k=1 k=1

where s = 3s; isthe total number of spatial coordinates
g« determining the particle positions, p, are the
momenta, and v;  are the constants determining the
interaction potentials. We will discuss the case k = 1,
because the general caseisfully similar.

It is necessary to approximate the action of opera-
tion e on the wave function Y, where H = H, + H,,
H, = p?/2m, Hy, = V(q), p = i7(9/0q), and potential V(q)
isareal quadratic function. Without loss of generality,
we can take t = 1. A suitable approximation can be
obtained in the coordinate or momentum basis of the
space of state vectors, and the Hamiltonian is nondiag-
onal in both bases. To reduce the problem to diagonal
Hamiltonians, we take short time interval At and repre-
sent our time evolution operator in the approximate
form
= (e—inAte—inAt)l/At. )
For example, H, hasthe diagonal forminthe coordinate
basis. Using Fourier  transform  f

1 00 —ipq . . . .
— [ e "'f(g)dg, which changes differentiation
J2_|~°° (a)da g
0/0q to multiplication by ip, we can represent the action
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of the momentum part of the operator as e =

FT-1e"P2Y™ \herethe operator in the middleis diag-
onal. If the Fourier transform and phase shift —p%/2m
can berealized, the sequential application of such oper-
ators from Eq. (8) yields the necessary approximation.

Let the wave function (g) and its momentum rep-
resentation FT () be defined in segments (A, A) and
(-B, B), respectively. Taking small Aq and Ap values,
we can approximate this function through

2A/Aq

> (@5,
a=0

where d,(q) takes the values 1 and 0 on the segment
(0= g, + AQ) and outside it, respectively. In this case,
the Fourier transform can be approximated by the linear
operator, whose action on o, yields

2BIAp
A e_l pbqao_ ,
o q bZO »(P)

where a,(p) isthe one-step momentum function similar
to &,. Introducing new one-step coordinate and momen-
tum functions as d,(q) = d,(q—A) and s,(p) = o,(p—B),
we write the Fourier transform in the form

1 2B/Ap _
d, — —Aq § e ®Pg, (9)
a2,

which isvery similar to the quantum Fourier transform.

Let us assume that the physical space is grained in
the coordinate and momentum representations with
grain sizes Ag and Ap, respectively. Inthis case, the par-
ticle under consideration can be located only at points
g, or have only momenta p,. We associate position g,
a=0,1, ..., N=2"with the basis state |aCin the I-qubit
guantum system. For simplicity, we choose the length

unit so that Aq = Ap = ./21/./N and A= B = ./riN/2.
Inthiscase, EQ. (9) corresponds to the quantum Fourier
transform given by Eqg. (2), and the phase shift
—p?At/2m from Eq. (8) corresponds to the phase shift
—-Ti?At/mN. Both operations can be realized by contin-
uousinteraction with single-qubit control, because they
have the necessary form. Finally, the first of operators
(8) can berealized similarly.

When simulating an ensemble of s; particles, we
must take s; copies of quantum register for one particle
and perform the above procedure for the united quan-
tum memory.

5. Advantages of the quantum simulation of wave
functions. The method proposed above for the quan-
tum simulation of wave functionsretains all advantages
of the quantum solution proposed for Schrodinger
equation in [1, 5, 6]. Namely, this method of realizing
the quantum Fourier transform takes time O(I?) for a
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given interaction between qubits. If this operator is
used in the approximate form obtained by omitting
exponentially small phase shifts, the corresponding
modification of the proposed method takes time O(l),
with the constant depending on a chosen accuracy.

The main advantage of thismethod, asapplied to the
simulation of wave functions, is manifested in many-
particle problems. The wave function of a system of s
one-dimensional particles at a fixed time has the form
(X, X, .., X, Where; isthe coordinate of thejth par-
ticle. To store the approximation of this function with
grain € and arguments limited by b, the memory of N
bits is required, where N = b/e. At the same time, the
quantum simulation method requires about InN qubits
for each particle, and the total required memory equals
sInN qubits, which is equal to amost the logarithm of
classical memory.

6. The model of a guantum computer controlled by
only single-qubit operations with uncontrolled continu-
ous diagonal two-qubit interaction has been proposed.
Thesimplicity of control isthe advantage of this model.
The simple method of realizing the quantum Fourier
transform and simulating many-particle problems with
guadratic potentials has been proposed in this model.
Such a quantum computer can simulate free fields and
particles, states of a set of harmonic oscillators, and the
behavior of complex polyatomic molecules.

It would be important to generalize the proposed
method to nondiagonal Hamiltonians. Finally, it would
be interesting to select the computational quantum-
mechanical problems, where quantum calculations
with the qubit representation of wave functions could
be effective. For example, such areformulation implies
the presence of a spatia grain, and the traditional field-
theory problem of series divergence at high energies
will thus be removed. This qubit reformulation gener-
ally seems to be more efficient, because it requires
memory that increases linearly rather than exponen-
tially with an increase in the number of particles, asin
the convenient description of wave functions.
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