Radiative recombination of localized Mott excitons in a strong magnetic field
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The effect is considered of a strong magnetic field on the formation and recombination of Mott
excitons localized at defects and impurities in semiconducting crystals. It is shown that the
motion of the exciton mass center across the magnetic field plays a decisive role in the formation
of localized excitons. It is found that by varying the magnetic-field intensity one can control the
relative brightness (radiative recombination probability) of the spectral lines of optical recombin-
ation and or absorption of bound excitons. This possibility is due here to the dependence of the
effective mass of the transverse motion of the exciton mass center on the magnetic field intensity.

PACS numbers: 71.35. 4+ z, 71.50. + t, 78.60. — b

A Mott exciton can move with constant velocity in a
direction transverse to the magnetic field even though its
constituent quasiparticles, the electron and hole, cannot do
so individually. As shown by Gor’kov and Dzyaloshinskii,"
this transverse motion of the exciton mass center is due only
to the Coulomb attraction between the electron and the hole.
The role of the exciton mass-center momentum is played
here by the conserved quantity

P=—iAVa—(e/c)A(r),

where R and r are the coordinates of the mass center and of
the relative motion of the quasiparticles in the exciton, and A
is the vector potential of the constant magnetic field. The
wave functions calculated in Ref. 1 and the energies of the
internal (relative) motion of the exciton depend on the pro-
jection P, of the vector P on a direction perpendicular to the
magnetic field. It is just this transverse motion, as shown in
the present paper, which plays the decisive role in the forma-
tion of the bound state of the exciton with impurities and
defects in strong magnetic fields. Indeed, the localized states
are detached, under the influence of the defect field, from the
exciton band, and their characteristics depend significantly
on the “dispersion law” obtained in Ref. 1 for the exciton
band in a magnetic field. The diamagnetic-exciton localiza-
tion considered in this article should appear, for example, in
the course of their radiative recombination, which was in-
vestigated in the absence of magnetic fields by Rashba.? In
our case, by changing the dispersion law of the diamagnetic
excitons, one can control the relative brightness of the opti-
cal-recombination lines of the bound excitons.

The action of a defect on an electron-hole pair is taken
into account within the framework of the effective-mass
method by including in the Schrodinger equation the poten-
tial field ¥ produced by the defect:
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where 77, is the Hamiltonian of the electron-hole pair in a
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magnetic field, and A, , are the vector potentials of the elec-
tron and hole, respectively. We are interested in the state of
an exciton that is weakly bound with a defect, such that the
defect field, while localizing the motion of the exciton mass
center, does not perturb in practice its internal motion. In
Ref. 1 were obtained for the case of strong magnetic fields
ro<&rglro=(ic/eH)""* is the magnetic length and
ry = #Pe/ue® is the Bohr radius of the exciton) the exciton
wave functions ¥ {(r,R) and exciton energy E, (P):

2,7 (r,R)=E,(P) ¥ (r,R), (3)
i ie I

—exp [— L AR ¥ (o). 4

¥, (r,R) exp[hPR+hc () ]‘FL(r) @)

where v is the aggregate of the quantum numbers of the rela-
tive motion of the electron-hole pair in a diamagnetic exciton
and ¥ ‘,‘.’I(r) are the wave functions of this relative motion.

We seek the solution of (1) in the form of an expansion of
the wave function ¥ (r,R)=¥ (r.,r,) in terms of the eigen-
functions of the unperturbed Hamiltonian 774(3), (4):

W (5, R)= Y a.(Bexp [--hi-PR'l'_%ecA(r)R] e (). (9)

Substituting (5) in (1) and taking the normalization of the
wave functions (4) into account we obtain a system of equa-
tions for a,, (P):

(£o () — Elay(® + Y a7 (#) { @Rexp [ ('~ PIR]
PV’

x CF¥ @[V ¥} @) =0. (6)

For the cases considered by us, of excitons weakly
bound to defects, the characteristic dimensions R | and R, of
the mass-center motion orbit (in directions parallel and per-
pendicular to the magnetic field) exceed substantially the
dimensions of the exciton itself: R, > and R, >r,. Explicit
expressions for R | and R, will be obtained below. It is clear
that the main contribution to the formation of such an ex-
tended mass-center wave function is made by the values of P,
namely P, ~#/R and P ~#/R, which are small in terms of
the parameters:

ToPJ_/ﬁ"fTo/RJ_«'l, rBP”/ﬁNI‘B/R“«'I. (7)
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The conditions (7) mean that the states participation in the
formation of the local level are located near the “bottom”” of
the exciton band, i.e., when calculating the matrix elements
in (6) the relative-motion wave functions, which depend on
the dimensionless parameter r,P, /7 (Ref. 1), can be taken at
P, = 0. The assumption that the internal motion of the exci-
ton is weakly perturbed imposes the following requirements
on the potential of the defect:

WO @) | GOV |y
E~Ey W..(H) '
where E, — E, ~W,, ,and W, (H)= — #A13/2ur} is the

binding energy of the ground state of the exciton internal
motion,' an energy that determines the energy scale for tran-
sition v<>v' between excitonic states of the same Landau
band. The conditions (8) signify a low probability of these
transitions. It is clear that for strong magnetic fields transi-
tions between states of different Landau bands are even less
probable.

Choosing for the sake of argument the case of an exciton
in the ground state of the zeroth Landau band, and leaving
out of (6) the terms that are small relative to (7) and (8), we
obtain an equation for the amplitude a,(P)

(£, (P) ~E]as(P)+ Y as(P)

x [aR exp[—;—-(P’-P)R] 7 (R) =0, 9)

V(R)=j V(R W, () 12 dr, (10)
where

E® =2+ 2y (i (11)

isthe dispersion law obtained in Ref. 1 for the ground state of
an exciton in the small-momentum region r,P, <#;4 is the
width of the forbidden band;
M=m, + m,;M,=ul,”'ry/r} is the effective mass of the
exciton motion in a direction transverse to the magnetic
field; this will be called hereafter the magnetic mass.

We rewrite (9) in a coordinate form, which is more con-
venient for the solution, by introducing the wave function of
the exciton mass-center motion

1 (R)= ZHU(P)exp(%PR) .

P

We obtain
S
T AAHTR R)=—Iy(R), (12)
{ a2 ()}X() x(®)

I= |E—A—h€H/2HC"’Wex| 5

where I is the absolute value of the binding energy of the
exciton mass center with the defect. As expected, the effec-
tive mass in the kinetic-energy operator of the exciton mass-
center motion transverse to the field is the magnetic mass
M(H ). Thus, the dependence of the external motion of an
exciton in a magnetic field on the translational motion of its
mass center' has appeared in (12) as the dependence of the
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transverse-motion mass on the magnetic field intensity.

For a weakly bound exciton the solution of Eq. (12) out-
side the range of action of the defect potential is of the form
"2 exp (—»R")

uM,
. _ 13
#(R) (2»;;11) R (13)
where
M, kt 2MI 7'
] P Rl P w=[2220 14
R[TM‘)]’/[W] (14)

It can be seen from (13) that the characteristic dimensions of
the exciton mass-center orbit are determined by binding en-
ergy I (H ) of the mass center with the defect:

—(R/2M0)",  Ry=(R2/2M1)". (14a)

It should be noted that M,>»M in a strong magnetic field.
The total wave function of the exciton is obtained, in accor-
dance with (5), by multiplying (13) by the known internal-
motion wave function

wo(r)exp[%A(r)R].

The probability &, of the radiative recombination of a
bound exciton, per unit defect is

_ . on | mip (- ”’( Ep\" 2 (15
P.=BIW,(0)] “x(R)dRI 4B(M) 1) A, (15)
4e*Qn fieH
- Celplvdl; [ +W.,+___—l]
B= 3hm ] Iplo’| A 2uc

|, (0) |=Ao/ 2777, (16)
where (2 is the frequency of the recombination quantum and
depends little on H at A»fieH /2uc;n is the refractive index;
(c|p|v) is the matrix element of the interband optical transi-
tion; E; = #7/2ury;m, is the free-electron mass. It follows
from (15) that the probability of the radiative recombination
of a localized exciton is determined mainly by the binding
energy I and contains a weak explicit dependence (4,) on the
field intensity. At the same time the radiative-recombination
probability Z., of a free exciton in a magnetic field in-

creases with increasing field like

Po=Bv | ¥, (0) | = Ef—é%ko,
where v, is the volume of the crystal unit cell (the probability
2 ., pertains to the one unit cell), H, = fic/er% is the mag-
netic field intensity at which r, = r5. The probabilities &7,
and Z ., are proportional to the oscillator strengths f; and
fox of the considered optical transitions, and the relative
brightness of the luminescence lines of the bound and free
excitons depends on the magnetic field like

P _ fu —sn (1)"2£(E3) “ Hg H (

P I w) w\71) 7TrE

(17)

Ao~1 7
)

(18)
This behavior of the relative brightness has a simple physical
explanation. Following Rashba,” we find from (15) and (17)
that the relative brightness

P
Pox

__ﬂ>>1 (19)

——Hx(R)d“RI ~
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is determined by the characteristic volume of the region of
motion of the mass center of the localized exciton; this vol-
ume is

RJ_ZR":COnst/MoI%.

The increase of the magnetic mass with increasing magnetic
field strength (M, < H In~'(H /H )) causes a corresponding
decrease of the volume R, 2R | - Thus, according to (19), the
relative brightness of the recombination line of the bound
excitons decreases with increasing H against the background
of the flareup (of the increase of the recombination probabil-
ity) of the free-exciton luminescence line (17). This increase
of the probability 2% ~H In (H /H;) of free-exciton re-
combination offsets almost completely the decrease of the
volume R, ?R | » due to the increase of the magnetic mass,
and the absolute brightness of the bound-exciton lumines-
cence lines does not depend explicitly" on H:

gL"’ge: R.L R" = '&DSthz.

Vo ]'/l

We note that such a compensation is possible only for the
analytic form obtained in Ref. 1 for the M(H ) dependence.

The increase of the transverse (magnetic) mass with in-
creasing magnetic-field intensity creates more favorable
conditions for the localization of the exciton mass center on
defects. It follows therefore that the defects, which are in-
capable of capturing an exciton in the absence of a magnetic
field, can localize the exciton in a sufficiently strong magnet-
ic field H>H_,, where H_, is the critical value of the field
needed for the onset of a bound state. Let us estimate its
value. The conditions for the onset of a bound state in a
perturbing potential field were discussed in the book by Lan-
dau and Lifshitz? for the case of isotropic masses. The Schré-
dinger equation (12) for the wave function of the mass center
can be reduced to the standard isotropic form? by deforming
the coordinate axes. The dimensionless parameter that de-
termines the possibility of the appearance of discrete level in
the field of a defect,

M,(H) II V(R)d°R
[z

T=T(H)= 2nﬁ2 2_*_1‘1092/A{]|/z

(20)

depends on the magnetic field intensity. If T¢1 there is no
localization, but if 7% 1 discrete energy levels can appear in
the defect field. From the last condition we obtain an esti-
mate of the critical field H_, .

He~ (M/p) To~*Hp,

where T, is the corresponding localization parameter at
H = 0.Thus,at HX H_, there appear localized states of exci-
tons and defects that cannot hold-on to an exciton in weaker
magnetic fields.

The appearance of a bound-exciton luminescence line
in the immediate region of appearance of a level at H~H_,
can be perceived as an additional broadening of the radia-
tive-recombination line of the free excitons. In fact, a small
increase of the magnetic mass with increasing H is equiva-
lent to an increase of the depth of the potential well of the
defect (see (20)). Then, in analogy with Ref. 4, we can esti-
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mate the behavior of I (H ) near the leve]-éppearance thresh-
old at

I(H)=const(H—H)*. (21)

In this case, according to (15), the brightness (recombination
probability) of the considered bound-exciton recombination
line decrease with increasing field like

Pr=const(H—H)"2.

Further increase of H should lead to a “detachment,” from
the free-exciton recombination line, of localized-exciton lu-
minescence spectral lines whose oscillator strengths (15) are
large because of the sufficiently low detachment energies
I(H).

We establish now the character of the dependence of I
on the magnetic-field intensity H at H> H_, . The large differ-
ence between the masses of the longitudinal and transverse
mass-center motion, M /My(H )<1, permits an “adiabatic”
separation of these motions. The longitudianl-motion wave
function y (z,p) (p plays the role of a parameter) satisfies a
one-dimensional equation obtained from (12) in the zeroth
approximation in M /M, (My— «):

r a

TS dE —— TV, P)]Xu(z p)=eo(p) ¥ (2 p).

(22)

£o( p) will be the potential energy for the two-dimensional

transverse-motion equation obtained when account is taken

of the next terms in M /M, of Eq. (12) averaged over the

zeroth-approximation wave function y (z,p):
h?

[~ g3 B eo®) | 1 0) =1 ()1 ). (23)
For a weak potential ¥ (z,p) that does not bind the exciton
mass center without a magnetic field, the energy of the one-
dimensional longitudinal motion is according to Ref. 3

0(0)=— [ jV(z, p)dz ]z. (24)

2h*
There is no transverse motion as M,— oo . For large but finite
values of My(H )(H>H_,) the exciton mass center executes
small transverse oscillations about the equilibrium position,
to which the lowest value of £,( p) corresponds. We consider
for simplicity a spherically symmetrical potential ¥ with a
minimum at p = 0. Expanding &, p) in (23) in powers of p
and retaining the quadratic term, we obtain an equation for a
planar harmonic oscillator displaced in energy by an amount
€0 =¢€olp =0) (24) and having an oscillation frequency
w,(H):

1 M 8*
0L} (H) = o jV(z,O)[ - V(z',p)] . dzdz'\.
- (25)
Then
I(H)=|eo|—to,(H). (26)

It follows from (25) that
hO)_LNleol (Hcrlo/H)'I’<|50I

at H>»H_. In the limit of an infinitely large magnetic mass
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M, (H— ) we have #iw, -0 and the binding energy I (H )
tends to the binding energy |g,| of the ground state of the
one-dimensional motion. Thus, for arbitrary H,

I(H)<|eo| <Ej.

At H» H_, the wave function y, ( p) is strongly localized
because of the large magnetic mass M,,. The characteristic
scale R, of the variation of the transverse wave function is
not determined as in (14a) by the binding energy I ~ ||, but
depends on the energy fiw, of the transverse oscillations:

R,=[#/ Mo, 1"=r,[2Egh/hi2,]", (27)

with R, —0 as H— o . Despite the strong localization we
have R, >r, and the condition for the applicability of the
parabolic dispersion law (7)

(r/R.) =(fiw,/2Egh,) "< 1

remains valid also in the case of very strong fields H>H, .
Using the explicit forms of y, and y |, we obtain the radia-
tive-recombination probability 7, as H—o:

=B | 101,02, 0)dadp |
ar’rg ' 28
(522 (2L
M [l hoy 17"
Since  fiw, ~|go|(H. Ao|H)"?, it  follows that

P, « H"? In*'?H. The square-root dependence on H in (28)
is due to the dependence of R, on the transverse-oscillation
energy #iw, :

?L‘x (Rlz/roz) o« (.\)J_—l ocH"’
(the longitudinal dimension R and the binding energy
I~ |g,| are practically independent of H as H— o).

The decrease of M, (or of H ) leads to an increase of the
energy fiw, of the transverse oscillations. Clearly, at
HXH_ (fiw, ~|&,|) the transverse motion becomes *“weakly
bound” and, according to Ref. 3, the energy of such a state is
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exponentially small. The adiabatic approximation (22), (23)
is therefore violated in the immediate vicinity H—H_, : The
longitudinal and transverse motions exert a strong influence
on each other. The foregoing estimates show that the scale of
variation of I at H,, < H < o is determined by the binding
energy of the one-dimensional motion of the exciton mass
center, and the functional form of 7 (H ) is given by Egs. (21)
and (26).

The considered characteristic features of the radiative
recombination of diamagnetic excitons in the presence of
defects can be observed only at low temperatures, <10 K.
The critical values H,, of the magnetic fields, in a situation
typical® of the observation of diamagnetic excitons, can
reach values from 10? to 10° kOe, depending on the charac-
teristic of the perturbing field of the defect.

All the foregoing results and estimates are applicable
also to the case of localization of excited diamagnetic exci-
tons. Owing to the large magnetic mass of such excitons,
M, ~v*M,(v is the number of the excited state) their local-
ization should set in at lower values of the critical fields:
HY ~v73H_ .
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! Accurate to a logarithmic term A 2 ~ In%(H /Hp).
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