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The laser-modulated magnetopolaron effect on shallow donors in semiconductors is investigated in the
presence of a magnetic field in the Voigt configuration. A nonperturbative approach is used to describe the
electron-photon interaction by including the radiation field in an exact way via a laser-dressed interaction
potential. Through a variational approach we evaluate the donor binding energy. We find that the interaction
strength of the laser-dressed Coulomb potential in the z direction cannot only be enhanced but also weakened
by the radiation field, while that in the x-y plane is only weakened. In this way, the binding energy of the states
with odd z parity, like 2p,, can be decreased or increased with respect to its static binding energy by the radiation
field, while that of the other states can be only decreased. Furthermore, all binding energies become insensitive
to the magnetic field if the radiation field is strong. The magnetopolaron effect on these energies is studied within
second-order time-dependent perturbation theory. In the nonresonant region, a laser-modulated magnetopolaron
correction, including the effect of single-photon processes, is observed. In the resonant region, a laser-modulated
magnetopolaron effect, accompanied by the emission and absorption of a single photon, is found. Moreover,
the 1s — 2p* transition, accompanied by the emission of a single photon, is tuned by the radiation field into
resonance with the longitudinal-optical phonon branch. This is electrically analogous to the magnetopolaron
effect, and therefore we name it the dynamical magnetopolaron effect. Finally, by changing the frequency of the
radiation field, these interesting effects can be tuned to be far away from the reststrahlen band and, therefore, can

be detected experimentally. This in turn provides a direct measure of the electron-phonon interaction.
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I. INTRODUCTION

The interaction between electrons and longitudinal-optical
(LO) phonons is an important mechanism in polar semicon-
ductors and related nanostructures that limits the mobility
of electrons, renormalizes the electron mass, and results in
intriguing resonant phenomena. Particular interest has been
paid to the electron-LLO-phonon interaction in polar semicon-
ductor systems when subjected to a strong magnetic field [1],
which is able to tune, e.g., shallow impurity levels into res-
onance. Because of the single-particle nature of the shallow
impurity system, possible complications arising from many-
body effects such as screening, interface, and Pauli exclusion
effects [2] can be safely neglected in the interpretation of
the observed phenomena. The consequences of electron-LO-
phonon interaction become particularly apparent when the
electronic transition associated with shallow-impurity states
is tuned by the magnetic field into resonance with the optical
modes, resulting in a resonant splitting of this transition. As
a result, a characteristic anticrossing behavior, the so-called
magnetopolaron effect (MPE), is clearly observed. This effect
has been extensively studied experimentally and theoretically
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for several decades in bulk semiconductors [3-5] as well as
in related low-dimensional systems including quantum wells
(QWs) [6], superlattices [7], and quantum dots (QDs) [8].
Most importantly, the resonant splitting of shallow-impurity
states resulting from the resonant interaction with the LO
phonon, in turn, provides a direct way to measure the strength
of the electron-phonon (e-p) interaction.

In classical far-infrared experiments, the intra-impurity
ls — 2p* transition energy has been tuned into resonance
with the LO phonon energy using a high magnetic field [3,4].
In semiconductors having large effective electron mass and
high LO phonon energy, however, it is difficult to observe a
MPE in the 1s — 2p™ transition because it requires extreme
high magnetic field, especially for the case of GaN that
requires around 200 T to observe a MPE [5]. Moreover, the
resonant polaron splitting in weakly polar semiconductors
is small and, therefore, is difficult to observe a MPE on
shallow-impurity states due to the reststrahlen band [3,4,6,7].
Therefore, it is desirable to search for new ways to measure
the MPE on shallow-impurity states in low magnetic field and
away from the reststrahlen band.

With the advent of high-power, tunable, and linearly po-
larized laser sources such as CO, and free-electron lasers
(FELs), new possibilities have arisen in studying the be-
havior of shallow-impurity states in semiconductors and re-
lated nanostructures when irradiated by an intense terahertz
(THz) laser field (ITLF) [9,10]. As a consequence, some
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important and distinctive phenomena associated with shallow-
impurity states in laser-driven semiconductor systems have
been observed theoretically and experimentally, such as the
dichotomy of a hydrogen atom [11] and exciton [12], the
stabilization of atomic hydrogen [13] and shallow impu-
rity [14] as well as exciton [15], an increase of positronium
lifetime [16], and a rapid decrease of the binding energy
with increasing laser field intensity in semiconductors [14,17]
while a red- or blueshift in binding energy with respect
to its static binding energy in semiconductor nanostructures
depending on its geometric parameters [18-20]. The ITLF
effects on shallow-impurity states can be detected experimen-
tally, for instance, by measuring the changes in the binding
energy and intra-impurity transition energy, which show up as
modification of the optical properties in laser-driven semicon-
ductor systems. This is why the behavior of shallow-impurity
states in laser-driven semiconductor systems has been widely
studies in the last few decades.

Recently, it has been found that the ITLF effects on the
intra-impurity state transition in semiconductor nanostruc-
tures can be as important as the effect of a magnetic field [19].
As a result, the study of the nonlinear magneto-optical prop-
erties of shallow-impurity states in bulk semiconductors [21]
as well as in low-dimensional systems including QWs [22],
quantum well wires [23], and QDs [24] under magnetic and
ITLFs has been of tremendous interest due to their promising
applications in designing new efficient optoelectronic devices
manipulated by the two external fields [25]. These studies
show that the magneto-optical properties of shallow-impurity
states in laser-driven semiconductor systems are strongly
affected, not only by the geometric parameters, but also
by the magnetic field and ITLF through the laser-dressed
potential. This indicates that the two external fields can be
properly chosen, together with an appropriate choice of ge-
ometric parameters, to produce desired physical properties
of shallow-impurity states in such laser-driven semiconductor
systems. On the other hand, the e-p interaction in semicon-
ductors and related nanostructures subjected simultaneously
to magnetic field and ITLF can be tuned by these exter-
nal fields. This mechanism, however, becomes suppressed
when the ITLF is intense enough, meanwhile the effective
electron-photon interaction is enhanced [26,27]. Therefore, it
is expected that laser-modulated MPE on shallow-impurity
states are experimentally observable in semiconductors and
related nanostructures under magnetic and ITLFs. In our
recent work we proposed a nonperturbative approach to in-
vestigate the MPE on shallow-donor states in GaAs when
irradiated by ITLF within the Faraday configuration, where
we find that not only the donor binding energy but also
the MPE are appropriately adjusted by the two external
fields [28].

The present work is concerned with the magneto-optical
properties of shallow-donor states in semiconductors under
magnetic and ITLFs within the Voigt configuration [3]. We
use the nonperturbative approach in combination with a vari-
ational approach to investigate the effect of the two external
fields on the donor binding energy. Thus the laser-modulated
MPE is studied using time-dependent perturbation theory
(TdPT). This paper is organized as follows. In Sec. II we
outline the nonperturbative approach together with the TdPT.

FIG. 1. Schematic representation of a shallow donor D* in a bulk
semiconductor in the presence of ITLF and magnetic field within the
Voigt configuration. Here k is the wave vector of the applied ITLF.

Section III presents our numerical results and discussions, and
concluding remarks are given in Sec. I'V.

II. THEORETICAL APPROACH
A. Electronic states

We consider the situation where a static magnetic field
B= (0, 0, B), with vector potential KB = %[E X I_é], is applied
along z direction of a bulk semiconductor, meanwhile, an
ITLF is applied along the x direction and linearly polarized
parallel to the magnetic field, as shown in Fig. 1. Under the
usual dipole approximation, the vector potential induced by
the ITLF is given as A', = (Fy/w) cos(wt )é, and expressed in
the Coulomb gauge with Fy and o being the amplitude and
angular frequency of the laser field, respectively. Within the
effective-mass approximation, the time-dependent Hamilto-
nian of a shallow-donor impurity in this laser-driven semicon-
ductor system is given, in the absence of e-p interaction, by

H,(R,t) = %W(ﬁﬂ;x’)z +V(R), 1)

where m* is the electron effective mass, A= K, —i—ZB, p=
—ifiV and R are the momentum and position operators of the
electron, respectively, and V(I_é) = —¢? / e|I_é| is the Coulomb
potential induced by the electron-impurity interaction with €
being the dielectric constant of the medium.

Due to the time-dependent feature of the Hamiltonian
for describing such a electron-impurity system as given in
Eq. (1), in principle, we have to make use of a nonperturbative
approach [21,28-30] to seek the solution of the corresponding
time-dependent Schrodinger equation, namely,

(R
QYR 1)
ot

As in the Voigt configuration the two external fields are not
directly coupled with each other, the time-dependent unitary
transformation proposed in Refs. [21,28-30] is redefined as

U= exp(%ﬁ)exp(%a,pz>exp<%U,z), 3)

where p, = —ihd/dz is the momentum operator along the
z direction, f; is an arbitrary time-dependent function, and

= H,(R,))U(R, 1). 2
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o, and v, are the coordinate and phase shifts, respectively.
By performing this transformation on Eq. (2) and making
use of the arbitrariness of «;, v;, and f; as the initial condi-
tions [30,31], one obtains

(R, 1) ~ - L
ih% — AR (R 1), @)
where
~ 1 o o
H.(R,t) = —(P+ eAp)* + V(R + &)). §))
2m*

Here d; = g sin(wt e, describes the quiver motion of a clas-
sical electron, with atg = eFy/(m*w?) being the laser-dressing
parameter. It is apparent that ¢, is identical to that only under
an ITLF [14,32] but is quite different from that in the Faraday
configuration [28], since there is no direct coupling between
the two external fields in the Voigt configuration. Moreover,
Eq. (4) is eminently suitable in describing the electronic states
subjected simultaneously to two external applied fields since
the time dependence has been transferred from the momentum
term to the potentials associated with laser-driven semicon-
ductor systems, which is completely equivalent to Eq. (2).
In the calculation we haxe used oy, vy, and f; to cancel the
time-dependent terms in H, (I_é, t) that are linear in p and R and
the terms that depend only on time [30]. Note that such initial
conditions have been widely and successfully used in solving
time-dependent problems [28,31]. Moreover, no assumptions
concerning the validity of Egs. (3)—(5) have been made so far,
so that the unitary transformation defined in Eq. (3) can be
used either as an intense or a weak laser field in the Voigt
configuration.

In Eq. (5), the time-dependent laser-dressed Coulomb po-
tential (LdCP) is obtained by

2
Ce(R2+a?)2

where b, = [a*cosQQwt) — 2R - &1/(R? + a*) with a =
ao/~/2. According to the previous approximation [33]
widely used in studying the variation characteristics of
shallow-impurity states under ITLFs [34,35], Eq. (6) can be
simplified as a time-independent one which is essentially the
time averaged of the LdACP, namely,

V(R+d,) = (1—b)~'72, (©6)

3822 4
VR, a) = v ta } )

2
6(R2+a2)'/2[ 16 (R? + a?)?
which is identical to the well-known result obtained previ-
ously for electrons bound on liquid helium [36]. Different
from the LdCP obtained in the Faraday configuration [28],
this LdCP is only affected by the ITLFs. In the absence of the
ITLFs, the LACP reduces to the bare Coulomb potential. In
contrast, in the opposite limit of high laser-dressing parameter
the LdCP approaches zero, implying that the ITLF effects are
to produce a laser-modulated Coulomb potential such that the
donor states can be effectively tuned by the ITLFs. Moreover,
it has been shown that this approximation is valid for the
description of a shallow impurity under either an intense or
weak laser field [28,33-36]. In addition, v; =0 and f; =
—E.ult + sinQRwt)/(2w)] with E,,, = ezFoz/4m*a)2 being the
ponderomotive energy [14] induced by the radiation field.
Interestingly, E,,, will lead to a blueshift in the fundamental

absorption edge known as dynamical Franz-Keldysh effect
(DFKE) [37] in laser-driven semiconductor systems.

By substituting Eq. (7) into Eq. (5), one may straightfor-
wardly obtain a time-independent Hamiltonian in the acceler-
ated frame of reference, namely,

~ o |
H(R) = 3—(P+ eAp)* + V(R a), ®)

which is identical to that of the hydrogenic system under a
static magnetic field [3,4] or two external fields in the Faraday
configuration [28], except for the LACP term V (R, a). It is
obvious that the Schrédinger equation corresponding to H, R
cannot be solved exactly, so that we rely on a variational
calculation for the donor states. In this way we adopt the same
trial wave functions as used in Refs. [3,4,28], namely,

Yump(0s ¢, 2) = p"2Pe™Pe P CR(1L—4R,), (9

where R, = (p> 4+ 02z?)!/? and A is nonzero only for the 2s
state and is determined such that this state is orthogonal to
the ground state. The variational parameters &, ¢, and o are

determined such that they minimize the unperturbed energy

E(O) _ (anplﬁe(l_énwnmp)
nmp
(’anphﬁnmp)

In this study, we limit ourselves to those donor states that
are most likely to be observed in experiments [3-5], so that
it is sufficient to include the following states in the calcu-
lations: 1s = [1,0,0), 2s = [2,0,0), 2p. = |2,0, 1), 2p* =
12, £1,0), 3d=2 = |3, =2, 0), and 4f 3 = |4, =3, 0). In ad-
dition, the binding energy of the ith [i = (n, m, p)] donor state
is defined by

(10)

El =Ey - E", (1)

where Ey = (N + 1/2)hw. is the Nth Landau level (LL)
energy with N =1 for i =2p™, N =0 for the rest of the
considered donor states, and w, = eB/m* being the cyclotron
frequency for a free electron.

B. Magnetopolaron correction

In the accelerated frame of reference, the Frohlich Hamil-
tonian H,, for e-p coupling is converted into a laser-dressed
oscillating potential (LdOP) [27,28,38]. The Hamiltonian H,,
can be cast into a suitable form through a unitary transforma-
tion UH,,(R)U, namely,

HoyR. 1) = ) [Vgage @™ + Viale @1, (12)
O.n
where (a o aTQ) are the annihilation and creation operators of a

LO phonon with wave vector Q = (4, q,), 6 = wt, and \7@ =
Ju(g:00)Vp is the laser-modulated e-p coupling [28,38] with
Ju(x) being the Bessel function of the first kind and |Vé|2 =
4naLoL()(ha)Q)2 / Q*V with L being the polaron radius, oo
being the standard Frohlich coupling constant, V being the
volume of the system, and wgz being the LO phonon frequency.
Obviously the LAOP depends on time and thus cannot produce
a stationary e-p coupling, which is effectively adjusted by
the ITLFs via the Bessel function, leading to a decreasing
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behavior of the LdOP with increasing «. In the absence of
the ITLFs (i.e., Fp — 0), due to lim,_,¢ J,,(x) = 8,0, we have

Hop(R) =) [Vzag

0

¢OR 4 Vsale OF), (13

which is the well-known LO phonon Hamiltonian in the field-
free case [4,27].

The energy shift of the ith donor state in a weakly polar
semiconductor due to the LdOP for e-p interaction is, within
second order TdPT [39], given by [28]

|5 O Hp(R)| i3 0) 122 (g 0t0)
Z Z 0) 0) ’ (14)
ﬁa) 4+ n'hw + E Ei —A;

where A; =0 for all donor states in the polaron nonres-
onant region which corresponds to Rayleigh-Schrédinger
perturbation theory (RSPT), and Aj,+ = AE,,+ — AE, for
the 2pt state in the polaron resonant region that corre-
sponds to improved Wigner-Brillouin perturbation theory
(IWBPT) [3,4,6-8]. Note that we have successfully applied
the TdPT to study the MPE on the donor states under two
external fields in the Faraday configuration recently [28]. In
Eq. (14), |1pj;Q) characterizes a state that consists of an
electron with unperturbed energy E;O) and a LO phonon with

momentum 70 and energy fiwg, and n’ refers to emission
and absorption of photons with energy n’fiw switched by the
Bessel function. In the absence of the ITLFs (i.e., Fy — 0),
due to lim,_,¢Jy(x) = 8,y0, the magnetopolaron correction
(MPC) AE; obtained in Eq. (14) reduces to the well-known
MPC previously obtained by using IWBPT derived in the
absence of radiation field [3,4,6-8].

It is possible to calculate Eq. (14) approximately and
to carry out the sum Y j formally in such a way that we
only need to include a few relevant donor states to calculate
the polaron shift to the donor energy levels. Following the
procedure described in Ref. [40], Eq. (14) can be cast into
a simple and practical expression

AE; = —arohoro — ) ) 10 OlHep(R) O

i 0
2
5 J2(q:00)(E” + A + 0% — E — n'ho)
(hwro + Q*2 (hwro + nho + E{” — E” — A;)
(15)

)

which is composed of two terms: (i) the first —apliwio is
the polaron correction of a free electron in the field-free case;
and (ii) the second term results from the contribution of the
two external fields and depends on the specific donor states.
For these reasons we only need to evaluate the second term
on the right-hand side of Eq. (15) to calculate the MPC for
the donor states. Notice that we have already adopted a wave-
vector-independent phonon frequency, say wg = wio, in the
calculation.

According to Refs. [3,6-8,28], the MPC in the polaron
nonresonant region is given by

(Wil (P + eAB)2|1/fz)
AE'_.—aLO[thO4_§ 2m* (il i) }’ "

which is in line with previous results [3,6—8] obtained for
donor states in the absence of a radiation field, indicating that
photon processes do not contribute to the MPC in this region.
It has been shown that Eq. (16) is a good approximation to
Eq. (15) for all considered donor states under two arbitrary
external fields [28], except for the 2p* state. For the 2p*
state we follow Refs. [3,6-8,28], then the MPC is given, in
the vicinity of the polaron resonant region, by

(5 OH,p(R)| Y33 0) |2

AEZp* B AEzp Z Z (w0 + Q2)2
i=2p%,j 0§
(EY +n'ho — E® — 02’12 (q.a0)
X 9

~ (oo +n'ho+E” —E” — A))

n

a7

where m; is the magnetic quantum number of the ith state,
AE;,- is the nonresonant MPC calculated from Eq. (16), and
the sum Y . includes only the relevant states. Distinct from
Eq. (16), the photon processes have considerable effect on the
MPC of the 2p™ state in the polaron resonant region.

Finally, the effect of band nonparabolicity on the donor
states is taken into account by using the standard Kane

model [41]
% -1+ 1—}-4ﬂ ” , (18)
2 E,

where E), and E,, are the donor energy levels with and with-
out the effect of band nonparabolicity, respectively, and E,
is the energy gap of the material. This model has been applied
to successfully describe band nonparabolicity for the donor
transition energies in bulk GaAs [3,28].

Epp =

III. RESULTS AND DISCUSSIONS

The numerical results of this paper pertain to a shallow
donor in GaAs bulk semiconductor. In the calculations the
material parameters are taken as (i) effective-electron mass
ratio m*/m, = 0.067, with m, being the free-electron mass;
(ii) high-frequency dielectric constant & = 10.9 due to
the presence of ITLFs; (iii) LO-phonon energy hw o =
36.75 meV; (iv) electron-LO-phonon coupling constant
aro = 0.068; and (v) band gap E, = 1.52 eV. For conve-
nience we introduce dimensionless units expressed in terms
of the Bohr radius a* = /i’¢ /m*e* = 8.61 nm, the Rydgerg
energy R* = (fi/a*)?/2m* = 7.67 meV, and the dimension-
less parameter y = (a*/I3)* for magnetic-field strength with
magnetic length Iz = (/i/eB)"/?.

This section is organized as follows. In Secs. IIT A and III B
we, respectively, outline the ITLF and magnetic field effects
on the donor binding energy and explain the related physi-
cal mechanisms. The laser-modulated MPC with considering
optical channels to the donor energy levels is calculated
in Sec. IIIC. The laser-modulated MPE accompanied by
emission and absorption of a single photon is discussed in
Sec. IIID and the dynamical magnetopolaron effect is pre-
sented in Sec. III E.
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FIG. 2. The dependence of the binding energy for the few lowest
states as a function of the laser-dressing parameter o, at fixed
y = 0.1 (left figure) and y = 3.0 (right figure). Here the horizontal
dashed lines represent the static donor binding energy in the absence
of the ITLFs.

A. ITLF effect on the donor binding energy

A careful analysis of Eq. (8) reveals that the influence
of ITLFs on the donor states is through the laser-dressing
parameter oy = eFy/(m*w?*) o« Fy/w?. This indicates that the
laser field intensity and frequency affect the donor binding
energy in the opposite way. As a result, we only need to
investigate the dependence of the donor binding energy on
ap. The results are shown in Fig. 2. For comparison, the
static results corresponding to the absence of an ITLF are also
shown by the horizontal dashed lines.

It is apparent that the binding energy is the static binding
energy in the low-o limit. Then, as «g increases, the binding
energy of the 2p, states increases slightly at first, and after
reaching a maximum, the binding energy rapidly decreases.
This behavior is similar to that in the Faraday configura-
tion [28]. In contrast, the binding energy of the other states
monotonically decreases with increasing o, which is similar
to that found in the presence of the ITLFs [14,17]. Finally,
the binding energy of all donor states approaches zero in the
high-«¢ limit, indicating that the shallow donor is ionized.
This is diametrically opposed to the previous results with only
ITLFs where the state remains stable [14,17].

In order to understand the behavior of the donor binding
energy in the ITLFs, we calculate the effective width of the
wave functions of the donor states. Following the method
described in Ref. [42], the effective widths in the x-y plane and
in the z direction are, respectively, given by r, = [(p?)/ 2]1/ :
and r, = [(z® + a(z))]l/z. The results for r, and r, associated
with the 1s and 2 p, states are shown in Fig. 3, where the points
a, b, ¢, and d correspond to those indicated in Fig. 2(b) by
the square symbols. For comparison, the static results related
to the absence of an ITLF are also displayed by horizontal
dashed lines. Here we do not plot the effective width related
to the other states since the behavior of the binding energy for
these states in the ITLFs is similar to that of the ground state
as shown in Fig. 2.
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FIG. 3. The effective width of the wave functions for the 1s and
2p, states in the x-y plane and in the z direction as a function of « at
fixed y as indicated. The horizontal dashed lines represent the static
width in the absence of the ITLFs. Inset: The region with small width
are enlarged. In (b) points a, b, ¢, and d correspond to those indicated
in Fig. 2(b).

From Fig. 3 it is clear that both r, and r; of the 1s and 2p,
states remains constant in the low-¢ limit, suggesting that the
ITLF effect on these two states can be neglected, in agreement
with Fig. 2. After that, both r, and r, of the s state increase
exponentially with increasing o, suggesting a decrease of the
impurity-electron localization, which leads to a decrease of
the donor binding energy. In contrast, both r, and r, of the 2p,
state considerably decrease at first, but after they reach their
minima, r, and r, exponentially increase with increasing op.
This suggests that the impurity-electron localization of the 2p,
state first increases appreciably with increasing o, but after a
critical value of «y, it decreases rapidly with ¢, resulting in
a similar variation of the binding energy with o as shown in
Fig. 2. In addition, the width r, for both 1s and 2p, states
becomes independent on the laser-dressing parameter o in
the high-ag limit when y = 3, which is a result of the fact that
the LdCP approaches zero in this case as reflected in Eq. (7)
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V(z,a)/R"
V(p,a)/R*

FIG. 4. Comparison of the bare Coulomb potential (red solid
curve) with the LdCP for a shallow donor at fixed magnetic field
y = 3 in the (a) z direction and in the (b) x-y plane. In (a) and (b) a,
b, ¢, and d correspond to the points indicated in Fig. 2(b).

such that the ITLF effect on the wave function of the shallow
donor can be neglected.

Figure 3 also clearly shows that r, is significantly larger
than r, for both 1s and 2p; states, particularly in the high-oy
limit, which indicates that the donor states in the x-y plane
are more localized than that in the z direction. As a result, the
impurity-electron localization of the donor states in the x-y
plane plays a crucial role in the determination of the binding
energy, which is evident by the fact that only the variation of
the r, for the 2p, state with o is physically consistent with the
dependence of its binding energy on o, as shown in Fig. 3(b).
The reason is that the magnetic field produces an additional
lateral electronic confinement in the x-y plane, leading to a
more remarkable reduction in r, than in r,. Meanwhile the
ITLF has a direct effect on r; but an indirect effect on r,,
resulting in a more considerable increase in r, than in r,.
Consequently, r, becomes much larger than r,. In addition,
r, for the 2p, state does not reach its minimum at point b and
does not go back to the static width at point ¢ as shown in
Fig. 3(b), which is due to the fact that r; is directly affected by
the ITLF and thus rapidly increases with increasing ¢ since
r, X .

To provide insights into the novel behaviors of the width
observed in Fig. 3, we investigate how the ITLFs modulate
the LdCP and, therefore modulate the width and, finally, tunes
the donor binding energy. For simplicity, here we consider
two special cases: V(z,a) and V(p, a), respectively, in the
z direction and in the x-y plane. The results for V(z, a) and
V(p, a) at fixed magnetic field y = 3 are shown in Fig. 4,
where a, b, ¢, and d correspond to the points indicated in
Fig. 2(b).

Figure 4 clearly shows that the influence of the ITLF on
the LACP can be neglected when «y is less than or equal to
that at point a, in which the LdCP is completely equivalent
to the bare Coulomb potential. In this case, it results in a
static width as shown in Fig. 3(b) and, consequently, in a
static binding energy as shown in Fig. 2(b). In Fig. 4(a),
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FIG. 5. The dependence of the binding energy for few lowest
donor states on the magnetic field parameter y for different o as
indicated.

when ¢ changes from a to b, V(z, a) decreases in the region
with small z but increases in the region with large value of z,
thus on the average V (z, a) increases with increasing ¢ and
becomes largest at point b. After that the average V (z, a) de-
creases with increasing oy and becomes equivalent to the bare
Coulomb potential at point ¢, and then it rapidly decreases
with increasing o. In sharp contrast, when ¢ changes from
atod, V(p, a) decreases with increasing . In this way, the
donor states with odd z parity are more sensitive to V(z, a)
than to V(p, a), whereas the other donor states behave in an
opposite way. As a result, the width of the 2p, state exhibits a
nonmonotonic dependence on ¢ while that of the other states
exhibits a monotonic dependence on «g as shown in Fig. 3,
leading to the novel behavior of the donor binding energy as
observed in Fig. 2. Note that we found that the binding energy
of the donor state with odd z parity exhibits a nonmonotonic
dependence on the laser-dressing parameter ¢ in laser-driven
semiconductor systems (see Appendix).

B. Magnetic field effect on the donor binding energy

Figure 5 shows the dependence of the binding energy for
the few lowest donor states as a function of the magnetic
field y for different otp. As g increases the binding energy
for the 1s, 2s, 2p*, 3d2, and 4f~3 states becomes smaller
than the static one and becomes more and more remarkable
with increase of «. In contrast, the binding energy for the
2p, state becomes larger than the static one with oy up to
the value of «p/a* = 1, and then it begins to decrease with
increasing ¢y and becomes considerable smaller than the
static one when «y/a* > 7. Moreover, the binding energy for
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FIG. 6. The effective width of the wave functions for the ls
and 2p, states in the x-y plane (top figure) and in the z direction
(bottom figure) as a function of the magnetic field for different oy as
indicated. Inset: The region with large y is enlarged.

all donor states increases with increasing y when «y/a* < 1,
while it becomes insensitive to the magnetic field in the region
with y > 1 when og/a* > 7.

The above behavior of the binding energy can be under-
stood from Fig. 6, where the effective widths r, and r, for the
1s and 2p, states are plotted as a function of the magnetic field
for different . Here we only plot the width for two typical
states because the magnetic field effect on the binding energy
for the other states is qualitative similar to that of the 1s state
as shown in Fig. 5. Note that, when a/a* = 1074, the widths
r, and r, remain the static ones related to the absence of an
ITLE.

Figure 6 shows that both r,, and r; for the 1s state become
larger than the static ones with increasing «, indicating that
the electron wave function is more spread out, which leads
to a smaller binding energy when compared with the static
one as shown in Fig. 5(a). A similar dependence of r, for the
2p, state on «p is also noticed. However, r, for the 2p, state
becomes smaller than the static one with o up to the value
of ap/a* = 1, after that it increases rapidly with increasing
ap and becomes larger than the static one when «g/a* > 7,
suggesting that the impurity-electron localization of the 2p,
state in the x-y plane first increases, but after a critical value of
o, it decreases rapidly with «, resulting in a nonmonotonic
behavior of the binding energy for the 2p, state as shown in
Fig. 5(c). This is a consequence of the fact that the impurity-
electron localization of the 2p, state in the x-y plane plays a
crucial role in determining its binding energy, since r,, is much
smaller than r, as shown in Fig. 6.

Moreover, r, for the ls and 2p, states almost does not
depend on the magnetic field in the region with y > 1 while
r, for these two states decreases with increasing y. Note
that the LdCP is only affected by the ITLFs. The LdCP
is remarkably weakened with respect to the bare Coulomb
potential when «/a* > 7, which is evident by the fact that
r, becomes significant larger than the static width as shown
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FIG. 7. Shifts of the energy levels due to the electron-LO-phonon
interaction vs the magnetic field for a donor in GaAs for different o
as indicated. o ofiw o indicates the polaron shift of a free electron in
the field-free case. In (b), the region with small y is enlarged.

in Fig. 6, resulting in a reduction of the Coulomb force such
that it becomes much smaller than the magnetic force. As a
result, the bound states are lying just below the relevant LLs
of a free electron when «y/a* > 7, that is, the donor energy
levels and the relevant LLs have almost the same dependence
on the magnetic field, leading to a magnetic field independent
donor binding energy in the region with ¥ > 1 as shown in
Fig. 5.

C. laser-modulated magnetopolaron correction

In order to investigate how the ITLFs modulate the MPC
in low magnetic field (i.e., below polaron resonant region),
the MPC is calculated by using Eq. (17) for the 2p™ state
and Eq. (16) for the other states. For simplicity, we only
consider the case of f = 1 THz with single-photon process as
a representative example. In Fig. 7 we depict the MPC to the
s and 2p, states for different oy, where the polaron shift of a
free electron in the field-free case, i.e., apofiwy o, is indicated
for reference. Here we do not plot the MPC for the other states
since the behavior of the binding energy and the width are
similar to that of the 1s state. Note that when «g/a* = 1074,
the MPC remains the static one related to the absence of an
ITLE.

In Fig. 7 as expected the MPC increases with increasing y
due to an additional lateral electronic confinement induced by
the magnetic field, leading to |AE;| > o ohwro. Moreover,
the MPC to the 1s state can be effectively modulated by the
ITLFs to be redshifted with respect to the static MPC, whereas
that of the 2p, state can be adjusted to be not only redshifted
but also blueshifted, which are physically consistent with the
behavior of their width as shown in Fig. 6. However, the
amount by which the MPCs are red- and blueshifted are much
smaller than that of the binding energy, which is a result of
the fact that the LdOP for the e-p coupling decreases with
increasing o, as reflected in Eq. (12).

Figure 8 shows the explicit dependence of the MPC for
the 2p™ state with and without single-photon process on the
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FIG. 8. Shift of energy levels of the 2p* state with (solid curves)
and without (short dashed-dotted curves) single-photon process vs
the magnetic field for a donor in GaAs at fixed radiation frequency
f =1 THz for different « as indicated. Here o o/iwy o is shown to
indicate the polaron shift of a free electron in the field-free case.

magnetic field at fixed f = 1 THz for several values of «j.
From this, it is clear that the MPC for the 2p™ state without
single-photon process exhibits a behavior similar to that of the
1s state due to the similar behavior of the impurity-electron
localization, which rapidly increases with increasing y when
y > 1.5 since the 2p™ state is moving close to resonance [3].
The MPC with single-photon processes is equivalent to that
without single-photon process when a/a* = 10~*, indicating
that the effect of the photon process on the MPC can be
neglected. On the contrary, when «y/a* > 1, the MPC with
single-photon process becomes considerably larger than that
without single-photon process and becomes more and more
significant with increasing y, which is a consequence of the
fact that a new scattering channel has been opened up for the
MPC by considering the effect of the single-photon process
and the donor states become more and more localized with
increasing y. This indicates that the effect of the photon
process on the MPC can be detected experimentally.

D. laser-modulated magnetopolaron effect

Iteratively solving Eq. (17), we find the laser-modulated
MPE accompanied by the emission and absorption of
a single photon. Our numerical results for the Is —
2s, 2pi, 2p;, 3d~2%, and 4 f’3 transition energies including
the effect of polaron, single-photon process, and band non-
parabolicity are shown in Figs. 9 and 10 by the solid curves
as a function of the magnetic field y. We fix f =1 THz
for several different values of o, in which the MPE is
accompanied by elastic scattering (H) and absorption (A)
and emission (%) of a single photon. Different branches of
the 1s — 2p* transition are marked with different colors in
the same scattering channel. As a reference we have also
plotted the transition energies without any correction indi-
cated by thin dashed curves. For comparison, moreover, the
results including the effect of polaron and band nonparabolic-
ity (short dashed-dotted curves) and including the effect of

single-photon process and polaron (dotted curves) are also
depicted in these figures, respectively.

Figure 9 shows that, without considering the influence
of the single-photon process, near resonance only five
branches of the 1s — 2p* transition are observed which
are a consequence of the liftings of the Ez(g)+ and E,-(O) +
horo (i =1s, 2p~, 3d~2, 4f73, 2p.) degeneracies. In con-
trast, ten additional branches of the ls — 2p™ transition
are observed in the resonant region when the effect of the
single-photon process have been taken into account, resulting
from the liftings of the E§21 and E” + hoo + ho (i =
Ls, 2p~, 3d~%,4f73, 2p.) degeneracies which correspond to
the MPE accompanied by the absorption and emission of
a single photon. This is similar to the results previously
obtained in the Faraday configuration, except for the cyclotron
motion [28]. Most importantly, the additional branches of the
ls — 2p* transition can be tuned to be far away from the
reststrahlen band by changing the radiation frequency and,
therefore, leading to the observation of a MPE accompanied
by the absorption and emission of a single photon in low
magnetic field.

By comparing Fig. 9(b) with Fig. 10, we can see that a
remarkable characteristic anticrossing gap of the MPE accom-
panied by the absorption and emission of a single photon
is observed when op/a* = 1, which is comparable to that
without the single-photon process and thus changes the donor
energy levels appreciably in the resonant region. However,
when the radiation level is intense enough, i.e., when «g/a* >
7, the characteristic anticrossing gap become unclear, which
is a consequence of the fact that the donor energy levels
approach each other due to the weakening of the LACP in
this case and the LdOP for the e-p coupling decreases with
increasing «. This implies that the magnetic and ITLFs can
be properly chosen to generate the desired MPE accompanied
by the absorption and emission of a single photon in this
laser-driven semiconductor system, which in turn provides a
new direct measure of the e-p interaction in low magnetic
field.

Figures 9 and 10 also show that the ls — 2s, 2p*,
2p., 3d~2,and 4 f 3 transition energies increase with increas-
ing y when ag/a* < 107*, which results from the additional
lateral confinement induced by the magnetic field. However,
the 1s — 2p~, 3d~2, and 4/~ transition energies become a
slightly decreasing function of y when «p/a* = 1 and become
a rapid decreasing function of y with further increase of «y.
This is due to the fact that the dependence of the energy levels
of the 2p~, 3d2, and 4f~3 states on the magnetic field is
slightly weaker than that of the 1s state and become more
and more significant with increasing «y. On the contrary, the
Is — 2s and 2p, transition energies become insensitive to
the magnetic field in the region with y > 1 when op/a* =
7 because these donor energy levels have almost the same
dependence on magnetic field. In addition, the effect of the
band nonparabolicity on the donor energy levels become more
and more important with increasing o.

To demonstrate feasibility of experimental observations of
the laser-modulated MPE, we calculate the oscillator strength
(OS) and the absorption cross section (ACS) for the transitions
shown in Figs. 9 and 10. This is because the OS and ACS
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FIG. 9. Transition energy as a function of the magnetic field for several major donor transitions at fixed f = 1 THz and ay/a* = 107
when the MPE (a) without and (b) with the effect of the single-photon process. For comparison, we consider the following cases: (1) without
any correction (thin dashed curves); (2) with the polaron effect and band nonparabolicity; (3) including the polaron effect and single-photon
process (dotted curves); and (4) including the polaron effect, single-photon process, and band nonparabolicity (solid curves), in which the

MPE is accompanied by the elastic-photon scattering (M) and the emission () and absorption (A) of single photon. In (a) and (b) the yellow
shaded rectangle denotes the reststrahlen band.

can be detected in experiments [43]. The OS fi; and ACS
o for a transition from energy level i to energy level j are,

respectively, given by [39,43,44]

2m* (E® — E©)
hZ

fij=

1(jI€ - R|i)|

and

4720 (EP

1

_E©

h

so B2
le- RIS (E” — B — h9).

Here « is the fine structure constant, and € and 52 are the

2

unit polarization vector of the incident optical field and its

photon energy, respectively. In the presence of broadening
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FIG. 10. The same as Fig. 9 for (a) op/a* = 1 and (b) og/a* = 7. The marked areas are enlarged in the insets.

of the shallow-donor states, the § function in ACS can be
replaced by a narrow Lorentzian by means of

ml/m
(E” —E® — 1Q)’ + (hI)?’

S(EY” — E” — hQ) =

where I' is the donor linewidth, which we takes as 0.1R* in
line with literature [45]. The results are shown in Figs. 11
and 12, respectively. Here we do not plot the OS and the ACS
for the other transitions since the behaviors of these transitions
are similar to that of 1s — 2p* and 2p, transitions. From

Figs. 11 and 12 it is clear that both OS and ACS for the 1s —
2p* and 2p, transitions increase with increasing g, indicating
that these two transitions can be enhanced by the ITLF with
respect to the static one. In sharp contrast, both OS and
ACS for the 1s — 2p~ transition decrease with increasing o,
however, it still can be clearly observed with an appropriate
choice of the ITLF intensity. Note that the OSs discussed here
are larger than unity, which does not violate the sum rule
for OS since the transitions studied represent only a small
fraction of all possible transitions in the electronic spectrum.
Similar relative OS has been reported in the literature [46].
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Oscillator Strength

FIG. 11. The OS for the 1s — 2p* and 2p, transitions as a
function of the magnetic field for different ¢ as indicated.

The ACS has the same order of magnitude as previous ex-
perimental results in Ref. [43]. Most importantly, the static
transitions shown in this paper have been already observed
experimentally in the absence of the ITLF [3]. Moreover, the
current generation of FELs can provide intense laser fields
in the THz bandwidth, which makes our theoretical findings
testable. This analysis shows that the laser-modulated MPE
observed in Figs. 9 and 10 can be realized in experiments by
using THz FEL radiation.

To further confirm feasibility of experimental observations
of the laser-modulated MPE, we also investigate how the ITLF
modulate the matrix elements of the LdOP for e-p interaction
and, therefore modulate the MPE in such laser-driven semi-
conductor systems. The matrix elements of the LdOP for e-p

hQ (meV)

FIG. 12. The ACS for the 1s — 2p* and 2p, transitions as a
function of the incident photon energy <2 for different y and oy
as indicated.
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FIG. 13. The values of the LdOP transition matrix elements as
a function of the magnetic field for different oy when the LdOP
transition matrix elements (a) without and (b) with the effect of the
single-photon process.

interaction is given by

ij .3 SO 2
Hp? =" (i O|Hep(R)|j: 0)| T} (g:0t0).
n0

—

which represents the transition probability between the |i; Q)
and |J; 6) states. The value of H,’” is a measure of how strong
the LdOP for e-p interaction couples these states with each
other. The results of H;’ are shown in Fig. 13. Here we
only consider le,zf (i=1s, 2p~, 2p., 3d72, 4f73) that is
relevant to Figs. 9 and 10. Figure 13 shows that, without
considering the effect of the single-photon process, H;’z” "
(i=1s, 2p~, 2p., 3d72, 4f3) decreases with increasing
o, however, which is still strong enough to be observed
clearly. On the contrary, with including the effect of the single-
photon process, H;’z/”+ (i =1s, 3d72, 4f3) increases with
increasing «, while H;‘zp . (i =2p~, 2p,) first increases and
then decreases with increasing o. This indicates that H,”z” .
(i=1s, 2p~, 2p., 3d~2, 4f73) can be effectively modulated
by the ITLF, leading to a laser-modulated MPE since the
intensity of the MPE is directly proportional to HI"2P T i=
Is, 2p~, 2p., 3d~2, 4f3) as reflected in Eq. (14). Most im-
portantly, the value of H;"*"" (i = 1s, 2p~, 2p., 3d~2, 4f )
with single-photon process is about 12% of that without
single-photon process for the same ITLF intensity when
ap/a* > 1, which is strong enough to be detected in magneto-
optical experiments. Note that the static MPE on shallow-
donor states in semiconductors has been already observed
experimentally in the absence of the ITLF [3]. The above
results indicate that the laser-modulated MPE can be verified
experimentally with present-day techniques.

E. Dynamical magnetopolaron effect

Up to now we find that not only the binding energy but
also the MPE accompanied by the absorption and emission
of a single photon can be tuned by the ITLFs. In particular,
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FIG. 14. The 1s — 2p* transition energy as a function of o
for several values of y and f when the MPE accompanied by
the emission of single photon. For comparison, we consider the
following cases: (1) without any correction (thin dashed curves);
(2) with the polaron effect and single-photon process (dotted curves);
and (3) with the polaron effect, single-photon process, and band
nonparabolicity (solid curves). In (d) the yellow shaded rectangle
denotes the reststrahlen band.

a significant characteristic anticrossing gap is observed for
the branch E 1(?) + hwro — ho of the MPE and its resonant
region can be adjusted by changing the radiation frequency.
In this way, the 1s — 2p™ transition accompanied by the
emission of a single photon can be tuned by the ITLFs through
the resonance energy with the LO phonon. The results for
the 1s — 2p™ transition energy including the polaron effect,
single-photon process, and band nonparabolicity are plotted
by the solid curves in Fig. 14 as a function of «(, where
the transition energies without any correction are indicated
by the thin dashed curves for reference. As a comparison we
have also plotted the results including the polaron effect and
single-photon process (dotted curves) in this figure.

From Fig. 14 it is clear that near resonance two transitions
are observed which are a consequence of the liftings of the
Ez(g)+ and El(?) + hwro — hw degeneracy, corresponding to a
resonant effect accompanied by the emission of a single
photon, which is similar to the well-known MPE observed
above. Since this effect occurs by changing the ITLFs which
is different from the MPE observed by changing the magnetic
field, we thus call it the dynamical magnetopolaron effect
(DMPE). A considerable characteristic anticrossing gap for
the DMPE is observed in low magnetic field, which can be
adjusted to be far away from the reststrahlen band with an
appropriate choice of the radiation frequency. This in turn
also provides a new way to measure the strength of the e-p
interaction in low magnetic field.

To demonstrate feasibility of experimental observations of
the DMPE, we calculate the OS and H,”’zf’ " with single-
photon process as a function of o for different magnetic
fields. The results are shown in Figs. 15 and 16, respectively.
From Fig. 15 it is apparent that the OS is an increasing
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FIG. 15. The OS for the 1s — 2p™* transition as a function of
o for different y as indicated. Here y = 0.1, 1, 2, 3 correspond to
Figs. 14(a)-14(d), respectively.

function of «g, resulting in a remarkable 1s — 2p™ transition
with respect to the static one, which indicates that the 1s —
2p* transition can be observed experimentally. Figure 16
shows that, as ¢ increases, HIIS’ZP " with single-photon pro-
cess increases rapidly at first, after it reaches its maximum,
Hlls‘ZP : rapidly decreases with increasing . This implies

that the DMPE can be tuned by the ITLF since the intensity
of DMPE is directly proportional to H,”’z’ﬁ with a single-
photon process. By comparing Fig. 13 with 16, one can see
that the intensity of peak shown in Fig. 16 is about 12% of
those without single-photon process for the same magnetic
field as shown in Fig. 13(a), which is also strong enough
to be detected in magneto-optical experiments, leading to a
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FIG. 16. The values of the LdOP transition matrix elements for
the 1s — 2p™ transition with single-photon process as a function of
oy for different y as indicated. Here y = 0.1, 1, 2, 3 correspond to
Figs. 14(a)-14(d), respectively.

014114-12



INTENSE-TERAHERTZ-LASER-MODULATED ...

PHYSICAL REVIEW B 99, 014114 (2019)

observable DMPE on shallow-donor states in the laser-driven
semiconductor systems.

IV. CONCLUSIONS

In this study, within the Voigt configuration, we have
studied the characteristics of shallow-donor states in GaAs
semiconductors subjected simultaneously to a static magnetic
and ITLFs. By using a nonperturbative approach in combina-
tion with a variational method, the ITLF effects on the donor
binding energy are investigated in which the ITLF effects are
exactly taken into account through the LdCP for electron-
impurity interaction and the LdOP for e-p interaction. We
used the TdPT to theoretically study the laser-modulated
MPE accompanied by the absorption and emission of a single
photon and the DMPE on donor states in this laser-driven
semiconductor. In conjunction with optical measurements,
the intradonor transition energy including the polaron effect,
single-photon process, and band nonparabolicity was calcu-
lated and discussed. The main conclusions obtained from the
present study are summarized as follows.

We found that the interaction strength of the LdCP in the z
direction can be not only enhanced but also weakened with
increasing o, while that in the x-y plane is monotonically
weakened, so that the electron localization of the 2p, state can
be tuned by the ITLFs and increased or decreased with respect
to the static electron localization while that of the other states
decreases with increasing . For these reasons, the binding
energy of the 2p, state can be larger or smaller than the static
binding energy while that of the other states becomes smaller
than the static one. Moreover, when «g/a* < 1, the binding
energy of the donor states is an increasing function of the
magnetic field, while it becomes insensitive to the magnetic
field for y > 1 when ag/a* > 7.

In the polaron nonresonant region, as ¢ increases, the
MPC for the 2p, state can either increase or decrease with
respect to the static MPC while that for the other states only
decreases with increasing o, which is physically consistent
with the variation of the width for the donor states with «.
By considering the effect of single-photon process, the MPC
for the 2p™ state is larger than that without a single-photon
process, which results from the fact that a new scattering
channel has been opened up for the MPC in this case.

In the resonant region, the laser-modulated MPE accom-
panied by the absorption and emission of a single photon
is observed, which can be tuned to be far away from the
reststrahlen band by changing the radiation frequency. Ten
additional branches of the 1s — 2p™ transition are observed
and its characteristic anticrossing gap can be adjusted to
be significant by varying the ITLFs, which indicates that
such laser-modulated MPE can be detected experimentally.
Interestingly, a novel DMPE with a remarkable characteris-
tic anticrossing gap is clearly observed with an appropriate
choice of the radiation frequency. These novel effects provide
a new direct measure of the e-p interaction in laser-driven
semiconductor systems in low magnetic field.

We have demonstrated that the intriguing laser-modulated
MPE accompanied by the emission and absorption of a single
photon and the novel DMPE on shallow-donor states in GaAs
semiconductors can be measured in the presence of the ITLFs.
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FIG. 17. The dependence of the binding energy of the states with
odd z parity, i.e., 3dzi =13,£1, 1) and 2p, = |2, 0, 1), as a function
of ay at fixed (a) y = 0.1 and (b) y = 3. Here the horizontal dashed
lines represent the static binding energy in the absence of the ITLFs.

Currently, THz FELs have been used to investigate various
materials including doped semiconductors, which makes our
results experimentally testable. We, therefore, hope that our
theoretical predictions can be verified experimentally in the
near future.

In our previous Faraday configuration [28], the interac-
tion strength of the LACP cannot only be enhanced but
also weakened by varying the magnetic field and the ITLF,
leading to an appreciable effect of cyclotron motion on the
electronic property of shallow-impurity states. In this way, the
binding energy and the MPC for all shallow-impurity states
can be increased or decreased with respect to the static one.
Meanwhile, all binding energies and all transition energies
increase with increasing magnetic field. In sharp contrast, in
the Voigt configuration, the interaction strength of the LdCP
is only affected by the ITLF, so that the effect of cyclotron
motion cannot be observed. More interestingly, the interaction
strength of the LACP in the x-y plane is only weakened by the
ITLE, so that the binding energy and the MPC for all shallow-
impurity states decrease with increasing o except for the
states with odd z parity. Moreover, when « is strong enough,
all binding energies become insensitive to the magnetic field.
Meanwhile, the 1s — 2p~, 3d~2, and 4f~3 transition ener-
gies become a rapid decreasing function of magnetic field,
while the 1s — 2s and 2p, transition energies become insensi-
tive to the magnetic field. Finally, note that similar behaviors
of the MPE have been observed in both configurations, but
only the DMPE is reported in the present work.
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APPENDIX

In this Appendix we investigate the dependence of the
binding energy for the state with odd z parity on the laser-
dressing parameter ¢y. The results for the 3dzi =13,£1,1)
and 2p, = |2, 0, 1) states are shown in Fig. 17. From this it

is apparent that the nonmonotonic behavior of the binding
energy for the B’dZjE states in the ITLF is similar to that
of the 2p, state. In other words, as «( increases, the bind-
ing energy of the donor state with odd z parity increases
slightly at first, after reaching a maximum, the binding energy
decreases rapidly. Thus, this nonmonotonic dependence of
the binding energy on «g is a characteristic property of the
donor state with odd z parity in laser-driven semiconductor
systems.
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