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ABSTRACT

The ground-state and optical properties of negative donor (D') centers in strong magnetic

fields and quantum wells are studied using the effective mass theory. The exact ground-state

binding energy is calculated to within statistical noise by a diffusion quantum Monte Carlo

method. Excited state and optical transition energies are computed by carrying out variational

Monte Carlo calculations. Comparison with available magneto-optical data of D- centers in

bulk GaAs and in GaAs/Al_Gal_xAs quantum wells shows good agreement between theory

and experiment over a range of magnetic field strengths.

1. Introduction

A D- center in semiconductors is formed by a neutral donor center (D°), such as a Si atom

in GaAs, trapping an extra electron [1]. For bulk semiconductors, such as GaAs, InP, or InSb,

states associated with the D- centers can be thought as states of two electrons of effective mass

m* under a central Coulomb potential screened by the host dielectric constant [1]. This effec-

tive mass model has been successful in understanding neutral shallow donors. For example,

results from variational calculations (such as the peak position of the calculated far-infrared ab-

sorption lines for Do centers in GaAs/A1,Gal_,As quantum wells) are in good agreement with

' experimental observations [2]. However, owing to the electron-electron correlation effects in D-

centers, earlier variational schemes did not give very accurate results for the energetics of D-

centers in magnetic fields [1]. Most recently, D- states have been identified experimentally in
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Ga.As/AI,Gal_,As quantum wells with various widths [3,4]. Magneto-optical measurements

were carricd out with an applied field perpendicular to the well structures. The results show

that D- centers are observable at fields larger than 4 T.

We present in this paper results on calculations of the ground-state properties using a

diffusion quantum Monte Carlo (DQMC) method and of both the ground-state and excited-

state properties using a variational quantum Monte Carlo (VQMC) method. The system is

treated within tile effective mass theory. Our results show a strong enhancement in the binding

energy of D- centers in quantum wells compared to that in bulk. In addition, the3' support

the interpretation that the experimentally observed optical transition [3] is from a D- ground

state to a localized but unbound D- excited state [4]. The DQMC approach in p,'inciple

provides the exact ground-state properties of D- centers, whereas the VQMC approach gives

a good estimate on the excited state properties.

The renlainder of this paper is arranged as follows. In Section 2, we present our effective

mass model for D- centers in quantum wells. In Section 3, the basic aspects of the DQMC

and VQMC, methods are discussed. In Section 4, our theoretical results for D- in quantum

wells of various widths are presented together with comparison with the available experi,nent

results. In Section 5, some implications of the numerical results are discussed.

2. Effective Mass Model for D- Centers

For a D- center located at the center of a single GaAs/AlxGal_xAs quantum well and

with an applied uniform magnetic field along the z-direction perpendicular to the well, the

tla,niltonian in the effective mass model is given by:

-y
H = H(1) + H(2)+ Y(rl2) + _Lz (1)

with

?2
H(i) = -_V, + -_- Yi) + U(r,) + Vq(z,), (2)

where _ = hwc/2Ry* is the magnetic field expressed in the effective atomic units with we the

cyclotron frequency and Ry* the effective Rydberg; V(r) and U(r) are the screened interaction

between two electrons and the interaction of an electron with the central impurity charge,

respectively; Lz is the angular momentum component along the field direction; and l/Q(z) is

the quantum well potential:

Vo, [z] > d/2o, Izl< d/2 (3)

with t0 the potential barrier height and d the well width.

' ' I[I, II ,lmI
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Since the magnetic field is along the z direction, Lt is conserved with quantum number

hl. Tlm ground state has M = 0. Excited states may have M = 0,=LI,..., etc. As for the

optical transition observed in the magneto-optic experiments [3], selection rule dictates that

• the transition is front the ground state to the M = +1 state in the N = 1 Landau level which

is unbound but localized. The M = +1 final state has a M = -1 replica in the N = 0 Landau

' level which is lower in energy by exactly 7 in atomic unit. Therefore, for the excited states,

we will only present results for this M - -1 state unless otherwise specified.

3. Diffusion and Variational Quantum Monte Carlo Methods

For our variational studies, we adopt a wavefunction of the following form fol' the D-

center:

2

(P(rl,r2) = f(r12)[gl(rl)g2(r2)+ gl(r2)g2(rl)] I'I ¢(z,), (4)
t=l

where ¢(z) = co_(kz)in the well and cos(kd/2)ezp[A(d/2- Izl)] outside the well (k and

A are determined by solving for the solution of a single electron in such a quantum well),

f(r) = exp[ar/(1 + (C_p 2 + C2z2) 1/2 )], and the single particle orbital gi is the same form as

that used by Larsen [4], which is

gi(r) = plMI exp(__?ip2 _ _iVp2 + c_iz 2) (5)

with Ai the z-component angular momentum of the orbital.

There are total of eight variational parameters (Cp, Cz,yl,rl2,al,a2,c_l,o2). Total en-

ergies are minimized with respect to these parameters to get the variational eigenvalues of

the Hamiltionian in equation 1. A correlated-walk scheme is used to search for the energy

minimum with the guidance of total energy derivatives with respect to each parameter. The

search stops when these derivatives are less than a certain value (usually 10-3 a.u.). The set

of configurations is re-generated using the new set of parameters to avoid bias in the initial

set of configurations. This process is repeated two or three times until all biases are elimi-

nated. To obtain the binding energy, the D o ground state energies are also calculated using

• the form of g(r)¢(z) in equation 4 and 5. For the transition energy, both the excited-state and

ground-state energies are calculated using the VQMC method.

' A more sophisticated and numerically involved DQMC method [5] has also been used

to obtain the exact ground-state energy of equation 1 and 2. In the DQMC approach, for

a two-electron system, one takes a variational wavefunction (I)(R) with R = (rl,r2) as a
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trial wavefunction for the ground state and constructs a time dependent probability density,

F(R,t).

F(R,t) = _(R,t)(I)(R), (6)

with

• (R,/) = exp[-Ht] ¢(R). (7)

As long as ¢(R) is not orthogonal to the ground state of H, _(R,t) will approach the ground

state as t goes to infinity. Defining a time dependent expectation value -E(t)"

E(t) = < (I)(R)[H]qJ(R,t) > = f dRF(R,t)e(R) (S)
< ¢(R)iqJ(R,i)> f dRF(R,t) '

where ¢(R) = (])-1(R.)H(I)(R) is the local energy in configuration space, then E(t) becomes

the exact ground-state energy of H as t goes to infinity [6]. The DQMC approach provides an

exact result within statistical noise of the calculation and an excellent test of our ground-state

variational wavefunction. However, it may not be used straightforwardly for excited-state

calculations.

4. Simulation results

In figure 1, the DQMC binding energies [5] together with results from two earlier calcula-

tions [7,8] using variational methods are compared to the experimental results for the case of Si

doped GaAs [1]. Due to the improved form of our variational wavefunctions, our new VQMC,

results are in fact virtually indistinguishable with our DQMC results if plotted in the same

figure. The excellent agreement of the DQMC results with the experimental data indicates

that. the effective mass model describes the D- centers in GaAs quite well. In addition, this

figure shows that the discrepancies of earlier variational calculations [7,8] with experiment [1]

are purely due to the inadequacy of the trial wavefunctions previously used.

We have also calculated the excited-state energies using VQMC method for the bulk case.

We found that the 2t4 = -1 state described in Section 2 is only slightly unbound. Therefore,

whether the final state of the transition observed [1] is the vacuum level or the M = -1 state

makes no difference in the comparison of theory and experiment.

We also examined the limiting case of a D- center in 2D. Due to a complete confinement

on the z = 0 plane, the attractive Si impurity centers be.comes much more significant in 2D
,

than in 3D. Binding energies of the ground state are enhanced for both D o and D- centers.

The D- state binding energy in 2D ( 0.511 Ry* ) is an order of magnitude larger than that

in 3D ( 0.056 Ry*) according to our DQMC calculations [9]. The qualitative behavior of a

two-orbital structure in the electron charge density distribution of 2D D- ce,iter in low field
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Figure 1. Binding energies of D- centers in GaAs calculated by DQMC (5] (o)

compared with the experimental data of Ref. [1] (o) and earlier calculations of Ref.

[7] (o) and Ref. [8] (A). The error bars of DQM.C results are within the circles.

is found to be similar to the case in 3D. However, the excited states of the D- center shows a

much di fferent behavior in 2D. At some distance away from the origin, the defect center may be

over-screened. Therefore, the electron in the outer orbital sees an average repulsive potential if

it is far away from the center (which is the case when M _ 0). In the strong field limit, Larsen

et al [10] was able to show that tile binding energy of 2D D- center in the M = -1 state is

negative and its absolute value is ,,, 71% of the ground-state binding energies. However, this

percentage decreases gradually with decreasing magnetic field strength and becomes -_ 12% at

7 = 1 based on our VQMC calculation.

Quantum wells of experimental interest are, of course, a case in between 2D and 3D with

regard to the confinement along the z-direction. We expect that the binding energies of the

ground state and the M = -1 excited state will also be in between that of 2D and 3D. Our

studies were carried out for quantum wells with Al concentration x = 0.25 and various welli

widths. The barrier height is chosen as 0.65AEg with AEg = 1.247x eV as the band gap

mismatch between GaAs and AlzGal_xAs. The effective masses are taken from experimental
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Table 1. Comparison of DQMC and VQMC results for D- binding energies for the

d = 100)4 quantum wells. Error bars are 0.02 Ry*.

DQMC VQMC

_= 0 0.29 0.26

"7= 1 0.77 0.74

7 -- 3 1.13 1.11

Table 2. VQMC and experimental results for D- center in GaAs/AlxGal_xAs

quantum well of various widths at "y - 1. Listed are the binding energies, transition

energies from ground state to the M = -1 excited state, and tile experimental

measurements [3].

Binding Transition

Energy Energy Experiment

2D 1.12 1.25 ...

d = 58)i 0.81 0.95 0.94

d = 95)t 0.76 0.88 0.87

d = 194_t 0.67 0.77 0.75

d = 373)i 0.59 0.63 0.63

3D 0.34 0.34 0.34

measurements [3]. The dielectric constant in the well as well as in the barrier are chosen as

those of bulk GaAs ( e = 12.53 ).

At zero magnetic field, the theory shows a dramatic increase, by a factor of five, for the

binding energy of D- in the 100 /_ quantum well as compared to that of 3D. In Table 1,

the ground state binding energies for the d = 100)i quantum well are compared between the

DQMC and VQMC methods for 7 = 0,1 and 3. We find excellent agreement between DQMC

and VQMC results illustrating the effectiveness of our variational wavefunctions.

In Table 2, we list results at 7 = 1 for quantum wells of various widths (d = 95,}1,194)t and

373)t). VQMC results for the D- ground state binding energies and transition energies (from

ground state to M - -1 excited state) are presented together with experimental results [3].

The ground state to M = -1 excited state transition energies agree well with the experiment

while the ground-state binding energies are consistently lower by 5-15%. The discrepancy

however diminishes as the well width increases. This agrees well with that the final state of

the transition is the M = -1 state instead of the vacuum level. The over-screening effect in
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Magnetic Field (T)

Figure 2. VQMC transition energies are presented together with corresponding

experintental results [3] for three quantum well sizes (d = 95_, 194_, and 373_).

Solid and open circles are experimental (.) and theoretical (o) results for d = 957t

quantum wells. S(luares (- and o) and diamonds(, and o) are for d = 194_ and 375/t

wells, respectively.

In figure 2, the VQMC transition energies are presented together with the corresponding

experimental results [31 for three quantum well sizes (d = 95tt, 194_t, and 373_). Again, we

see a good agreement, although there is some noticeable deviation of theory from experiment

at very high fields. We attribute the deviations partially to the VQMC approach used. At.

strong magnetic field, the absolute value of the total energy increases sharply with magnetic

fields. It is more difficult to obtain transition energy accurate to the order of 0.02 Ry* at high
,L

fitLls than at low fields. Further, our M = -1 excited state and the ground state variational

wavefunctions may fare differently with increasing fields, resulting in a different level of error

cancellations. It is likely that with improved wavefunctions, the agreement of theory and

experiment at the high end of the magnetic field would improve.
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5. Summary

We have discussed some of the properties of D- centers in quantum wells and mag-

nelic fields obtained using tile DQMC and VQMC approaches, lt is found that D- states iri

bulk semiconductors such as Si doped GaAs are well described by the effective mass model.

Electron-electron correlation effects are important in these systems. We find that although

simple trial wavefunctions used previously would not give a complete treatment of these corre-

lation effects, improved wavefunctions are capable of yielding very accurate results in VQMC

calculations. On the other hand, the DQMC method applied here in principle has treated

electron correlations exactly in the ground state. For D- centers in quantum wells, our theo-

retical results r_,-enforce the identification made in Ref. 3 that the observed special feature in

the magneto-optical spectra indeed arises from D- centers in the quantum wells. Our results

further quantitatively showed that the observed optical transition is from the D- ground state

to an unbound but localized D- excited state with M = 1 in the N = 1 Landau level.
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