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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 

!\'iont.e Carlo calculations. Comparison with available magneto-optical data of D- centers in 

bulk GaAs and in GaAsj AlxGal_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 (DO), such as a Si atom 

ill 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 GaAsj AlxGal-xAs 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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GaAs/ AlxGal-x As quantum wells with various widths [3,4]. Magneto-optical measurements 

\,·ere carried 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

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

treated within the 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, they 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 principle 

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

a good estimate on the excited state properties. 

The remainder 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 experiment 

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-x As quantum well and 

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

Hamiltonian in the effective mass model is given by: 

H = H(l) + H(2) + V(r12) + ~Lz (1) 

with 

.) 1 2 '"'(2 (2 2) ( H(z = -2Vi + 8 Xi + Yi + Uri) + VQ(zd, (2) 

where '"'( = hwcl2Ry* 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 VQ{z) is 

the quantum well potential: 
\z\ > d/2 
\z\ ::; d/2 

wit.h Va the potential barrier height and d the well width. 

(3) 
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Since the magnetic field is along the z direction, Lz is conserved with quantum number 

M. The ground state has M = O. Excited states may have M = 0, ±1, ... , etc. As for the 

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

the transition is from 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 I 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 for the D-

center: 

2 

<I>(r},r2) = f(r12)[gdrdg2(r2) + g1(r2)g2(rd] II <I>(Zi), 
i=] 

(4 ) 

where <I>(z) = cos(kz) in the well and cos(kdj2)exp[>"(dj2 - Izl)] outside the well (k and 

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

f(r) = exp[arj{l + (C~p2 + C;z2)1/2 )], and the single particle orbital gi is the same form as 

that used by Larsen [4], which is 

(5) 

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

There are total of eight variational parameters (C p, C z, 77]' 772,1\:1,1\:2,0], 02). 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 n° ground state energies are also calculated using 

the form of g( r )<I>( 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 



-4-

trial wavefunction for the ground state and constructs a time dependent probability density, 

F(R, t): 

F(R, t) = \lI(R, t)~(R), (6 ) 

with 

\lI{R, t) = exp[-Ht] ~(R). (7) 

As long as ~(R) is not orthogonal to the ground state of H, \l1(R,t) will approach the ground 

st.ate as t goes to infinity. Defining a time dependent expectation value E(t): 

< ~(R)IHI\lI(R, t) > J dRF(R, t)£(R) 
E(t) = < ~(R)I\lI(R, t) > = J dRF(R, t) , 

(8) 

where c(R) = <I>-l (R)H~(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 

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

calculations. 

4. Simulation results 

In figure 1, the DQM C 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 1.0 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 At = -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~omes much more significant in 2D 

than in 3D. Binding energies of the ground state are enhanced for both DO 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- center in low field 
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Figure 1. Binding energies of n- centers in GaAs calculated by DQ!vIC [5] (0) 

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

[7] (0) and Ref. [8] (.c:.). The error bars of DQM~ results are within the circles. 

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

much different 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 =f. 0). In the strong field limit, Larsen 

et at [10] was able to show that the binding energy of 2D n- center in the )VI = -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 

1=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 }vI = -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 well 

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

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

d = 100.4 quantum wells. Error bars are 0.02 Ry·. 

DQMC VQMC 

,'= 0 0.29 0.26 

,=1 0.77 0.74 

,=3 1.13 1.11 

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

quantum well of various widths at, = 1. Listed are the binding energies, transition 

energies from ground state to the .Iv! = -1 excited state, and the experimental 

measurements [3]. 

Binding 

Energy 

2D 1.12 

d= 5811 0.81 

d= 95A 0.76 

d = 19411 0.67 

d = 373A 0.59 

3D 0.34 

Transition 

Energy 

1.25 

0.95 

0.88 

0.77 

0.63 

0.34 

Experiment 

0.94 

0.87 

0.75 

0.63 

0.34 

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

those of bulk GaAs ( f = 12.53 ). 

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

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

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

DQMC and VQMC methods for "Y = 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 "Y = 1 for quantum wells of various widths (d = 95.4, 194..4 and 

373A). VQMC results for the n- 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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Figure 2. VQMC transition energies are presented together with corresponding 

experimental results [3] for three quantum well sizes (d = 9511, 19411, and 37311). 

Solid and open circles are experimental (.) and theoretical (0) results for d = 9511 

quantum wells. Squares (. and D) and diamonds(. and 0) are for d = 19411 and 37311 

wells, respectively. 

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

experimental results [3] for three quantum well sizes (d = 9511, 19411, and 37311). 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 

fields 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

netic fields obtained using the DQMC and VQMC approaches. It is found that D- states in 

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

Elf'ct.ron-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 

el('ctron correlations exactly in the ground state. For D- centers in quantum wells, our theo-

retical results re-cnforce the identification made in Ref. 3 that the observed special feature in 

t.he 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. 

Acknowledgements 

Fruitful discussions with Drs. S. Huant and G. Martinez are gratefully acknowledged. 

This work was supported by NSF Grant No. DMR-91 20269 and by the direct.or, Office of 

Energy Research, Office of Basic Energy Sciences, Materials Science Division of DOE under 

Contract No. DE-AC03-76SF00098. TP acknowledges support from the Miller Institute for 

Basic Research in Science. Cray computer time was provided by NSF at the San Diego 

Supercomputer Center and by DOE at the Livermore Supercomputer Center. 

References 

[1] Najda, S.P., Armistead, C.J., Trager, C., and Stradling, R.A.: Semicond. Sci. Technol. 

1989, .1., 439 and reference therein. 

[2] Fraizzoli, S., Bassani, F., and Buczko, R.: Phys. Rev. B, 1990, 41, 5096. 

[3] Huant, S., Najda S.P., and Etienne B.: Phys. Rev. Lett. 1990, 65, 1486; Huant, S., d al: 

Surf. Sci., 1992. 263, 565; Huant, S., et al: preprints. 

[4] Mueller, E.R., Larsen, D.M., Waldman, J., and Goodhue, W.D.: Phys. Rev. Lett., 1992, 

68,2204. 

[5] Pang, T., and Louie, S.G.: Phys. Rev. Lett., 1990, 65, 1635. 

[6] Reynolds, P.J., Ceperley, D.M., Alder, B.J., Lester, W.A. Jr: J. Chern. Phys., 1982, 77, 

5593. 

[7] Natori, A. and Kamimura, H.: J. Phys. Soc. Jpn., 1978, 44, 1216. 

[8] Larsen, n.M.: Phys. Rev. Lett. 1979, 42, 742; Phys. Rev. B, 1979, 12, 5217. 

[9] Pang, T. and Louie, S.G.: unpublished. 

[10] Larsen, D.M.and McCann, S.Y.: Phys. Rev. B, 1992, 45, 3485. 



, -

LA~NCEBERKELEYLABORATORY 

UNIVERSITY OF CALIFORNIA 
TECHNICAL INFORMATION DEPARTMENT 

BERKELEY, CALIFORNIA 94720 

......... - ..... 


