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Do and D- off centre in strong magnetic fields and quantum 
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t h t r e  of ‘Ileoretical Physics, CCAST World Laboratory), Po Box 8730. Beijing 1MM80, 
People’s Republic of China 
$ Depamnent of physics, Tsinghua University, Beijing 1MM84. People’s Republic of China 

Received 9 Feblvary 1994 

Abstract. Variational calculations are performed for the ground and first excited states of Do 
off centre and the lowest singlet and triplet states of D- off cenbe in quantum wells in a 
magnetic field. It is found thal the offcentre effect on the binding energies increases with 
increasing “Jic field. The binding energy of the triplet state can be larger than that of the 
mmpnding singlet one if Lhe magnetic field is stmng enough. 

There have been many investigations of the electronic structures and properties of neutral 
shallow donors Do in GaAs-Ga1-,AIxAs quantum wells (Qws) with and without doping 
in strong magnetic fields. Recently, negative donors D-, i.e. neutral donors that bind an 
additional electron, have already been observed (Huant et al 1990) and identified (Mueller 
et al 1992) in multiple Qws.  The effectivemass model has been applied to D- centres in 
a magnetic field in two-, quasi-two-, and threedimensional (ZD, QZD, and 3D) cases (Natori 
and Kamimura 1978, Larsen 1979a, b, Phelps and Bajaj 1983, Louie and Pang 1992, Zhu 
1992, Lawn  and McCann 1992a, b, Sandler and Proetto 1992). All of the theoretical and 
experimental studies have shown that the binding energy of the lowest singlet state is much 
larger than that of the triplet one, that the magnetic field can introduce more bound states, 
and that the binding energies of D- centres in a magnetic field are strongly dependent on the 
confined dimensionality, i.e., the dimensions and strength of the magnetic field. However, 
no information seems to be available concerning the properties of D- off centre in QWs in a 
strong magnetic field. In thii letter, we report a variational calculation of the lowest singlet 
and triplet states and study the field effect on the binding energies of D- off centre in Qws, 
which is in sharp contrast to that mentioned above. 

Within the framework of an effectivemass approximation, the Hamiltonian of a Do off 
centre in GaAsGal_,Al,As Qws in a magnetic field y perpendicular to the interface can 
be written as 

12) 
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where VO is the barrier height and can be obtained from a fixed ratio of the band-gap 
discontinuity, y L ,  is the Zeeman term, L the well width, and zo the z component of 
cylindrical polar coordinates of the donor ion. The polarization and image charge effects 
have been ignored as is reasonable for GaAs-Gal-,AI,As quantum-well systems. It should 
be pointed out that we have ignored the Zeeman spin energy, which does not affect the 
binding energies. In this letter, effective atomic units are used so that all energies are 
measured in units of the effective Rydberg Ry* and all distances are measured in units of 
effective Bohr radius a*. 

The corresponding Hamiltonian of a D- off centre in the Qws is as follows: 

where P I Z  = IPI -d. 
( I )  can be rewritten as 

with 

and 

2A 2 
H'(h,  01) = - - 

P + O1 [PZ + (2  - 20)21'/2' 

Exact solutions of HO with well defined magnetic quantum number m can be obtained (Zhu 
et al 1990). Taking the eigenfunctions of the ground (m = 0) and first excited (m = 1) 
states of HO as trial functions with variational parameters 01 and A, the energies E(Do, 0) 
and E(Do, 1) of ground and first excited states can be obtained by a variational calculation 
and, then, the binding energies EB@', 0) and EB(Do. 1) of Do off centre in QWS in a 
magnetic field y are respectively given by 

,%(Do, 0) = E(e, 0) - E(Do, 0) (7) 

and 

&(Do, 1) = E(e, 0) - E(Do, 1) (8) 

where E(e, 0) is the ground-state energy of an electron in the Qws in the magnetic field y .  
With the use of the forms of (5) and (6), (3) can be rewritten as 

H = &(AI, Az, 011. (Yz) + H,~(AI, Az, az) (9) 

with 

&(AI, Az, 011, 012) = Ho(Ai. 011, P I .  $1, ZI) + Ho(h 012, P Z ,  $2, 22) (10) 
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and 

Using the exact eigenfunctions of the ground (m = 0) and fist excited (m = 1) states 
of Ho(A, at, PI, $1, z1) and H&z, ctz, pz, $2. zz), the Chandrasekhar-type hid functions 
with well defined total magnetic quantum number M = ml +mz can be obtained. The trial 
function QO of the lowest singlet s (M = 0) state is given by 

while the trial functions 'Pt and 9; of singlet and triplet p (M = 1) states are given by 

Q: = B ( l  + CPI~)$(ZI)$(ZZ)[$O(~I, A I ,  PI)+I(~z. Az, &)e-" 

*+o(~I, A I .  a)7h(a2,  AZ,  PI)^-'"]. (13) 

Here $(z)$o(a, A ,  p )  and $(z)$l(a, A,  p)e-'@ are the eigenhnctions of the ground and 
first excited states of Ho(a, h,  p ,  q5, z), respectively; AI, AI, al. az, and c are variational 
parameters. A and B are the normalization constants. Then, the variational energy E(D-, 0) 
of the singlet s state is as follows: 

and the variational energies E+(D-, 1) and E-(D-, 1) of singlet and hiplet p states are as 
follows: 

Once E(D-, 0) and E*(D-, 1) are obtained, the binding energies EB@-, 0) and 
EE(D-, 1) of singlet s and triplet p states and the singlet-hiplet splitting energies A E I ~  of 
p states are given by 

E ~ ( D - ,  0)  = E(DO, 0) + Eo(e. 0) - E(D-, 0) (16) 

EB(D-, 1) = E(Do, 0) + &(e, 0) - E-(D-, 1) (17) 

and 

AEl3 = E+(D-, 1) - E-(D-, 1) (18) 

respectively. 
In order to know whether the trial functions used here are suitable or excellent for the 

calculation of D- states in quantum wells in a magnetic field and check the calculation 
method, we have calculated the binding energies &(Do, 0) and EB(D-, 0) of Do and 
D- centres (ZO = 0) in G ~ A - G ~ o . ~ ~ A ~ ~ . ~ ~ A ~  Qws with a well width 200 A (about k*), 
and compared the results with those obtained by a diffusion quantum Monte Carlo method 
(Louie and Pang 1992). As shown in table 1, our results are slightly less than but close to 
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Table 1. Binding energies of D- and Do centres in GaawUo.yAs Qws with well width 2w A. 
The energies are in effective Rydberg Ry' of CaAs, 1 Ry' = 5.806 MV. The Monte Carlo 
M o r  ban are estimated at two units of the 1as1 digit in the &ta (Lauie and Pang 1992). 

Y Present results Monte Carlo results 

D- 0 0.214 0.23 
1 0.641 0.65 
3 0.910 0.94 

Do 0 1.701 1.74 
1 2.441 2.52 
3 3.242 3.36 

theirs and the differences are comparable to the statistical fluctuations of the Monte Carlo 
calculation. Therefore, it would be expected that using the trial functions and the calculation 
method, reasonable results can be obtained for the singlet and triplet states of D- off centre 
in QWs in a magnetic field. 

The ground (m = 0) and first excited (m = 1) states of Do off centre in QWs of 
VO = 80 Ry* with L = 2a' have been calculated for zo = 0.5, 0.625, and 0.75~'. 
respectively. In figure 1, the binding energies E@', m) have been plotted as a function 
of y .  It is readily seen that all of EB(Do, m) increase with increasing y and the values are 
larger for smaller zo than for larger ZO. However, the variation with zo is much larger for 
ground states than for the first excited states. ?his is easy to understand if we note that the 
@1(01, A,  p)  of excited states are more extended than the @o(ol, A,  p )  of ground states and, 
then, zo has a strong effect on the Coulomb creation energies of Do ground states. 

I 
2 4 6 

r 
Figore 1. Binding energies m) of s (m = 0)  and p (m = 1) slates of Do off cenfn in 
QWS of L = 22' with VO = 80 Ry* are shown as a function of y for z o / d  = 0.5.0.625. and 
0.75, respctively. 
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Figure 2. Binding energies Ee(D- .  M)  of singlets (M = 0)  and eiplet p (M = 1) safes of D- 
off ten- in Qws of L - 2n' with Vo = 80 RY. are shown as a function of y for zoJa' = O S ,  
0.625. and 0.75, respectively. T, 

Using the trial functions of (12) and (13). the singlet and triplet states of D- off centre 
in the QWS have been calculated for the same ZO, i.e., 0.5, 0.625, and 0.75a*, respectively. 
In figure 2, the binding energies EB(D-, M) have been shown as a function of y .  It 
is interesting to point out that the variations with y are quite different for the singlet s 
( M  = 0) and triplet p ( M  = 1) states and for different ZO. As seen in the figure, with 
increasing y the binding energy E B @ - .  1) of zo = 0.5a' increases continually while the 
EB@-,  0) increases rapidly until a maximum value and, then, decreases slowly. There is 
an intersection of the two curves at y = yc = 5.5. This means that the triplet states of D- 
off centre in Q w s  can be bound more strongly than the singlet ones due to an applied strong 
magnetic field. 

With increasing ZO, the transformational point ye decreases as shown in the figure. The 
yc is respectively equal to 2.0 and 0.7 for zo = 0.625 and 0.75a". It is worthwhile to note 
that there are maxima for both E,@-,  0) and EB@-. 1) as zo is larger and that there is 
no bound D- state of zo = 0.75n* as y > 9.2. This means that for a fixed ZO, an applied 
magnetic field can not only increase but also decrease the binding energies of D- off centre 
in QWS and that the effect of a magnetic field on D- states with zo # 0 in QWs is in sharp 
contrast to that on D- ones with zo = 0 in Qws.  A very strong magnetic field can dissociate 
a D- off centre in a QW into an electron and Do off centre in the QW. It is also found that 
the singlet-triplet splitting energies A E I 3  of p (M = 1) states increase with increasing y 
and are almost independent of zo in the presence of strong fields. 

What has been mentioned above can be understood on the basis of the following. In 
QWS, a has much less effect on the singleelectron Coulomb and exchange integrals of 
-2/[p2 + ( z  - Z O ) ~ ] ' / *  for more extended orbitals than for more localized ones. Therefore, 
both EB(D-, 0) and EB(D-, 1) are much more sensitive to zo in strong magnetic fields 
than in weak ones and the effect of zo on EB(D-, 0) is larger than that on EB(D-, 1). 
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Furthermore, zo has only a small effect on AET3 in strong fields because the two-electron 
Coulomb and exchange integrals are less affected. 

In summary, we have for the first time reported calculation results of binding energies 
Do and D- o f f  centre in GaAs-Ga,-,AI,As QWs of L = 2a* in a magnetic field. For zo = 0, 
OUT results are in good agreement with those obtained by the Monte Carlo method. The 
results for zo # 0 have clearly demonstrated the off-centre effect. This is larger for the states 
with localized orbitals than for those with extended ones and increases with increasing y 
and ZO. However, the variation of &@-, 0) and EB(D-, 1) is quite different from that of 
EB(Do, 0) and Ee(Do, 1). It is predicted that the EB(D-, 1) can be larger than Eg(D-. 0) 
and a D- o f f  centre in a QW can be dissociated into an electron and a Do off centre in the 
QW due to a strong magnetic field. This prediction could be confirmed experimentally in 
the future. 
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