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Influence of the coupling between center of mass and internal degrees of freedom
on the binding energy of magnetotrions
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We present the effects of the center-of-mass dynamics on the negatively charged exciton bound states in the
presence of longitudinal magnetic and electric fields. We consider an idealized Gad&\As quantum
well in the low-field limit and use the configuration interaction method to build up the two-particle basis set.
Our results show that the dynamics of the charged exciton center of mass has to be taken into account for a
realistic description of the bound states.
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In recent years, there has been an intense discussion abaotighly 1 meV in the absence of external fields. Taking the
the behavior of positively (X) and negatively (X) electronic cyclotron energy as XB(T) meV for GaAs,
charged excitons in the presence of magnetic field usingne can see that even few Teslas may be considered as a high
quantum well(QW) samples. The X photoluminescence field for the “second” electron. In conclusion, the so-called
spectrum was studied by Shieldsal." for fields up to 8 . jow magnetic field is actually a delicate limit that has to be
The high magnetic field limit was investigated by Haynecarefully treated. Our results show that the trion CM has an
etal? in the case of X. Glasberget al® studied the mag-  important contribution to the binding energy which cannot be

netic field influence on the bound states of both charged exsroperly calculated in the first Landau level approximation
citons using the same sample. On the theoretical point of\en in the low-field limit.

view, the magnetic field influence on the charged exciton

X . ; We consider a spin independent Hamiltonian. The trion
bound states has also been investigdt€Riva et al® used P P

the stochasti iational methoand hed q states can be labeled through the total spin of the two elec-
€stochastic variational me nd reached a gooo agree- ong (6=S;+S,) and the trial wave functions can be sepa-

ment with experimental results. Whittaker and Shiktsid- rated in singlet and triplet sates. Tesomponent(growth

ied the high magnetic field limit using a Landau levels basis . " . .
set for the in-planexy) motion. direction of the total angular momentum is also a good

In a previous worK, which we refer as DB from now on quantum number used to label the trion states in our approxi-

we presented variational calculations of the binding energy"@tion. The wave function symmetry required by the two

of charged excitongtrions) in idealized GaAs/A|Ga, As electrons indistingui_shability leads us to v_vork With_a basis_
QW's in the absence of magnetic fields. We showed the imS€t of Slater determinants formed by the single-particle basis
portance of going beyond the fundamental QW states apdave functions(configuration interaction methadIn our
proximation in order to obtain a quantitative description ofcase, the one-particle states are nonorthogonal and we solve
the binding energies. This shows that the dynamics of théhe generalized eigenvalue problem

confined degrees of freedom has to be considered. The aim As said before, in DBRef. 7) we showed the importance

of this report is to complement the previous analysis with theof including more than one QW state for electrons and holes
influence of the trion center-of-ma$&€M) dynamics on the in the trion trial wave function. Here, we limit our basis set
negatively charged exciton bound states when a low mago the fundamental QW state for electrons. This approxima-
netic field is present. Here, low magnetic field means that théion limits the quantitative validity of our analysis but retains
internal degrees of freedom are not strongly affected by théhe main physical aspects for the analysis of the influence of
field. As a consequence, we use the same in-plane coordike trion CM degree of freedom on its bound states when a
nates, namely, each electron relative to the hole and the Civhagnetic field is present. To include fully the dynamics of all
of the whole system, and relative particle basis set employedegrees of freedom requires an extremely large basis which
in DB (Ref. 7) adding the CM contribution which is no more is beyond the scope of this work.

a free particle. To define low magnetic field in a more quan- Obviously, the trion CM is not sensitive to the internal
titative way, we compare the Coulomb interactions energyCoulomb interactions, but as a charged patrticle it is sensitive
with the cyclotron one. The neutral exciton binding energy isto the presence of a magnetic field. As a consequence, it is
of the order of 10 meV. On the other hand, the “second”possible to describe it through Landau levels. The spatial part
electron increases the binding energy of the complex byf the charged exciton trial wave function is given by

T= > CiimnpaNiimnpa Aa(R) Xp(Zn) Xo(Zer) Xo(Ze2) [ #]"(p1) 8] (p2) = (1) B (p2)], (1)

1,J,m,n,p,q
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wherec; ; mn p is a linear variational parameté; ; m o is The relative particle angular momentum conservation

the determinant normanzaﬂomq(ﬁ) is the gh CM Landau  leads to the use of onlglike functions in the exciton

level, y,(2) is the gh electron(e) or hole (h) QW solution ground-state basis set. We define the reference value for the
my P th lati ticl funcii In E4) “ +,,' exciton binding energ¥,(X°) as the energy of a noninter-

¢i (p) is the relative particle wave function. In EQ) acting electron-hole pair in the presence of an external mag-

builds up the singlet states while="" builds up the triplet et field. The energy of the fundamental QW states are
ones. In the absence of magnetic field, only the singlet statg\xen as zero -

with zero total relative particle angular momentum is a eB
bound state. Ep(X9)=E(X%— o™ )

The exciton trial wave function is analogous to the trion | the case of charged excitons, when a longitudinal mag-
one. Itis interesting to notice that in the exciton case the CMhetic field is present, the in-plane conjugate linear momen-
isa T‘e“”a' pe_trticle. Although, even in this_ case, the CM anclum, 11, is conserved. In other words, thé operator com-
relative coordinates are coupl&é) the configuration we are . taies with the Hamiltonian and its eigenvalue is a constant

considering here, namely, parallel external electric and magss motion%n the case of a trion in a QW, this operator is
netic fields, the exciton ground-statiécm = 0) presents a  gjyen by

decoupled wave function for CM and relative coordinates. e
This is the case we are interested in order to compare with li=p— = , (8)
the trion ground state. c )

We consider external electric and magnetic fields inzhe where we used the CM and relative coordinates Rridl the
direction. Using the Coulomb gauge, the relative vector podinear momentum operator of}he trion CM.
tential is given byA,=1BXr. The CM degrees of freedom  Thex andy components ofl do not commutate but the
can be omitted in the exciton description through a unitarytrion Hamiltonian eigenstates are also their eigenstates. As a
transformation that eliminates the CM vector potential fromconsequence, we can choose to write the trion eigenstates in
the Hamiltoniar?. The transformed Hamiltonian for the neu- terms of thell, eigenfunction. Usingj, as the eigenvalue of

R me| . .
Ant| 1= 17| (A, +A,)

tral exciton is written as 11, and writingq=(q,,0,0), thell, eigenstate is given by
Hex=H(ze) +H(z,) +Hg+ T,y + Vo, (2 i|. e me\ - o -
where f=exp = a+ o 1= 17| (At Ap) R
(2= 55— P Vo] 5l [ 216F ® e
(ze,h)_zrne‘thezhz wewhY | 5~ 1Zenl | = |€1FZep, - EB-YCM Xem i 9
o2 el 1 1. and A, depends only oY ¢y [Eq. (_1)]. . -
Hg= Ay | A, P, (4) After applying this transformation, the trion Hamiltonian
2¢?u P ClMe  Mpyy is written as
- 1. .
T = ©) Hoe= 2 {H(ze)+H(eX)}+H(zy)+—P1- Py
Xy 2#' i=1,2 hxy
e? e? 1
V= —F———— (6) + +Hg, (10

e\(ze—20) 2+ p? & \|p1—pal 2+ (21— 2e)?

Here the QW potential height for electrof® and holesh)  whereH(z,;) andH(z,) are thez dependent Hamiltonians
is given byVyewn, Y(2) is the step functionl. is the QW for the two electrons and the hoj&q. (3)], H(ex) is the
width, F is the magnitude of the electric fielg, is the exci-  in-plane exciton Hamiltonian for the relative particles plus
ton in-plane reduced mags,is the relative coordinate linear the respective Coulomb attractipiqgs.(5) and(6)], the term
momentum,&p is its vector potential and is the GaAs static proportional toﬁl- |52 is a consequence of our choice of co-
dielectric constant. The sign+” is used for electrons and “  ordinates and represents the hole mobiffftthe next term is

— " for holes in the electric field component of HY},). the Coulomb repulsion and
|
Ham = | B+ S(a c2+262(1 Me) &) Ayt At 2o 1= ) (& 1A, Br [ Lo e
B oM E(R ) oM V(R ) (Ap1 pz)m V(pl 02)" clm ™ Ma
2 2 2
S . L oeme .. o€t [mg omp,, o
X (Ap1-P1t Ay P2)— M(Apl'p2+Ap2'P1)+2C2M2<mhxy+ m, +2me+2mhxy)(Ap1+Apz)
N L TP I Tl DU P SRy (11)
c2M 2\ Mhyy ¢ e PN, M T2
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is the magnetic field dependent part of the trion Hamiltoniarbinding-energy increase becomes less pronounced for fields

where C=(B/2)(Ycum,Xem,0) and g, was taken as zero higher than 2.5 T. It is important to stress that these results
(ground state Note that the first term in the right side of Eq. Were obtained in the fundamental QW states approximation
(11) allows us to express the CM trion states in terms Offor electrons. This lack of ﬂeX|b|||ty in the basis set is more
Landau levels. severe an approximation for higher magnetic field values.
In the fundamental CM Landau level approximation, theFor instance, the maximum in tf80 binding energy is not
CM and internal degrees of freedom are uncoupled. The coueproduced by more flexible approacheshich obtain
pling between two different CM Landau levels occurs whenhigher energiessee Fig. 1 One can then understand this
the basis states simultaneously satisfy the following condimaximum as a breakdown in our fundamental QW sates ap-
tions: (i) the Landau levels have distinct paritigdi) the  Proximation for electrons as could be expected from our pre-
respective total relative particle angular momehntatn in ~ VIOUS re_sults7. _ . .
Eq. (1)] differs by = 1. Despite of this, the comparison of our results with other
The negative trion binding enerdyg, (X )] is defined as theoretlc_al models s_,hows a good agreement for the triplet
the difference between the binding energy of an exdieq ~ State while for the _smg_let one they _dlverge from the results
(7)] and the energy of the charged complex taken the noninof Riva et al® at high-fields presenting a better agreement

teracting two electrons and one-hole system in the fundaWith Whittaker and Shields(see Fig. 1 The discrepancy
mental QW states as zero : among the different theoretical results may also indicate the

intrinsic difficulties of calculations that involve difference
- L between two variational results and the consequent care one
o _, € 0 should take before concluding about the quality of the
Ep(X7)=E(X 5e (me+mhxy> En(X). (12 4el.

In the absence of magnetic field, we obtain the conver- Figure 2 shows th&0 (a) andT-1 (b) binding energies as
gence for the trion binding energy in the fundamental QW@ function of eleetnc field for a constant magnetic flé]_dT)
solutions approximation whes, p- and d-like one-particle ~ and three QW widths : 100 Aull line), 200 A (dashed ling
states are included in the basis &l results shown here and 300 A(dotted ling. As one can see, the binding energy
include these states and two QW solutions for heavy holes igf the T-1 state increases with the electric field for a 100 A
the trial wave function. QW. This occurs because the electric field tends to diminish

In Fig. 1, we show the binding energy of the negativethe effective structural confinement weakening the triplet
trion as a function of longitudinal magnetic field for a 100 A trinsic repulsionwhile this behavior is not observed in the
QW. Our resultslines) are compared with calculations per- Singlet case. When a 300 A QW is considered, the structural
formed by Rivaet al® (solid symbol$ and Whittaker and confinement is not so important. The electric field strengths
Shield$ (open symbolsfor singlet(squaresand triplettri- the Coulomb repulsion and weakens the attraction giving rise
angles bound states. Only the singlet state with total relativet0 @ binding-energy decrease in both symmetries. The 200 A
particle angular momentum equal to zeB9§ and the triplet QW presents an intermediate behavior in the triplet case. The
state with total relative particle angular momentum equal tdfipletintrinsic repulsionis a consequence of its spatial sym-
—1 (T—1) are bound states in our calculations and for the
parameters we considered héresults for trial wave func-

—2h . . , ,

tions with one and two CM Landau levels are presented. One > - ]
can see the importance of including more than one Landau g 2.0 ] .
level in the trion basis. In the case of tl88 state(dashed ‘; ; = ]
and full lines, the inclusion of the second CM Landau level 1.6 " O o]
(full line) significatively increases the trion binding energy o ] 2' "
for magnetic fields higher than 2 T. At the same time, The ©
state(dotted ling becomes a bound state only when the sec- 2 0.8
ond CM Landau level is considered. The inclusion of the T r - ]
third Landau level gives rise to a binding-energy increase of -_g 0.4L A 2]
less than 2%(not shown. We can then infer that two CM ‘e L A
Landau levels are sufficient to obtain a good accuracy inthe "~ 0.0 Lt PR A - L '
low magnetic field limit. 0 ! 2 3 4 5 6

The main magnetic field effect on the internal degrees of Magnetic field (T)

freedom is the shrinkage of the.relatlve_ particle orbitals, FIG. 1. X~ binding energy as a function of longitudinal mag-
V_Vh'Ch strengthens the COUIme Inte_ractlons. At very IF’Wnetic field for the singlet $0) and triplet T-1) bound sates. Re-
fields, the Coulomb attraction dominates and the triong s forso with one(dashed lingand two(full line) CM Landau
binding-energy increases for singlet and triplet states. On th@yels and forT-1 with two CM Landau levelgdotted ling are
other hand, after 1.5 Tdashed lingor 3 T (full line) the  shown. In all cases, two QW states for holes were included in the
repulsion becomes relevant for 88 state and its binding- pasis set. For comparison, data from Riegal. (Ref. 5 (solid
energy starts to decrease. The same effect can be notice dgmbolg and Whittaker and Shield&Ref. 6 (open symbolsare
T-1. In this case and for the magnetic field range considerediso presented for the singl@quaresand triplet(triangle$ bound
here, these contributions tend to cancel each other and thsates. The QW width is 100 A.
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FIG. 2. Binding energy of th&0 (a) and T-1 (b) states as a FIG. 3. Binding energy of the&0 (a) and T-1 (b) states as a
function of electric field for a constant magnetic fieftl T) and function of the magnetic field for a 200 A QW. The full lines cor-
three QW widths: 100 Afull line), 200 A (dashed ling and 300 A respond tc_) our results. For.comparlson, data from Glasbedd.
(dotted ling. Two Landau levels and two QW states for holes were (Ref- 3 (circles and from Rivaet al. (Ref. 13 (squarepare also
included in the basis set. shown.

metry [Eq. (1)] which prevents the relative particles coordi- that such a gain may give rise to a better qualitative agree-

gabtes grom allssumibng;he same \_/alufe. Af].a conse{\/(\]lye_nceﬁ Fient when a magnetic field is considered. Another source of
(b) shows lower binding energies for thinner QW's in t ediscrepancy is the ideal QW interfaces consideration. We

absence of electric field. In Fig.(@ we observe that the o 044 that the interface defects are responsible for a con-
trion is unbound for some values of the electric field. This_. . : : . ;
siderable increase in the trion binding energy. This effect

result, however, has to be understood as a limitation of our . o
basis set, Eq(1), which is not able to fully include the X should take_plgce even in _the presence of_a magnetic field. A
continuum. more quan_tltatlvg comparison with experimental results re-
Figure 3 shows th&0 (a) andT-1 (b) binding energies as duires the inclusion of all these effects. _
a function of magnetic field for a 200 A QW comparing our In gonplu5|on, we variationally caIcuIated' the negative
results (full line) with the experiments of Glasbergt al>  trion binding energy in GaAs/AkGa 7As QW's in the pres-
(circles and calculations of Rivat al’® (squares As one  €nce of longitudinal electric and magnetic fields. In agree-
can see, our theoretical values for the trion binding energynent with experiments, our results showed only one singlet
are always lower than the other ones. Moreover, a qualitativ€S0) and one triplet T-1) bound states. The importance of
disagreement can be seen in both singétand triplet(b)  including more than one CM Landau level in the basis set
cases. This discrepancy has several origins. As mentioneslas shown, what means that the coupling between internal
above, one of them is the lack of flexibility of our basis setand CM degrees of freedom is relevant even in the low mag-
which does not include excited QW states for electfolrs.  netic field limit.
DB (Ref. 7 we showed that the inclusion of the second QW
state for electrons in the trion basis set is responsible for a This work was supported by FAPE$Brazil) and CNPq
gain in the binding energy of the order of 40%. We believe(Brazil).
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