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Properties of strongly localized one-electrdd®) and two-electron ~) donor centers in semiconducting
compounds are studied with the help of the theoretical approach, which takes into account the influence of the
conduction-band states and interactions with LA and LO phonons. The eigenvalue problem has been solved for
the ground states of both the centers by the variational method in the wave-vector space. The description is
given of the properties of thB® andD~ donor centers in GaAs under hydrostatic pressure. The calculated
energy levels and pressure coefficients agree with the experimental results. Upper and lower bounds have been
obtained for probabilities of radiative transitions from the extended electron states to the strongly Id2alized
donor states. A large reduction received for these transition probabilities has been interpreted in terms of
metastability of the donor centers. It is shown that the metastable behavior of donor centers results from a large
difference in a lattice deformation around the center, which occurs between the states of different electron
localization. It is found that th® ~ center at the substitutional position in GaAs exhibits the properties that are
characteristic for th&® X center. The phonon representation of lattice vibrations has been applied to calculate
the displacements from equilibrium positions of the ions surrounding the donor centers of different charge and
localization. The results show that—even for the strongly localized donor state—the surrounding-lattice de-
formation encompasses a large number of ions. The number of ions that essentially contribute to the lattice
relaxation energy is estimated to be several thousand. The present work takes into account the long-range
component of the lattice deformation induced by the presence of the impurity in a crystal.
[S0163-182698)05119-4

I. INTRODUCTION sential and the weakly localized centers are described by the
bound-polaron modéf-'2New physics is connected with the
Experimentai~® and theoretica*° studies of donor cen- unusual properties of strongly localized donor centers. For
ters in compound semiconductors have led to an identificathe neutral donor centers, the anomalous anticrossing be-
tion of four types of donor states created on the same impuween energy level§GaAs (Ref. 1), InSb (Ref. 13] and
rity atom at the substitutional site. These are the ne(tra¢-  metastability[ CdF, (Ref. 2] have been found. The nega-
electron donor centers of strongD) and weak @°) tively charged donor centers are responsible for the unusual
electron localization and the negatively chargémvo- DX-like properties observed in GaAs, Al,Ga,_As*
electron donor centers of strongX~) and weak () elec- CdTe™ and CgMn,_Te!® The metastable occupation of
tron localization. For the strongly localized donor state§ ( the donor centers by the electrons has recently found new
and D7), the electron envelope wave function is confinedapplications in a holographic recording, which was per-
within the unit cell, in which the impurity center is located, formed with Cdk; (Ref. 17 crystals and AlGa, .,As (Ref. 18
i.e., its Fourier transform is spread over the entire Brillouinalloys.
zone. For the weakly localized statet’ (andd ™), the enve- The metastable behavior was observeddof centers in
lope function is spread over many unit cells around the im-GaAs (Refs. 4 and bunder high hydrostatic pressure. The
purity atom, i.e., its Fourier transform is localized in the coexistence of thédX center with nonmetastable strongly
Brillouin zone near thek point, which corresponds to a localized donor cente®° has been found for Ge donors in
conduction-band minimum. The strongly localized donorGaAs (Ref. 19 and Si donors in AlGa,.,As?° The most
states are created by the short-range component of thieportant characteristics of tH2X centers are the large lat-
impurity-center potential, which mainly results from the dif- tice relaxation and negative charge staté* Among many
ference in the atomic cores of the impurity and host crystamodels proposed in order to explain the behavior oflhe
atoms. The weakly localized donor states result from an acsenter, the following two models are of the subject of our
tion of the long-range (Couloml) component of the interest. The first model proposed by Chadi and Chéhig
impurity-center potential, which arises due to the differentbased on the bond-breaking mechanism, according to which
nucleus charges of the impurity and host crystal atoms. Théhe chemical bonding between the donor and host-lattice at-
donor states of weak electron localization can be describedms is broken and the donor moves into the interstitial posi-
by the effective-mass approximation. In IlI-V compounds,tion leaving the vacancy. The stability of such a vacancy-
they can be treated as solid-state analogs of hydrogen atorirgerstitial configuration is achieved by the binding of two
and ions with the properties slightly modified by the electrons on the donor center. The second model proposed
electron-phonon coupling. In 11-VI and other more ionic by Chad?? assumes the substitutional position of the donor
compounds, the modification of the properties of the donocenter, which binds two electrons. The large lattice relax-
centers by the electron-LO phonon interaction becomes estion of breathing-mode type, which surrounds the center, is
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responsible for their metastable behavior. In both the models,
the formation of negatively charged two-electron centers is Ho=2> Efbj by, +> fwg,ah,aq,, 2
involved in either interstitidl?* or substitutional positioR? ko a

However, none of the existing models of theX center  whereb]  (b,,) is the creatiorfannihilatior operator of the
describes—within the same formalism—the donor states ofonduction-band Bloch state of the electron with the energy
weak electron localization, i.ed?® andd ™~ centers, for which E¢, wave vectork, and spino (we denote by] and | the
the effective-mass approximation has to be applied. Usuallystates with spin-up and spin-down, respectiyaakiy (ag,) is
the weakly and strongly localized donor states are treated by, creationannihilation operator of the phonon state with
the different = approaches. ~After ‘the experimentalihe energy:w,, , wave vector, and branch index, where
observatiod™° of the coexistingd®, D°, and D~ donor | A and LO for longitudinal acoustic and longitudinal op-
centers in GaAs, the problem of unified theoreticaltical phonons, respectively. The second through the fifth

descriptiofi®~*° of the donor centers of different charge andterms in Eq.(1) are the Hamiltonians describing the interac-
localization appeared to be important. tions between the electrons

For the one-electrond? and D° donor centers, we

elaboratetf?*?®the theoretical method of a description of
. i S . _ + i

the states with arbitrary electron localization. This approach Herem 2 U Py 40Py - gor Pk 0Bk » 3
allowed us to explain the metastability of donor states in kk'goo’
CdF, (Ref. 23 and anomalous anticrossing between the doelectrons and phonons,
nor energy levels in GaA%:?® We have shown that these
properties result from the electron-phonon coupling,
whereby in Cdg the polar Frblich coupling with LO
phonons dominates and in GaAs the deformation-potential
coupling with LA phonons is of crucial importance. The electrons and the donor center,
phonon states corresponding to the weakly and strongly lo-
calized one-electron donor centers are different, which leads Hepg= 2 ka/bl by (5)
to the reduction of the probability of radiative transitions Kk’ o o
between them. If the coupling with phonons is strong
enough, as in Cdf the transition probability is very small,
which causes the electron states of higher energy to be oc-
cupied for a long time; i.e., the extended electron states are Hd-phzz (Wg,ag,TH.c). (6)
metastable with respect to tii¥° state of the lower energy. av

This result is in agreement with the observed metastable bq—he electron-electron interactidiq. (3)] is assumed to be

: H 2 27
havior of the In donor in Cdi* We suggested ‘that the  he Coulomb interaction screened by the high-frequency di-
mechanism of the metastability of tlEX centers in GaAs is  gjactric constant.. . i.e

similar to that responsible for the metastable behavior of the R
D° donor centerd® The essence of this mechanism relies on U,=U%e.., (7)
the different lattice deformations between the donor states of 4
different localization. The present paper provides the fullwhere
proof of this hypothesis. o 212
This paper mainly addresses the problem of the donor Ug=4me/Qq ®

centers in GaAs. Moreover, the proposed method is also aRs the notential energy of the bare Coulomb interaction in the
plicable to other materials. The paper is organized as foly, o\ a_vector space ard is the crystal volume. In Eq5)

lows. In Sec. I, we present the theory Bf donor centers, ka':VE—k’+VSk’ is the matrix element of the potential en-

which is a generalization of our approd&Hor D° donor he el in the d eld. which .
centers. The results for the energy levels, pressure coeff Y of the electron in the donor-center field, which consists
cients, and transition probabilities are presented in Sec. IIIC.)f the long-rangeCoulomb) component
In Sec. IV, we describe our proposition for a description of a Ve ——U° /e 9)
lattice deformation around the donor center in the frame of k=k’ k—kr? =

the phonon representation of lattice vibrations and present,q short-rangg*central-cell”) component:vs In Egs.

the results of calculations. Section VI includes the discussions) ,n4(e) . andw., are the eIectron-phor%(gH and donor-
of the results and Sec. VIl is conclusions. . a

phonon interaction amplitudes, respectively. We assume the
deformation-potential interaction for LA phonons and polar
Il. THEORY OF D~ DONOR CENTERS Frohlich interaction for LO phonon&.

The separation of the donor-phonon interaction is the first

We start with the Hamiltonian of the two-electron donor sie, of calculations. This is done with the help of the Platz-
center, which interacts with LA and LO phonons, man transformatic

Hepph= qu,:u (F gu@qu0} 1 gobko+H-C), (4)

and phonons and the donor center,

H=Ho+He.ert Heppnt Her-a+ Ha-ph- 1

0 el-el el-ph el-d d-ph ( ) UPZGXI{E (—V\fg,,/ﬁwq,,)ag,,—H.C. , (10)
In Eq. (1), the first term is the Hamiltonian of noninteracting v
electrons and phonons and has the f6rm which transforms Hamiltoniafil) into
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H_HO+HeI—eI+HeI—ph+ Hel—d+2d- (11) |\I’O>=; ‘PEbET|O>eI|XO>1 (15)

The Platzman transformation generates the constant self-

energy term and—for the two-electron singlet states—we propose the fol-
lowing trial state:

Sg=— 2 Wo Yo, (12) o
av |\I,_>:2 ‘PkT‘Pk/lblTbl'l|o>el|X_>- (16)
kk

which can be interpreted as the energy of the static lattice

deformation around the ionized, i.e., positively charged, doI" Eds: (15 and (16), |0) denotes the electron vacuum

nor center. This constant term in Hamiltoniéil) shifts all state, Which corresponds to an empty conduction band and
the electronic energy levels by the same value, which is largl!Ily occupied valence band. E16) corresponds to the
in comparison with the donor binding energy, e.g., for GaAs Hartree-Fock approximation, according to which the

the contribution of LA phonons t& 4 is estimated to be 600 electron-electron correlatio_n Is neglecteq. .
meV, and that of LO phonons-80 meV, while the donor The phonon states, which are associated with the donor

Rydberg is=5 meV. Throughout this paper, we discuss theCarge state, are taken on in the form
relative energy separations; therefore, we negect which

is independent of the electron state. However, this term plays |X“>=exp( > ggyaa,,— H.c.) 10)ph» (17)
an important role in a treatment of the total energy of the qv
system.

where we label the neutral and negatively charged donor by
a=0,—, respectively, an¢D>ph is the phonon vacuum state.

n Egs. (15 and(16), the sums run over the first Brillouin
zone. In order to perform the calculations, we replace these
_ summations by the integrations over the Debye spffer.
Vg =Vi_io Vi - (13 The functionse, are the electron wave functions in the
wave vector space. They are proposed in the féfh

Transformation(10) also changes the electron-donor in-
teraction. The new electron-donor potential can be split int
two component$®

The short-range compone_vfk, contains the previously in-

troduced “central-cell” potential and short-range potential N
resulting from the coupling with LA phonorf§ We approxi- o=
mate V%, by a constant in the wave-vector sp&teThe

long-range component takes on the form of the Coulomlwhere N, are the normalization constants aikg are the

(18

potential screened by the static dielectric constant, i.e.,  variational parameters. If we performed the integration over
the infinite wave vector space, we would become the Fourier
Wq: — Ug/go_ (14) transform of Eq(18), which is proportional to the exponen-

tial function: expA,r). Therefore, the variational param-

The result of the Platzman transformatifof. Egs.(1) and  eter\, can be interpreted as a measure of a localization of
(12)] possesses the following physical interpretation. Beforghe electron at the donor center in the state
this transformation, the long-range componev () of the The phonon amplitudegg, are obtained from the mini-
donor potential in Eq(5) is the Coulomb potential screened Mization of the expectation value of Hamiltoniéht) in the
by the high-frequency dielectric constant, [Eq. (9)] i.e., ~ corresponding state, i.e.,
by the valence electrons. The additional screening of this
interaction appears as the result of the polar coupling with oE“
LO phonons and is manifested as the change of the dielectric 59°*
constant, i.e.g,—e&g. However, this additional screening a
does not occur in the electron-electron interaction, sincevhich for theD® center yields
transformation(10) is independent of the electronic coordi-
nates. The phonon-mediated screening of the electron- 95,= — (Fi/hwg,)po, (20)
electron interaction will result from further calculations. This
remark is important because in some papers on theD ~
center the screening of the electron-electron interaction by - * _
the static dielectric constant was introduced already in the 940~ ~ (Fau/hwq,) (pg; + pq)), (D)
starting Hamiltonian, in which the electron-phonon couplingyhere the one-electron probability densities are given by
was additionally taken into account. Such a treatment twice
takes into account the corresponding correction to the inter-
action. This problem was correctly treated in Refs. 12 and Péfa:; Py Ph+qo - (22)
32.

We solve the eigenvalue problem for the ground state ofor the ground state of the ~ center, we obtain the follow-
the system described by Hamiltonighl) by the variational ing variational estimate of the electronic energy:
method. For the one-electron donor states, we apply the trial
state vectord E-=2T+2V0+V,+W, (23

=0, (19

and for theD ™~ center —
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where the expectation values of the conduction-band energy 200 T T -
T and electron-donor center potential enekdyare calcu- -
lated in the same manner as for tB8 center’® The third B r /0
term in Eq.(23) corresponds to the electron-electron interac- 150 — e;" |
tion and has the form 4 e
; - D~ l/',' - -
Vo= UqpqiPaq, - (24) > B v ]
12 7 dratfal g 100 ,,(‘/'//D0+er
and the last term is given by = B £ |
W:W?—I—W?—FWH 50 /_/ P l// -
AL 7
=—q2 (|qu|2/ﬁwqu)[(PoT1)2+(P;L)z"'ZPJTP&]- 0 '."'I' T ]
0 5 10 15 20 25
29 p [kbar]
In Eg.(25), we can separate out the corrections to the energy
of the electron in theD® states M and W(f) and the FIG. 1. Calculated ground-state energy per one electron for the

D~ (solid curvé andd® (dotted curve Ge-donor centers in GaAs

as functions of hydrostatic pressure. Dash-dotted curve shows the
energy of thee' electron in thel" conduction-band minimum and
dashed curve shows the sum of the ground-state energy oen-

Ser ande' electron.

phonon-mediated contribution to the electron-electron inter
action (W,,). The contribution of LO phonons 1/,, yields
the correction to the interelectron interaction in the form of
the Coulomb potential, which is screened by the effectiv
dielectric constant*, where 1¢* =1/e,,— 1/e. This results

from the following calculation: izedd™ state(not shown in Fig. 1lis located at about 5% of

11 the donor Rydberg below tha® level and also follows the
- _ _) uo. (26)  pressure evolution of thE minimum. The energy levels of
€x &) the strongly localized donor cente®{ andD ~) are almost
pressure independent, since the applied hydrostatic pressure
possesses a very weak influence on the states with the elec-
tron localization within the elementary cell. This property is
correctly reproduced by the results of the present calculation.
In Fig. 1, the solid curve shows the ground-state energy
. (E7) of theD ™~ state and the dashed curve shows the energy
E™=2E%+Vy,— 2> (|Fqal?hwqa)pgpg. (27)  (E°+E") of the ionized two-electron state, i.e., the system

4 composed of one electron in the strongly localiZz state

where the effective screened electron-electron interactiogNd the second in th& conduction-band minimum. One

2

|Fq|_0|2 _ 4re
hiwgo S*qu

Substituting the expressiori25) and (26) into Eq. (23) and
introducing the ground-state energy Bf center:E®=T°
+V°+W‘T), which is calculated according to Ref. 26, we ob-
tain

takes the form should note that Fig. 1 shows the energy of two-electron
states calculated per one electron, i.e., half of the total en-

— 1 0 - — ergy.
Vo=Vt lezs_oé UgPqiPq, - (28 The results shown in Fig. 1 have been obtained with the

use of one-element trial statfgqgs. (15 and (16)], which
Let us notice that the electron-electron interaction is screeneprovide the variational estimates only for the ground states of
by the static dielectric constant, and this screening ap- the considered donor centers. Therefore, the correct upper
peared just at this stage of calculus. The last term in(EQ.  bounds are shown by the parts of the curves that correspond
describes the short-range attractive electron-electron potetts the lowest energy. For thB° state, the corresponding
tial, which results from the exchange of virtual LA phonons.range of pressure ig= 9 kbar, while for theD ~ center, the
range isp= 19 kbar. This last interval of pressure results
lll. ENERGY LEVELS AND OPTICAL TRANSITIONS from the condition

- r
The approach presented in Sec. Il has been applied to the E-<E%+E". (29

calculation of energy levels of the donor centers in GaAs agq the |ower values of pressure, the corresponding curves in
functions of the hydrostatlc pressufeig. 1). The analytl.c Fig. 1 can be treated as the extrapolations. The results of Fig.
form of the conduction band and the electron-phonon inter4 show that the negatively charged™ center is the ground

action amplitudes are tak_en on according to Ref. 26. Thestate of the system fgy= 19 kbar, which is consistent with
energy level associated with the ground state of the weakl e experimental dati.We also see that fqu= 15 kbar the
localizedd® center lies slightly below thE conduction-band following reaction is éxothermic

| :

minimum and follows its pressure change. At the ambien
pressure, the separation between fheminimum andd® 2d°-d*+D", (30)
ground-state energy level is about one donor Rydberg, i.e.,

=5 meV. The ground-state energy level of the weakly local-which means the negatiug-behavior of the donor centefs.
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At the ambient pressure, both the strongly localized states
D% andD ™~ are resonant with the conduction baffeg. 1).
The corresponding energy levels are located at 75 and 115
meV above the conduction-band minimum. We note that
Fig. 1 displays half of the energy for th®f+e') system,
for whichE'=0 atp=0. These calculated values agree with
the experimental datéi.e., 66 and 105 me)Mfor the Ge
donor impurity in GaA$:® The calculated pressure coeffi-
cients (with respect to the conduction-band minimuire
nearly equal to each other for both the centers. The value
(=9 meV/kbaj obtained in the present paper also agrees
with the experimental results, which are estimated to be
—8.6 meV/kbar for theD® centet® and —10 meV/kbar for
D~ center According to Fig. 1, thé>~ energy level enters
the gap forp=13 kbar, which is consistent with the experi-
ment for Ge donot® The present results have been obtained

10-20
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100
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in the frame of the one-band approximation, which takes into

account the nonparabolicity and finite width of the conduc- FIG. 2. Phonon factoP,, of the probability of radiative transi-

tion band®® We neglect the effect of the subsidiary minima tions from the initial staté2p state ofd® centey into the final states

at X and L points of the Brillouin zone of GaAs. This is (ground states ob® andD ™~ center} in GaAs as functions of the

justified by the fact that, in the interval of pressype25  energy differenceAE between the initial and final states. Solid

kbar, the properties of the considered shallow-level donofdotted curve shows the uppgiower) bound on theP, for theD ™

centers are insensitive to tieeandL conduction-band states final state, dasheddash-dottel curve shows the corresponding

because these minima lie high above fheninimum (ET  bounds for theD final state.

=E* only for p=40 kbay. The pressure dependence of the

parameters of the present model has been discussed in Rgfealizations that only slightly differ from those of the

26. . . . weakly localized donor states. This means that the extended
In our previous pgpesz we discussed the reduction of the g|ectron states of either the conduction band or weakly local-

probability of radiative transitions for thB° states, which ;e donors are metastable with respect to the strongly local-

results from the large difference in the lattice deformation;;eqp - state of the lower energy. Therefore, the electrons

between the donor states of different localization. In this paggp, occupy the extended states for a long time before they

per, we consider th® " states, for which this difference of gre trapped by the donor centers. This provides an explana-

the lattice deformation is considerably increased, which region of the persistent photoconductivity observed in GaAs

sults from the fact that the phonon amplituden. (2] for — ynder high hydrostatic pressutéSimilarly, after occupying

the two-electron state is about two times larger than that fofhe D= centers by the electrons and reducing the pressure,

the one-electrom? state[Eq. (20)]. Therefore, the probabil- which results in a shift of the~ energy level above the

ity of the dipole-allowed transitions from the weakly local- -onduction-band minimum, the electrons will occupy Bve

ized 2 state of thed® center to the strongly localized ground state for a long time too. In this case, tBe states are

state of theeD’ center is further reduced. Using the method neastable with respect to the extended electron states.
proposed® we have estimated the phonon facky;, of the

transition probability. Figure 2 shows the upper and lower
bounds onP, for GaAs as functions of the energy separa-
tion AE between the initial staté2p state of the weakly
localized d° centej and one of the ground states of the
strongly localizedD® andD ™ centers. The upper bound al-  The characteristic properties B° andD ~ donor centers
lows us to draw conclusions about the appearance of thmainly result from the different lattice deformation associ-
metastability, while the lower bound allows us to draw con-ated with these centers. In Secs. Il and lll, these deforma-
clusions about the disappearance of this effect. Considerinions were described with the help of phonon states,

the radiative transitions to the ground state of the center, which are dependent on the charge state of the impurity.
we see that for the small energy separathdh the transition Having at disposal the phonon statdsg. (17)], we can
probability is reduced by the phonon factor 1@ The tran-  transform the lattice vibrations from the phonon representa-
sition probability increases with increasidge and reaches tion into the configuration-space representation, which will
the value 10%° for AE=120 meV. A comparison of the allow us to obtain displacements of ions from equilibrium
results of Figs. 1 and 2 leads to the conclusion that in GaAgpositions. We consider the zinc-blende crystal withel-

the metastability related with tH2 ™ center can occur at the ementary cells and lattice vectdr;,. Each elementary cell
hydrostatic pressure larger than about 15 kbar. The results abnsists of the two ions located at;=0 and =

Fig. 2 have been obtained under the assumption that the en=(a/4)(1,1,1), wherea is the lattice constant. We assume
ergy of theD ™ state is smaller than that of the weakly local- that the impurity atom substitutes the ion at the origin of the
ized states. Very similar results can be obtained if the exeoordinate system. The operator of the displacement of the
tended conduction-band states are the initial states for thieost-crystal ion from the equilibrium positidR,s=R,+ 75
considered transitions, since these states have energies aadjiven by

IV. LATTICE DEFORMATION
AROUND DONOR CENTERS
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A 12 0.00 T I T
_ ; o TaSs LT
Uns—% (m) [€5,8q,€XR(iq-Rpg) +H.C, f "-~‘l‘/'¢'l
(31) ‘
whereMg are the masses of the ions a@ are the polar- .,"
ization vectors, which are taken on in the long-wavelength | it
forms, i.e., = /
; -0.01 — | —
M 1/2 q i
S s _ in. |
eqLA_I(M1+ Mz) |Q|exmq ™) (32 'i
and
M1M2 1/2 q
S —(—-1)8——*= | L iqg- I I
eqLO ( l) {(Ml_i_ MZ)MS |q| equq TS)' (33) '0020 L 1 L 2 L 3
R [a]

In this section, we apply the interaction picture, which is
commonly used in the phonon representation of lattice vibra- |G 3. Longitudinal displacements of iohs=L, from equi-
tions. This means that the phonon operators explicitly defiprium positions around thd* center vs the ion-donor center dis-

pend on the time, i.e., tance for Ge impurity in GaAs. Squares correspond to anions,
. circles to cations. Solid lines are guides for the eye. The lattice
dag,/dt=—iwg,aq, . (34 constanta is the unit of length.

e s e o s e par of et cefornatn. Thisapprovimaton s
ions, which consists of the sum of the following expectationwe” justified fqr the polar couplmg with LO phonons, which
T changes the sign when changing the negative electron charge
values: to the positive charge of the donor center. The calculated ion
M, d 2 1 displacements .around tht™ center in GaAs are giveq in
7<X“ (auns) X“> ZWE ﬁwq,,|e§V|2. (35)  Fig. 3. The shifts are the largest for the nearest-neighbor
av ions; however, they do not exceed 1.5% of the lattice con-
According to Eq.(35), the kinetic energy of the ions is inde- Stant. For the weakly localized® andd™ states, the lattice
pendent of the donor state, which means that & =0 this ~ deformations are similar to those shown in Fig. 3 because of
energy contributes to the zero-point vibrations only. Therethe delocalized character of the electronic charge in these
fore, the different energetic contributions for the differentStates, which is neutralized at large distanGasGaAs, the
donor charge states originate from the static lattice defor- donor Bohr radius is about 100)ADue to the approximation
mation, i.e., the displacements of the ions from their initialused for the donor-phonon interaction amplitude, the results
equilibrium positions. We can calculate these displacement8f Fig. 3 possess mainly a qualitative character and are used
as the expectation values of operat(84) in phonon states as a'refere_nce for the shifts of ions obtained in further cal-
(17). Since we have taken into account the dominant interculations(Figs. 4 and %

actions with the longitudinal phonons, the calculated lattice The static lattice deformation around tte center(Fig.
deformation results from these interactions only. Therefore3) can be decomposed into the long- and short-range com-
the longitudinal displacements of the ions, i.e., ponents. The long-range component is mainly induced by the
long-range coupling with LO phonons, i.e., it corresponds to
Las=(x“Uns' Rag XY |Rndl (36)  the dipole polarization field of the surrounding lattice, and is
. I . responsible for the additional screening of the Coulomb po-
correspond to the main contribution to the deformation. tential of the donor center, which leads to the change of the
We attach the !onlzed-dono.r centdr to the presgnt high-frequency dielectric constast, to the static dielectric
treatment. The lattice deformation around the center is constants, [cf. the remark below Eq14)]. The results of
described by the Platzman transformatjéu. (10)]. There- Fig. 3 show the origin of this screening. The second compo-
fore, the phonon-state vector for tdé center has the form nent of the range of about one lattice consig. 3) results

X" =Up| 0o (37) from the short-range coupling with LA phonons and yields
P the short-range correction to the donor potential, which has
and determines the host-crystal ion positions with respect t. included into the terie [E
. . ; + [Eq. (13)].
the ideal-crystal Iattlcépho_non vacuum ftaleAccordlng to Now, we consider the reklkative displacements of the ions
Eq. (10), the phonon amplitudes for thie” center are given around theD® and D~ centers with respect to those for the
by d* center(or the centersl® andd~ of weak electron local-
9 =—W* Jfiw (38) ization). These relative displacements are determined by the
av Gy electron-phonon interaction amplitudes, which are known

i.e., they depend on the amplitudés,, of the interaction of  better than the donor-phonon interaction amplitudes. There-
the donor center with phonons. We assume the followindore, these results should be correct as well quantitatively.
long-wavelength approximation for these amplitudeg;, Using the phonon amplitudes given by Eg0) for the D°

=—Fg,, which allows us to describe correctly the long- center and by E¢21) for theD ™, we have calculated the ion
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0.02 T I T T T branches are additive, we can treat them separately. In the
following—for an illustration only—we will discuss the
breathing-mode relaxation, which is determined by the LA
phonons. Figure 5 shows the product of the LA component
of the ion displacements by the square of the distance of the
ion from the donor center, which allows us to determine the
rate of decay of the amplitudes of these displacements. The
nonvanishing oscillations obtained for both the centéig.
5) mean that the corresponding shifts of ions are inversely
proportional to the square of the ion-donor center distance.
We have foundf’ that the envelope of the relative ion dis-
placements can be parametrized by a function 0.8084in
the lattice-constant unitswhich proves the long-range char-
acter of the lattice deformation around the donor center. We
mention that due to the long-wavelength approximations ap-
R [a] plied to the electron-phonon interaction amplitudes and po-
larization vectors, the calculated ion displacements are cor-
FIG. 4. Relative longitudinal displacements of ioas =L¢;  rect at large distances from the donor center. The results of

0.01

AL [a]

0.00

—L} around theD® (@=0, full symbol andD~ (ae=—, open  Figs. 4 and 5 for the nearest-neighbor ions should be re-
symbol$ centers determined with respect to those fordfiecenter ~ garded as qualitative.

vs the ion-donor center distand® for Ge impurity in GaAs. The present results permit us to determine the range of the
Squares correspond to anions, circles to cations. Solid lines afattice deformation, which yields the major contribution to
guides for the eye. The lattice constanis the unit of length. the lattice-relaxation energy. For this purpose, we estimate

. the elastic energy of the deformed lattice inside the sphere
displacements around both the centers. The results are digith the center at the impurity atom and the radRisAs-
played in Fig. 4, which shows that the lattice deformationsuming the elastic energy to be proportional to the square of
around the neutraD® center is smaller than that for the the ion displacement and using tRe > dependence for these
negatively charged ~ center. The results in Figs. 3 and 4 displacements, we receive tRe * dependence of the relax-
indicate that the crystal lattice exhibits an inward relaxationation energy of the ions on the ion-donor center distance.
for thed™ center and an outward relative relaxation for theThe number of ions at the distanBdrom the donor center is
DO andD " centers. Figure 4 shows that the dependences gfroportional toR?. Thus, after summing up the contributions
the ion displacements on the distance from the donor centgfom all the ions, we obtain the total lattice-relaxation energy
possess the forms of vanishing oscillations. A distinct deviavarying like R™*. This result once again proves that the lat-
tion from a breathing-mode character of the lattice deformatice deformation around the strongly localized donor centers
tion results from an influence of LO phonons. possesses the long-range character. Therefore, the large con-

The range of the local lattice deformation is an importanttribution to the lattice-relaxation energy originates from the
quantity, which allows us to determine the main contributionjons, which are quite remote from the donor center. The cor-
of the displaced ions to the total energy of the system. Sincgesponding ion-donor separations several times exceed the
the energetic contributions of both the LA and LO phononnearest-neighbor interatomic distance. We have estirffated

the range of the lattice deformation, which gives the essential

0.010 L I energetic contribution to the lattice relaxation, to be 3—4 lat-

D /dt tice constants. Therefore, the corresponding region of crystal
contains several thousands of ions.

V. DISCUSSION

0.005 — Before we discuss the results, we comment on the ap-
proximations used in the present work. The majority of these
approximations was thoroughly discussed in our previous
paper® Therefore, we confine ourselves to the approxima-
tions, which are characteristic for the two-electron systems.
They are related with the electron-electron correlation and
the screening of Coulomb potentials by valence electrons.
As mentioned below Eq16), the Hartree-Fock-type elec-
1 2 3 4 tronic trial wave function proposed in the present paper for
R [a] theD ~ center does not include the electron-electron correla-
tion. It is well known that—for the Hion and for the hydro-
FIG. 5. Product of the longitudinal-acoustic componamt of  genlike weakly localized ™ center—the incorporation of the
the relative displacements of ions by the square of the ion-donogorrelation into the variational wave function leads to the
center distanc® vs R. Solid (dashedl curve corresponds to th~ substantial improvement of the variational upper bounds on
(D% center in GaAsa is the lattice constant. the ground-state energy. For the two-electron atoms and

ALR?[2%)

0.000
0
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ions34 the absolute value of the correlation energy slowlycreation of a vacancy-interstitial defect pair, which is stabi-
increases with the increasing electron localization. Howeverljzed by the binding of two electrons on the impurity center
the relative contribution of the correlation energy to theat the interstitial position. Recently, Schmttal }° obtained
ground-state energy rapidly decreases with the localizafion. the different arrangement of total-energy minima for the
As a result, already for the He atom, the Hartree-Fock aprnegatively charged Ge and Si centers in GaAs, namely, the
proximation yields a fairly good estimate of the ground-stateglobal minimum at the substitutional position and the local
energy. For the strongly localizé®l~ center, the dominating one at the interstitial position. The authfrpointed out that
contributions to the ground-state energy originate from thdéhe opposite result received in Ref. 8 resulted from a too
kinetic energy(band energy the short-range potential, and small number ok points used in the Brillouin-zone summa-
the direct Coulomi§Hartree energy. Taking into account the tion. We mention that Chadi, the main inventor of the bond-
correlation would slightly improve the present upper boundsbreaking mechanism, also analyZethe two atomic con-
for the energy, but will not change our results substantiallyfigurations of the negatively charg&lX centers and found
and will not affect our conclusions. that theD ~ center at the substitutional site with the symmet-
In Sec. ll, we have assumetf. Egs. (7) and (9)] ric breathing-mode relaxation can be responsible for the
that—for the Bloch electrons—the electron-electron andD X-like properties of the Sn, Se, and Te impurities in
electron-donor Coulomb interactions are screened by thél,Ga_,As. This interpretation is consistent with the ob-
high-frequency dielectric constast,, which is the simplest served coexistence of two differebBtX-like centers in Te-
approximation for the dielectric function. When discussingdoped AlGa, ,As .
the problem of screening in the real space, we can consider The similar effects are observed for other donor impuri-
the average electron-donor and electron-electron separatiortigs in GaAs under hydrostatic pressure. For example, Maude
i.e., (r,) and(ry,), respectively, as relevant auxiliary quan- et al2* and Susket al>" observed thé® X-like properties for
tities. We have estimated these separations for Bhie  Si, Sn, S, and Te donors. The experimental re$titsliffer
ground state. The results are the following:;)=3.5a5  from those for the Ge donor merely by the values of energy
=0.33a and(rq,) =8.6a3=0.81a, whereag is the hydrogen levels and pressure, at which the energy levels of the
Bohr radius ana is the lattice constant of GaAs. This means strongly localized states enter the energy gap. The present
that the two-electron wave function is spread over the unitalculations have been performed for a Ge donor in GaAs,
cell, which consists of several atoms and several tens of vder which the observeldanticrossing between the energy lev-
lence electrons. Therefore, the screening of the Coulomb irels of D® and d® states enables us to determine the short-
teractions by the valence electrons should be significant everange potentiad® The present approach applied to the other
for the strongly localized ™ center. donors in GaAs should lead to the same qualitative results.
The results presented in Secs. Il and IV have been ob- The microscopic structure of theDX center in
tained for the donor center located at the substitutional site i\l, Ga;_,As has been experimentally studied by positron-
the crystal lattice. The calculated positions of energy levelsnnihilation spectroscop¥. The author® argue that their
and pressure coefficients agree with those mea$tfedthe  observations can be interpreted as resulting from the vacancy
Ge-doped GaAs under the hydrostatic pressure. We have obssociated with thd X center, which would support the
tained the large reduction of the probability of radiative tran-vacancy-interstitial modébf the DX center in A, Ga ,As.
sitions from the extended electron states to the strongly loHowever, the change of the core-annihilation parameter was
calized D~ states of the lower energy. This result can beobserved® for Si donors only. Similar experiments per-
interpreted as a proof of the metastability of the delocalizedormed on the isocoric Ge impurity in GaAs or &a, ,As
(conduction-bandand weakly localized electron states with would provide more decisive arguments for or against the
respect to the strongly localized electron states, which corresubstitutional position of th® X center.
spond to the electrons bound in the ground state ofithe In Sec. IV, we have presented the results for the lattice
center. Therefore, the electrons can occupy the conductiotleformation induced by a donor center in a crystal. We have
band for a long time, before they are trapped at the localizegdhown that this deformation possesses the range of several
impurity centers, which explains the persistent photoconduclattice constants and encompasses the large number of ions.
tivity observed in GaA$? All these results are compatible The number of displaced ions that essentially contribute to
with those attributed to th®X center in GaAs under the the lattice-relaxation energy is estimated to be several thou-
hydrostatic pressure. This allows us to conclude that theand. The total-energgb initio calculation§'%2! include
observe®#® DX-type behavior can be explained as resultingonly up to about 100 ions in a supercell. Based on the results
from the formation of the strongly localizdd™ donor cen- of Sec. IV, we argue that such supercells are too small to
ters at the substitutional position with the surrounding latticecorrectly account for the total elastic energy of the lattice
deformation. deformed by the presence of the donor impurity. So far, only
Several groups of authdr¥?13° performed the total- empirical methods allow us to study the clusters with large
energyab initio calculations for theDX center and found enough number of ions. For example, Cai and Sdagplied
two minima of the total energy, which correspond tohe  the semiempirical approach to a description of metastability
center located at the substitutional position and interstitiabf the neutral donor statet® andD° associated with the In
position. According to the results of beowski and donor in Cdk. The result?’ agree with both the experimen-
Schefflef and Chadiet al?* the first position corresponds to tal dat& and the results of our previous pagér€ for the
the local minimum and the second to the global one. Theseetastable donor states in CdF
results give support to the bond-breaking mechahisof The present paper describes the lattice deformation in the
the formation of DX centers. This mechanism leads to aphonon representation, which can be applied if the displace-
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ments of the ions from the equilibrium positions are small.the occurrence of metastability for the neutral donor states
Under this assumption, the present approach provides thessociated with Ga and In impurities. In the weakly polar
correct description of the local lattice deformation around theGaAs, the deformation-potential interaction with LA
impurity center. The shifts of the distant ions are alwaysphonons is responsible for the metastability. In this material,
small and can be described by the long-range component d¢iie metastability appears at the high hydrostatic pressure for
the lattice deformation obtained in Sec. IV. This means thathe negatively charge®~ donor centers. According to the
the present approach can be useful for a description of thpresent treatment, the metastability of both the donor centers
long-range lattice deformation induced by any defect. In parin both the materials results from the large difference of the
ticular, the displacements of the remote ions associated withattice deformation around the donor center, which occurs
the formation of the broken-borX configuratiori can also  between the states of different electron localization. The cor-
be reproduced in the frame of the present method. responding phonon states are also different; therefore, the
The phonon representation of the lattice deformation, apeverlap between them is very small, i.e., the dipole-matrix
plied in the present paper, does not allow for a calculation oklements determining the transition probability are as well
the energy of the defect with the broken-bond configurationyery small. This means that the probability is considerably
since the shift of the impurity atom into the interstitial posi- reduced for the radiative transitions from the delocalized
tion is not small as compared with the lattice constant. Westate of the higher energy to the localized ground state of the
cannot therefore answer the question of which positgub-  system. This result is compatible with the metastable behav-
stitutional or interstitial the donor center possesses the lowerior of DX centers observéd in Ge-doped GaAs under high
energy. However, due to the large difference in the locahydrostatic pressure.
lattice deformation between both the configurations, we ex- Using the phonon state vectors obtained from variational
pect the coexistence of the two types@f donor centers calculations for the donor states, we have calculated a distri-
(one at the substitutional position and the second at the inbution of displacements from equilibrium positions for the
terstitial position. This coexistence should occur indepen-ions surrounding the donor center. The corresponding lattice
dently of the sign of energy difference between both therelaxation involves both the LA and LO phonons, i.e., is
states. Recently, Jia and Grimméissobserved in more complicated than the symmetric breathing-mode relax-
Al,Ga ,As three donor states with metastable propertiesation. The present paper shows that—even for the strongly
According to the authors’ interpretatitinand the results of localizedD® andD ™~ donor states—the corresponding lattice
the present paper, the two of them can be attributed to thdeformations encompass a large number of ions around the
D~ centers: one at the substitutional site and the second @npurity center. The number of ions that essentially contrib-
the interstitial site. ute to the local lattice relaxation energy can reach several
thousand. Such a large humber of ions is out of the scope of
VI. CONCLUSIONS the recent total-energgb initio calculations. To the best of
our knowledge, the present method is the only one that fully

The present papeftogether with our previous pagér  takes into account the long-range lattice deformation around
provides a unified theoretical method for a description ofihe donor center.

one-electron and two-electron shallow-level donor centers of | summary, we can state that a certain consensus has

electron arbitrary localization. Our approach is based on thgeen reached among different groups of authors studying the
one-band approximation for the electrons and includes thgrgplem of the microscopic structure of thEX center in
interaction with LA and LO phonons, which allows us to Gaas; namely, the authors agree that this is the two-electron
describe the reaction of the crystal lattice on the presence enter P ), which is surrounded by the deformed crystal
impurity. The present theory can be helpful in a descgpt'oqattice, which plays an essential role in any explanation of
of the four types of shallow-level donor states, i@, D°,  the Dx-like properties. Based on the results of the present

pounds on the impurity atoms of the same species. We havigonor centers in GaAs: one at the substitutional site and the
applied our method to the description of the properties okgcond at the interstitial site.

donors in GaAs and CgE® In both these materials, the
metastable behavior of donors is observed. Our results allow
us to give an explanation of this metastability. In the strongly
polar CdFk, the interaction with the LO phonons is of crucial ~ This work has been partially supported by the Polish State
importance and—already at the ambient pressure—leads ®cientific CommitteéKBN) under Grant No. 2 PO3B 05613.
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