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Coexistence of weakly and strongly localized donor states in semiconductors
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A unified theoretical description is proposed for donor states of weak and strong localization. The present
approach is based on the one-band approximation and takes into account the couplings with LA and LO
phonons. The eigenvalue problem is solved in the wave-vector space by the variational method for several
donor states 0§ symmetry. For each excited state, the full orthogonalization is performed, which permits us
to include all many-phonon states of lower energy. It is shown that the following two types of donor states can
coexist on the same donor impurity: weakly localized hydrogenlike states and strongly localized states. If the
energy levels of these distinctly localized donor states become close to each other under influence of some
external perturbation, e.g., hydrostatic pressure, then the extremely sharp and narrow anticrossing appears. This
effect is due to the very weak level repulsion resulting from the electron-LA phonon coupling. This finding
allows us to explain the anomalous anticrossing observed in GaAs. We have shown that the metastability of the
excited donor states is caused by the same reason. We have obtained the upper and lower bounds on the
probability of radiative transitions from the excited donor state and discussed the conditions for the metasta-
bility to appear and to vanisiiS0163-1826)08948-3

. INTRODUCTION This picture is supported by the experimetftst®
The properties of the neutral donor states of ty{igsand

Donor centers in semiconductors can bind electrons irf2) are especially interesting if their energy levels are close
guantum states of different localization. The potential of theto each other, i.e., the energy levels of the strongly localized
donor center possesses both the long-ra@mulomh and states are shallow. Then, the weakly localized state of
short-range components. The range of the dominating conslightly higher energy can be metastable with respect to the
ponent of the potential determines the localization of thestrongly localized state. The electrons activated from the
electron around the donor center. The inverse of the averagground state can occupy the excited weakly localized state
electron-donor center distance can be treated as a measurefof a long time. The metastability has been observed for
this localization. The two types of donor states with the ex-donors in Cdg3* It has been shown in our previous
treme electron localization play an important role in semi-papers’® that the electron-phonon coupling is of crucial
conductors, namely, the states of weak and strong localizamportance for understanding this property. This explanation
tion. For the weakly localized donor states, the averagéas been supported by the displaced-ion apprdach.
electron-donor center distance is much larger than the lattice Other interesting properties of the donor states have been
constant, while for the strongly localized donor states, thiobserved in Ge-doped GaAs crystals under hydrostatic
distance is of the order of the lattice constant. The energpressuré:® At the ambient pressure, the energy level of the
levels of the weakly localized donor states are shallow, i.e.strongly localized A;) donor state is located at 75 meV
the corresponding energy separations from the conductioabove the conduction band bottom. The applied hydrostatic
band bottom are much smaller than the semiconductor emressure shifts up the minimum of the conduction band to-
ergy gap. In most cases, the energy levels of the stronglgether with the energy levels of the weakly localizbgidro-
localized donor states are deep, i.e., the corresponding egenlike) donor states. The energy level of the strongly local-
ergy differences are comparable withut less thapthe en- ized donor state is weakly dependent on the presétse
ergy gap. Usually, the donor states of different localizationposition is determined by the average conduction hand
are observed for different impurity atom species. With the increasing hydrostatic pressure, the energy separa-

This is the conventional picture of the donor states intion between the energy levels associated with both the types
semiconductors. However, in many semiconductors, both thef donor states decreases and, at the pressure of about 9 kbar,
types of donor states can be formed on the same impurittakes on very small, but nonzero, minimum value. Due to the
atom. Such states have been experimentally observed, e.g.,same symmetryboth the states aretype), the correspond-
InSbl? CdR,,>* GaAs>® The recent experimental observa- ing energy levels do not cross but repel each other. The level
tions in GaA§~° give evidence of the existence of the threerepulsion for the states of different localization is drastically
different donor states formed on the same impurity at@in: reduced by the interaction with phonons, which leads to the
weakly localized states with hydrogenlike spectru(g) extremely sharp and narrow anticrosht} observed as a
strongly localized state ofA; symmetry, and(3) the DX  function of the external pressure and magnetic fieldn
state. According to theab initio pseudopotential GaAs, the LA phonons play the most important role in this
calculations:®!! the DX state is the highly localized donor effect.
center, which is doubly occupied by the electrons and exhib- The problem of coexisting neutral donor states of weak
its the negativdd behavior and a large lattice deformation. and strong localization requires a special theoretical ap-
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proach due to the very subtle effedis the meV energy phonons and assume the one-band approximation for the
regime, which have to be described. The theory should pro-€lectron-donor subsystem. The Hamiltonkdp takes on the
vide a unified description of the states of the weak and stronfprm
localization and take into account the quasicontinuous spec-
trum of many-phonon states, which enters the energy interval
between the discrete donor levels. For these statesalihe

initio approach'?? provides only the qualitative results. _ _ : _
Most of the existing theoretical methods can be applied tdvhereEy is the conduction-band enerdy, (by) is the cre-
either the weakly or strongly localized donor states. In paration (annihilation operator of the Bloch state of the
ticular, the effective mass approximatiMA) leads to the ~conduction-band electrom,, (a,q) is the creatior(annihi-
hydrogenlike model of the weakly localized donor stateslation) operator of the phonon state with the enefgy,,q,
The simple EMA models for the pressure influence on thevave vectory, and branch index. We take into account the
hydrogenlike donor states can be found in the pap#s. longitudinal acoustic(LA) and longitudinal optical(LO)
The correct description of the impurity states with differentphonons, i.e.,c=LA, LO. The Hamiltonian of electron-
localization has to go beyond the EMA. In the case of GaAsdonor center interaction has the form

it should take into account the conduction-band non-

Ho= 2> Efbibit X ho,qahedyq. 2
k oq

parabolicity?®>?® The conduction-band structure can be taken _ t

; : . Hi=2 Vigoblby, 3
on from either the band-structure calculations or an analyti- !

cal model. Such model approach to magnetopolaron effects c s . ) )

in GaAs was proposed by Skt al?’ whereVy =V, _,,+V,, is the potential-energy matrix el-

In the first theoretical pape?é'_30 the Coordinate-space ement between the two Bloch states. The potential energy of
representation and EMA were applied to the impurity stateghe electron in the donor-center field is the sum of the long-
of the different electron localization. The long-range andrange ¥°) and short-range\(°) components. We take on
short-range components of the impurity potential were inthe long-range component in the Coulomb form screened by
cluded. Toyozaw# additionally included the coupling with the high-frequency dielectric constasy .
phonons in the frame of the continuous deformable-lattice In the most general case, the electron-phonon interaction
model, which yielded a qualitative description of the coex-Hamiltonian can be written as
isting donor states. We proposed an another
approacH,7'1.8'32*33which is based on the wave-vector space Hy= > Foiq(@uqbis b H.C) 4
representation for both the electron and phonon states in the okq a
Brillouin zone. Instead of the EMA, we apply the more gen- . . I .
eral one-band approximation. The first p§§e¥ of ourworgk ha&nd the interaction Hamiltonian of the donor center with
been recently published. The present paper provides the phonons as
full presentation of our method, the complete results, and
detailed discussion. Section Il contains the presentation of Ha=2 (W,q@,q+H.C), (5)
the method, applied approximations, and results for the en- oq

ergy levels and localization of the donor states in GaAs. I hare F . and W._.. are the electron-phonon and donor-
Sec. Ill, we consider the probability of radiative transitions ;i\ * -~ ?r:?eractionagmplitudes, respectively. We assume that

from the excited donor state. The discussion and interpretdy s ojectron-phonon interaction amplitudes are independent
tion of the results is given in Secs. IV and V. Special attengf the electron wave vectd, i.e., F . =F
1.8, Fokg=Foq-

tion is paid to the description of anomalous anticrossing an Hamiltonian (1) provides an example of a general prob-
metastability Of _donors. In_ the Appendix, we present th_elem of a fermion system interacting with two boson fields.
method of obtaining the estimates for the transition prObab'l'Specifying the forms of the interaction amplitudes and dis-
ity considered in Sec. Ill. persion relations, we will be able to apply Hamiltonidn to

the problem of donor in a semiconductor.

Il EIGENVALUE PROBLEM FOR ELECTRON-DONOR- In the present approach, we first transform Hamiltonian
’ PHONON SYSTEM (1) using the canonical transformation introduced by
Platzman*

We consider the system composed of the electron, the
donor center and the deformable crystal lattice. The lattice _ _
deformations are described in terms of phonon fields. The Up—exp{;q [(Woq/frwsq)agq—H-Cly, ©)
Hamiltonian of the system has the following form: _
which yields the transformed HamiItoniaHzUI,HUp in

the form
H:H0+H1+H2+H3, (1)

H:H0+H2+E ka’blrbk’_z |qu|2/ﬁw0q. (7)

whereH, describes the noninteracting conduction-band elec- K’ oq

trons and phononsi, the electron-donor center interaction, ) ) .

H, the electron-phonon interaction, arid; the donor- The matrix elements in the third term take on the form

phonon interaction. In the present work, we apply the occu- — — 3
- : Vi =V, ., +V 8)

pation number representation for both the electrons and kk k—k' T Vi’
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where pik=Ni(1+K? af) 2, (14
V_Efk’zvgfk’_(FLO,k—k’W’L(O kw0 k—k +c.C) whereq; are the nonlinear variational parameters ahdre

(9)  the normalization constants, which assure the normalization
q of functions(14) in the first Brillouin zone. We introduce the
an electron density for théth basis state
S s
ka':ka'_(FLA,k—k’\A/*LA,k—k’/ﬁwLA,k—k’+C'C')' .

(10 pia= 2 $li-abik; (15)

In Egs. (9) and (10), we have included the mixed terms,
which consist of the electron-phonon and donor-phonon in
teraction amplitudes, into the matrix elements of the poten- ok (16)
tial energy of the electron in the donor-center field. Both the Pig=Pi.—q™ Pig-
terms in Eq.(9) correspond to the long-range potentials. If The phonon state in Eq12) has the form
we take on the Fitdich coupling with LO phonongcf. Eq.
(26)], thenVC becomes the potential energy of the electron [Xi)=Uil0)pn, (17
in the Coulomb field screened by the static dielectric C0nwhere|0)ph is the phonon vacuum state. The operator of the
stante,. The second term in Eq10) results from the short- unitary transformation in Eq17) is proposed in the form
range electron-LA phonon interaction. In the following, we
a_sssum%the short-range |.nteract|()10) to be local, ie., Ui=exr(z gl —H.c.),
Vi =V_» The last term in Eq(7) possesses the meaning oq C'oaTea

f th If-energy, which corr n he ener f th .
I?itttic: jgforemgt%r/{ aromfndct?]eejgr?ordieﬁcetr.e energy of t ?/vhere the phonon amplitudes have been chosen as

Before going further, let us briefly discuss the physical Giva= —F* pialho (19
interpretation of the result of Platzman transformati6Gh toq aqPiq! Mt @oq-
This transformation introduces the self-energy of the donor The gyerlap between two phonon stat&@)
center and modifies the electron-donor center interaction due
to the screening of the long-rang@oulomb interaction and 1
adding the short-range interaction caused by the exchange of Sjj :<Xi|Xj>Z€‘XF{ - 52 |F(rq|2|piq_qu|2/(ﬁwuq)2}
virtual LA phonons. These terms in transformed Hamiltonian 7d (20)
(7) yield the largest contribution to the energy, which origi-
nates from the phonon field. In the conventionalis an important auxiliary quantity in the present treatment.
approacf*® to the bound polaron problem, the self-energy The overlap-matrix elements between basis stéi@s are
term is infinite. In the present approach, this term is finitegiven by
and determines the lattice relaxation energy around the donor
center. For example, we have estimaféd this energy for P.. :2 b b\ S (21)
CdF; to be 1.6 eV in agreement with experimérihe con- g Tk
stant self-energy shifts the energy levels of all the donor . I
states by the same value. Since in the present work we af'aend the matrix elements of Hamiltoni&h) by
interested in the energy differences between the donor levels, _
we omit this term in the further considerations. Hij=Si > | Efdlcdint 2 Vi i
In order to solve the eigenvalue problem for Hamiltonian K k'

(7), we apply the variational method with the following ex-

which possesses the following properties:

(18

pansion of the eigenvector in the many-element basis: _2 |ng|2(piq+qu)¢rk+q¢jq/ﬁwgq
aq
W)= cily), (11) ;
I +Pij2q |Fa'q| Piquq/ﬁwaq- (22)

wherec; are the linear variational parameters. For the first
three states o6 symmetry, the satisfactory results are ob-Using matrix element$21) and (22), we solve the eigen-
tained with the use of the ten-element basis. Each basis statalue problem for the nonorthogonal basis
in Eq. (11) is taken to be the product of the electron and
phonon states, i.e., > HijCjn:Enz_ PiiCin. 23
[i) =P} xi)- (12) : :
. The minimization ofE, over the nonlinear parameters is
The electronic state has the form performed for eaclm, separately. The variational calculation
with the many-element basis is equivalent to the method of
|<I>i>=z dikbl|0Yer, (13 outer projectio® on the subspace spanned by these basis
K states. Therefore, the minimization of the excited-state en-
where |0), is the electron vacuum state. We propose theergy leads to a change of the projection operator. As a result,
variational form of the functions the corresponding trial wave function is not orthogonal to the
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optimized wave functions for the states of lower energy but T I . .
is orthogonal to the wave functions providing the upper
bounds, which are not the best variational estimates, never- .
theless, they are lying below the considered energy level. 2= PR B
The variational estimates obtained by this method provide a 0,0,1) D R
set of correct upper bountfsto the true energy eigenvalues = RN '
(cf. Appendix of Ref. 35

If the short-range potential is repulsive or weakly attrac-
tive, the effective-mass approximatigEMA) can be ap- sENERR
plied. In this case, the band energy together with the Cou- . .
lomb potential energy lead to the hydrogenlike donor - aLny
spectrum, provided that the conduction band minimum is at T se.llTEE
k=0. If we moreover take into account the electron-phonon
coupling, we obtain the classical problem of the bound 0.0 0.2 0.4 0.6
polaron?® k[1/a,]

If the short-range potential is attractive and sufficiently
strong, the highly localized donor state can be created. The FIG. 1. The lowest conduction band in GaAs as a function of the
wave function of such state is spread out over the entirguave vectork. Dashed curves show the results of the empirical-
Brillouin zone; therefore, the effective-mass approximationpseudopotential calculations for the directigtisl, 1), (0,0,1), and
is no more applicable. In order to describe these states w@,1,1), solid curve(a) corresponds to the analytical folfiq. (24)].
have to know the conduction band dispersion relation and the, is the hydrogen Bohr radius.
electron-phonon interaction amplitudes in the entire Bril-

louin zone. For the present purpose, we cannot use the meth: . L
ods applicable for the deep-level impurity states, since th f Ruf and Cardorfd and the parabolic approximatidp).

considered donor states possess the shallow energy Ievealgfhzopdug.tr'gnaazn?h? S%ASS dp:rssﬁf.i?;;hgtgtlﬁgin?gmum
(lying in the interval of a few meV below the conduction pol ubsidiary mini

oo : ints (Fig. 1). Since these subsidiary minima are located
band. Instead, we apply the one-band approximation, whicH?2'Nt . o
allows us to describe the weakly and strongly localized do_con5|derably higher than tié minimum, they do not affect

nor states within the same unified approé%ﬁ'.he present the shallow-level donor sta’;es connected with theoint;
method is based on the assumption that the shallow-levéherefore' we neglect ther_n in the present treatment.

donor states of arbitrary localization are formed from the _In t_he prese_nt calculations, all the summations over the
states of the lowest conduction band, which possesses tt |IIoum_ zone in Egs.(21) and (22) are replaced by the
average widthA and the minimum in the center of the Bril- Integrations over the Debye sphere of the_same volume. For
louin zone, and is characterized by the effective band mas aAs, the radius of the Debye sphere is taken on to be

— -1 : .
m, at thel” point. The dispersion relation for the conduction =0.57, ", wherea, is th? hydroge.n-atom _Bohr radius.
band is proposed in the analytical foth The double sums over the first Brillouin zone in E&2) are

evaluated by the integration over the two independent Debye
spheres. When calculating the third term in E22), we have

E [eV]
1

oo K

Ty @9

where t,=%2k?/2m, is the conduction-band form in the s l !

EMA. For small|k|, Eg—t,; therefore, our approach goes L

over into the EMA.
For GaAs, we take on the following values of the param- 10

eters:A=1.1 eV andm,=0.0656n,,, wheremy, is the elec-

tron rest mass. The applicability of formu(a4) to the low-

est conduction band relies on the following arguments: First,

we have performed the empirical-pseudopotential calcula- 05

tions, the results of which are plotted in Fig. 1 and compared '

with those of Eq(24). We see that formulé24) provides the

average conduction band for GaAs, where the averaging is

performed over the entire Brillouin zone. Second, in Fig. 2. 00 . i , | ,

we have shown the several analytical forms for the lowest 0.0 0.1 0.2 03

conduction band of GaAs near the center of the Brillouin k[1/a,]

zone. In particular, we see that in the energy intef@al0.6

eV] above the conduction band bottom, the present analytical g 2. Comparison of several analytical forms for the lowest

formula reproduces the fitted forfii,which takes into ac- conduction band in GaAs near the center of the Brillouin zone.

count the nonparabolicity of the conduction band in GaAs. |fCurve(a) corresponds to the present analytical fd}ﬁq (24)], (b)

[k| increases, functio24) asymptotically tends to its value to the form fitted by EkenberiRef. 25, (c) to the form of Ruf and

at the Brillouin zone boundary. On the contrary, the f6fm CardondRef. 26, and(d) to the effective-mass approximation with

becomes unphysicéee Fig. 2, which also shows the resultsthe electron band mass,= 0.0656n,.

E[eV]
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to proceed with a special caution and take into account the 0 — T :
fact that the three vectors, nameky,q, andk+q lie within —
the first Brillovin zone. T

The short-range potential is taken to be a constant in the [ 25

wave-vector space, i.&/g=y if |k|<Q, which corresponds
to the Fourier transform of the Dirag-like potential in the
configurational space. The parametemay be determined
from the difference of the atomic core potentials of the im-
purity and the host crystal atoms. In the present approach, ,~__15
however, we treay as a fitting parameter. | 7.
In the description of the electron-phonon interaction, we
assume the deformation potential coupling with LA phonons
and the polar Fralich coupling with LO phonons. The inter-

E[Ry]
I

action amplitude for LA phonons has the form 75 8.0 8.5
p [kbar]
1/2
_ /
Fiag= D( ZCpQ) ql 2 (25 FIG. 3. Calculated donor energy levels in GaAs as functions of

hydrostatic pressure. Solid curves show the results obtained when
whereD is the deformation-potential constantis the veloc-  both the LO and LA phonons are taken into account and the full
ity of sound,p is the mass density of the crystal, afidds the  orthogonalization is performed according to E2f); dashed curve,
quantization volume. The dispersion relation for the LA those when projectiori28) is omitted, and dotted curves, those
phonons is assumed to be isotropic and linear as a functioyhen only the LO phonons are included. Dots correspond to the
of the wave-vector length, i.efw 4 q=(a/Q)%w o. The experimental points. The parameter of the short-range potential
applicability of interaction amplitud€25) is limited to the ¥~ —0.168 eV for the solid curves angl=—0.336 eV for the
small q region, which is sufficient for the discussed proper_dotted curves. Energy is measured with respect to the conduction-
ties. In GaAs, the polar coupling with LO phonons is Weak;bancI minimum in donor RydbergRp).
however, it shifts the shallow energy levels by several per- ) o
cent, and has to be included in order to bring the calculate@"d the projected Hamiltonidh
values into agreement with experiment. The corresponding

interaction amplitude is taken on in the Rtich form H=0[HO,,. (28
[27€ho o/ 1 1)]Y1 Projection(27) eliminates from the calculations the subspace
Flog=—1I —a \s. 8—0 a (26) of many-phonon states, which corresponds to the phonons of

the energy: &% w 5 ¢<En—Eo. The same operator ensures

The amplitude of the donor-LO phonon interaction is giventhe orthogonality of the consideretdth state to all excited
by Wi 0,q=—FLo,q. While that for LA phonons enters only many-phonon states of lower energy, because their eigenval-
the constant terms: self-energy in Ef) and short-range uesE, are located at the energy separation smaller than that
potential[Eq. (10)]. Thus, itsq dependence plays no role in for the ground state. In this case, the condition
the present approach. fiw p q<En—E, is automatically fulfilled. The ground-state

The variational procedure for the excited states requiregnergy is calculated with the use of the full Hamiltonian
the orthogonalization of the consideneh state to the states H; however, the calculations for theth excited state are

(labeled byn), which possess the lower energies, i.e.performed with the use of the projected Hamiltonikin

E,<En for n<m. The phonon field introduces additional which guarantees the orthogonality of all the considered
states to the system. If we take into account the dispersionsates.

less LO phonons, we need no special treatment, since the LO This procedure has been applied to the donor states in
phonon energyfor GaAs: 36 meV is greater than the sepa- GaAs under the hydrostatic pressure. The influence of the
rations between the considered energy level$ (meV). A hydrostatic pressure has been taken into account by introduc-
new problem arises if we include the LA phonons. Then,ing the pressure dependence of the material parameters
below themth excited-state energy level, there exists a banknown from experiment. The electron-band mass and the
of many-phonon energy levels corresponding to the follow-static dielectric constant depend on the presspres
ing excited states of the system: the donor in the ground sta@|lows:> mg(p)=m(0)(1+6.15x 10 3p—1.22x 10" °p?)
plus many created phonons. The considertit state has to andeq(p) =&o(0)exp1.73< 10" 3p), wherep is expressed
be orthogonal to all these many-phonon states. In order tgy kbars. The donor energy levels are determined with re-
perform this orthogonalization, we proceed as follows: Firstspect to the bottom of the conduction band. Therefore, when
we define after Lavdin® the operatoOy, of the outer pro- introducing the pressure dependence of the average
jection onto the states orthogonal to those involving thezgnduction-band width in Eq. (24), we take into account
phonons with the energyw  o<En—Eg, WhereE, is the  the relative shift of the conduction-band minimum with re-
ground-state energy. This projection operator allows us t@pect to the average conduction band. The pressure coeffi-
construct the new phonon states cient of the parametek is estimated by the similar way as
- that of Ref. 10 and takes on the valdé/dp=—0.0087
[X)=0rlx), (27 evikbar.
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The calculated energy levels for the donor statessyim- 10
metry are shown in Fig. 3 as functions of the hydrostatic -_---'---'--~'- N b ' |
pressure. The experimental data are also shown for compari- _ 3s i
son. One can notice that the position of zero on the energy < 8- ! 7]
scale corresponds to the conduction-band minimum, which 2 i . ]
moves with pressure when determined with respect to the = 61— m
valence-band maximum. The results obtained with the help g B ) ' 7
of projection (28) with both the LA and LO phonons in- E 4 = __ —_—r memaaaa
cluded are shown by solid curves; the dashed curve shows ?ﬁ - \\: . .
the estimate of the first excited-state energy, which is ob- g 2r [N —
tained if projection(28) is not performed. The solid curves = L b =
provide the correct variational upper bounds on the energy ol 18 o\
levels, while the dashed curve can be regarded as the corre- P T RS
sponding lower bound. The solid curves in Fig. 3 agree very 7.5 8.0 8.5 9.0 9.5
well with the observed behavior of the donor energy levels in p [kbar]

GaAs under hydrostatic pressure. Their characteristic shape
is due to the anticrossing between the energy level associated FiG. 4. Expectation values of the electron-donor center distance
with the strongly localized donor state and the hydrogenlike:alculated as functions of hydrostatic pressure for several donor
energy levels of the weakly localized donor states. If westates. The unit of length is the donor Bohr radiys.
increase the applied pressure, first the higher energy levels
fall down and can closely approach the ground-state energglectron-donor center distance for the considered st&igs
level before this level starts to drop off. The relative change4). The localization of the corresponding states can be re-
(with respect to the conduction-band botfoaf the energy  garded as to be inversely proportional to this distance. The
level of the strongly localized state is very rapid and can becalculated average electron-donor separations indicate how
traced in Fig. 3 with the help of the curve, which interpolates|arge is the mixing of distinctly localized basis statds).
between the steeply descending parts of solid curves. Theutside the regions of anticrossing, the donor states are
energy level associated with the strongly localized state enweakly localized and their average radii are close to those of
ters the energy gap at 8.5 kbar and subsequently modifies thiee hydrogenlike donor states, i.e., donor Bohr radii. If the
hydrogenlike energy levels; first those of the highest energypressure approaches the values, at which the energy levels in
associated with the excited states and next that of the grourig. 3 exhibit the anticrossing, the average donor radii are
state. very rapidly changed, i.e., the localization of electron around
The deformation-potential interaction with LA phonons is the donor center is respectively changed. The horizontal line
of a crucial importance in this behavior. In order to deter-beginning at about 8.5 kbar corresponds to the strongly lo-
mine the role of this interaction, we have shown in Fig. 3 thecalized state, for which the average electron-donor distance
energy levels calculated with neglected LA phonéastted  takes on the constant value 0.0485
curves. The omission of the short-range interaction medi-
ated by the virtual LA phonons shifts the anticrossing toward
high pressures+ 25 kbaj.2° In the present paper, we have
changed the value of the electronic short-range potemtial Let us consider now the influence of the interaction with
which is the fitting parameter in the present approach, anghonons on the optical transitions between the donor states.
shifted back the anticrossing obtained without the LAWe will show that the electron-phonon coupling essentially
phonons to the experimentally measured pressure regimehanges the probability of radiative transitions between the
The curves obtained with and without the LA phonons ex-donor states of different electron localization. This effect re-
hibit a remarkable qualitative difference. If we neglect thesults from the difference of lattice deformation for both the
interaction with LA phonons, thesland Z energy levels types of donor states and can lead to the metastability of the
gradually fall down with increasing pressure. Their anti- excited states.
crossing with the energy level of the highly localized state is According to the results of Sec. Il, the donor wave func-
characteristic of a strong repulsion between the energy lewions are constructed as linear combinations of the basis
els. The electronic wave functions consist of the strongly andunctions of weak and strong localization. It appears, how-
weakly localized basis elements, which are mixed in a relaever, that only in the anticrossing regime the basis functions
tively broad pressure regime. If we incorporate the interacof different localization are strongly mixed with each other.
tion with LA phonons, the overlap between the phonon partsThis can be seen from Fig. 4, which shows that the donor
of the wave functions for the strongly and weakly localizedradii take on the intermediate valu@setween those corre-
states is considerably reduced. The electronic wave functiorgponding to either the weak or strong localizatiamly in
of strong and weak localization are mixed only in the closesthe very narrow intervals of pressure near the anticrossing. If
vicinity of anticrossing. As a result, the level repulsion be-the pressure exceeds the values from this narrow anticrossing
comes very weak, which is responsible for the very shargegime, the ground-state donor radius rapidly decreases,
and narrow anticrossing. reaching the small value characteristic for the highly local-
The anomalous properties of the donor states are closelged state, while the excited-state donor radius immediately
connected with their localization. In order to point out this approaches the value corresponding to the previous weakly
relation, we have calculated the expectation values of théocalized state. Therefore, the ground state becomes highly

Ill. PROBABILITY OF OPTICAL TRANSITIONS
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localized, while the excited states remain weakly localized.

For these states of different localization, one can expect the Pon=(AE) 1> [(x1lxon)PAENO(AEY),  (36)
metastability to occur. Based on the results of Sec. Il, we N

approximate the ground-state wave function by the singlewhere

strongly localized basis functiafi2). On the other hand, the

excited-state wave function is approximated by the single, AE=E;—Eo (37)
weakly localized basis function. We are interested in thegng

probability of leaving the initial statéweakly localized

donor statg and reaching one of the final statéstrongly N

localized donor states afsymmetry in one-electron transi- AEy=AE-X X hwgg,,- (39)
tions. At low temperatures, these transitions can only be o 1=1

caused by an external perturbation, which is the electronm Eq.(36), ® is the step function, which is equal to 1 for the
photon interaction. Thus, we consider the spontaneous radigositive value of argument and 0 for the negative one. The

tive transitions from the initial state with energy sum over{N} in Eq. (36) is a shorthand for the summation
over all the states of LA and LO phonons in the Brillouin
(W) =[P 1)[x1) (29) zone, i.e., the summation over all the possible combinations

of numbers of the created phonons, and their wave vectors.

In particular, this means that in E¢36) we deal with the
W=D x). (30) manyfold summation over the Brillouin zortef. the Appen-

dix). The overlap between the phonon states in @B6) is

The set of the final states consists of all the states with encalculated to bécf. Eq. (20)]

ergies lower thark,, i.e., the highly localized ground state

|Wo)=|Po)| xo) as well as the statesV()=|Dg)|xon), i 1

which the electron-donor subsystem is in the stdtg) and <X1|X0N>25101;[ \/ﬁjﬂl (gloq‘,j_gwqg])*- (39)

there exist the many-phonon states of the form o

to the final states with energi€s

Nl)'

" Inserting Eq.(39) into Eq.(36), we obtain
1 o

Ixon)=Uol I —=I1 aly 10)pn. (31) 1 No
a N(r!J=l 7! Pph:(AE)il|810|2{zN} H m ]1:[1 |gla'qaj_900'qoj|2
Here,N, o andN, 5 are the numbers of LA and LO phonons,
respectivelyN=N, o+ N, o is the total number of phonons, XAENO(AEY). (40)

and the operatod, is given by Eq.(18). . _._If we consider only the LO phonor{svith constant nonzero
The probability of the spontaneous radiative ransitionynergiey then, because of the function, we have the finite

from the initial state|¥,) to the final stateWs) of the  mper of many-phonon states with energies belonging to

discrete spectrum with the emission of the photon with thgy o interval €o.E1). The numbe, , takes on the values

energyE; — E; can be written in the form from 0 to N['§* which is determined by the condition

2
P=2 (V1|2 wyobfb|Wy)| (E1-Ep), (32 AE-N[g%wL0=0. (41
f 2
Kk In this case, we can calculak,, exactly. If we include the
where, in the dipole approximation, the electron-photon malA phonons, an arbitrary large number of low-energy LA

trix element is given by phonons can appear in the energy inteni},E,). Then,
the sum over{N} in Eqg. (40) becomes infinite with the
Wi =A(gE|V- 8|¢E/>- (33 infinite-fold summation over the phonon wave vectors. The

exact evaluation of this sum is impossible. Nevertheless, we
Here,Ais the constant dependent on the material parameterbave succeede@ee the Appendixin calculating the lower
but independent of the photon energyis the photon polar- (P) and upper Py) bounds on the probabilit®,,, i.e.,
ization vector, andy/; is the Bloch wave function of the
conduction band. P .<Pph<=Py. (42
After substituting into Eq.(32) the expressions for the

initial and final states, we get the total transition probability '9uré 5 shows the estimated phonon fad®y, of the

in the form of the product probability of radiative transitions from the exciteg 2tate
to all states with lower energies, i.e., ground state plus

P=PuPon, (34  N-phonon states. The lower and upper boundsPgp are

plotted as functions of the energy-level separativi
of the electronic part =E;—E,. The two solid curves show these bounds for

GaAs and the two dashed curves, for GdFhe calculated
lower and upper bounds lie close to each other in a large part
of the transition energy interval. The results of the exact
calculation of the transition probability,, for the LO

and the phonon part phonons are shown by the dotted curve, which exhibits the

2

Pa=AE| Y ¢ Wik boks (35

Kk’
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of different localization approach each other under influence
of the external perturbatiofin this case, the hydrostatic pres-
sure. These donor states possess the s@shesymmetry;
therefore, they repel each oth@n a sense of the perturba-
tion theory. The resulting anticrossing is very sharp and
occur in the very narrow interval of pressure, which gives

of CdF, (LO) evidence of the very weak level repulsion. The minimum
o -4 — . -12 separation between thes ind X energy levels is calculated
- i L . to be 0.1 meV, while this value fitted by Wasilewski and
o0 -7 ——=1-16 Stradling is 0.5 meV. Our calculations show that the similar
B ;//:/, - 4 anticrossings as well appear for higher energy levels of
- -~ CdF, — .20 symmetry. ] )
X § The anomalous anticrossing results from the electron-LA-
8 - L I 24 phonon coupling? This effect appears for the donor states of
0 2 4 the different localization, which are accompanied by the dif-
AE ferent lattice deformation. In comparison with the ionized

donor, the crystal lattice is strongly modified for the highly
FIG. 5. Phonon factoP, of the probability of radiative transi-  |gcalized donor state, while the lattice remains almost un-
tions from the excited (@) donor state to lower-lying states as a changed for the donor states of the weak localization. Under
function of the energy separatiohE=E,—E, between the B jyflyence of the hydrostatic pressure, the energy levels that
state and ground state. The two upper solid curves show the uppgle associated with both the types of donor states become
and lower bound orP, for GaAs, the two lower dashed curves very close before they begin to repel each other. “The
show those fqr Cdf: The d.oned curve shows the resu!ts of the strength” of this level repulsion is determined by the value
exact calculation for CdfFwith only LO phonons taken into ac- .

) of overlap (20) between the corresponding phonon states,
count. The left scale corresponds to GaAs and GdP), the right hich iderablv differ bet h I it the latti
scale to Cdkwith both the LO and LA phonons included. The unit which considerably difer between themselves 1t the latlice
of energy is the LO-phonon energy, log is the logarithm to thed|stort|on is so Q|ﬁerent. This yields the very small value of
base 10. overlap(20), which takes on the value of about 10for 9

kbar. This in turn leads to the very weak level repulsion,

which is responsible for the extremely sharp anticrossing.
€ The level anticrossing can be observed if some external
perturbation changes the relative position of the energy lev-
els. Besides the external pressure, the external magnetic field
can also cause this effectTherefore, we expect that the
similar properties of donor states can be found as a function

Let us discuss the results of Secs. Il and Il shown in Figsof the magnetic field. The hydrostatic pressure considered in
3-5. Figure 3 shows the energy levels of the donor states ahis work changes the electron-band mass, static dielectric
ssymmetry in GaAs as functions of the hydrostatic pressureconstant, and width of the conduction band. The changes of
In the considerable intervals of pressure, the energy levelthe band mass and the dielectric constant affect the weakly
corresponding to the weakly localized donor states form théocalized donor states, which leads to a slight change of the
slightly distorted hydrogenlike spectrum. These energy levhydrogenlike spectrum. The change of the conduction-band
els do not change with respect to the conduction-band botwidth is more important in the description of anticrossing
tom, which is a characteristic property of the states of wealecause it shifts the energy levels of both the types of donor
localization. The properties of the strongly localized donorstates into the same energy range.
state are different. This state is resonant with the conduction The present approach as well includes the coupling with
band for the pressures below 8.5 kbar. The correspondingO phonons, which has no influence on the anomalous anti-
energy level enters the energy gap at higher pressure, whiarossing(cf. dotted curves in Fig.)3 However, the Frolich
changes the energy spectrum in a narrow interval of pressureoupling considerably changes the donor properties in the
In this discussion, we use the hydrogenic labels of energjonic CdF, crystaf® and, even in the weakly ionic GaAs
levels, because in this way we can trace the change of eadystal, possesses the remarkable influence on the shallow-
level in Fig. 3. We see that in the very narrow interval of level donor states of weak localization. The results displayed
pressure below 8.85 kbar, thes 2nd 3 levels rapidly fall  in Fig. 3 show that taking into account this coupling leads to
down and the pairs of levels §2s) and (2,3s) become the 15% shift of the & energy level as compared with that
very close to each other. At higher pressures, tseaBd  obtained without LO phonons, which would be located at
2s levels replace the®and Is levels, respectively, and the E= —Ry (donor Rydberg with static dielectric constant
1s (ground-stateenergy level very steeply decreases becom- In Sec. Il, we discussed the way of choosing the phenom-
ing a deep level at very high pressure. The parametegnological parameters used in the calculations. Since not all
y=—0.168 eV has been adjusted in order to obtain the corthese parameters can be uniquely determined from experi-
rect position of the anticrossing on the pressure scale. Thmental data, we now discuss possible effects of uncertainties
guantitative agreement between the calculated anéh this choice.
measured positions of levels that are on the energy scale is First, we comment on the assumption made for the
obtained without any fitting. conduction-band shap&g. (24)]. We have checked that the

The energy levels that are connected with the donor statagsults of the calculations do not change if we use another

characteristic steps if the transition energy is equal to th
multiplicity of the LO phonon energy.

IV. DISCUSSION
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form of dispersion relation provided thif fulfills the same ~ responding change of the average potential energy, i.e., pa-
boundary conditions for small and largje. The correct re- fametery. We have estimated that the increaseoby 0.1
production of the conduction band in the nearest neighboreV brings about the decrease pfoy 0.095 eV. The simul-
hood of thel™ point is important for the weakly localized taneous change of both the parameters in such a way that the
states, while the average conduction band determines thlue of the anticrossing pressure is fixed does not change
strongly localized donor states. the properties of the considered donor states.

The results can be sensitive to the uncertainty in the pres- The results shown in Fig. 4 provide an indirect proof of a
sure coefficiendA/dp. However, we have checked that the possibility of using the one-element basis for the donor states
5% change of this coefficient in the interval 8.85 kbar of different localization, which is assumed in the Toyozawa
<p=9.15 kbar, in which the experimental points corre- modef* of donor metastability. We see from Fig. 4 that, with
sponding to the highly localized states of the lowest energyan exception of the narrow region of anticrossing, the donor
are located, leads to the shift of energy, which does not exstates are either weakly or strongly localized. Therefore, each
ceed 0.15 meV, i.e., 0.0B,. This change would not be of them can be approximately described by the one function
visible in Fig. 3. of either weak or strong localization.

The present theoretical model consists of one fitting pa- The anticrossing is closely connected with the metastabil-
rametery, which determines the short-range potential of theity of the donor state$® The estimated phonon pafEq.
impurity. In some materials, e.g., the Si crystathe values (40)] of the transition probability allows us to discuss this
of vy for various donor species can be found from the meaeffect (Fig. 5. The total transition probability is dominated
sured chemical shifts if we introduce the so-called “central-by the phonon contribution, which changes it by many orders
cell corrections.” However, the chemical shifts for donors of magnitude. Thus, in this discussion, we neglect the elec-
also possess other sourc&s®In our previous papef$*on  tronic contribution[Eq. (35)], since taking into account its
donors in GaAs, we analyzed the two mechanisms, which aractual value would not change our conclusions. We have
caused by(i) short-range potential, which results from the calculated the lower and upper bounds on the phonon factor
difference in atomic cores between the host-crystal and imef the transition probability for the donors in the two mate-
purity atoms(typical “central-cell potential’}, and(ii) long-  rials: GaAs and Cdf Having calculated the upper bound,
range potential, which results from the redistribution of thewe can answer the question if does the metastability occur,
valence electrons around the impurity center. The chemicdle., the transition probability is certainly less than this upper
shifts resulting from effect(ii) were described in our bound. On the other hand, the calculated lower bound per-
paper§®*! with the help of the reorthogonalisation-charge mits us to trace the disappearance of the metastability. In
model. This long-range potential can be approximated by th&ig. 5, we see that the probability of radiative transitions
Coulomb potentiaf®*! For the donors of the strong electron from the excited state increasést least as quickly as its
localization, mechanisti) is dominating, while for the very lower bound with the increasing separation between the en-
weakly localized donor states, like these in GaAs, it isergy levels. As a result, the life time of the excited state
mechanism(ii). Therefore, in GaAs, due to the very small becomes small and the metastability vanishes.
electron mass and large donor Bohr radius, information ob- One can observe the considerable reduction of the transi-
tained from the chemical shifts for the weakly localized do-tion probability for CdFk, which results from the strong
nor states is less useful for the strongly localized donors andlectron-phonon coupling. This result allows us to explain
vice versa. The interpretation of the chemical shifts for thethe observeti* metastability of the weakly localized excited
donors of weak localization in GaAs as resulting exclusivelystates of single donors. Moreover, in GdEhe one-electron
from the central-cell potential yields the short-range potentialonor states of the weak and strong localization can coexist,
wells, which are too deeff:** The central-cell potential ob- which as well is in agreement with experiméfftThe two
tained in Ref. 42 can bind the electron in the highly localizedupper curves in Fig. 5 correspond to GaAs, for which we do
state of the energy lower than the energies of the core statespt expect any metastability for the one-electron donor
which is an unphysical result. On the contrary, the shortstates. However, the metastability is not excluded for the
range potential for Ge donor in GaAs fitted by us in order totwo-electron donor statg®f D~ or DX type). This sugges-
get the correct value of pressure for the anticrossingion can be supported by the following argumentation: For
(y=-—0.168 eV leads to the negligibly smal0.002 meV  the two-electron states, we have to include the phonon inter-
central-cell correction for the weakly localized donor. action amplitude for each electrdne., twice in the argu-

Because of these problems with receiving the reasonablaent of exponential function in overlai@0), which is the
values of the central-cell corrections for donors in GaAs, wamultiplication factor in expressiori40) for the transition
have to treaty as the adjustable parameter. Its value is takerprobability. This gives us the factor 4 in the exponghg.
on from the measured value of pressure, at which the anti20)] and, as a consequence, the transition probability for the
crossing appears for the Ge impurity. We have found that théwo-electron donor state can be estimated as the fourth
anticrossing pressure is a nearly linear function of the parampower of that value for the one-electron donor state. This
etervy, i.e., the increase of by 0.1 eV leads to the growth of reduces the transition probability by many orders of magni-
this critical pressure by about 10 kbar. Nevertheless, weéude. We expect that taking into account the electron-
should realize that this parameter is connected with the erelectron interaction will enhance this effect. Therefore, the
ergy of the strongly localized donor state. Therefore, wherpresent mechanism of the metastability is not excluded for
fitting y we compensate an eventual error in the parametethe two-electron donor centers in GaAs.

A [Eq. (24)]. The change ofA affects the average kinetic This mechanism provides an alternative explanation of
energy of the localized electron, which gives rise to the corthe nature oDX center in GaAs. Its essence is in agreement
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description of the crystal lattice vibrations. APPENDIX
The phonon factofEq. (40)] of the transition probability
V. CONCLUSIONS includes the contributions of both the LO and LA phonons. If
we consider the contribution of the LO phonons only, the
We have proposed a unified theory for the neutral donokalue of expressiof40) can be evaluated analytically, which
states of different localization. The present treatment is baseghnnot be done for LA phonons. In the Appendix, we present
on the one-band approximation for the electron states anthe method of calculation of the lower and upper bounds on
discrete description of the lattice vibrations. This approactthe transition probability40). We confine ourselves to the
provides a realistic picture for the strongly localized donorLA phonons and omit the index of the phonon branch. We
states and goes over into the effective-mass approximatiointroduce the following notation:
for the weakly localized donor states. We have shown that

izati i Xq=1914~ 9og? (A1)
the states of the weak and strong localization can coexist on q 1g  ¥0gl >
the same donor impurity. If the strongly localized state is theand
ground state of the system, there exist the excited states,
which possess the weak localization and shallbydrogen- X = 2 Xg. (A2)

like) energy levels. The spectrum of these weakly localized q
states is nearly identical, if the strongly localized state i
resonant with the conduction band. The donor states of bot
the types exhibit very interesting properties if their energy *q N

levels lie close to each other. Then, the extremely sharp and P,p=(AE) 'e™* NI > 11 x AENO(AEY).
narrow anticrossing appears between the energy levels con- N=0 Nty ayj=1

nected with the states of the same symmetry. The results of (A3)
the present paper for GaAs under high hydrostatic pressurdé Sec. Il, we have assumed that all the phonon quantities are
allow us to explain the nature of the anomalous anticrossinggotropic, i.e., they depend on the wave-vector length
between the donor energy levels observed in this materiafl=|dl| only. So, in the Appendix, we use tledependent
This effect results from the different lattice deformationsquantitiesio(q), x(q), etc. Therefore, thdl-fold summation
around the impurity center for the donor states of differentover the Brillouin zone can be performed in order of the
localization. The main contribution to the lattice deformationdecreasing wave-vector length, which for the LA phonons

in GaAs results from the short-range electron-LA phonorcOrresponds to the decreasing phonon energy. This means
the following replacement in EA3):

guation(40) can be written in the explicit form

coupling.

We have shown that there exists the close relationship 1
between the anticrossing and metastability of donor states. NI — 2 . (A4)
The metastability is also caused by the difference in the lat- I EEEL I R

tice deformation around the impurity center for the donorsimultaneously, each summation over the Brillouin zone in
states of different localization and appears if the separatiogq. (A3) is replaced by the integration over the Debye sphere

of the energy levels belonging to the weakly and stronglyof the radiusQ and the angle integration is performed, i.e.,
localized donor states is small enough. We have estimated

the phonon part of the transition probability from below and
from above which permits us to draw the conclusions on the E
appearance and disappearance of the metastable occupancy
of the donor states. We have shown that the metastability Eq. (A3), N is the number of LA phonons with total en-
disappears if the energy level of the strongly localized state€rgy belonging to the intervalEp,E;). Therefore,N can
is located too low, i.e., the energy separation between thitake on arbitrary large values, which makes it impossible to
level and the shallow levels becomes considerably largeperform theN-fold summation oveq (integration oven). In
than the LO phonon energy. order to overcome this problem, we divide each Debye
The eigenvalue problem for the electron-donor-phonorsphere into M  subintervals with the endpoints:
system has been solved by the variational means in the,=u(Q/M), whereu=1, ... M. Employing the mono-
wave-vector space. We have developed the method, whictenicity of the LA phonon energy as a function gfwe can
allows us to obtain the excited states being correctly orthogosubstitute into Eq(A3) the corresponding values taken at the
nalized to all the states of lower energy, including the many-upper or lower endpoints of these subintervals, which leads
phonon states. These many-phonon states have been atedower or upper bounds dR,, respectively. If we take on
taken into account in the present estimates of the transitiothe phonon energies corresponding to the upper limits of the
probability. subintervals, we obtain the lower bound

Q (Q
> ..._,ﬁfo dqef- - -. (A5)
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N
AER=AE- Y ho(q,)<AEy, (A6) Py=(AE) e X 2 > H Y, AEU O(AEY)
=1 i 0 pg>>uyj=1
which is a piecewise constant function @f For eachj, we
integrate overM subintervals ofj and introduce + E H Y eZnAEN®(AEN) (A10)
my>->pp =1
Y o J " dqcp (A7)
= x(q).
S aax(q) where
This provides us with the following lower bound on the
probability P N
AE,L\":AE—]Zlﬁw(qﬂj,l)BAEN, (A11)

=(AE) e —XEO > H Y, AENG)(AE")
=0 pug>--->un =
. . (A8) and

In Eq. (A8), the sum oveju, runs from 1 taM and the sums
over the other indiceg; run from 1 tou; ;. Since all the n
terms of the sums in EA8) are positive, we can truncate Z,= 2 Yo (A12)
the summation for every finitd/. Therefore, for finite\" and =1
M, the following inequality is fulfilled:
P <p AQ with n being determined by the two inequalitie®s w1
L="ph- (A9) and hw(q,)<AEy, . The first term in Eq(A10) has the

If N— and M—o, thenP — Pon- form similar to that of the lower bouné, [cf. Eq.(A8)]; the

In order to obtain the upper bound &y,, we proceed in  only difference is in the energetic argument. If the number
a similar way. However, we have to increase the terms in the\ of divisions of the Debye sphere into the integration in-
right-hand side of Eq(A3). Now, we cannot truncate the tervals increases, both these terms, Pg.and the first term
infinite series; therefore, we separate out the finite number dh the right-hand side of EA10) approach each other. For
terms leaving the rest. The infinite sum over these rest termsufficiently large N, the second term in EA10) can be
can be performed, which gives the exponential function. As aeduced to a very small value. In the present calculations, we
result, we get the upper bourfé,=P, of the following  have obtained the closely lying lower and upper bounds on
form: Ppn for N=10 and M=12.
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