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Theory of bound polarons in oxide compounds
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We present a multilateral theoretical study of bound polarons in oxide compounds Mg@-ahD,
(corundum. A continuum theory at arbitrary electron-phonon coupling is used for the calculation of the
energies of thermal dissociation and photoionizafioptically induced release of an electr@ole) from the
ground self-consistent stdfas well as optical absorption to nonrelaxed excited states. Unlike the case of free
strong-coupling polarons, where the raktoof the photoionization energy to the thermal dissociation energy
was shown to be always equal to 3, here this ratio depends on fiichraoupling constant and the
screened Coulomb interaction strengthReasonable variation of these two parameters has demonstrated that
the magnitude ok remains usually in the narrow interval from 1 to 2.5. This is in agreement with atomistic
calculations and experimental data for hole Polarons bound to the cation vacancy in MgO. The thermal
dissociation energy for the ground self-consistent state and the energy of the optically induced charge transfer
processhops of a hole between?0 ions) have been calculated using the quantum-chemical method INDO
(intermediate neglect of the differental overlaResults obtained within the two approaches for hole O
polarons bound by the cation vacancies jMn MgO and by the M&" impurity (Vmg) in corundum are
compared to experimental data and to each other. We discuss a surprising closeness of the results obtained on
the basis of independent models and their agreement with experiment.
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The properties of polarons and bipolarons in oxide matekinetic energy for free polarons, was derived by Lemmens,
rials continue to attract considerable attention in solid-statde Si_tter, and Devreese for all _v_alues of the electron-phpnon
and materials physics due to their possible relevance to theoupling constartt.Optical transitions of large polarons with
high-T. superconductivity. Theory for large-raditfs and taking relaxed excited states into account were examined in

small-radiud polarons is well developed. At moderate tem- Ref. 7.

peratures polarons are usually bound to defagsancies or . Calculation of the ratiok =Eop/Eyy of the photoioniza-
: " . . . tion and thermal dissociation energies allows one to examine
impurities unavoidably present in any material. Examples

. . the adequacy of different theoretical approaches to bound
are a hole trapped by the cation vacancy in Mg@lled the  53r0ns. In the present paper we analyze this problem in

V™ centey and a hole trapped by the ¥ig impurity substi-  two ways: using an extendecbntinuumtheory of large-

tuting for a regular A" atom in ALO; (called the V4  radiusboundpolarons and performingtomisticcalculations

centej.* for the particular hole polarons in the above-mentioned ionic
Fundamental characteristics of free polarons are energie®lids—MgO and corunduma(-Al,O3). These two types of

of their photoionization E;pr) and thermal dissociation calculations allow us to draw conclusions as to how the con-

(Etfh)' From the well-known theorem:2:3:4 derived by tinuum approach can describe models, where the lattice po-

Pekar for relations between the average kinetic energy Oiliarizafcionfis of llTr@I(ijc;h typer,] while éh‘la ﬁtatebof charge car;j
the electron, the polarization energy of the crysEﬂm,ariZ, riers is of small radiugsuch a model has been suggested,

the modulus of the electron eigenenefgly, and the average e.g., in Ref. 8 for a small Fdich polaron. In the frame-

. . . rk of thi roach, unknown val f the macr i
potential energy of the interaction between the electron anﬁ/gran? etterss si%%l?jalg e 7oll;taingd frorilj:?)smo atriseon \?v(i:tr? Zf(ozr(i:-
the polarized crystal in the strong-coupling polarons, it fol- P P

lows, in particular, that the ratio between the photoionizatio mental data. At the same time, we examine the efficiency of
ener’ Ef :|Ef| ’and the thermal dissociation ener&;{ "he microscopic quantum-mechanical approaches for solving
Y Eopi= | Ee h the aforementioned problems of bound states.

_1efl_ f_=f ef | ef f =1 :

=|Eel ~ Eporariz for a free polaronx’=Eqy/Eyn=|Ee|/(|Eel A variational theory of bound polaron states which em-
- E‘fmmz) equals exactly 3. A generalization of this ground- braces the overall interval of values of the Riioh coupling
state theorem, which relates the interaction energy to theonstante and of the strengti of the Coulomb interaction
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between a band charge carrier and a charged impurity was

developed in Ref. 9. The Hamiltonian of an electtbole) in
the field of an impurity interacting with the polar longitudi-
nal optical(LO) phonons is

L

H= 2m,  eqr

+, hooajact Y (Viae ™ +H.c),
k k
D

wherer is the position coordinate operator of the electron

(hole) with band masam,, p is its canonically conjugate
momentum operator, andl and a, are the creatior(and
annihilation operators for LO phonons of wave vectoand
frequency w . The V| are Fourier components of the
electron-(hole-) phonon interaction

hoofdTa 172 h 1/4
V= —i , (2
k V ZmbwLo
with the Frdnlich coupling constant
1 e(1 1 m
a= —(———)\/ boLo. )
thO \/E Ex € h
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) =clO)lgn)+ 2 VEGK (€N = p)|0)|bn),  (9)

wherec is a normalization constant arj@) is the phonon
ground state. The variational principle with the trial function
(9) results in

_ 2
O _ _ 1-|pyl _ , (10)
C Da(k)+Da(k)+(1=|pil?)x/2
where
1

= ¢ 2 Vil a=Ind®) g+ i), (11)
D1(K)=(nl (€= p)Ho(e ™ "= pl) [ dy), (12
Do(K)=(1=[p®) (1= (SolHolgn)). (13

The variational energy for the bound polaron is found to be

E=(olHol ) + - (14

This energy is to be minimized with respect to the param-

whereeo ande., are the static and high-frequency dielectric eters entering the trial functiopp,,). It is this minimal en-
constants of the crystal, respectively. Choosing Feynmagrgy which relates to the thermal dissociation of a polaron

units, when the polaron radiugi/(2m,w o) and the pho-

bound to an impurity: Ey=|Emi,|. The electron(hole)

non energyi w o Serve as units of length and energy, respeceigenenergy i€, = E min—Epolariz: WhereEpojai; is the elastic
tively, we represent the second term on the right-hand side anergy of the polarizatiofi.e., the energy of the ionic polar-

Eq. (1) in the form— B/r, where the dimensionless Coulomb
interaction strength relates to the Rlich coupling constant
(3) as follows:

B=2al(egle.—1). (4)

The approach, developed by Devreesal.® consists of
two stages. First, the unitary transformation is performed:

UZEXF{; (Viagpk—H.c) |, pr={dnle™ " dp),
5

where| ¢,) is the electron(hole) wave function, which will
be found variationally. This transformation of the Hamil-
tonian(1) results in

H'=U"'HU=Hy+ >, ajac+Hin, (6)
X
B ik
H0=p2—?+; |Vk|2|Pk|2_; IVil(pi e +c.c),
(7)
Hine= 2> [Viaw(€® "= py) +H.cl. ®)

k

Second, the following trial function is proposed in Ref. 9,
which is proved to be a fair approximation for all valuesaof
and 3:

ization due to a lattice energy gain after self-consistent re-
laxation. The minimal energy, which is absorbed during the
photoionization of a bound polardrhe optically induced
release of an electrothole) from the ground stafe equals
the modulus of the electrofnole) eigenenergyE.|:

EoptE | Ec| =Ept Epolariz- (15

Hence, the ratio of the photoionization energy and the ther-
mal dissociation energy is

_ Eopt
K=—=

Eth+ Epolariz
= '

(16)
E
In order to find the ratioc, it is necessary to calculate the
eigenenergy and the energy of the polarization field. Under
the unitary transformation of Eq@5), the Hamiltonian of the

phonon subsystem turns to

F’)hEU*lik: alakU=§k: alak+§k: |V|<|2|Pk|2

- g (Vipra+H.c.). (17)
Averaging the transformed Hamiltonian of the phonon sub-
system on the trial functiof) gives the energy of the po-
larization field in a polaron bound to an impurity:

A
E potariz= { #/|H i '//>:m + zk: IVi?lpl? (18
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3.0 T I T I coupling of the electroihole) to the polarization well weak-
ens continuously during this process.

As seen from Fig. 1, a decrease of the Coulomb attraction
parametelB at a fixed value ofx leads to a rise in the ratio
x(a,B), except for the region o8 less than or of the order
of unity at«<<8. In particular, alv=10 andB=0, «(«a,B)
is as large as 2.6, already close to but still smaller than 3,
obtained in the polaron theory in the limit—c. When in-
creasingy, at a fixed value o3, the role of the interaction of
an electron(hole) with polarization enhances, and thus, the
value of the ratiok(«a,B) rises. A weak maximum in the
TS region of small values 0B~ 1 at «<<8 apparently reflects a

] 1 L transition from the two-center state of a polaron moving
0 2 4 6 8 10 around the impurity center to a one-center state, where an
B electron(hole) is in a unique potential well due to the com-
mon action of the polarization field and of the impurity cen-

25F

2.0

Eopt,ls/ Eth,ls

=
o

K
Y
;
'
:
/
/
/

FIG. 1. Ratiox(«,B) of the photoionization and thermal disso-
ciation energies as a function of the strength of the Coulomb inter-
action B for a large polaron bound to an impurity with different
values of the Frblich coupling constanty. Note that for large
constantsy, the calculated values(«,0) tend to 3, in conformity
with the limiting result of the adiabatic theofRRef. 5.

Further, we consider the excited state of the bound po-

laron in the nonrelaxed polarization well of thes §round

state of Eq.(14), which will be referred to as a nonrelaxed

excited state. The factol&! pi ata, andV,py ata in the

unitary transformation of Eq5) have the meaning of shifts

with of the polarization vibrations due to the interaction of the
polarization field with the electron in the stagg:

vV 2 1— 2,3
A= Vil (1= pil®)
k

[D1(K)+Da(k) = (1=|pil ) x/2]* | |
I . _ . Hence, the wave function of the nonrelaxed excited state 2
The variational parameters which deliver a minimum to thej, the frozen polarization well correlated to the electron state
polaron energy, should be substituted into E&f). In par- 15 has the form

ticular, for a spherically symmetrical variational function
|$,) the expressions on the right-hand side of EB) can
be simplified to |¢2p>:C|0>|¢2p>+; Vi 9k Al 0)| #2p),

2a0 (= (1-1pd®)? o 1
A=—| dk > 5 (20 A=e |kr_p: s
™ Jo  [Dy(k)+Da(k) = (1= |pil9)x/2]

(19) U_lakU=ak—VEP: ) U_laEU=al—Vkpk. (23)

where pis=($1e*|¢1). Like in the case of self-
S vl |2:2_af°°dk| 2 21) consistent polaron stategy is a variational function. After
= VR = | BRIPK transformations similar to the above-described ones we ob-
tain the following variational energy of the nonrelaxed ex-
Using for the ground state the hydrogenlike function, whichcited 2p state:
was suggested in Ref. 9,

1s
X2
a¥? Edp=(bzplHol b2p) + 5" (24
|p15)= e (22)
23/2\/; .
wherein
with a variational parametex, we obtain the ratioc(«,8)
= Eopt,1s/ Etn, 15 @s a function of the parametexsand g for a b2 -
bound large polaron. | ap(r))= 25,2\/;9 r cosd,

Results of the numerical calculation of the rak¢«a, 8)

for a polaron bound to an impurity at=0a<10 and 6<8  pjis a variational parameter, amis the angle betweenand
<10 are plotted in Fig. 1. As follows from this figure, for all the 7 axis. In Eq.(24),

a#0 the ratiox(a,8)>1. This inequality arises due to the

following fact. During the photoionization process, the elec- a (= =

tron (hole) is released from the polarization potential well X%;:— —J ko sinédé

which is frozen, being adjusted to the electr@mle) wave mJo Jo

function in the polaron ground state, while in the case of a (AEA)?

thermal dissociation of the bound polaron there occurs a dis- I s " s (25
integration of the polarization state and, consequently, the D1°(K)+D3°(K) — (AL A X2p/2
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FIG. 2. (Color) Visualization of the atomic structure of the \tenter in MgO(a) and the \{;4 center in corunduntb) as calculated by
means of the INDO method. In the Vcenter five nearest-neighbor O atoms move outwards from the Mg vacancy by abayt (k&

lattice parameterwhereas the O atom with a halghadedlis attracted to the Mg vacancy by 384, which makes the dominant contribution
to the energy gain due to the lattice relaxation.

Dl(k):(¢zp|AkHoA’k’ | bop), (26) The electr_or(hole) eigenenergy, corresponding to the nonre-
laxed excited state 2 of a bound polaron, is

Do(k)=(AE A (1= (op|Hol d2p))- (27)
The thermal dissociation of the excited statep)2n the
polarization well adjusted to the ground states)lis

(Eth) _|E2p m|n|
The elastic energy of the polarization field is

(EC) 2p min Epolariz- (30)

and the minimal energy, which would be absorbed during the
photoionization of a bound polaron from its nonrelaxed ex-
cited state B, (Eop)3p=|(Ec)3pl. takes the form

(Eopt)%;: ( Eth)%é“" Epolariz- (39

\1s 2
(Epotarid) 2p= 1+)\ z VidZlpic? (28) Calculations for large polarons were performed with the

following parameters(i) For MgO, fiw c=0.09 eV, ¢,
which is similar to that for the d state. The first term on the =2 .96 ande,=9.861° and m,=2.77m,,** wherem, is the

right-hand side of this equation is by two orders of magni-pare electron mass; according to the definitig)) o= 4.83,
tude smaller than the second one; therefore, in both casesyyhereas the calculation by E¢4) gives 8=4.14. (ii) For
a-Al,05, iw o=0.07 eV(this value is suggested in Ref. 12

Epolanﬁz |Vk|2|pﬁs|2- (29) as an average of the phonon energies cor'respondlng to three
K modes which provide the strongest contributions to the di-
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electric dispersion; this average value is in good agreement TABLE I. Theoretical and experimental values of thg, and

with more recent dati where the measured optical phonon Eqp for a polaron bound to the Mg vacangthe V™ centey in

energy range is from 0.052 to 0.108 e\..=3.1, andeg MgO. CTAC, CTSC, and INDO stand for continuum arbitrary-

=9.0 (Ref. 12. An estimate of the hole effective mass in cUPling theory, continuum strong-coupling theory, and micro-

corundum from the experimental val@ig,=2.58 eV gives scopic quantum-chemical approach, correspondingly; experimental

m,=4.0m, and, consequentlyy=5.41 ,BPt—S '66 values are given in the last columfiwe, iS a transition energy
h— 4. 0 y — 9. y — 9. .

Atomisti lculati for b d hol | between the ground and excited states. The sigri indicates that
f Oéms .'C Cahcu ations Orh OUT‘ | ole Eodalr;\)lnsmwere per'the respective quantities were not calculated; the indgxasd e
Qrme using the quar?tum-c _emlca metho D err‘_ne- label, correspondingly, the ground and excited stétiesse states
diate neglect of the differential overlppRef. 14 modified ;.o 15 and 2 in CTAC).

for ionic solids!® This is based on the Hartee-Fock formal-

ism and allows self-consistent calculations of the atomic angpergies(ev) CTAC INDO CTSC Experiment
electronic structure of pure and defective crystals; that is, we

are able to simulate polarons makingagriori assumptions Em 124 1.6 115 1%
about their geometrical structure. The INDO method wasEqp 22 22 213 23
successfully applied for the study of many defects in oxide(Eqy) g 1.13 - 0.96

crystals (see the review article in Ref. 16 and referencesiwe,=Eqp— (Eopdd 1.07 - 1.16

therein. Quantum cluster is embedded into the electrostati&,,;, 0.9 - 0.97

field of the infinite nonpoint crystalline lattice. To model a 1.77 1.38 1.85 1.64

hole polaron, we remove one electron from the cluster and
allow all atoms to relax to the minimum of the total energy *Reference 4.
which gives us the atomic structure of a polaron. The analy®Reference 19.
sis of a relevant final charge density distribution character-

izes the polaron’s electronic structure. Calculations of the A detailed discussion of the optical properties of the V
difference of total energies for the ground and excited stategenters in MgO has been presented in terms of small-radius
with a fixed lattice geometry permit, in principle, to find the polarons by Schirmef® Theory predicts the ratio of the op-
activation energyE,,; of a charge transfer process, when atjca| to thermalreorientationenergy to be 4, and the ratio to
hole after optical stimulation hops betweeA Dons. Inits  pojarization energy to be 2. The latter relation is also sup-
turn, the thermal dissociation energy, is calculated as the ported by our CTSC calculation@able . A very qualita-
energy gain due to atomic displacements induced by a holgive discussion of the large-radius vs small-radius hole po-
Results of the INDO method are illustrated in Flg 2. larons in corundum has been done in Ref. 24.

In MgO, calculations were done for 125-atom clusters, As distinct from the case of MgO, calculation of the po-
modeling 9 spheres of atoms surrounding a cation vacancy iaron energy spectra in corundum is lacking for some mate-
the coordinate origin. The basis set is the same as in oyjg] parameters. The band masg has not been measured;
previous MgO studiet’ In corundum, 65-atom stoichio- the valueh w, o=0.07 eV(Ref. 12 is not fully reliable; the
metric clusters containing 13 formula units were used. Th@hermal dissociation energy for the ground state of the V
INDO parameters and basis set remain also the same as d@nter is not known. The value of 0.7 eV from Table Il is, in
previousa-Al,0; calculations’® Both our microscopic cal- fact, the activation energy of a free small polaf3myhich
culations and electron spin resonar(&SR) dat& demon-  can be only conventionally considered Bg,. It is worth
strate that a hole is well localized by a single oxygen atomnoting, that the shell-model calculation underestimates the
forming O™ ion considerably displaced from its regular lat- energyE,,, resulting with 0.56 e\ The energyEy, calcu-
tice site. Practically, it is difficult to achieve a convergence|ated by using the continuum theory is close to the respective

in the self-consistent-field calculations for the delocalizedresyit of the INDO approach; both of them differ from the
(bang states necessary for calculations of the photoionizaayperimental value.

tion energy. This is also the case in our calculations for MgO
and corundum. Neither are we aware of the relevant experi-
mental data on optical ionization energies of these polarons.

Results of calculations for the Vcenters in MgO by the

TABLE Il. Same as Table | for the \{, center ina-Al,0s.

theories CTAC (continuum arbitrary-coupling theary EnergiesieV) CTAC INDO Experiment

CTSC (continuum strong-coupling thegryand INDO and  E,, 1.22 1.26 0.68 0.7

the available experimental data are collected in Table I. g, (2.58° - 2.5¢
The thermal dissociation enerdy;, obtained in the con- (Eop)? 1.15 -

tinuum theory is close to the experimental value; the differ-;,, — Eop (Eopd? 1.43 -

ence of about 10% between them seems to be within thEpoIariz 1.36 -

limits of the error of measurement. The INDO method gives, 211 - 368

the value ofEy, which is also close to the experimental data.
The energyE,y calculated in the continuum theory and “Reference 20.

within the INDO approach are both in good agreement with’Reference 21.

experiment. It is worth noting that CTAC better compares®The value of the energi,,=2.58 eV was used to estimate the
with experiment than CTSC. effective mass of a holen,=4mj.
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In conclusion, we have shown that the continuumposed macroscopic approach to the bound polarons in the
arbitrary-coupling theory(CTAC) of large bound polarons aforementioned oxides is probably due to the fact that the
qualitatively and quantitatively describes the energy specspecific features of the small-radiustomlike states of
trum and transition energies for the impurity centers in oxidecharge carriers do not appreciably influence the distribution
compounds MgO and-Al,O5. The thermal dissociation en- of the polarization field that is induced by themselves.
ergies obtained in the framework of CTAC are rather close to

the results of INDO. The CTAC has the advantage that "203—8 |s|UvZ\oPrth\z;1vs Ob t_a\?nps;(l;j%[?:?rlt\legs bé 62276905'6‘9%0153%?

allows one to describe the impurity energy spectrum in dez g WO.0025.99NBelgium): through DAAD (E.AK.) at
tail. The surprising fact that two essentially different ap- osnabyiigk University. E.A.K. thanks the Scientific Research
proaches have led to close results seems to be indicative Of@ommunity “Low Dimensional Systems” W.O.G.
dualistic nature of the bound polarons, which combine a073.94N of the F.W.O.-VlaanderdBelgium) and E.P.P.
macroscopicscale of polarization changes withicroscopic  acknowledges the PHANTOMS Research Network and
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