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Ground and excited states of the Fralich bipolaron in a multidimensional system
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A variational calculation is performed to obtain the ground state and the first excited state of tiiehFro
bipolaron in a multidimensional polar crystal. Numerical and analytical results are derived for the ground state
and the first excited state. Results for the excitation energy are discussed with reference to the spectroscopic
absorption data in the oxide superconductp89163-18299)10139-5

The study of the bipolaron has long been of general interbipolaron, though there has been a recent interest in this
est both for academic reasons and for its importance in semiopic due the possible role they play in material revealing
conductor technology. In 1975 Andersoadvocated the bi- high T, superconductivity. The energy spectrum of the two-
polaron concept in negativé centers to study the electronic dimensional large bipolaron is investigated in the high mag-
properties of the amorphous semiconductor. Lalisl?  netic field in the framework of the adiabatic theory by Fomin
extended the idea of Anderson to propose intersite bipoand Devrees& More recently, Smondyrev and co-workérs
larons to explain the mechanism of two successive metakFeported the energy spectrum of the one-dimensional bipo-
insulator transitions in titanium oxide (F»;). But perhaps laron in the strong-coupling limit. It is of urgent experimen-
the greatest impetus to the renewed interest in the bipolaroi@l relevance, as well as academic interest, to investigate the
came from its possible connection with the high super- complex energy spectrum of the large bipolaron.
conductivity, where singlet bipolarons, such as bosons in In the present paper we suitably develop the Landau-
Bose condensation, have been conjectured as a possiff€kar variational method to get an approximation to the en-
mechanism for highTl, superconductivity.® However, all ~ €rgy of the ground state and the first excited state of the
these important developments do not help to resolve th&rohlich bipolaron in a multidimensional ionic crystal in the
question of the first-principles existence of bipolarons in astrong-coupling limit, and compare our result for the excita-
solid. This probably sparked the recent state of interest in thon energy from the ground state to the first excited state
study of the stability of a bipolaron. Regarding the questionwith the value estimated from the optical absorption data in
of the stability of the bipolaron, a general concensus, howthe oxide superconductors.
ever, seems to be lacking; the majority of worKet§ have The Frdnlich Hamiltonian for the polaron ihl dimensions
maintained that the Fhiich bipolaron can indeed exist in iS generalized by Peeters, Xiaoguang, and Devréese-
polar crystals, provided that certain conditions are satisfiegordingly, the relevant Hamiltonian for the case of two elec-
by the material parameters. Nevertheless, despite these d&ons in theN-dimensionalND) polar crystal consists of the
velopments, the Fidich bipolaron is far from completely kinetic energies of two electrons, their interactions with the
solved. It may be remarked that the excited states of theptical modes of the ionic lattice, and the screened Coulomb
bipolaron have so far been studied less. Though the stabilitiepulsion between them. Assuming the phonon frequency to
of the bipolaron has been predicted by a majority of author$e dispersionless, the Hamiltonian for the ND Iireh bipo-
addressing this problem, the experimental evidence of thiron may be written as
bipolaron still remains controversial. Several key investiga-
tions on the optical properties of the oxide superconductors h? 2 h? 2 e? T
have been performed by Hemtall’ and many other om ' +—+ﬁ“’2 By by
groups*®-2° The mid-ir feature observed on spectroscopic q
data has been interpreted by different groups in different 2 )
ways. Some of them have tentatively ascribed it to a photo- +2 > [Eqre’iq"ri b;,+ H.cl], (1)
induced electronic transition from  polarons or =1 q
bipolaronst®?’ Knowledge of the excited states of the bipo- h I A-di ionalr’ r’ beind th .
laron is thus required for the interpretation of spectroscopic‘;’v ere all vectors arbl-dimensionaly,r; being the position

absorption data in the oxide superconductors if they are asv_ectors of the electrons amd their band effective masg.,

sumed to be the charge carrier in the relevant materials. I3 the h|gh-fr_equenc_y dielectric constant of Erhe me(_jlums

the framework of the intensively developing bipolaron the longitudinal optical phonon frequench, (by) is the
theory there has been a recent anafysig the optical ab- crea~t|on(ann|h|lat|or) operator for a phonon of wave vector
sorption spectrum of large bipolarons in the presence and'. &y is the electron phonon interaction coefficient. The
absence of the magnetic field. The peculiarities of the abexplicit form of the interaction coefficient iN dimensions
sorption spectrum of the bipolaron as a function of the elechas been derived in Ref. 24.

tromagnetic field are attributed to the transitions involving If the two electrons are capable of forming a bipolaron,
scattering states or internal excited states of the bipolarorihe obvious dynamical variables are the relative and center-
But much less is known so far about the excited states of thef-mass(c.m, coordinates defined by
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p'=ri—ry, 2

(ri+r5)
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in terms of which the Hamiltoniafl) reads

ﬁZ hZ eZ

~+ho2, bl by
ql

+2 [Ep{e”' T Rp1D 4 emid (R *P"Z)}b;, +H.cl],
q/
(4)

where . is the reduced massuEm/2) andM is the total
mass M=2m).

Following Huybrecht® we introduce creation and annhi-

; T
lation operators; anda; by

1/2
(af +a), (5)
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j m (a] - a}') ’ (6)

where the indeX refers to thex,y,z directions and\ is a
parameter to be determined presently.
Then rewriting the Hamiltonian, one gets
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Introducing Frdlich units [energy is scaled byiw and
length by ¢:/2mw)*?], the Hamiltonian becomes

2 al ja;+ +— 2 (a
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where H=H/%w, p=p' (2mo/t)Y2 q=q (/2mw)Y? B
= (e’ we,) (hl2mw)*?,
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V is the volume of the ND crystal, and is the electron
phonon coupling constant that depends on the dimensionality
of the system. In three dimensiof@D) « is given by

2Mw 1/2
(T) ’ ©

while in 2D it takes the following expression:

eZ 2mw 1/2
o= %(EO_EOO)<T) y

whereEy=(eg—1)/(eg+1), E.=(e,—1)/(e,+1), andeg
is the static dielectric constant of the medium.
Now performing the unitary transformation

VqN—l
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U=expX, [febl—H.c] (11)
q

with f,'s as variational functions, one gets
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+ H.c.] , (12
where
_ q?
&= gqexp( - ﬁ) (13
and
o \ 1/2
A= (Z (14

Determining the ground statg,= ¢o(p)|0) in the new
representaticit by

aj|0)=b|0)=0, (15
one gets for the enerdy, for the ground state
) B N
Eo=—2(¢0l V| o) +{ o » ®o +3Z
+§q} |fq|2+% (&4f% +H.C). (16)

By such a choice of the averaging state, one takes account of
those terms of the Hamiltonian describing the recoil energy
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TABLE I. Binding energy(BE) (in units of «?4 w) of the bipo- TABLE Il. Excitation energy () and binding energyBE) (in
laron for several values of as obtained from the present calcula- units of ?4w) of the 3D bipolaron for several values of as
tion compared to the variational results of Bassamal. 12 obtained from the present calculation.

7 BE (ours BE (Bassaniet al.) 7 A BE
0.000 0.0314 0.0314 0.00 0.0615 0.0314
0.035 0.0177 0.0177 0.02 0.0640 0.0236
0.070 0.0035 0.0035 0.04 0.0665 0.0157
0.06 0.0690 0.0076

of the bipolaron. The functiofi, and\ have to be obtained

by a variational calculation of the ground-state energy. Thergy. In Table Il we give the binding energy of 2D bipo-
result for the ground-state energy will be compared with thdarons in the present approach. It can be observed that the
existing theory in order to test the approximation made byresults are consistent with the othéts? The change in di-

Eq. (15). mensionality increases the binding energy of the bipolaron,
Now from the variational principle we obtain thus making the pair formation a much more realistic pro-
cess. Furthermore, the simple structure of the Hamiltonian
fo= _gq (17) and the ground state makes it possible to elaborate the en-

. . ergy of the excited states of the bipolaron where the electrons
and the following expression for the ground-state energy: 516 ’assumed to be excited into higher levels in the potential
3 32 well together with the readaptation of the ionic polarization
= ¢O> +3__2 |Eq|2‘ to the new electronic configuration. This means that the po-
p 4 73 tential used to describe the excited state is relaxed with re-

(18)  spect to the initial potential built by the phonon field. These
types of excited states can be treated by the Landau-Pekar
wave function.

Eo=—2(¢bo| V3 o) + < bo

We choose the electron ground-state trial wave function

N/2 In order to get a first approximation to the energy of the
K 2,25 . . . . .
| o) = \/—_ Kl (19 first internal excited state we choose the first excited state
ar
wherex is a variational parameter. ¥1=do(p)[1), (22
It then follows where
N—l) F<N—1) |1)=a]l0) (23
2 t 2 , .
Er=Nx?+ xkB—— — 420k and the energy of the first excited state becomes
0 B - N V2 e - N
2 2 N—1 N—1

I 2 t I 2

+N?t?, (20) E;=Nk?+ Kﬁ—N—4\/§aK I N

where rl= Vit L2
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Y
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2K { Nre) Ny TN

Now the minimum ofE, with respect to the appropriate (24)

variational parameters andt would give the ground-state

energy. In order to test the validity of the model developed Thus we calculate the energy of the first excited skte
above we compare our result for the ground-state energin the same model potential we used in determining the self-
with that of Bassankt al. (Table ). We can say that the energy of the bipolaron. Using the same idea as that devel-
model that is presented here provides a good approximationped in the study of the absorption coefficient of continuum
for the calculation of the binding energy of the bipolaron.polaronsz,7 that the polaron absorption spectrum is domi-
Compared to AdamowsRfl and other® the binding energy nated by a sharp peak from the ground state to the first in-
of the bipolaron turns out to be of smaller magnitude in ourternal excited state, one can also understand and characterize
approach. This is because, apart from the difference in aghe peaks observed in high, materials, and from this work
proximation, we have considered the free motion of the cenen the optical properties one can estimate the difference in
ter of mass, while in the case of Adamowskii and others theenergy between the first excited state and the ground state.
bipolaron is intrinsically immobile. Therefore a large part of  In Tables Il and Il we collect our result for the excitation
the binding energy in their case comes from the localizatiorenergy A=E;—E;) along with the binding energy
energy. Since we are interested only in mobile bipolaron§Eg=2E,—E,; E, is the ground-state energy of the single
with their possible connection in high, superconductivity, polaron of the bipolaron. We find that the excitation energy
we have not considered this possible source of binding enis smaller than the self-energy of the bipolaron. Thus we can
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TABLE lIlI. Excitation energy () and binding energyBE) (in  there is good agreement between the excitation energy cal-
units of «’4w) of the 2D bipolaron for several values of as  culated in our model and the result estimated from the cal-
obtained from the present calculation. culation of the mid-ir peak obtained in the high supercon-
ductors. For a two-dimensional polar crystal with=5, 8

" A BE =3.5, andhw=60 meV, we find that the excitation energy
0.00 0.5703 0.1163 turns out to be 0.584 eV in our calculation, where in the
0.02 0.5706 0.0875 experiments of Kimet al'® and others a broad photoinduced
0.04 0.5707 0.0582 electronic absorption is found to be peaked around 0.5 eV in
0.06 0.5705 0.0282 La,CuQy,. Thus the existence of large bipolarons is not un-

realistic in the copper oxides.The present paper supplies the-
oretical support for the fact that the Tlich bipolaron may

conclude that this type of excited state may occur for '[heexISt In the highT superconductor as well.

Frohlich bipolaron, and the mid-ir feature in the high The author is grateful to Dr. J. Chakrabarti, Department of
superconductors can be tentatively ascribed to the photoinFheoretical Physics, IACS, Calcutta, India, for the hospital-
duced electronic transition from biploarons. As can be seerity shown by his department.
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