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Polaronic effects in the photoemission spectra of strongly coupled electron-phonon systems
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The angle-resolved photoemission spectrum is derived for systems with strong electron-phonon cou-
pling. Polaronic features of the charge carriers are manifest in a broad spectrum, with a maximum at
an energy (below the Fermi energy) corresponding to the polaron binding energy. In the strong-
coupling limit and with dispersionless phonons an oscillatory structure is superposed on this broad
spectrum with a frequency equal to the characteristic phonon frequency.

There is great need for decisive experiments capable of characteristic phonon frequency of the system and reflect
testing the polaronic nature of charge carriers in systems the strong mixing of purely electronic and purely phonon-
with strong electron-phonon interaction. The characteris- ic degrees of freedom.
tic features of small polarons are theoretically well under- The intensity of angle-resolved XPS spectra is deter-
stood 2 and are tantamount to charge carriers which are mined by the Fourier transform of the retarded one-
surrounded by a fairly localized deformation field of the particle Green’s function,
lattice. For a moving small polaron, there is a perpetual

+ oo
exchange of the momenta carried by the electron and by I(k,e) = —Lf_m de' n(e)ImGRk,e)F(ee), (1)
the deformation field. This gives rise to strong mixing of T
electron degrees of freedom and strongly populated pho- where k and € denote the momentum and energy of the

non modes. Photoemission spectroscopy should therefore emitted electron, measured by the analyzer with a Gauss-
be able to detect such strong mixing of purely electronic ian instrumental resolution function
states with lattice vibrational excitations. Analogously, )12
inelastic neutron scattering should show up the strong Flee)= exp _1|e—e
coupling of phonon modes to electronic excitations. A yJ_ 2 Y
number of experiments [x-ray photoemission spectroscopy
(XPS), neutron scattering, extended-x-ray absorption-
fine-structure (EXAFS) and radial distribution function,
temperature dependence of Debye Waller factors, etc.]
testing the polaronic features in small systems recently
have been treated theoretically. >

In the present paper we develop a theory for angle- 1 . +5 iy
resolved photoemission spectroscopy (ARPES) for a sys- G (k,0,) = —3§e'k mf-p dz " (T 1coo(t)eme (0))
tem characterized by a band of small polarons. As we (3)
shall show below, ARPES is expected to show Fermi-
surface features with a broad asymmetric line shape. We to the upper half plane of w, =izn/B, n being an odd in-

0))

The present day highest resolution experiments corre-
spond to a y of the order of 20 meV, n(e) =[exp(e/
kgT)+117'. GR(k,¢) in Eq. (1) is obtained in the usual
way by analytic continuation of the Matsubara tem-
perature-dependent Green’s function,

predict, under certain conditions, an oscillatory structure, teger and B=(1/kgT). cmo(c.‘:.,,) denote electron annihi-
superimposed on this broad spectrum which has a peak at lation (creation) operators on sites m and spin o. Apply-
an energy (below the Fermi energy) which roughly corre- ing the standard Holstein-Lang-Firsov transformation,?

sponds to the polaron binding energy. The oscillations of the bare Frohlich Hamiltonian H can be written in the

the superimposed structure have a frequency equal to the form*
I

H=e¢SHe ™ =2 [o(m —n, +0)T(m-—n)6<,,,'c.,,,,c.,<,+v(m-—n)n,,.(,nm,]+Zm(q)dq 9> 4)

where

ﬁ . (q)(dqeiq'm —d:e Tiamy e
q.

o

(5)
o(m,7) =<T,exp [—;;z Y(@)d{(z)el ™ —d (z)e ~19m] ]exp [ﬁz y(q)(dq—d;) ] > .
q q

T(m —n) denotes the bare hopping integral and v(m —n) the induced polaron-polaron interaction, which may be attrac-
tive and giving rise ta small hipolaren formation.* w(q) is the phonon frequency of wave vector g, ¥(g) denotes the ma-
trix element for electron-phonon interaction, 7me =CmoCmo, and N is the number of lattice sites.
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Applying the Holstein-Lang-Firsov transformation to
the single-electron Green’s function, Eq. (3), we can ex-
press the single-particle Green’s function [Eq. (3)] in
terms cf polaron operators émo=6% cmse ~° and thus ob-
tain

kgT
Gk,0,) =3 Y Y o(m,0,— 0n)Gp(k',0y)
i o,y mk'

Xei(k—k')-m. 6)

Gp(k.w,) denotes the single-polaron Green’s function
(see below) and o(m,w,) describes the Green’s function
for the phonon cloud which accompanies the motion of the
electron. Expression (6) is obtained after averaging over
the free-phonon Hamiltonian which neglects retardatior}

cr(m,r)=cxp{—z—iV—Zyz(q)tcoth kT
q B

Taking the Fourier component of Eq. (8) and substituting
it together with Eq. (7) into Eq. (6) one obtains
_gZ _gZ oo 21/
Gkw,)=——-+% £
W Tm TN AT

XZ l n(&y)
&

iw,, - ék""l(uo
Equartion (9) is the result for the simplest case, i.e., molec-
ular dispersionless vibrations (@ =wg) and q-independent
coupling y2(q) =2g% Moreover, we take the limit
T .

Expression (9) consists of two physically distinct terms.
The first arises from a polaronic band describing coherent
tunneling of electrons_and their surrounding phonon
cloud. The factor e ~%’ plays the role of Z in a Fermi-
liquid description and determines the jump in the Fermi
distribution function. The second contribution in expres-
sion (9, describes the possibility of changing the number
of phornons in the phonon cloud during the excitation of
the electron. It is this term which will characteristically
influence the photoemission spectrum in polaronic sys-
tems. Motice that this term contains the sum over all elec-
tron mcmenta which reflects the fact, as already remarked
above, that the electron momentum is not conserved sepa-
rately. The fact that this second term in Eq. (9) does not

|

1 —n(&)

iwy, — &y — lwg

C)

2
1

yN2r

I(k,e) = n(&)e ~#exp

1 e~ %
2 Y

where NV, (g) =1/N 3, 5(£x — ¢€) is the polaronic density of
states. k

The first term in Eq. (10) describes the binding energy
(¢) dependence of the photoemission from the polaronic
band for different angles (different &). The second term
describes the angle-independent line shape due to the
phonon -assisted photoemission.

In Figs. 1-3 we present the binding-energy-dependent
photoernission spectra as determined from Eq. (10) for
three angles characterized by &/wo=0 and *0.5 and
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effects. If one treats the polaron-polaron interaction in
the Hamiltonian H, Eq. (4), in the simplest way—the
Hartree approximation— one obtains

Gk, 0,) =(iw, — &) ™" 7

with an energy dispersion & =X mo(m,0)7(m)e* ™ —pu
for the polaronic band having a narrowed band half-width
W=Do <D [where D=zT(m) is the bare band half-
width and z the coordination number]. Thus, small po-
larons have a well-defined Fermi surface which is simply a
replica of that the bare electrons (in a rigid lattice) but
with a very much reduced Fermi energy.

The correlation function o(m, ) is obtained using the
Lang-Firsov technique:®

wlg) ] {1 —cos(q- m)coshlw(q) ]} +cos(q- m)sinh[w(q)|z|] } } ) ()

I

show any k dependence is due to the approximation made
in deriving Eq. (6). As has been shown analytically,’
starting from the strong (o) coupling limit, a perturba-
tion expansion in terms of the inverse coupling strength
gives rise to negligible damping and frequency renormal-
ization effects. Moreover, exact numerical diagonaliza-
tion procedures treating the polaron problem on small
clusters® show that for large coupling one should not ex-
pect any k dependence of this second term in ARPES in-
tensity. Such k dependence will become important, how-
ever, as one approaches the critical coupling strength
g2wo/D > 1//2z from above.> We shall defer the discus-
sion of these rather detailed questions to a future work. In
the present paper let us concentrate on the main features
of the characteristic properties of ARPES which we ex-
pect for polaronic systems.

We notice that the electronic spectral density in the
second term in Eq. (9) spreads over a wide frequency
range of the order of the polaron binding energy ~ g %wo.
This strongly contrasts with the first term in Eq. (9), the
purely polaronic band contribution, which has a charac-
teristic frequency range of the order of the polaron band
half-width W. Making the analytic continuation iw,
— ¢+i8 in Eq. (9) we obtain the final result for the
angle- and energy-dependent intensity of photoemission
spectra:

+ o0 had 21
+f_w de Flee)e 8 Y E—Np(s'+lw0)n(s'+lwo) , (10)

=1 1!

I

different coupling strengths g2. As one can see from Fig.
2 the broadened asymmetric line shape occurs already for
g?=1. This result (Fig. 2) agrees with the qualitative
prediction by Sawatzky (see the dashed line in Fig. 2 of
Ref. 6) for lifetime effects in the ARPES of electrons,
strongly coupled to phonons or magnons. For g2= 2 and
D =200 meV, the polaronic bandwidth W starts to be
smaller than the phonon frequency wg. In this nonadia-
batic regime (W =< wpy) the second contribution in Eq.
(10) oscillates as a function of ¢ with the characteristic
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FIG. 1. ARPES for three angles, corresponding to &/
wo=—0.5 (solid line), &/wo=0.5 (dotted line), and & =0
(dashed line) for uncoupled electrons; y =20 meV, wo=50 meV,
T=90 K.

energy equal to wo and the photoemission spectrum starts
to resemble that of gaseous hydrogen.” To obtain Figs. 2
and 3 we used a Gaussian density of states for polarons
N, (&) with the width W. Due to the extreme narrowness
of the polaronic band, W < wo, the exact form of N,(e)
does not play any role.

In conclusion, we derived the angle-resolved photoemis-
sion spectrum for a strongly coupled electron-phonon sys-
tem. In the polaronic regime we obtain a broadened
asymmetric line shape with a width of the order of g2wo
and Fermi-liquid features near the chemical potential,
arising from the coherent motion of the polarons (Figs. 2
and 3). The incoherent quasicontinuum shows oscillations
with a characteristic phonon frequency in the case of
dispersionless phonons and strong coupling, when the po-
laronic bandwidth is sufficiently narrow. The sum rule is
violated if one takes only the coherent part of the ARPES,
described by the first term in Eq. (10), but holds, of
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FIG. 2. ARPES for g2=1, y=20 meV, wo=50 meV,

T =90 K, D =200 meV.
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FIG. 3. ARPES for g2=2.5; the other parameters are the
same as in Fig. 2. Inset: Experimental results following Ref. 9.

course, as far as the entire spectrum is concerned.

In order to understand the mechanism leading to high-
temperature superconductivity it is essential to have a pre-
cise knowledge of the nature of charge carriers in the nor-
mal state. Detailed high-resolution photoemission spec-
troscopy®® can, in principle, answer the key question:
whether or not the normal state of the metal oxides is a
Fermi liquid. ARPES (Ref. 9) gives strong support for
the existence of quasiparticles with a Fermi surface which
is largely in agreement with the canonical band-structure
calculation. Yet there are puzzling features such as the
broad (> 100 meV) asymmetric line shape,®’ the ap-
parent violation of the sum rule® and the temperature
dependence of photoemission spectra.® In view of the
difficulties of a Fermi-liquid description of the low-
frequency kinetics and thermodynamics of metal oxides, '°
the interpretation of the ARPES remains a matter of con-
troversy.!' Such interpretations were based so far on the
electron correlation approach to high-temperature super-
conductivity. Our present study shows that ARPES in
high-T. oxides (Fig. 3, inset) may be compatible with the
picture of small polarons as intrinsic charge carriers in
these materials. Of course, the oscillations of the experi-
mental spectrum in Bi,Sr,CaCu,Os is not so regular (or
perhaps not at all existent) as predicted by Eq. (10).
However, such oscillations have been observed recently in
gaseous Ceo.'> One should remember that there may be
several characteristic wg’s in the real materials with the
different coupling strength g for each mode, so the oscilla-
tory behavior may be very different. Moreover, the
phonon-frequency dispersion and ¢ dependence of the ma-
trix elements y(g) wash out this oscillation, which may be
the case for the angle-averaged photoemission.® In princi-
ple, to obtain a quantitative description of the experimen-
tal ARPES one should use phonon densities of states at
different temperatures determined from tunneling and
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neutron spectroscopy, and take into account the impurity
scattering and surface effects. In our opinion there are
not enough experimental data available to attack this
problem, at least at present. Nevertheless, the main ex-
perimental features of ARPES such as the existence of
quasiparticles with a Fermi surface and the broad asym-
metric line shape are in line with the polaronic nature of
the charge carriers in the high-7, metal oxides which have
been independently observed by photoabsorption and
modulation studies.'® This reinforces, by now, the ample
evidence for the polaronic nature of charge carriers mani-
fest in a number of experiments such as photoinduced ab-
sorption,'? optical conductivity,'* XAFS measurements
on local structural fluctuations, '’ etc. (for a recent review
on this subject see for instance Refs. 16 and 17).

Finally, a very delicate and important question concerns
the width of the coherent quasiparticle peak in the
ARPES spectra. Experimentally it appears that this peak
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varies linearly with |g —&r| where g denotes the energy
of the “quasiparticle.” The theory developed in this paper
cannot answer this question. It would require going
beyond the mean-field decoupling equation (6) of the
coherent polaronic motion and the incoherent back-
ground. In order to obtain lifetime effects of the small po-
larons, the scattering of small polarons by the excitations
of the incoherent part of the spectrum would have to be
included. This is planned for some future work.
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