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Manifestations of mesoscopic Jahn-Teller real-space pairing and clustering in YB&u;0,_ 5
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The manifestations of a mesoscopic Jahn-Teller real-space paring interaction ¥C¢Ba_; are de-
scribed. The interaction of degenerate electronic stets with nonsimetric deformation, which acts on a length
scalel ~2—3a~¢5 wherea is the lattice constant ang}, is the superconducting coherence length, gives rise
to a mesoscopically inhomogeneous state of coexisting fermions and bosonic pairs that locally break the crystal
symmetry. Lattice deformations observed in inelastic neutron scattering and broken-symmetry Raman scatter-
ing data are quantitatively examined and appear to confirm the existence of such an interaction. The possibility
of pyro and piezoelectricity in YB&u;0,_ s is also predicted, in agreement with observations.
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The formation of Jahn-Teller polaroiidT) was proposed combination measuremeritslts lifetime deduced from its
as a possible basis for a superconductivity mechanism itinewidth 7~h/7AE~0.4 ps, agrees well with the pair-
cuprates by Bednorz and Mer in their seminal paper on recombination timer,=0.5+0.1 ps measured directly.
La,_,Ba,CuQ,.! The existence of a two-component state From these data together we can infer the existence of a
based on JT polarons has been discussed on theoreticsttong carrier-lattice interaction along thedirection in the
grounds by Gork'ov and Sokdlalbeit only a local JT inter- BZ of YBCO and over a range df=2~3a.
action was considered. Extending the original idea of Lan- We now write areal-spaceHamiltonian that couples two-
dau, Jahn and Teller that an orbitally degenerate state #®ld degenerate electronic stat@s near-degenerate statds
unstablé’ it was recently shown that in La,Sr,CuQ, an  with phonons and spins. Twofold degeneracy is essential be-
interaction between electrons and nonzero wave-vectotause in that case the formation of the polaronic complexes
phonons can lead to the formation of real-space pairs ankkads to reduction of not only translational symmetry but also
more extended polaron complexes with locally broken spareduction of the point-group symmethSince the Hamil-
tial symmetry*® In this paper we show that this model pro- tonian needs to describe a twofold degenerate system, the
vides natural explanation of a number well known and hith-twofold degenerate states—for example, the t#pstates
erto unexplained phenomena associated with local reductiogorresponding to the planar @, andp, orbitals hybridized
of the crystal symmetry, such as the occurrence of largevith Cud states, or th&, andE, states of the apical O—are
temperature-dependent lattice anomalies observed by inelagritten in the form of Pauli matrices; . Taking into account
tic neutron scatteringINS),®” the appearance of piezo and that the states are real, the Pauli matrices that describe tran-
pyroelectricity and the anomalous intensity changes and apsitions between the levels transform &g,(k2+ k?) for o,
pearance of symmetry_—forbidden modes in_ Raman spéctrag 1g(k§—k§) for a3, Bag(kyky) for a1, andAy(s,) for o
To prove the universality of the model we investigate thesgepresentations, respectively. Collecting terms together by
phenomena  quantitatively with particular reference tOsymmetry, the effective electron-spin-lattice ~interaction
YBa,Cus0;_; (YBCO). We first write a real-space form of Hamijltonian is given by
the effective Jahn-Teller Hamiltonian. We proceed to develop
a simplified thermodynamic model to describe the resulting
mesoscopically spatially inhomogeneous state of bosons and H ;1= E [ooy|{(n§+ ni)go(n)}(bLnJr b )+ a3y|{(nf

fermions, which enables us to make direct comparisons with nls
experiments indicating the local reduction of the spatial sym- —n2)ga(M b/, n+ by ) + o {nanygi (N},
metry accompanying the pairing and clustering. ’

Inelastic neutron-scattering data on from different +by4 ) + 02y, {(NG+N7)ga(n) b, + by o).
group$’ are in good agreement regarding the presence of a
large anomaly of a high-frequency in-plah® oxygen vi- (@)

bration alongk=(1,0,0)[corresponding to thA direction in
the Brillouin zone (BZ)]. The range of the anomaly in
k-space isy=/2a and is centered arourkh~ 3(/a). It
occurs in superconducting YB@u;O,_ 5, but not in the
parent YBaCu;Og material and shows a temperature depen- —
dence that clearly correlates it with superconducti¥ity.the (=g, exp —(a/l) yni+nj]
notation of Kovale#’ the symmetry assignment of this ! ! ’
mode in the tetragonal YBCO group in the direction is
7.1 The energy of the observed anomaly closely correwhere ny,ny=1, andg; are the coupling constants. The
sponds to the “pseudogap” energy scélg for charge exci-  electron-lattice interaction described by the first term in Eq.
tations reported from single-particle tunnefthgind QP re- (1) is isotropic[see Fig. 18)]. The second and third terms

whereb andb" represent phonon operators a8glis the z
component of a pseudovector, which could represent the lo-
cal spin. The coupling coefficientg(n) are given by

)

2, 2
ny+ny
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evidence for such behavior in the cuprates. Instead, the sus-
ceptibility ubiquitously drops at low temperatures, suggest-
ing spin singlet formatiot?"?°and implying thepair solution

The number of particles within such an object can also be

. more than two, especially at higher dopings, which

a)

would—as a consequence of the anisotropy of the interaction
(1)—correspond to the formation of a stripe aloagor b
crystallographic axe¥®:'"However, if the screening radius is
d) e of the order ofl, typically not much more than two particles
L ] can be accommodated. The high dielectric constant in these
materials ensures the Coulomb repulsidbetween carriers
. [lo at a distance~| is significantly less than their binding en-
ergy, E;r>V.* Figure 1d) shows the “snapshot” of the dis-
. tortion amplitude surrounding a pair of particles caused by
the Hamiltonian(1) [for simplicity only the dominant X?
—y?)-symmetry term was uséd
FIG. 1. (8—(c) Amplitude of the lattice deformatiorirepre- We associate the energy scélg; of the interactionH ;1
sented by the shade of giafor the first three terms in E(1)  with the experimentally observed “pseudogap” for charge
respectively on a square oB& 8a, wherea is the lattice constant. excitations. Below the pseudogap temperatlite where
The last(spin term has the same spatial dependencéaagnot kgT* ~E,7, pairs start to form and the material becomes
shown. d) The magnitudg of the lattice defprmation calc_:ulated for structurally inhomogeneous with coexisting low-symmetry
the dyz_y2 term appropriate for two particles at a distankg  rggions inside the pair volume, and higher symmetry regions
= mlko from each other. The parametdeg and y are taken from —, yqide jt. To calculate th@ dependence of the density of
Ref. 7. pairsn,, and unpaired fermions; respectively, we assume
that the pairs together with deformation can be described by
an energy level, while the fermions are in a band at an energy
E;r above it, and their density of states is approximated by
N4 (E)=CE**®1C s a constantwhich may be doping de-
(Penden): anda characterizes the shape of the single-particle
spectrum near the single-particle band edge. Assuming that
pairs and fermions are nondegenerate we can write a particle
balance equation

describe possible interaction with anisotropidike defor-
mations[Figs. 1b) and Xc)], and the last term describes the
coupling to spins. Equatiof®) represents the simplest pos-
sible representation of the coupling constant in real spiace
general the coupling can have a more complicate
structurd). The in-plane O vibrations of, symmetry which
are coupled in thé direction are shown in Fig. 2.

The solutions toH ;1 (1) represent real-space objects of
reduced symmetry of the size pfwhose energy is lower by no=y2+2yC'to+ lexp( — 1k). 3)
E;t compared to the free carriers. Considering the possible
solutions to Eq.(1), the single-polaron solution is deemed Here nq is the population of pairs atT=0, vy
irrelevant, since there is no experimental evidence for the= €Xdu(T)/kgT] where w(T) is the chemical potentialC’
existence of single polarons. These would give rise to locai CES; * andt=kgT/E;7. The relative populations of pairs
moments and a dominant Curie susceptibility, but there is n@nd free fermions are given by

L i\ I\ A np(T)=Yy? 4
O
®
> = ° *3 and
[*H 1]
— rytat+1l _
® o & .7 3 Ne(T)=4C'yt*" “exp — 1/), 5)
A=A Lo L respectively, wherg= \[C't*" lexp(—1/t)]°+ no—C't**?!
X exp(=1#). n, andn; as a function ofl are plotted in Fig.
& t 1 A A 3(a). The two-level system hasnly one energy scale j&,
® T ] and all observables associated with the coexistence of the
Q ‘ o Q ‘ Q ‘ two phases predicted by E€L) should be scalable if plotted
@ t @ t as a function ok T/E,. This is useful for comparing the
@ “pseudogaps’E ;1 obtained by different experiments in con-
RSN L3 | ¥ junction with Eqs.(4) and (5).
¢ t ®) ¢ ¢ Before turning our attention to experiments, let us discuss

the mesoscopic inhomogeneities caused by interadtipn
FIG. 2. The in-plane O modes af symmetry at thes pointin ~ from a thermodynamic point of view. Adding holes to the
the BZ. The anomaly observed in the INS déRefs. 6,7 occurs  System leads to the appearance of a new phase within regions
for a mode with in-plane O displacements. Note that the displaceof size Ry~| and under certain condition®.g., high den-
ments are not of equal magnitude. sity) could lead to a phase transition to a new ordered phase.
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140 FIG. 3. (a) Pair and fermion densities, and

n¢, respectively vsT calculated usings;r=44
meV. (b) The T dependence of the relative
neutron-scattering intensity for thq mode atk
=(ko,0,0) (circles and normalized Raman inten-
sity for the modes at 140 cnt (full squares,
580 cmi! (triangles in YBCO near optimum
doping (T;=90 K). The line is a fit to the data
usingny(T) (Eq. 4 with E;r=44 meV. The Ra-
man intensity of the 500 cm' mode (open
squarey is plotted for an underdoped sample
(T.=84 K) (Ref. 24. In this case the fit to
e sot———~—— ny(T) gives E;7=50 meV, a=—1/2, andC’
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The free energy per unit argar volume within these ob-  tribute to the resonance separated in energf by , k is the

jects is —F compared to the surroundings. Apart from the gjectron momentum andis the relevant ionic displacement
interaction(1), F includes other contributions, such as micro- ¢or the mode in questiof? Since the interactioril) gives

strgin,'coupling Fo spatial dopa}nt ion density ﬂl.JCtuat.ior.‘S’rise to an additional ionic displacemesu and a local break-
which is responsible for preserving electroneutrality, spin iN-4own of symmetry, two effects in the Raman spectra are
teractions eté! For this phase separation to be stable, it has . ' : .

. . . expected. First, for symmetry-allowed phonons, the intensity
been shown to be essential that a barrier should exist be-

tween the two phasé&2 The total energy£ is the sum of can increase or decrease due to changes in the matrix ele-
the volume free energy and the surface energy respectivefnents and the interband energy separation in the denomina-

(in two dimensionsis given by&=—F 7R3+ amR,, where ohr of sEq. (1';23 Secor;_d, Isorgethsymme:;]y-forr]bidden
«a is the surface energy per unit surface ataan be either phononsbecomexaman active. n both cases the change in

positive or negative, depending on the ratio of the surfacdt@man intensity is proportional to theumber of distorted

and the volume contributions to the total energy. In the unSit€Sat any given temperature, which is in turn proportional

derdoped cas&<0 leading to an expression for the volume © Mp(T). In YBCO this effect is very clearly observed. In

fraction of undistorted phase of the forim- exp(—|€|/kT) 21 Fig. 3b) we plot theT dependence of the Raman intensity

The temperature dependencef isf similar to that derived for ~for the forbidden mode at 580 crh, the 140 cm* “Ba

the two-level systenfEq. (4)], but the activation energg ~ mode” in optimally doped YBCO T,=90 K) and the

may be different from the pair-breaking enerBy;. Thus 500 cni' mode in underdoped YBCOT(=84 K)2>* The

the pair-breaking gapE;r observed by single-particle fit to ny(T) shown in Fig. 8b) is quite remarkable and the

tunneling? or quasiparticle relaxation experimehtss not  value ofE, for the underdoped sample is in excellent agree-

necessarily the same as the thermodynamic §apserved ment with other “pseudogap” dafg:*3

in experiments measuring thermodynamic propefiés. An important effect that can be successfully explained by
Turning now to experiments, to test the predictions of thethe model(1) is the persistent occurrence of pyro and piezo-

mOdel, theT dependence of the relative INS intenSity for the e|ectricity in the Cuprate%We first note that both the h|gh_

74 mode anomaly should be proportional to the number Oftemperature tetragonal structureD4) and the low-

distorted site$pairs)..Afit of the.INS' datd to the e.xpress.ion temperature orthorhombic structur®4,) of YBCO (as

for ny(T) [Eq. (4)] is shown in Fig. 8). In spite of itS  yetermined by diffraction experimentsave inversion sym-

simplicity, the model describes the data very well. Furthery,qqy Both effects are therefore forbidden in the underlying

more, the value ofE,r=44 meV obtained from the fit gy cture. However, since inversion symmetry may be broken

agrees very well - with other megsulrgments of  theyithin the mesoscopic volume of the new phase predicted by

pseudogap” for the same level of dOF_’”J' - Eq. (1), the existence of local dipole moments, which can
The second example where tregluction of symmetry as- give rise to a macroscopically observable polarization be-

sociated with the formation of pailsy Eq. (1) has a pro-  comes possibl&®26 At the same time the spatially and tem-

found effect is on the Raman and infrared spectroscopy S&5orally averaged symmetry, as determined by diffraction ex-
lection rules and the intensity of resonant Raman Scatte””ﬁeriments will show the underlying structure, not the

on phonons. The resonant Raman scattering Cross-sectioyistorted one.

for light of frequencyw is given by|R|?, wheré Although the m-JT theory is based on specific experimen-
tal observations in YBCO, the mesoscopic interacti@h
_ i _ 2 fi(u,k) 3 between particles in degenerate states on a mesoscopic scale
R= IMi¢(u,k)] d°k. 6 . . A i )
Ju [wz—wﬁ(u,k)] is applicable in different materiafsand not just cuprates.

The predictions of this model can be further tested by com-
M;; (k) is the dipole matrix element connecting occupiedparing the calculated displacements with pair distribution
one-electron statédsand unoccupied final statésvhich con-  function neutron scattering and XAFS and the resulting
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anomalies in the electronic dispersion already observed bghow temperature-dependences similar to those shown in
angle-resolved photoemission in some other cuprattgge-  Fig. 3.

cisely the same poinh k space as discussed by the present

model?” On the other hand the calculated temperature de- ACKNOWLEDGMENTS
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