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c-axis resistivity in high-T. superconductors
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The interactions between polarons and the anharmonic vibrations of the apical oxygen atoms in the normal
state of YBaCuyO;_ s superconductors have been studied by using a path integral formalism. The temperature
effects in the distribution of double-well potentials associated with the anharmonic modes have been taken into
account. It is shown that theaxis electrical resistivity depends linearly on temperature for intermediate values
of the overall electron-phonon coupling, whereas strong anharmonicity induces a nonmetallic behavior as a
consequence of trapping of the charge carriers.
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During the last years, many theoretical and experimentamodel. The tightly bound electronic states of the system are
investigations have been devoted to the physics of polarondescribed by the independent boson model in which one
in high-T, superconductor$HTSC’s). While experimental fixed electron is immersed in a cloud of phonons. This fer-
evidence has suggested that polarons are present in the ngpionic excitation(polaron interacts with a double-well po-
mal state of some HTSCit is still unclear whether and tential in a two-state configuratioftwo-level systeny aris-
how condensation of polarons could take place in theséhg from an anharmonic vibrational mode. The interaction
system€® Many puzzling physical properties of the H_amiltonian H,(7) between the DWP and the polaron is
HTSC’s have been interpreted in terms of polaronic mofels.9iven by
Hall coefficient and T-linear electrical resistivity in . — ~T =
YBa,Cu;0,_ s have been quantitatively explairfdaly assum- Hin(7)==2Q(m)e (n)e(7), @
ing that the normal state contains a nondegenerate gas Where X is the electron-phonon coupling constant for the
singlet bipolarons and that a fraction of them Anderson lo-vibrational mode giving origin to the DWP.7is the time in

calizes because of disorder. The effects of interplanar disofh® Matsubara Green’s function formalism a@qr) is the

der on thec-axis resistivityp. have been discussed in the On€-dimensional pajr; for the atom which moves back and
(7) andc(7) are the polaronic cre-

framework of a modé&l which assumes a metallic ground fOrth in the DWP. ¢ . .
state for an anisotropic three-dimensional system. The ma ition and annihilitation operators, respectively. The tightly

nitude of the negativelp./dT has been correlated with the ound electrons interact with a potential having an internal
o ; e o degree of freedom provided by the local lattice instability.
deviation from linearity in the planar resistivity as due to

This interaction is not magnetic in origin since the spin vari-

decreasing hole concentration. So far, the origins of the UNzples have not been considered. One hopping path for the

usual c-axis transport properties O.f the cuprates aré Unytom is characterized by the number &f hops, by the set
known, but the presence of the apical oxygen atoms is b

& of instants at which théth hop takes place, and by the
lieved to play a rolé? In a previous papét | studied the . ! Wi P pace., y

. T . . hopping timer, between the minima of the DWP. The clo-
conditions for localization of polarons in systems with struc-

2 . ) sure condition on the path is given byn21)rs+2n
tural lattice instabilities, focusing on the time-retarded nature P 9 yrz1)z, 70

X ) =3, wheref is the inverse temperature ang is the time
of the Interactions between a douple-yvell poten(avP) onli atom isBsitting in a well. Thg full partit?c?n function for
and 'the surrounding fermlonlc eXC|§atl|o.ns. The ”.‘Ode' Wa%he system is obtained by summing over all possible linear
applied to evaluate the electrical resistivit{T), and in par- (in 7 paths for the atom. The result, to third ordernis
ticular it was shown that a negativip/d T can arise on the '
low-temperature side as a consequence of polaron trapping (B dt, -0 dty
in the double-well potential associated with the lattice insta- Z,= f : f — exf — BE(n,t;, 7)1,
bility. However, our calculation did not include the effects of n=0 o
a distribution of DWP’s, which, in fact, should be present in

0 7o

real systems. More specifically, the hopping timeetween 1 °

the minima of the DWP was treated as a phenomenological ~ =(Mti:70)= B 20QoBe o0t (4nro— )
parameter and its temperature dependence was neglected.

This paper is aimed at establishing that the procedure de- +(\Qo)?B%e**g(n, 79, wp,B)

scribed in Ref. 11 is accurate at low temperatuf@s to 5

around 50 K, whereas, at higher temperatures, the phenom- + = (AQy)3B3e**n(n, 7o, wy, B)
enological hopping time there considered is much longer 3

than the correct one. The consequences on the high- 2n 2
temperature behavior of the electrical resistivity will be — (K@ +K®) u) , )
pointed out. First, let us sum up the main features of our =i\ 70
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FIG. 1. Atomic path energies vs hopping time between the FIG. 2. As in Fig. 1, but withw,=100 meV.

minima of the double-well potential for four linear hopping paths.
The Einstein phonon frequenay, is 50 meV. The tunneling en- . . -1 . . .
ergyAQ, between the minima is 6.5 meV. The temperature is set a@chleveq since theﬁ,) max WhiCh minimizes the atomic path
50 K, and the overall electron lattice couplingis 1. energy, is much bigger thanQ, for any number of hops.
Then the phenomenological procedure we used in Ref. 11 is
) . . ) , justified at low temperatures, whereas,Tat 50 K, the cor-
whereQ is the position of the minimum in the DWiy is

s . . , rect hopping timghhere determinedturns out to be shorter
the typical phonon frequency in the Einstein model, and th han ther, value of Ref. 11. By increasing the number of

functionsA andB depend on temperature through the Bos ops, at fixed temperature, the range of allowgdvalues
distribution factor. Full expressions for the functions shrinks and the minimum atomic path energy becomes
?(n’;ﬁ’wo’!ﬁz fant(:]g(r:j'Tt(”.‘l”o"B) tﬁre rc-fpolrtte_d |$n<(2R)ef. 31 slightly less negative. Then the deepest bound states for the
0(93? er with further details on the calcuiationss ™ an oscillating atom are associated with paths having a low num-
K™ are the effective couplmgs for the two physical pro- ber of hops. In Fig. 2, the one-path atomic energy is plotted
cessegpolaron-polaron attraction and DWP-polaron repul-versus 7o by assuming an Einstein frequencys
sion) Wh"?h compete in the system. Itis ewd_ent from EZ)? =100 me({/ The hardening of the phonon spectrum ingplies
that the time-retarded nature of the interacting system is aq[_hat olaroﬁs become heavier and their mobility is slowed
count_ed for by the path integral method .for any value of thed P A | | ﬁy e in |
coupling constant¥’ The one-path atomic energy function dﬁ\ggg a?o?n ﬁ:ogizggﬁgget’)ept\?v:;%ntsh:r?nirisrfaeoffhle\:/eDl\?vgn_
E(n,7y) should be minimized with respect tg in order to ) S . '
get ther, value for the dominant path. | have carried out and accordingly the oscillating atom lowers its bound—st.ate
numerical calculations dE(n, ) for several sets of the in- Egﬁg?;/ﬁts}lzet KEJZS; \(;VC;]VIT;E igOrY(Vegzta?ivéhedeggreizk-)zzﬂ':hecc;?trr)gzg
put parameters, Qq, andwg and the overall electron-lattice : ; ' -
coupling a. In Fig. 1, E(n,7,) is reported on versus, for  tive part of the interaction between polarons arising in the
four values ofn, at fixed temperatureT(=50 K). The bare System as a consequence of the self-trapping induced by the
tunneling frequency\ Qg is 6.5 meV, consistent with some double-well potential. The sign &€®) depends on the num-
experimental values on superconducting ¥YBaO,_; ob-  ber of hops in the path: However, for the dominant path
tained by extended x-ray-absorption fine-structurery= (7o)max the inequality &ro> /2 is fulfilled andk ) is
techniques? The Einstein phonon frequenay, is set at 50 repulsive at anyT. The effective interaction strengths
meV, a typical value for optical modes, as can be seen ifk(?)) and (K(®) can be obtained as a function @f by

experimental vibrational spect?é.lS a is taken equal to 1, Summing ovem the dominant path contributions,
thereby assuming that a relatively strong-coupling regime

applies to the system.E(n,7) gets the minimum value at

the highestry value allowed by the boundary condition on N
the path, that is, at7) max=(2nKgT) L. This result, which is (K@= —(1Qo)?B%e® w2, (7o)
general, provides a criterion to determine the dominant path n=1

for the atom at any temperature. The dominant path is a

sawtooth path, which is achieved once the sitting time

tends to zero. Note that, at=10 K, a path withn=4 hops @) 303 3A 2 N 4

would yield a (ro)-5~6.5 meV, which is consistent with (K")=—2(AQo)"B"e w°n§=:1 (70) mal 2N(70) max— BI2],
the phenomenological assumption made in Ref. ¥3) (* 3)
=N\Qq. By increasing temperature, the number of hops in

the dominant path should decrease: P50 K, (70)max

=6.5 meV only ifn=1. At T>50 K, no consistency can be and, using the resuE,’}'zln*“:(l— N~3)/3, we get
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FIG. 4. Electrical resistivity vs temperature for three values of

FIG. 3. Electrical resistivity vs temperature for three values of® 1he other parameters are chosen as in Fig. 2.

a. The other parameters are chosen as in Fig. 1. ) ] )
system, leading to the observpd behavior. By loweringx

(AQ )2B2e2A 0,2 in Fig. 3, polgfons increase their mobility, the absolute val-
(K@y=— 0 . 0 (1-N73), ues of resistivity are strongly reducéby a factor of 10 at
3(2KgT) 100 K), and the resistivity slope changes drastically. dt
=1 alinearT resistivity emerges fof >200 K. This behav-
. 2(\Qo)°B%e* w3 L, ior can be understood as follows: By increasifig paths
(K=~ ——3akms ~ N7 (4 with a decreasing number of hops become available to pro-

vide the relevant DWP excitations which act as scatterers for
The particular form of the maximum hopping time suggestsmobile polarons; on the other hand, the atomic hopping time
that paths with a low number of hops provide the largesbetween the minima of the DWP decrease§ as, and ac-
contribution to the effective interaction strengths in the tem-cordingly it becomes harder for polarons to see the internal
perature rangéabove 50 K we are considering here. This degree of freedom in the scattering potential. By growing
observation allows one to choose a small cutdd<(4) in  temperatures, trapping effects are less likely to occur, the
the sum oven in Egs.(3) and also in full partition function mean free path for charge carriers does not saturate, and the
calculations[see Eq.(1)]. Instead, many hops paths should resistivity grows. In this picture, the linedr-resistivity is
be considered at low temperatures where they provide thessentially due to diagonal scattering of polarons in systems
relevant excitations for the trapping of the charge carrierswith intermediate values of electron-lattice coupling. By en-
The electrical resistivity can be calculated on the base ohancing the phonon spectrumy=100 meV in Fig. 4, the
Egs.(4) by assuming that polarons are scattered by the imresistivity maximum, fora=3, is shifted upwards in the
purity potential due to the lattice instability. In Fig. 3(T) temperature scaleT=200 K, whereas saturation effects
normalized to the residual resistivifwhich is 2.7 nf cm in  clearly appear af=200 K for «<3. The bare tunneling
our mode] is reported for three values @f. The input pa- frequency does not affect thg T) slope while the absolute
rameters\ Q, and wy are chosen as in Fig. 1. Note that in a values ofp essentially scale gsx1/(AQg). It is encouraging
very-strong-coupling regime o(=3), a negativedp/dT  that our choice foinQ, leads top values which are in the
arises in the system due to off diagonal scattering of theange of the experimental data for Y®asO, s com-
charge carriers by the DWP’s distribution. It is remarkablepounds.
that the resistivity upturn shows the maximum at around 100 In conclusion, the path integral method here developed
K that is, in the range of the critical transition temperature ofallows one to study the dynamical interactions between
many HTSC compounds. In these systems structural latticstructural lattice instabilities and polaronic charge carriers as
instabilities are believed to influence the out-of-plane electria function of temperature. | have carried out a numerical
cal transport® and in particular, the higle-axis scattering calculation for the energy of an atom moving in a double-
rate in YBaCu;O;_; is likely due to thec-axis vibrational  well potential surrounded by polarons so that, at any tem-
mode associated with the apical oxygen atdm® per unit  perature, we are able to determine the atomic paths which
cell in YBaCuO;_s. Recently, a careful Raman mostly contribute to the partition function of the interacting
investigatiot® on superconducting YBE&wO, s has system. The theory has been applied to evaluate the out-of-
pointed out that the anharmonic character of the apex vibrgplane electrical resistivity in highiy superconductors by
tions(and, more, of the plane oxygen in-phase modesws  choosing input parameters which are appropriate for those
by decreasing the amount of oxygen in the sample. Undersystems (markedly YBaCusO,_s5). The superconducting
doped YBaCu;0,_ sshows a negativdp./dT aboveT. and  transition is not accounted for by the present model. We find
high p. values'® Then, structural defects at low hole concen-a negativedp/dT (associated with highp values for a
tration should increase, hence the anharmonicity of the strong-coupling regime in which off-diagonal polaron scat-
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tering by double-well potentials is dominant. In this frame-mobile, and by increasing the temperature, only paths with a
work, the anharmonicity of some vibrational modém-  small number of hops are available for polaron scattering.
hanced in underdoped systemis responsible for the Then the charge carriers are unlikely trapped by the struc-
negative resistivity slope. By reducing the strength of thetural instabilities and the resistivity grows linearly with tem-
overall electron-phonon coupling, polarons become morgerature.
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