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ABSTRACT

Factors which influence the effect of uniaxial stress and strain on the

superconducting critical temperature are discussed, with emphasi%.:,on the
effect of uniaxial strain on the mobile hole density of YBa2Cu307.
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INTRODUCTION

The effects of stress and strain on the superconducting properties of cuprate

superconductors are of both scientific and technological interest. For
example, the effect of the stress fields of dislocations in grain boundaries
is one source of their behavior as superconducting weak links. Also, the
relative strength of the effects of inter- and intra-layer strain on the
superconducting critical temperature Tc of cuprate superconductors predicted

by various theories of high-T c superconductivity (HTSC) provides an

experimental test of their validity [i]. In order to construct a theory of
the effects of stress on Tc, it is necessary to have a theory of Tc itself.

There is as yet no agreement on the mechanism of HTSC, and several rival

theories exist in various degrees of development. We simply note here that
two generic classes of theory [2] are (i) those based on the condensation of
boson pairs already existing above Tc, and (2) those based on the pairing of

fermion quasi-particles simultaneously with the onset of superconductivity,
as in the BCS theory of conventional superconductors, by means of an indirect
attractive interaction ( for which there are several rival candidates).

Finally, somewhat outside the two categories above are the more exotic
theories such as Anderson's resonating valence bond model (RVB), anyons, etc.
[3]. All of the theories involve two classes of factors: (I) the density of

charge carriers and (2) coupling constants, matrix elements, etc. The
phenomenology of the dependence of Tc on the charge carrier density, presumed

to be holes in the Cu02 layers, can be described approximately, for a variety

of cuprate superconductors, by [4]:

where nH is the hole density per CuO2 unit in the CuO2 layers and _, Tcmax,

and nopt are material-dependent parameters. Thus we may expect to find the

phenomenology of the elastic-strain (E) dependence of Tc to be described by

d_ ,dn, . rd_ max d_(n, nopt +2-_E p_n,-nopt)} (2)
-- _-2_(n. - nopt _ )2 dnopt_,

where the first factor on the right-hand side is the effect of the strain
dependence of the hole density, while the second factor (in braces) describes

the strain dep_ _dence of the material-dependent parameters. In the
following, we will estimate the uniaxial elastic strain dependence of nH for

YBa2Cu307 and see to what degree the variations in the density can account

_ __ '._._'_D_ for findings of some recent experimental measurements of dT/dE for uniaxial

_O _ [,[* strain along the a, b, and c directions [5,6] _ We note that a consonant
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phenomenological description of the hydrostatic pressure dependence of Tc in
YBa2Cu3Ox and YBa2Cu408 was obtained by Van Eenige et al. [7] based on the

- assumption that Tc depends on pressure only through the pressure dependence
of nH.

dnH
THEORETICAL ESTIMATE OF_

We investigated the expected effect of uniaxial elastic strain on the density
of holes in the Cu02 planes of YBa2Cu307 by two types of calculation: (i)
the effect of E on the electrostatic driving force for charge transfer
between CuO bonds on the CuO and Cu02 planes, and (2) the effect of £ on the
charge transfer computed using bond valence sums [4,8]. These were

calculated from the strain-dependent shifts in atomic positions and Madelung
site potentials for uniaxial tensile and compressive strains of ±5% along the
a, b, and c axes, calculated using shell-model interatomic potentials [9].

The Madelung potential of a hole in a CuO bond in the Cu02 planes of
YBa2Cu3Ox was roughly approximated as [_Cu2 + 0.5(#o2 + #o3)]e while that in

the CuO (chain) plane was taken to be approximately [#Cul + 0.5(#oi + _o4)]e,
where _i is the Madelung site potential at site i and e is the electronic
charge. (The site notation Cu2, 03, etc. is that used in [9].) Two types of

interatomic potential model were used: I, with charge -(5/3)e on Ol and 04
ions; and II, with charge -(13/7)e on all oxygen ions. (The remaining ions
were given their formal charges.) The derivatives with respect to strain of
the change in electrostatic energy upon transferring a hole from the CuO
chains to the CuO2 planes calculated in this manner are listed in Table I.

It may be seen from the results that Madelung contributions to the hole
distribution energy will tend to cause the density of holes to increase under
uniaxial compression and decrease under uniaxial expansion for all three

strain axes. The calculated magnitudes of the effect depend on which
interatomic potential model was used. (The primary difference was the
assumed hole distribution on the various oxygen ions.) Furthermore, how
these changes in driving force translate quantitatively into changes in hole

density in the CuO2 planes is not entirely clear. Thus to gain a more
quantitative estimate of the charge transfer we used a method based on bond
valence sums.

Whangbo and Torardi [4] have shown that calculated valence sums [8] can often
give good estimates of mobile hole densities in various cuprates. Also

Jorgensen et al. [I0] have used the bond-valence-sum method, together with
pressure-dependent neutron powder diffraction data, to estimate hydrostatic-

pressure-induced changes in the mobile hole density in YBa2Cu307-x. We have
essentially used the method of Jorgensen et al. together with our computed
(using potential model I above) changes in interatomic spacings to calculate

the bond valence sums Scu2 and Scul as a function of uniaxial strain (of ±5%)
along the three axes, where

J

and rij is the spacing between the atom pair ij; ro depends on the nature of
the bond and B=0.037 nm. The sums were performed over all Cu-O bonds. As
Jorgensen et al° point out, the coefficient ro (=.1679 nm for strain-free
case) varies with pressure (or, in our case, net elastic strain). However,
this can be accounted for by varying ro with £ so that the weighted sum of

effective charges on Cul and Cu2, [Soul + 2Scu2], remains constant, i.e.
charge is conserved. The vaciations of the effective charge Qeff (this need
not be interpreted literally as holes of Cu but may be due to the holes on

oxygen instead of copper [8]) associated with each type of Cu site caused by
uniaxial strain computed in this manner are listed in Table II. For each
axis, compressive strain increases the density of mobile holes. Note, using
the measured value of £a, £b, and Ec caused by 0.6 GPa of hydrostatic

pressure, we compute from the values in Table II a value of AQcu2 a+.003,
compared with the value of +.004 obtained by Jorgensen et al. for
YBaCu306.93. Such agreement can be considered quite satisfactory for these



purposes. This gives some credence to our bond-valence-sum estimates of the

uniaxial strain dependence of nH.
w

DISCUSSION

Both methods of estimation discussed above suggest that compressive uniaxial
strain raises the mobile hole density for all three directions, with by far
the largest effect, predicted by the bond-valence-sum method, to occur for
strain along the a-axis, i.e. perpendicular to the CuO chains. From Eq. (2)
above we find:

d-_iTcI a _i(n_ -nil) (4)
d£i/_U

where Si = 2_(dnH/d£i). From the analysis of Tallon [Ii] for YBa2Cu307-8, we

can estimate that, in Eq. (2) above, __-3300 K, and nopt _=0.2.Thus with this
value of _ we can estimate values of Sl for Eq. (4) from the bond-valence-sum
results of Table II. The results are listed in Table II. The magnitude of
(nopt - nH) for good quality YBa2Cu307_ 8 is probably less than ~.01, so we

expect the magnitude of the strain dependence of the hole population to yield
dTc/dC ranging from about I0 to I00 K, and for the sign of the derivative to
be negative. Comparison of these predictions with recent experimental values

of dT/dEi shown in Table III show serious disagreement, even with regard to

the sign of dT/dEi, i.e. along the a-axis, since we expect (nopt - nH) to be a
positive number. This suggests a substantial contribution from the material-

dependent parameters dTcmaX/dS, d_/d8, and/or dnopt/d£, which must be obtained
from an explicit theory of Tc. A qualitative prediction of the strain

dependence of Tc, based on the RVB method has been made implicitly by
Anderson [3]: compression along the c-axis should enhance the interlayer
interactions which control Tc in this theory and thus raise Tc, in
disagreement with the experimental finding of Welp et al. [6] for untwinned

YBa2Cu307-8 single crystals. This discrepancy has been pointed out by Hirsch
[1]. Furthermore, an explicit calculation of the effect of uniaxial-strain-

induced changes, at constant mobile hole density, in various coupling
parameters in a magnon pairing theory of HTC superconductors has been made by

Goddard and co-workers [12]. Although made explicitly with parameters
appropriate to Lal.85Sr.15Cu04, qualitatively similar effects will result from
such a theory applied to YBa2Cu307. Goddard et al. found values of dtnTc/d£
to be approximately -17 for the a and b directions and + 1.5 for the c-

direction. There appears no obvious reason why adapting Goddard's theory to
YBa2Cu307 would cause a change in sign for the a-direction; thus this theory
seems to disagree with the experimental results in Table III. Clearly, both

additional theoretical analysis and experimental studies are needed to gain
further insight into the dramatic anisotropy of the value of dTc/dei observed
for 1-2-3 cuprate superconductors.

Table I. Calculated Uniaxial Strain Dependence of the Madelung Potential
Contribution to the Energy Required to Transfer a Hole from the
CuO Chains to the Cu02 Planes. (Positive £ means expansion.)

Interatomic Potential Model dA_e/d£,eV
a-axis b-axis c-axis

I +12.7 +9.6 +22.8
II 4.11.9 +2.8 +12.1

Table II. Calculated Uniaxial Strain Dependence of the Bond Valence Sums
and Resulting Tc Strain-Dependence Coefficient _i [see Eq. (4)].
(Positive £ means expansion.)

Site dS/d£ m dQieff/d8

a-axis b-axis c-axis
Cul +2.74 +0.332 +0.728
Cu2 -1.37 -0.166 -0.364

_i -9000 K -ii00 K -2400 K



A

Table III. Experimental Strain Dependence of Tc (Positive £ means
expansion.)

Compound dTc/d£, K

a-axis b-axis c-axis Reference

GdBa2Cu3OT-8 +362±50 -301±30 -239±24 5

YBa_Cu_OT__ +230 -222 +18 6
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