VOLUME 78, NUMBER 20 PHYSICAL REVIEW LETTERS 19 My 1997

Anisotropic Pressure Dependence df . in YBa;Cu3z07—5:
Evidence for the Tunneling-Unit Model

Michael W. Klein and Sergey B. Simanovsky

Department of Physics, Worcester Polytechnic Institute, Worcester, Massachusetts 01609
(Received 27 January 1997

The superconducting transition temperatdie of YBa,Cu;O;-s shows a decrease with uniaxial
pressure in the direction and an approximately equal increase with pressure it tiieection near
T. = 91.5 K. The jump in the thermal expansivity ne#y is also approximately equal and of opposite
sign in thea and b directions. We show that the recently derived tunneling-unit model for high
T. superconductivity explains the anisotropic pressure dependerite afd the resulting jump in the
thermal expansivity nedf. in YBa,Cu;O,_5. Foré = 0 our results are in close quantitative agreement
with measurements. We suggest further experiments to clarify the nature of hglperconductivity
in YBa,Cws,0;_5 for 0 = 6 = 0.5. [S0031-9007(97)03160-8]

PACS numbers: 74.20.—z, 74.72.Bk, 74.80.Bj

The pressure dependence of the transition temperatupeoscopic theory (of which we are aware) that can explain
in high 7. superconductors (HTSC's) is of a good dealthem. Indeed, a great deal of effort to understand High
of interest, for it gives information on the microscopic superconductivity has still not resulted in a generally ac-
origin of the superconducting state. And perhaps moreepted theory [5]. Yet it is clear that a successful micro-
importantly, a strong pressupe dependence of . indi-  scopic theory of higlT. superconductivity should explain
cates that the material is capable of reaching higher vakhese results in addition to other properties.
ues ofT,., for example, by doping in order to change the In this Letter we show how a recently deriveticro-
“chemical” pressure in the material [1]. While the ef- scopic model [6,7], the tunneling-unit (TU) model, can
fects of hydrostatic (isotropic) pressure in YJBasO;_5  explain these results and is therefore the first theoretical
are interesting and have been studied extensively [1,2nicroscopionodel to do so. We also propose new experi-
a great deal of additional information can be obtainednents which could separate the pressure induced charge
from the anisotropic behavior of. as a function of transfer effects from the pressure dependent tunneling-
the uniaxial pressure. The results yield considerable inunit effects for less than “optimally” oxygenated sam-
sight. For example, in an untwinned single crystal ofples, thus further elucidating the cause of the HTSC in
YBa,Cu; 0,5 near “optimal” doping {. = 91.5 K) uni-  YBa,CwO;—5 for0 = 6 = 0.5.
axial pressure dependence measurements [3,4] revealedOur paper is organized as follows. First we give a

the following pressure derivativeslT./dp, = —2.0 =  brief review of the TU model. Then we show how the
0.2 K/GPa,dT./dp, = +1.9 = 0.2 K/GPa; for thec- change in the microscopic width of the TU affects
axis compressiodT./dp. = —0.3 = 0.1 K/GPa, where T., and we relate this chang&a to the strain in the

the subscriptsi(= a, b, ¢) denote the corresponding crys- solid. The pressure derivatives Bf are then expressed
tallographic directions. Note that while theaxis pres- in terms of the pressure derivatives of the strain, which
sure derivative is small, the andb axis derivatives are can be calculated from the elastic constants. We find
large and of opposite sign. Not only does this explainthat the values ofdT./dp; calculated in this manner
why the hydrostatic pressure dependence [1,2Jofin  are surprisingly close to those obtained experimentally.
YBa,Cu;0,_5 is small (as a result of the cancellation of Finally we suggest experiments which could elucidate the
the a-axis andb-axis pressure dependences [3]), but alsgressure dependences in underdoped,BO;—s.
shows that the anisotropy along theandb directions is In the TU model the conduction electrons are scat-
more dramatic than the small lattice constant anisotropyered by localized tunneling units (double-well or mul-
would indicate, suggesting a strong role played by the Cutiwell potentials for certain atoms in the crystal lattice).
O chains in these materials. Similar anisotropic measure¥Ba,Cu;O;_ 5 has Cu-O chains along theaxis. The oxy-
ments were also found in the thermal expansivityddE ~ gen atoms in the chains are located 0.08 A off the chain
dIn L(T)/dT [L(T) is the sample length]. The jumpin, axis and constitute two-level tunneling units [6]. Experi-
Aa, nearT, as the material goes from normal to super-ments show [8] that in YB&w0;_s the tunneling units
conducting state in a near-optimally doped ¥Ba;O;_5s  are directed (defined by a vector from one well to the other
sample has approximately the same value alongithels  in a two-level system) in thadirection [9]. The TU model
as along thé axis, except that they are of opposite sign.gives an analytic derivation of the gap functiditk) and
Along thec axisA« is small. finds thatA(k) is a linear combination of-wave andd-
While these experimental results seem to yield imporwave components. Furthermore, the model gives an iso-
tant insight into YBaCuw;O;-s materials, there is no mi- tope effect consistent with experimental observations and
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may also explain the-state Josephson tunneling along the 100
¢ axis [10] in spite of the predominantly-wave charac-
ter of A(k). The derivation of the uniaxial pressure de-
pendence of’. and the jump in thermal expansivity near
T. = 91 K in agreement with experiment gives additional
evidence for the validity of the TU model for HTSC.

The expression for the attractive electron-electron inter-
action HamiltonianH,; .;, in the TU model is [6]

JaVe
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whereJ,.. is the average strain interaction at a tunneling- U

unit site,c, andcy are electron creation and annihilation 50 ' o ' " -

operators with wave vectdr (with spin index suppressed), Distance (A)

€k IS the/energy of th? conduction electron, avity) = . FIG. 1. A model potential for calculating the overlap integral

N(k — k') isthe coupling between electrons and tunnelinggiven by Eq. (2). The figure also shows the wave functions

units [6]. for the two lowest energies of the tunneling unit/,.;., and
Let W5 (R) and ¥£(R) be the ground-state and first- Usigne are measured from the bottom of the left well, taken to

excited-state wave functions for a tunneling unit at Bite € 2€7°:

Then [6],
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Vo(q) ' functions scale according to the width of the double-well
Ny = OT [ JIRWER)WL(R) + He]d®R, (2)  potential while maintaining the normalization,

1/2
whereV;(q) is the Coulomb interaction potential between Y(x;a(p)) = <&> \If(x &;a(O)) (5)
electron and the tunneling atom and H.c. stands for a(p) a(p)

Hermitian conjugate. The major contribution to the e substitute Eq. (5) into Eq. (4), us€ = xa(0)/
integral Nq comes from the oxygen on the Cu-O chain (), and finally drop the prime to find that

tunneling from one well to the other well on the same site

. . . . a(0)
[9], since the integral in Eq. (2) becomes exponentlallwq(p) _ %f )ex;{iq a((g)) x(cosh — COSGI))

small for wells at two different sites. The tunneling units —a(0 a

are oriented in thea direction, thus the overlap of the X [ (x; a(0) Wi (x; a(0)) + H.c]dx = Ny (0),
wave functions is appreciable only in thalirection (i.e., 6)
thea direction of the TU’s) and we use the approximation

1 _ ot whereq’ = ga(p)/a(0).
Vi (R)VE(R) = Ui(x)We(x)8(y)s 3 4 = qalp
RV (R) ¢(x) E()_C) (»)8(2), 3) We note that fotg| = 0, N, is identically zero because
wheres(y) andé(z) are delta functions. _ W;(x) and We(x) are orthogonal. We calculated the
We simulate the tunneling unit by the potential shownexpression fow, (0) and we found that with a high degree

in Fig. 1. As seen from Fig. 1, the staté¥;(x) and of accuracyN,(0) = g(cosf — cos’), therefore
W (x) are primarily localized in the right and left wells of

the double-well potential, respectively. Let the width of Ny(p) = No(0) = a(p)
the double-well potential b2a( p), a function of pressure 1 1 a(0)
p. LetW(x;a(p)) be the wave function corresponding to
pressurep. Let N,(p) be the value oV, under pressure
p. Using Eqg. (3) in Eq. (2) gives

N,(0). @

We next derive the pressure dependencd ofalong
the different crystal axes. Let(p) = a(0) + Aa, where
Aa is the change in the width of the double-well potential

N,(p) = Vo a(p) iqx(cosd —cos0) as a function of pressure [11]. The transition temperature
b 2 Jaip) ¢ for the TU model is [6]
X [WE(ria(p)We(xia(p)) + Heldx, (4) ksTe =~ Juee™V/NoVer, @)

where co® and cog)’ are the angles thk andk’ vectors  where V.4 is an effective potential which depends on
make with thex axis andVj is the effective Coulomb the attractive electron-electron interactidn and the

potential, assumed to be a constant. Coulomb repulsion between the electrdns

We have explicitly indicated in Eq. (4) that the wave
functions and the overlap integral depend on the widthy .. — Vz(i + Vi + 0.75Vs ) Q)
of the tunneling unita(p). We assume that the wave 2 =V + (Vi + V)24 0.5V
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In Eq. (9) V; is negative, i.e., a repulsive interaction. and the measured values is small. Thus our tunneling-
Using Egs. (1) and (7) we obtain th&s « a(p)>. Sub-  unit model gives not only the qualitative, but quite close

stituting the expression fdr.¢; in Eqg. (8) we obtain gquantitative agreement with the experimental anisotropic
2 9INVer Ad pressure dependence®f.
T.(p) = TC(O)[l + = —} The values ofK in Eq. (11) calculated from the TU
NoVegr 0 In Vo a

model increase with increasing values @¥yVes) .
Aa Detailed calculations oK as a function ofNy Vs will
= T.(0) [1 t K 7} =T.(0) + AT.. (10) pe presented elsewhere [14].
We next discuss the changes in the thermal expansivity
AT, = T.(0)K(Aa/a), (11) a nearT.. The pressure derivativesl./dp; are related
to changes in the thermal expansivities M at7,.. Let

whereT,(0) is the transition temperature at ambient PreSAq. = wg; — ay;, Whereas; anday; are the supercon-
l 1 Ly 1 1

sure. We thus havaT, « Aa/a. Equation (11) is the ducting and normal values af; at .. Let AC, be the

central result of this paper. o jump in the specific heat &.. Using the Ehrenfest rela-
We next calculatedT./dp, for the uniaxial pressure tions [15] one has [4]

in the a direction from the TU model using the elastic
constantsC;; and compare the results with experiment. A — AC, (3_Tc> (14)
We assume thatha/a = €,, the macroscopic (bulk) Y VT \ap; )’

strain in thea direction. Differentiating Eq. (11) with \yherey s the volume of the material. It is important to
respect top, gives point out that using the Ehrenfest relations and the value

aT, de, of AC,, one directly relates the anisotropic pressure de-
9 Pa = T.(0K Ipa (12) pendencedT,./dp; to Aa;. Thus following the calcula-
i . . o tions of Meingastt al. [4], which are not repeated here,
(9€4/dpa) is the compliance coefficientis = (C™ )11, the TU model gives both the uniaxial pressure dependence
where C is the elastic tensor. We calculaté ~ 4.5 ¢ T, as well as the jump ide; nearT,.
from the TU model for a uniaxial pressure in tte So far in this paper we dealt with YB&u;O,_s close

direction for the weak coupling casé.(./T. =~ 3.2) and {4 optimal oxygenationT, ~ 91 K, and aT./dp. = 0.

use the complete set of values fd; from Zoubolis  \ye next consider pressure dependences for underdoped
et al.[12] to obtaind7./dp, ~ —1.8 K/GPa. If we use yBa,Cuz0;_s.

another complete set @f;; reported by Lekt al. [13] we The variation of 7. with hydrostatic pressure can be
obtain47./dp, =~ —2.5 K/GPa. These results compare gescribed by the pressure induced charge transfer (PICT)
favorably with the experimental value of7c/dp. =  mechanism. In the PICT mechanism the charge carrier

—2.0 K/GPa. Such a close agreement is somewh&fensityn,, in the CuQ planes is one of the key parameters
surprising because of the uncertainty in the experimentalonrolling the value of, [16,17]. A graph for the values
values of the elastic constants (see Ref. [12] for a reviews _ysy, is a bell shaped curve. From the PICT modgl
of experimental data). o and hencel. change with pressure antf’./dp depends
We next consider a uniaxial pressure along #e strongly on the position of. on the bell shaped curve
direction. From the thermal expansion measurements [4h7) 47, /dp is expected to be positive for underdoped,
it is found that the two-dimensional volume in &  negative for overdoped, and zero for the “optimally” doped
b plane is approximately conserved for tiie ~ 91 K cyprates. Charge transfer is expected to occur primarily by
sample. Thus for a uniaxial pressure in thelirection  changes in the-axis bond length [1,18], hence uniaxial
the distances in the direction decrease while those in nressure in thec direction could investigate the PICT
the a direction increase, leading to the positider and  ,0del [19]. Thus for YBaCu;O;_5 close tos ~ 0 and
increasingl’.. Two-dimensional volume conservation canr ~ 91 K, dT,/dp, is small, becaus®, is near the top

be expressed ade, = —de,. The uniaxial pressure of the bell shaped curve for,, showing no important

dependence in the direction then becomes PICT contribution. Furthermore, in the PICT model it
T, de, dep is not expected that the charges transferred are strongly
oy T.(0K . —T.(0)K oy —Tc(0)Ks22.  influenced by uniaxial pressure in theandb directions.

(13) If so, the 'PICT model could not explain theandb axis
anisotropies.

Using the same two sets of elastic constants [12,13] When oxygen is removed from the systefp drops
we obtain(dT./dp,) = +1.4 K/GPa and(dT./dpy,) = and dT./dp. increases [20]; the uniaxial pressure de-
+2.3 K/GPa. Considering the fact that the elastic conpendences in tha andb directions become unequal but
stants are not accurately known [12] and that the tunnelingtill opposite in sign for six different values @f ranging
units may have effective elastic constants different fromfrom 0.05 to 0.46, indicating that the tunneling units still
the bulk solid, the discrepancy between the calculatedhake an important contribution [20—23]. There is a large
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increase indT./dp. with increasingéd, suggesting that [6] S.B. Simanovsky and M. W. Klein, Phys. Rev.58, 7430

PICT becomes more important with increasifg Thus (1996).

our derivation suggests that the uniaxial pressure depenk?] S.B. Simanovsky and M. W. Klein, Solid State Commun.

dences have (at least) two contributions, one arising from__ 99, 729 (1996).

the charge transfer, and the other from changing the width(8] A-W. Hewatet al.,IBM J. Res. Dev.33, 220 (1989).

of the wells of the tunneling units. [9] Tunnel|ng umts pot in the chain b.ut st!ll or!ented in the
We propose experiments to separate these two effects. a direction will give the results derived in this paper, and

L . o . it matters little whether the TU is an oxygen atom or a
The distribution of the tunneling units in the material and copper atom.
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deal of physics could be learned from measuring thgis] M. Langet al., Z. Phys. B69, 451 (1988); K. Kadowaki
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