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Anisotropic Pressure Dependence ofTc in YBa2Cu3O72d:
Evidence for the Tunneling-Unit Model
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The superconducting transition temperatureTc of YBa2Cu3O72d shows a decrease with uniaxia
pressure in thea direction and an approximately equal increase with pressure in theb direction near
Tc ø 91.5 K. The jump in the thermal expansivity nearTc is also approximately equal and of opposi
sign in the a and b directions. We show that the recently derived tunneling-unit model for h
Tc superconductivity explains the anisotropic pressure dependence ofTc and the resulting jump in the
thermal expansivity nearTc in YBa2Cu3O72d. For d ø 0 our results are in close quantitative agreeme
with measurements. We suggest further experiments to clarify the nature of highTc superconductivity
in YBa2Cu3O72d for 0 # d # 0.5. [S0031-9007(97)03160-8]

PACS numbers: 74.20.–z, 74.72.Bk, 74.80.Bj
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The pressure dependence of the transition tempera
in high Tc superconductors (HTSC’s) is of a good de
of interest, for it gives information on the microscop
origin of the superconducting state. And perhaps m
importantly, a strong pressurep dependence ofTc indi-
cates that the material is capable of reaching higher v
ues ofTc, for example, by doping in order to change th
“chemical” pressure in the material [1]. While the e
fects of hydrostatic (isotropic) pressure in YBa2Cu3O72d

are interesting and have been studied extensively [1
a great deal of additional information can be obtain
from the anisotropic behavior ofTc as a function of
the uniaxial pressure. The results yield considerable
sight. For example, in an untwinned single crystal
YBa2Cu3O72d near “optimal” doping (Tc ø 91.5 K) uni-
axial pressure dependence measurements [3,4] reve
the following pressure derivatives:dTcydpa ­ 22.0 6

0.2 KyGPa, dTcydpb ­ 11.9 6 0.2 KyGPa; for thec-
axis compressiondTcydpc ­ 20.3 6 0.1 KyGPa, where
the subscripts (i ­ a, b, c) denote the corresponding crys
tallographic directions. Note that while thec-axis pres-
sure derivative is small, thea and b axis derivatives are
large and of opposite sign. Not only does this expla
why the hydrostatic pressure dependence [1,2] ofTc in
YBa2Cu3O72d is small (as a result of the cancellation o
the a-axis andb-axis pressure dependences [3]), but a
shows that the anisotropy along thea andb directions is
more dramatic than the small lattice constant anisotro
would indicate, suggesting a strong role played by the C
O chains in these materials. Similar anisotropic measu
ments were also found in the thermal expansivity [4]a ;
d ln LsT dydT [LsT d is the sample length]. The jump ina,
Da, nearTc as the material goes from normal to supe
conducting state in a near-optimally doped YBa2Cu3O72d

sample has approximately the same value along thea axis
as along theb axis, except that they are of opposite sig
Along thec axisDa is small.

While these experimental results seem to yield imp
tant insight into YBa2Cu3O72d materials, there is no mi-
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croscopic theory (of which we are aware) that can expla
them. Indeed, a great deal of effort to understand highTc

superconductivity has still not resulted in a generally a
cepted theory [5]. Yet it is clear that a successful micr
scopic theory of highTc superconductivity should explain
these results in addition to other properties.

In this Letter we show how a recently derivedmicro-
scopic model [6,7], the tunneling-unit (TU) model, can
explain these results and is therefore the first theoreti
microscopicmodel to do so. We also propose new expe
ments which could separate the pressure induced cha
transfer effects from the pressure dependent tunneli
unit effects for less than “optimally” oxygenated sam
ples, thus further elucidating the cause of the HTSC
YBa2Cu3O72d for 0 # d # 0.5.

Our paper is organized as follows. First we give
brief review of the TU model. Then we show how th
change in the microscopic widtha of the TU affects
Tc, and we relate this changeDa to the strain in the
solid. The pressure derivatives ofTc are then expressed
in terms of the pressure derivatives of the strain, whi
can be calculated from the elastic constants. We fi
that the values ofdTcydpi calculated in this manner
are surprisingly close to those obtained experimenta
Finally we suggest experiments which could elucidate t
pressure dependences in underdoped YBa2Cu3O72d.

In the TU model the conduction electrons are sca
tered by localized tunneling units (double-well or mu
tiwell potentials for certain atoms in the crystal lattice
YBa2Cu3O72d has Cu-O chains along theb axis. The oxy-
gen atoms in the chains are located 0.08 Å off the cha
axis and constitute two-level tunneling units [6]. Exper
ments show [8] that in YBa2Cu3O72d the tunneling units
are directed (defined by a vector from one well to the oth
in a two-level system) in theadirection [9]. The TU model
gives an analytic derivation of the gap functionDskd and
finds thatDskd is a linear combination ofs-wave andd-
wave components. Furthermore, the model gives an i
tope effect consistent with experimental observations a
© 1997 The American Physical Society 3927
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may also explain thes-state Josephson tunneling along th
c axis [10] in spite of the predominantlyd-wave charac-
ter of Dskd. The derivation of the uniaxial pressure de
pendence ofTc and the jump in thermal expansivity nea
Tc ø 91 K in agreement with experiment gives additiona
evidence for the validity of the TU model for HTSC.

The expression for the attractive electron-electron int
action Hamiltonian,Hel,el, in the TU model is [6]

Hel,el ­
X
k,q

NsqdNs2qd
Jave

sek 2 ek1qd2 2 J2
ave

3 cp
k1qcp

2k2qc2kck , (1)

whereJave is the average strain interaction at a tunnelin
unit site,cp

k andck are electron creation and annihilatio
operators with wave vectork (with spin index suppressed)
ek is the energy of the conduction electron, andNsqd ­
Nsk 2 k0d is the coupling between electrons and tunnelin
units [6].

Let CGsRd and CEsRd be the ground-state and first
excited-state wave functions for a tunneling unit at siteR.
Then [6],

Nq ­
V0sqd

2

Z
eiq?RfCy

GsRdCEsRd 1 H.c.g d3R , (2)

whereV0sqd is the Coulomb interaction potential betwee
electron and the tunneling atom and H.c. stands
Hermitian conjugate. The major contribution to th
integral Nq comes from the oxygen on the Cu-O cha
tunneling from one well to the other well on the same s
[9], since the integral in Eq. (2) becomes exponentia
small for wells at two different sites. The tunneling unit
are oriented in thea direction, thus the overlap of the
wave functions is appreciable only in thex direction (i.e.,
thea direction of the TU’s) and we use the approximatio

C
y
GsRdCEsRd ­ C

y
GsxdCEsxdds yddszd , (3)

whereds yd anddszd are delta functions.
We simulate the tunneling unit by the potential show

in Fig. 1. As seen from Fig. 1, the statesCGsxd and
CEsxd are primarily localized in the right and left wells o
the double-well potential, respectively. Let the width o
the double-well potential be2aspd, a function of pressure
p. Let Csssx; aspdddd be the wave function corresponding t
pressurep. Let Nqspd be the value ofNq under pressure
p. Using Eq. (3) in Eq. (2) gives

Nqspd ­
V0

2

Z as pd

2aspd
eiqxscosu2cosu0d

3 fCy
Gsssx; aspddddCEsssx; aspdddd 1 H.c.g dx , (4)

where cosu and cosu0 are the angles thek andk0 vectors
make with thex axis andV0 is the effective Coulomb
potential, assumed to be a constant.

We have explicitly indicated in Eq. (4) that the wav
functions and the overlap integral depend on the wid
of the tunneling unitaspd. We assume that the wave
3928
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FIG. 1. A model potential for calculating the overlap integr
given by Eq. (2). The figure also shows the wave functio
for the two lowest energies of the tunneling unit.Ubarrier and
Uright are measured from the bottom of the left well, taken
be zero.

functions scale according to the width of the double-w
potential while maintaining the normalization,

Csssx; aspdddd ­

µ
as0d
aspd

∂1y2

C

µ
x

as0d
aspd

; as0d
∂

. (5)

We substitute Eq. (5) into Eq. (4), usex0 ; xas0dy
aspd, and finally drop the prime to find that

Nqspd ­
V0

2

Z as0d

2as0d
exp

µ
iq

aspd
as0d

xscosu 2 cosu0d
∂

3 fCy
Gsssx; as0ddddCEsssx; as0dddd 1 H.c.g dx ­ Nq0 s0d,

(6)

whereq0 ­ qaspdyas0d.
We note that forjqj ­ 0, Nq is identically zero because

CGsxd and CEsxd are orthogonal. We calculated th
expression forNqs0d and we found that with a high degre
of accuracyNqs0d ~ qscosu 2 cosu0d, therefore

Nqspd ­ Nq0s0d ­
aspd
as0d

Nqs0d . (7)

We next derive the pressure dependence ofTc along
the different crystal axes. Letaspd ­ as0d 1 Da, where
Da is the change in the width of the double-well potenti
as a function of pressure [11]. The transition temperat
for the TU model is [6]

kBTc ø Javee21yN0Veff , (8)

where Veff is an effective potential which depends o
the attractive electron-electron interactionV2 and the
Coulomb repulsion between the electronsV1,

Veff ­ V2

√
1
2

1
V1 1 0.75V2

2V1 1
p

sV1 1 V2d2 1 0.5V 2
2

!
. (9)
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In Eq. (9) V1 is negative, i.e., a repulsive interactio
Using Eqs. (1) and (7) we obtain thatV2 ~ aspd2. Sub-
stituting the expression forVeff in Eq. (8) we obtain

Tcspd ø Tcs0d
∑

1 1
2

N0Veff

≠ ln Veff

≠ ln V2

Da
a

∏
; Tcs0d

∑
1 1 K

Da
a

∏
­ Tcs0d 1 DTc , (10)

DTc ­ Tcs0dKsDayad , (11)

whereTcs0d is the transition temperature at ambient pre
sure. We thus haveDTc ~ Daya. Equation (11) is the
central result of this paper.

We next calculatedTcydpa for the uniaxial pressure
in the a direction from the TU model using the elast
constantsCij and compare the results with experimen
We assume thatDaya ; ea, the macroscopic (bulk)
strain in thea direction. Differentiating Eq. (11) with
respect topa gives

≠Tc

≠pa
­ Tcs0dK

≠ea

≠pa
. (12)

s≠eay≠pad is the compliance coefficients11 ; sĈ21d11,
where Ĉ is the elastic tensor. We calculateK ø 4.5
from the TU model for a uniaxial pressure in thea
direction for the weak coupling case (JaveyTc ø 3.2) and
use the complete set of values forCij from Zoubolis
et al. [12] to obtain≠Tcy≠pa ø 21.8 KyGPa. If we use
another complete set ofCij reported by Leiet al. [13] we
obtain≠Tcy≠pa ø 22.5 KyGPa. These results compa
favorably with the experimental value of≠Tcy≠pa ­
22.0 KyGPa. Such a close agreement is somew
surprising because of the uncertainty in the experimen
values of the elastic constants (see Ref. [12] for a rev
of experimental data).

We next consider a uniaxial pressure along theb
direction. From the thermal expansion measurements
it is found that the two-dimensional volume in thea-
b plane is approximately conserved for theTc ø 91 K
sample. Thus for a uniaxial pressure in theb direction
the distances in theb direction decrease while those i
the a direction increase, leading to the positiveDa and
increasingTc. Two-dimensional volume conservation ca
be expressed asdea ­ 2deb . The uniaxial pressure
dependence in theb direction then becomes

≠Tc

≠pb
­ Tcs0dK

≠ea

≠pb
­ 2Tcs0dK

≠eb

≠pb
­ 2Tcs0dKs22 .

(13)

Using the same two sets of elastic constants [12,
we obtains≠Tcy≠pbd ø 11.4 KyGPa ands≠Tcy≠pbd ø
12.3 KyGPa. Considering the fact that the elastic co
stants are not accurately known [12] and that the tunne
units may have effective elastic constants different fro
the bulk solid, the discrepancy between the calcula
.
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and the measured values is small. Thus our tunneli
unit model gives not only the qualitative, but quite clo
quantitative agreement with the experimental anisotro
pressure dependence ofTc.

The values ofK in Eq. (11) calculated from the TU
model increase with increasing values ofsN0Veffd21.
Detailed calculations ofK as a function ofN0Veff will
be presented elsewhere [14].

We next discuss the changes in the thermal expansi
a nearTc. The pressure derivatives≠Tcy≠pi are related
to changes in the thermal expansivities [4]Da at Tc. Let
Dai ­ aSi 2 aNi, whereaSi andaNi are the supercon-
ducting and normal values ofai at Tc. Let DCp be the
jump in the specific heat atTc. Using the Ehrenfest rela
tions [15] one has [4]

Dai ­
DCp

VmTc

µ
≠Tc

≠pi

∂
, (14)

whereVm is the volume of the material. It is important t
point out that using the Ehrenfest relations and the va
of DCp , one directly relates the anisotropic pressure
pendence≠Tcy≠pi to Dai. Thus following the calcula-
tions of Meingastet al. [4], which are not repeated here
the TU model gives both the uniaxial pressure depende
of Tc as well as the jump inDai nearTc.

So far in this paper we dealt with YBa2Cu3O72d close
to optimal oxygenation,Tc ø 91 K, and ≠Tcy≠pc ø 0.
We next consider pressure dependences for underdo
YBa2Cu3O72d.

The variation ofTc with hydrostatic pressure can b
described by the pressure induced charge transfer (PI
mechanism. In the PICT mechanism the charge car
densitynh in the CuO2 planes is one of the key paramete
controlling the value ofTc [16,17]. A graph for the values
of Tc vsnh is a bell shaped curve. From the PICT modelnh

and henceTc change with pressure anddTcydp depends
strongly on the position ofTc on the bell shaped curve
[17]. dTcydp is expected to be positive for underdope
negative for overdoped, and zero for the “optimally” dop
cuprates. Charge transfer is expected to occur primarily
changes in thec-axis bond length [1,18], hence uniaxia
pressure in thec direction could investigate the PICT
model [19]. Thus for YBa2Cu3O72d close tod ø 0 and
Tc ø 91 K, dTcydpc is small, becauseTc is near the top
of the bell shaped curve fornh, showing no important
PICT contribution. Furthermore, in the PICT model
is not expected that the charges transferred are stro
influenced by uniaxial pressure in thea andb directions.
If so, the PICT model could not explain thea andb axis
anisotropies.

When oxygen is removed from the systemTc drops
and ≠Tcy≠pc increases [20]; the uniaxial pressure d
pendences in thea andb directions become unequal bu
still opposite in sign for six different values ofd ranging
from 0.05 to 0.46, indicating that the tunneling units stil
make an important contribution [20–23]. There is a lar
3929
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increase in≠Tcy≠pc with increasingd, suggesting that
PICT becomes more important with increasingd. Thus
our derivation suggests that the uniaxial pressure dep
dences have (at least) two contributions, one arising fro
the charge transfer, and the other from changing the wid
of the wells of the tunneling units.

We propose experiments to separate these two effe
The distribution of the tunneling units in the material an
their orientation with respect to the crystal axes strong
affect the response of the superconductor to uniax
pressure in the three directions. The distribution of th
TU’s could be obtained from neutron diffraction studie
[8]. Thus when the oxygen concentration in the mater
is changed one could separate the changes in the unia
pressure dependences in the three directions into t
components; (i) arising from the change in the numb
and in the orientation of the TU’s and in the pressu
dependent width of the tunneling unit and (ii) pressu
dependent changes in thec direction, which cause charges
to transfer from the CuO2 planes. Therefore a good
deal of physics could be learned from measuring t
uniaxial pressure dependences ofTc as a function of the
oxygen concentration, coupled with neutron diffractio
experiments to obtain information on the number, widt
and direction of the tunneling units.

The authors thank Steve W. Pierson for many sugg
tions and Donald F. Nelson for some valuable discussio
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