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The influence of hydrostatic pressure up to P=1.05 GPa on resistivity, excess conductivity ¢/(T) and pseudogap (PG) A*(T) in
slightly doped single crystals of YBa,Cu,O, ; (T (P =0) =49.2 K and 6 = 0.5) is studied. For the first time it is found that the BCS ratio
2A*/k,T and PG A* both increase with increasing external hydrostatic pressure at a rate dlnA*/dP =~ 0.37 GPa™, implying an increase
of the coupling strength with pressure. Simultaneously, the critical temperature T, also increases with increasing pressure at a rate
dT/dP =+5.1 K-GPa™, whereas resistivity p(300K) decreases at a rate dlnp/dP = (-19+0.2)% GPa™'. Independently on pressure near T,
o/(T) is well described by the Aslamasov-Larkin and Hikami-Larkin fluctuation theories demonstrating 3D-2D crossover with increase
of temperature. The crossover temperature T, determines the coherence length along the c-axis £ (0) = (3.43 + 0.01)A at P=0 GPa,
which decreases with pressure.

Keywords: Fluctuation conductivity, pseudogap, pressure, excess conductivity, YBaCuO single crystals.

B pabote nccnenoBaHo BiHMsHUE TUApocTarnieckoro masieHus po P=1.05 I'Tla Ha ynembHOe compoTHBIEHHE, H30BITOUYHYIO
nposoaumocTh ¢/(T) u ncesnomens (1) A*(T) B cnabo gonupoBanHoM MonokpucTamie YBa, Cu O, ¢ (T(P=0) = 49.2 K u 6=0.5).
Brepsrie obHapyskeno, uro cootnomenne BKI 2A*/k, T u IIILI A* Bospacrator ¢ poctom nasienns kak dnA’/dP = 0.37 GPa',
yKa3blBas Ha yBEIMYEHHE CHIIbI CBs3M. [lokazaHo, 4To kpuTHYeckas Temmeparypa T, Taroke yBenuuuBaeTcs ¢ yBenndeHueM P kak
dT /dP=+5.1 K-T'Tla"', B To Bpems Kak yjenbHoe conporusienue p(300K) ymenbiaercs kak dinp/dP = (-19+0.2)% I'Tla™". HezaBucumo
ot masyerns Bommsu T, o (T) Xopomo omickBaeTcs (GIyKTyalHOHHBIME Teopusmu Acmamasosa—Jlapkuna u Xukamu— Jlapkuna,
neMoHCTpupyst 3D- 2D kpoccoBep TpH yBeJIMYEHMH Temmeparypbl. Temmeparypa kpoccoBepa T, MO3BOISET ONPENENUTH JUTHHY
korepentHocTn &_(0) = (3.430.01)A npu P=0 I'Tla, k0Topast yMEHbIIAETCA C JABIEHUEM.

KoroueBnbie ciioBa: OyKTyaliMOHHAs IPOBOANMOCTG ,IICEBIOIIEIb, AaBICHNE, N30BITOUHASI IIPOBOAUMOCTh, MOHOKPHCTAJIIBI
YBaCuO.

B po6oTi mocimipkeHo BIUUB rifpoctatndHoro Tucky mo P = 1.05 I'Tla wa muromuii omip, Ha uiHmkoBy mpoBiaHicts o/(T) i
ncesoutimuny (ITII) A*(T) B cnabomonosanomy monokpuctan YBa,Cu,O. ;3 (T (P =0) = 49.2 K i 6=0.5 ). Bnepuie BusiBIeHo, mo
cnisBignomenns BKIIT 2A"/k, T i ITLL A*(T) 3poctaroTs 3i 36imbmenHsm THcky, ak dInA"/dP =~ 0.36 GPa™', maioun Ha yBasi 36inbleHHs
cuiH 3B’3Ky 3 THCKOM. [ToKasaHo, Mo KpuTHYHA Temieparypa 30inburyerhbes 3i 36inbmennsam tucky dT /dP=+5.1 K-T'Tla", B Toit uac,
sk p(300)K smenmyersest din p/dP = (-19+0.2)I'Tla. Hezanesxuo Bij tucky nobmusy T, o' (T) nobpe onucyerbes duykTyanitnumu
TeopisiMu Acnamasosa-Jlapkina i Xikami- Jlapkina, nemoncrpytoun 3D- 2D xpocosep npu 30inbIeHH] Temneparypu. Temmeparypa
kpocosepa T 103B0NIs€ BU3HAYUTH JTOBXKUHY KorepeHTHOCTI & (0) = (3.43 +£0.01) A mpu P = 0 I'Tla, sixa 3MEHITY€THCA 3 TACKOM.

Kirouosi ciioBa: @ykryariiiHa IpoBigHICTh, ICEBIOUIIHHA, TUCK, HA/UTHIIIKOBA TIPOBiAHICTH, MOHOKpHUCTanu Y BaCuO.

Introduction

Pseudogap (PG), which is opening in the excitation
spectrum at the characteristic temperature T*>> T, where
T is the resistive transition temperature, still remains one
of the most interesting and intriguing property of high-T,
cuprate superconductors (HTS’s or cuprates) [1-3]. It is
believed that the proper understanding of the PG physics
has to promote deciphering the basic pairing mechanism in
the HTS’s [1,2]. Since the observation of a large pressure
dependence of T in the La-Ba—Cu-0 system [4], pressure

plays an important role in the study of HTS’s. In contrast
to conventional superconductors, dT/dP for the high-
T, superconductors appears to be in most cases positive
whereas dInp_ /dP is negative and relatively large [5-8].
Applied pressure produces a reduction in lattice volume
which promotes ordering [5] and this appears to lead to
positive dT /dP observed in experiment. The interpretation
of the pressure effect on p is rather uncertain, since the
nature of the transport properties for HTS’s is not clear yet.
The dominant contribution to the conductivity is known to
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come from the CuO, planes which are interconnected by a
relatively weak transfer interaction. Most likely pressure
leads to the increase of the charge concentration n, in the
CuO, planes, which in turn has to affect both T and p(T).
The theoretical approach to the hydrostatic-pressure effects
on the resistance of HTS’s is discussed in Ref. [5]. There
are also several papers in which the influence of pressure
on the fluctuation conductivity (FLC) was studied in HTS’s
compounds [6-8]. But as far as we know no detailed study
of pressure influence on pseudogap in the high-Tc oxides
has been carried out up to now.

In the paper we report on the in-plane resistivity
p,, (T) measurements under hydrostatic pressures up to
P=1.05 GPainslightly doped YBa,Cu,0O, ; (YBCO) single
crystals with the oxygen index 7-6~ 6.5 and T, = 49.2K at
P = 0 GPa. We studied the excess conductivity o/(T) and
focused on the temperature dependence of FLC. From
the analysis of the excess conductivity the magnitude and
temperature dependence of pseudogap A*(T) with and
without pressure were finally derived. The analysis was
performed within our Local Pair (LP} model [1,9,10] as
discussed in details in the text.

Experiment

The YBa,Cu,O,; (YBCO) single crystals were grown
with the self-flux method in a gold crucible, as described
elsewhere [11-14]. For electrical resistance measurements
were selected crystals of rectangular shape with typical
dimensions of 3x5x0.3mm?’. The smallest parameter of
the crystal corresponds to the c-axis. To obtain samples
with given oxygen content, the crystals were annealed in
an oxygen atmosphere as described in Refs. [14,15]. The
electrical resistance in the ab-plane, p (T) = p(T), was
measured in the standard four-probe geometry with a dc
current up to 10mA in the regime of fully automated data
acquisition. The measurements were conducted in the
temperature sweep mode, with a rate of 0.1 K/min near T,
and about 5 K/min at T >> T . The hydrostatic pressure was
generated inside an autonomous chamber (piston—cylinder
type) as described elsewhere [13,14]. A manganin gauge
made of a 25 Q wire was used to determine the applied
pressures. The temperature measurements were performed
using a copper—constantan thermocouple mounted at
sample level on the outside of the chamber [13].

Figure 1 displays the temperature dependencies
of the resistivity p(T) of the studied YBCO single crystal
measured at P =0 GPa (curve 1) and P = 1.05 GPa (curve
2), respectively. The curves have an expected S-shaped
form being typical for the slightly doped YBCO films
[1,16] and single crystals [17,18]. Above T*~ 260 K p(T)
varies linearly with T at a rate dp/dT = 2.48 pQemK!
and dp/dT = 2.08 pQcmK-' for the pressures P = 0 and
1.05 GPa, respectively. (Note that 1 GPa = 10 kbar). This
linearity is characteristic for the normal state of cuprates
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Fig. 1. Temperature dependence of p of YBa,Cu,O, ; (7
— 6~6.5) single crystal at P=0 GPa (curve 1 dots) and
1.05 GPa (curve 2, semicircles). Inserts display the way
of T* determination at P=0 GPa using (p(T) — p,))=aT
criterion.

[16-20]. The slopes were determined by the computer
linear fitting which results in the rather good linearity in the
stated temperature range with the standard error of about
(0.009+0.002) at all applied pressures. The PG temperature
T* is taken at the point where the experimental resistivity
curve starts to downturn from the linear behavior at the
higher temperatures designated by the dashed lines in the
figure. The more precise approach for the T* determination
is to use [p(T) — p,J=aT criterion [21]. Now T* is the
temperature at which [p(T) — p ]/aT downturns from 1 as
shown in insert in Fig. 1. Both approaches give the same
T*’s.

The relative diminution of p(T) as a function of
pressure is practically temperature independent above 260
K and amounts to dlnp(300K)/dP= (-194+0.2)% GPa’'. This
value is in agreement with results obtained for different
cuprates [5-8,13]. Simultaneously, the critical temperature
T, also increases with increasing pressure at a rate dT/
dP=+5.1 K-GPa! which is in a good agreement with our
results for slightly doped (SD) HoBCO single crystals
where dT /dP=+4 K-GPa™' is found [22]. The same dT/
dP=+4 K-GPa! was observed by pressure experiments in
SD polycrystalline YBa,Cu,0O, ; (7 =6 ~ 6.6) using a muon
spin rotation (LSR) technique [23]. The result confirms the
expressed assumption that in cuprates both p diminution
and T, increase occur likely at the expense of the increase
of the charge carrier density n, in the CuO, planes under
pressure. Meanwhile, it is likely that the oxygen vacancies
in the slightly doped cuprates provide the possibility for the
more easy redistribution of n.as compared with optimally
doped samples where the number of vacancies is small and
n,is, in turn, rather large [1,2,24].

Results and discussion
Below the PG temperature T* the resistivity curves
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at all applied pressures deviate down from the linear p(T)
observed at the higher temperatures (Fig.1). This leads to
appearance of the excess conductivity

&'(T) = o(T) - o, (T) = [Up(D)] - [1p(D].1)

where p(T)=aT +p, is the linear normal state resistivity
extrapolated to low T region (dashed lines in the figure).
Accordingly, a=dp/dT and p, is the intercept with the y-axis.
This procedure of the normal state resistivity determination
is justified in Ref. [20] and is of a common occurrence
now [21,25-27]. We will mainly perform analysis for the
sample YO (P=0) and compare results with those obtained
for the sample Y6 (with P=1.05 GPa applied for five days),
as well as with results obtained for different cuprates [5-
7]. Naturally, the same analysis has been performed at all
applied pressures.

To begin with the analysis, the mean field critical
™ has to be found. Here Tcmf> T, is the

critical temperature in the mean-field approximation, which
separates the FLC region from the region of critical
fluctuations or fluctuations of the superconducting (SC)
order parameter A directly near T (where A <kT), neglected
in the Ginzburg-Landau (GL) theory [28]. In all equations
used in the analysis the reduced temperature

temperature

g:(T_Tcmf )/Tcmf (2)
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Fig. 2. In 6’ vs Ing at P=0GPa (panel a, dots) and P=1.05
GPa (panel b, circles) compared with the fluctuation

theories: 3D AL (dashed line 1); MT with d = d1 (solid
curve 2).
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is exploited. Thus, the correct determination of Tcm f [26] s

decisive in the FLC and PG calculations. Within the LP
model it was convincingly shown that near T, FLC (Fig. 2,
dots (P= 0 GPa) and circles (P= 1.05 GPa)) is always
extrapolated by the standard equation of the Aslamasov-
Larkin (AL) theory [29] (Fig. 2, dashed line 1), which
determines FLC in any 3D system:

2
' e

—c. —<
O 413D 3D 324 .(0)

Here &_is a coherence length along the c-axis, d is a
distance between conducting layers [30,31], and C, is a
numerical factor used to fit the data by the theory [1,25,26].
This means that the conventional 3D FLC is realized in
HTS’s as T draws near T,[1,30,31] providing the way for
T ™" determination. From Eq. (3), one can easy obtain 6> ~
e ~ T- T™. Evidently, 6"*(T) = 0 when T= T ™ [1,26,30].
The interception of the extrapolated linear ¢”*(T) with
T-axis determines both T ™=50.2 K and, consequently, €.

Figure 2 shows ¢’ as a function of ¢ plotted in double
logarithmic scale. Above T™ and up to T = 54.4 K (Ing, =
-2.45, P=0 GPa) Inc/(Ing) is well described by Eq. (3) which
is the straight line with the slope A= —1/2 (Fig. 2, dashed
line 1). Above the crossover temperature T, data deviates
up from the AL line suggesting the crossover to the 2D
behavior which corresponds to the Maki—Thompson (MT)
fluctuation contribution into FLC [31] (Fig. 2, solid curve
2). Thus, above T and up to T, = 87.4 K (In g ,=-0.3) Inc’
(Ing) is well fitted by the MT term of the Hikami—Larkin

-1/2

(€)

(HL) theory [31]:
et 1 l+a+J1R2a )
OMr~ g, In| (0/a)———F—= |6~ 4
8dh 1-a/d6 l+a+1+28
In Eq. (4)

0
a:2|:§c( ):l 6_-1 (5)
d
is a coupling parameter,

161 &0
5:'35[%} kT, (6)

is the pair-breaking parameter, and 7 that is defined by
equation

r¢ﬂT=ﬂh/8kBe=A/e @)
is the phase relaxation time, and A =2.998 - 1072 sK. Factor
p=1203(l/&,) ., where 1 is the mean-free path and &

(T) is the coherence length in the ab plane, considers the
clean limit approach (1> &) [1,31].
Evidently, at the crossover temperature T ~g, the

coherence length &,(T)=¢&,(0)e™? s expected to
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amount to d [9,30,31]. This yield & (0)=d\/¢, and

allows the possibility of € (0) determination. Set d=11.67A,
which is the c-axis lattice parameter in YBCO [33], one can
easily obtain & (0) = (3.43+0.02) A and £ (0) = (2.91+0.02)
A for P=0 GPa and P=1.05 GPa, respectively. Both found
€.(0) values are in a good agreement with those usually
reported for SD YBCO [1,16,21]. & (0) is the important
parameter of the PG analysis [1,2,8].

Accordingly, at T=T , (ore=¢ ) & (T)=d,, whered, isa
distance between the conducting CuO, planes [9,19,30,31].

This yield &, (0)=d,+/&,, and allows the possibility of d,

determination since & (0) has already been found. Finally,
d,=(3.98+0.02) A and d =(3.37+0.02) A were derived from
the experiment for P=0 GPa and P=1.05 GPa, respectively.
Revealed d, = (3.98+0.02) A is actually the inter-planar
distance in YB,Cu,O, . at P=0GPa [33]. Both £ (0) and d,
are found to decrease with pressure [5-7]. Within the LP
model it is believed that below T, & (T) exceeds d, and
couples the CuO, planes by Josephson interaction resulting
in appearance of the 2D FLC of the MT type which lasts
down to T, [1,9,30,31]. Correspondingly, below T, & (T)
exceeds d, and pairs can interact in the whole sample
volume forming the 3D state now [30,31].

Finally, it turns out that just € has to govern Eq. (4)
now and its proper choice is decisive for the FLC analysis.
Corresponding temperature T, is introduced to determine
the temperature range above T, in which the SC order
parameter wave function stiffness has to maintain [34,
35]. As it is clearly seen from the analysis, it is just the
range of the SC fluctuations which obey the conventional
fluctuation theories.

Pseudogap analysis

In HTS’s pseudogap is manifested as a downturn of
the longitudinal resistivity at T* from its linear behavior
above T*[1, 2]. This results in appearance of the excess
conductivity o/(T) (see Eq. (1)). It is well established
now [1,2,10] that just the excess conductivity has to
contain information about the PG. Evidently, to attain
the information one needs an equation which specifies a
whole experimental ¢/(T) curve, from T* down to T, and
contains the PG in the explicit form. Besides, the dynamics
of pair-creation and pair-breaking (see Eq. (9)) above T,
must be taken into account in order to correctly describe
the experiment [1,9]. Due to the absence of a complete
fundamental theory the equation for o(T) has been
proposed in Ref. [9] with respect to the local pairs:

e’A, (1 - ]T*j(exp(- f )j

(1 6he, (0)\/ 2&,sinh(2¢/e,) )

o'(e)= ®)
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Fig. 3. Temperature dependence of pseudogap parameter
A" of YBa,Cu,0, , single crystal at P=0 (curve 1, dots)
and P=1.05 GPa (curve 2, semicircles). The data were
analyzed with Eq. (11). Solid curve 3 indicates the result
of such analysis performed at P=1.05 GPa but using the

resistivity curve fitted by polynomial down to ~160K.

Here A, is a numerical factor which has the meaning
of the C-factor in the FLC theory [1,10].
Solving Eq. (8) for the pseudogap A" (T) one can

readily obtain:
e’A, (1- TT j
€)

o' (T)167E, (0)2¢,,sinh(2& /., )

Here o/(T) is the experimentally measured excess
conductivity over the whole temperature interval from T*

A" (T)=TIn

down to Tcmf. Within the LP model all parameters in (9),

including T*, Tcmf, g, £(0), A, and theoretical parameter
g*,, can be directly determined from the experiment
[2,9,10].

Fig. 3 displays the results of the LP model PG analysis
for P=0 GPa, and P=1.05 GPa, curve 1 and 2, respectively.
Curve 1 (dots) is computed using Eq.(11) with the following

set of parameters derived from experiment: T* = 252 K,
Tcmf= 50.2 K, £ (0)= 3.43A, ¢* = 0.94 and A, = 55, and
curve 2 (semicircles) with T*= 254 K, Tcmf =56.6 K,

£(0)=291A, ¢* =0.71 and A, = 100. Curve 3 is obtained
after the polynomial fit of the resistivity data at P=1.05 GPa
which we used to avoid the nonphysical jumps of A*(T) at
high temperatures. It is seen in the figure that both curves
look rather similar, especially in the range of low
temperatures. But both A" and BCS ratio

D'=2A" (Tcmf)/kBTC noticeably increase with P at a

rate dlnA* /dP ~ 0.37 GPa!, implying an increase of the
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coupling strength in cuprates with pressure. Found D* = 5
(P=0GPa) and D*=6.6 (P=1.05GPa) correspond to strong
coupling limit being typical for HTS’s in contrast to BCS
weak coupling limit ( 2A, /kBTcBCS ~ 4.28 ) established

for d-wave superconductors [36]. The pressure effect on
the PG and D* is observed for the first time.

Obtained dInA*/dP=0.37 GPa™ is a factor of ~3.3 larger
than that reported from tunneling spectra measurements on
Ag-Bi2223 point contacts [37] but in a good agreement
with results of uSR experiment on the SD polycrystalline
YBa,Cu,0, ,[23]. Simultaneously T decreases gradually
with P. Eventually, at P=1.05 GPa the A*(T) curve acquires
the specific shape with T~ (133+-2) K being typical
for the SD YBCO films at P=0 [1,9,10]. This suggests a
strong influence of pressure on the lattice dynamics [23]
especially in the high-temperature region.

Observed increase of A* and BCS ratio D*, as well
as decrease of resistivity, can be accounted for by the
anomalous softening of the phonon frequencies under
pressure [37]. Correspondingly, observed increase of T, can
be attributed to the rearrangement of the density of charge
carriers n, in conducting CuO, planes [22], as mentioned
above. It appears that oxygen vacancies in slightly doped
cuprates make the n, rearrangement more easy to achieve.

Conclusion
For the first time the pressure effect on pseudogap
A*(T) of slightly doped single crystals of YBa,Cu,O,
was studied within the Local Pair model. Both A* and BCS

ratio D =2A" (Tcmf)/kBTC are found to noticeably

increase with P at a rate dInA*/dP = 0.37 GPa!, implying an
increase of the coupling strength in cuprates with pressure.
Simultaneously the sample resistivity p is found to decrease
with P at a rate dlnp(300K)/dP=(-19+0.2%) GPa' whereas
T is found to increase at a rate dTc/dP = +5.1 K-GPa™',
which both are in a good agreement with those obtained for
the YBCO compounds by different experimental technique.
Independently on pressure, near T_o/(T) is well described
by the Aslamasov-Larkin and Hikami-Larkin fluctuation
theories demonstrating 3D-2D crossover with increase of
T. The crossover temperature T, determines the coherence
length along the c-axis £ (0) = 3.43+0.02A at P=0 GPa.
Revealed value of £ (0) is typical for the slightly doped
cuprates and is found to decrease with P.

Observed increase of A* and BCS ratio D*, as well
as decrease of resistivity, can be accounted for by the
anomalous softening of the phonon frequencies under
pressure [37]. Correspondingly, observed increase of T, can
be attributed to the rearrangement of the density of charge
carriers n_in conducting CuO, planes [22] which is much
more easy to obtain in the slightly doped samples.
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