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In present work the influence of high pressure on the conductivity in the basal plane of the oxygen underdoped HoBa,Cu;0-_; single
crystals is investigated. It is found that excess conductivity Ac(T) in the HoBa,Cu;0-_; single crystals over a wide temperature range
(T.<T<T*, where T, is the critical temperature and T* represents the mean field temperature of the superconducting transition) obeys
an exponential temperature dependence. The description of the excess conductivity with 4o~(1-T/T*)exp(4*,,/T) can be interpreted
in terms of mean field theory. The temperature dependence pseudogap is satisfactorily described within the framework of the BCS-
BEC crossover.
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BILJIMB THIYKOBAHOI BUCOKUM THCKOM CTPYKTYPHOI PEJIAKCAIIIT HA EBOJIOIIIO
TEMIOEPATYPHOI 3AJIEXXHOCTI IICEBAOIIIIMHA MOHOKPUCTAJIB HoBa,Cu;0-.;
3.®. Hazupos, H.M. 3aBropoaus, P.B. Bosk, K.A. KorBunska
Xapkiscokuti Hayionanvuutl ynieepcumem im. B.H. Kapa3zina
VYrpaina, 61022, m. Xapxis, na. Céo600u 4

B po6oTi mociiJkeHO BIUIMB BHCOKOTO THCKY Ha MpoBimHicTh B 0OasucHiil rumonmmHi BTHII-monokpucranie HoBa,Cu;O75 3
HecTayelo KUCHI0. BcranoBieno, mo HamgmumkoBa nposiaHicTs Ac(T) monokpucranis HoBa,Cu;O;5 y mmpokoMmy iHTepBaii
temneparyp T.<T<T* miakopsieTbcsi eKCIOHEHIIHHIN TeMepaTypHiii 3anexHocTi. [Ipu 1bOMy OIMMCaHHS HAIHIIKOBOI MPOBIJHOCTI
3a joromMororo criBBigHomeHHs A o~(1-T/T*)exp(4*,/T) Moxe OyTH iHTEpIpeTOBaHO B TepMiHaxX Teopii cepenHporo mois, e T *
NPEJCTAaBICHA, SK CEPeAHBOIONILOBA TEMIEpaTypa HAANPOBIJHOTO MNEpexoay, a TeMIepaTypHa 3aJIeXHICTh MCeBIOLIUIMHA
3aJ0BIJIBHO ONHUCYETHCA B paMKkax Teopii kpocosepa BKIII-BEK.

KJIFOYOBI CJIOBA: HammmmkoBa NPOBIOHICTh, TiAPOCTaTHYHHK THCK, MoHOKpuctamn HoBaCuO, BucokoremmepaTypHa
HA/IMIPOBIIHICTE, KPOCOBEP, NICEBIONIUTHHHUI CTaH.

BJIMSITHUE UHAYLIUPOBAHHOM BBICOKUM JABJIEHUEM CTPYKTYPHOM PEJTAKCALIUU HA SBOJIIOIUIO
TEMIEPATYPHOM 3ABUCUMOCTH IICEBAOILIEJIA MOHOKPUCTAJIJIOB HoBa,Cu;07.;
3.®. Hazupos, H.H. 3aBropoansis, P.B. BoBk, K.A. KorBuukas
Xapvrosckuii nayuonanvuwlil ynueepcumem um. B.H. Kapasuna
Vrpauna, 61022, 2. Xapvros-22, ni. C60600b1 4

B pabote wmccrienoBaHO BIMSHHE BBICOKOTO JaBJICHHs Ha TPOBOIUMOCTE B 0asucHON Ttwiockoctn BTHII-mMoHOKpHCTAITOB
HoBa,Cu;07.5 ¢ HepocTaTKOM KHCIOpOoJa. Y CTAaHOBJIEHO, YTO U30bITOuHAs mpoBoanMocTh Ac(T) moHOokpucTamuioB HoBa,Cu;075 B
mupokoM uHTepBaie temrepatyp T.<T<T* momunHsAeTCS SKCIOHEHIMANBHON TeMIepaTypHOil 3aBHCUMOCTHU. [Ipu 3TOM ommcaHue
HM30BITOYHONW TPOBOJUMOCTH C TOMOIIBIO cooTHoeHust Ao~(1-T/T*)exp(4*,,/T) MoxeT OBITh MHTEPIPETUPOBAHO B TEPMUHAX
TEOpHHU cpenHero mois, rae T* mpencraieHa, Kak CpeIHENONeBas TeMIepaTypa CBEPXIPOBOIAIIETO MEPEeXoa, a TeMIIepaTypHas
3aBUCHMOCTD IICEBJONIENH YAOBIETBOPUTEILHO OMUCHIBAETCS B paMKkax Teopuu kpoccoBepa BKII-BOK.

KJIOYEBBIE CJIOBA: wu30bITOYHAs TMPOBOJAMMOCTh, THIPOCTATHYECKOE JaBlieHHWe, MOHOKpuctamisl HoBaCuO,
BBICOKOTEMITEpATypHAasi CBEPXMPOBOTUMOCTh, KPOCCOBEP, MICEBAOIIEIICBOE COCTOSIHUE.

Study of pseudogap anomalies (PG) - a significant decrease in the density of electronic states observed in the
phase diagram of underdoped compounds, continues to be one of the most important areas of physics of high
temperature superconductivity (HTSC). However, despite the large accumulated literary material, still remain unclear as
the nature of origin of PG and questions about its role in the formation of the superconducting state in HTSC. Currently
in the literature are discussed extensively two basic scenarios of pseudogap anomalies in HTSC systems. According to
the first occurrence of PG associated with short-range order fluctuations of "dielectric" type, for example,
antiferromagnetic fluctuations, waves of charge and spin density, etc. [1]. The second scenario allows for the formation
of Cooper pairs at temperatures significantly above the critical value T * >> T, followed by the establishment of phase
coherence at T <T [2,3].

Among the theoretical studies, which supporting the second view, we should note the theory of the crossover from
the BCS mechanism to the mechanism of the Bose-Einstein condensation (BEC) [3], which were obtained by the
temperature dependence of the pseudogap in the case of weak and strong coupling. In general, these relationships are
described by the equation:
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A(T) = A(0) - A(O)\/% /%0) exp[—@} 1+erf

where x, = u/A(0) (u is the chemical potential of the carrier system and A(0) is the value of energy gap at the zero
temperature and erf(x) is the error function. In the case that of xo—oo (weak coupling), Eq. (1) becomes:

A(0)

A(T) = A(0) - A(0)\27A(0)T exp {—T} )

that is well known in the BCS theory. In the limit of the strong interactions in the three-dimentional case (x, < -1), Eq.

(1) becomes:
AT =A0) -, (@) exp{——v'u A (O)}. o)

Jxg+1-1

T/A(0)

(1

>

T

At the same time, as was shown in [2], at a sufficiently high accuracy values A(7T) of the pseudogap in a wide

temperature range can be determined from the dependency p,,(7) (resistivity in the basal plane) at temperatures below a
characteristic value T * (temperature the opening of the pseudogap).

The most promising for research on this issue is the connection ReBa,Cu;07.; (Re =Y or other rare-earth ion),
which is associated with a wide range of variation of their conductive properties and critical parameters by varying the
degree of oxygen nonstoichiometry [2] or replacement of components of the component [4]. An important feature of
HTSC compounds ReBa,Cu;07;5 is the ability to implement them in a nonequilibrium state with a certain degree of
oxygen deficiency [5,6], which can be induced by external influences, such as temperature [5] or high pressure [6]. This
condition is accompanied by processes of redistribution of labile oxygen and structural relaxation, which in turn has a
significant impact on electrotransport parameters of the system [5,6]. An important role is played by the replacement of
yttrium, rare earth isoelectronic analogamiami it. Of particular interest in this aspect, is replacing yttrium by holmium,
which has a large (more than 10 pg) magnetic moment [7], which provides connections paramagnetism in its normal
state. However, as in the case of other rare earth elements in the implementation of the replacement of Y on
paramagnetic ions Re = Ho, Dy doped superconducting properties of oxygen compounds ReBa,Cu;07; with 6 < 0.1, do
not change significantly [7]. Apparently this is due to the localization of these ions away from the superconducting
planes, which, in turn, prevents the formation of long-range magnetic order. At the same time, we know that in samples
of HTSC 1-2-3 system, the oxygen non-stoichiometric composition, rare-earth ion can serve as a sensor which is
sensitive to local symmetry of its environment and the distribution of charge density, since they change affects the
crystal field forming the electronic structure of the ion [5].

In the absence of a microscopic theory of high temperature superconductivity, of particular importance were the
experimental methods to identify the parameters of superconductors, which greatly affect the whole of their physical
characteristics in the normal and superconducting state. One of the most important methods in this respect is the use of
high pressure [2,6,8]. Analysis of a very extensive study of literary material for PG in the 1-2-3 system shows that to
date there are enough small number of papers in which the effect of pressure on the PG mainly in samples close to the
stoichiometric composition [8]. However, with this in mind, the most informative is the study of this sample with low
oxygen content, because it not only helps to clarify the role and influence of the structural features of the formation of
super state, but also allows us to model the leading characteristics and the critical parameters of the superconductor.

The goal of this paper are investigation of the influence of high hydrostatic pressure up to 11 kbar on the different
types of conductivity in HoBa,Cu;0-; single crystals with oxygen deficient & < 0.35 and the critical temperature T, =
67 K.

EXPERIMENTAL TECHNIQUES

HoBa,Cu;07.; single crystals were grown from the flux in a gold crucible using similar technology as for the
growth of YBa,Cu;04.5 single [2,6]. To obtain samples with oxygen concentrations having 6 < 0.15, the crystals were
annealed in an oxygen flow at a temperature of 370-410°C for five days. For the resistance measurements the single
crystal were selected and had dimensions: 1.7 mm X 1.2 mm X 0.2 mm. In these sample the c-axis was oriented along
the smallest dimension. To reduce the oxygen concentration, the crystals were annealed in an oxygen flow at higher
temperature range for three to five days. Electric contacts were formed with the standard four-contact scheme by
applying silver paste onto the crystal surface and the connection of silver conductor. The resistance in the ab plane was
measured using the standard method for two opposite directions of a direct current up to 10 mA. The hydrostatic
pressure was produced in an autonomous chamber of the piston—cylinder type [2,6] and was measured using a
manganin manometer. The temperature measurements were performed using a copper-constantan thermocouple which
was mounted at sample level on the outside surface of the chamber. To determine the influence of the structural
relaxation, the measurements were made a few days after the pressure application and removal, when the relaxation
processes were completed.
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RESULTS AND DISCUSSION

Fig. 1 presented the temperature dependence of resistivity measured at the orientation of the transport current I.Le
(pab(T)) and different pressures. The application of pressure leads to a decrease in resistivity and an increase in T at
dT./dP ~ 0.7 K-kbar, in qualitative agreement with published data [2,6], obtained for samples of YBa,Cu;O7.s with
reduced oxygen content. It is important to note that the decrease in resistivity is not only a result of exposure to
hydrostatic pressure, but also in the process of isobaric holding the sample at room temperature immediately after the
application of high pressure. For example, in Fig. 1 curves 2 and 3 correspond to dependence, measured immediately
after the application of pressure at 4.8 kbar, and also after isobaric sample extracts with the same pressure at room
temperature for five days, respectively. It is evident that such exposure leads to an additional decrease in resistivity of
about 5%.

Qualitatively similar behavior of curves p,,(T)
was observed after removal of high pressure. Thus,
in the same figure curves 1 and 4 correspond to
£ 15 dependence, measured before application and
70010°{ £ 6 § 4 o 4 immediately after the removal of pressure.
] il 3 Comparison of these curves shows that the
measurement results depend significantly on the
time of exposure of the sample at room
temperature. Thus, immediately after the removal
of pressure, the value of the resistivity of the
sample at room temperature, the value was
approximately 4% lower than measured before
application of pressure to continue to relax for
"0 250 300 T, about three days to an equilibrium value. After that,
the value pab (290K), saturates, and depending
pan(T) is almost completely identical (curve 5) to
the original curves (curve 1), measured before the
application of high pressure. This indicates that the

p, Ohm.cm

— 7T
50 100 150

Fig. 1. Temperature dependence of the resistivity p,,(T) for
HoBa,Cu307.5 sample at different pressures.

Curve 1 was obtained prior the application of pressure; curve 2 —was oy e1s
obtained immediately after the application of pressure 4.8 kbar; curve 3 reversibility Of.the.process.

— was measured after keeping the sample in room temperature under ) .The application of pressure, also leads .to a
pressure 4.8 kbar within a week; curve 4 — was obtained immediately significant (up to 15 K) expansion of the linear
after the removal of pressure and curve 5 — was measured immediately ~ interval of the p,,(T) dependence in the region of
after keeping the sample for three days under zero pressure. The insets  the higher temperatures. The last one appears to
show the resistivity transitions to the superconducting phase. reduce the value of the temperature T*, at which
the systematic deviation of experimental points begins downwards from the linear dependence. According to previous
work the T* corresponds to the initiation temperature of the PG [1-6]. This will be discussed in more details in what
follows.

The abrupt decrease of the p,,(T) value, which is observed at temperatures T <T *, indicates the appearance of the
so-called excess conductivity 4o in the crystal. The temperature dependence of excess conductivity is usually
determined from the equation:

Ac=0-0,, 4
where 6,=p, ' = (A+BT) " is the conductivity obtained from the extrapolation of the linear part to the zero temperature,
and 6 = p”' is the experimental value of the conductivity in the normal state. Analysis has shown that the experimental
dependence Ac(T) in the coordinates InAc - 1/T are straight lines in a wide temperature range, which corresponds to
the description of the exponential dependence of the form:

Acexp(4%,/T), )
where 4*,, the value that defines a thermal activated process across the energy gap - the pseudo-gap.

The exponential dependence of 4o (T) was also observed earlier, in YBCO samples [2]. In [2] was demonstrated
that the description of experimental data can be significantly expanded by introducing the factor (1-7/7%*). The excess
conductivity becomes proportional to the superconducting carrier density n, ~ (1-7/T*) and inversely proportional to
the pairs ~exp(A*/kT), that are destroyed by thermal motion:

Ao~(1-T/T*)exp(4*./T), (6)
where the temperature interval 7. < 7'< T*, in which the PG regime exists is defined by the phase of the order parameter
that depends on either the oxygen hypostoichiometry or the dopant concentration. Therefore, by using the method [8§]
we can construct on the experimental curve InAc for the temperature dependence A*,,(T) until the T*.

Fig. 2 shows the temperature dependence of the PG in 4*(T)/A4,,,, versus T/T* coordinates, where A,y is the A*
value in the plateau, away from T*, measured under different pressures. The 4*(7)/4(0) versus T/T* dependence is
calculated using Egs (2), (3) in the mean-field approximation within the context of the BCS—BEC crossover theory [3].



105
physical series «Nuclei, Particles, Fields», issue 3 /55/ Effect of high-pressure...

The values of the crossover parameters 1/4(0) = 10 (limit of the BCS) and /4(0) = =2, =5, —10 (limit of the BEC) are
shown in Fig. 2 as the dotted lines. From this figure it is observed that by increasing the applied pressure there is a
shifting of the experimental curves from Eq. (3) (strong coupling) to Eq. (2) (weak coupling). This behaviour is
qualitatively similar to the effect of transformation temperature dependence of the pseudogap samples YBCO, observed
during the reduction of oxygen non-stoichiometry [2,6]. It is obvious that these correlations in the behaviour of the
curves A*(T) are not arbitrary. Indeed, as is well known from the literature (see eg. [6]), the application of high
pressure to the samples of HTSC 1-2-3 system, as well as decreasing the oxygen content leads to improved conductive
propertles which include the increases in the critical temperature and significant reductions of the electrical resistivity.
o~ It should be noted that the structural relaxation is
observed in the isobaric holding the sample at room
temperature immediately before and after the application of
high pressure has a significant influence on the qualitative
behavior of the dependences A*(T). This shows a comparison
of curves 2 and 3 in Fig. 2, corresponding to the dependence
of the measured immediately after the application of pressure
at 4.8 kbar, and also after isobaric sample extracts with the
same pressure at room temperature for five days, respectively.
It is evident that the direct application of pressure leads only
: to a shift from dependence on the experimental curve of the
0,0 T T T g form (3) (2), while retaining some qualitative differences in
0,4 0,6 0,8 1,0 . . .
/T the behavior of the theoretical and experimental curves. At the
same time, after isobaric aging the sample at room

Fig. 2. The temperature dependence of the PG for the temperature, there is almost complete coincidence of these
YjBa,Cu;0-5 single crystal, in 4*(7)/4,,,, versus T/T* curves.

coordinates, where Ay is the A* value in the plateau, It is important to note once again that after removing the
away from T*.

The numbering of the curves corresponds to the numbers in pressure and the comp letion of all th? rela}xation Processes,
the Fig. 1. Dotted lines for the A*(T)/A(0) versus T/T* depending p,,(T) is almost complete.Iy 1Qent1cal to the original
dependence were calculated according Eq.(3) for the  CUIVeS, measured before the application of high pressure,
values of the crossover parameters 1/4(0)=10 (limit of the indicating the reversibility of the process. Thus, given a
BCS, curve 6) and w/A4(0) = -2, -5, -10 (limit of the BEC,  certain arbitrariness of determining the value of the opening
curves 7-9). of the pseudogap at T* depending on reject p,,(T) from linear
behavior, the agreement between experiment and theory in this case can be considered quite satisfactory.

A¥(T)/A*

0,24 —

CONCLUSIONS
In conclusion, we briefly sum up the main results obtained in this work. The application of high pressure to
HoBa,Cu;0,; single crystals (6~0.35) leads to a significant expansion of the interval linear dependence p,,(T) and a
narrowing of the temperature section of the implementation of the pseudogap regime. In this case excess conductivity
obeys an exponential temperature dependence in wide temperature range and temperature dependence of the pseudogap
- 1s satisfactorily described within the framework of the BCS-BEC crossover.
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