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№ P (Pa) P(hPa) hn (sm) Vn (m
3) PnVn (Pa m3) 

1 0 1045 28 160,16·10-8 16736720·10-8 

2 -25 1020 28,6 163,592·10-8 16686384·10-8 

3 -60 985 29,6 169,312·10-8 16677232·10-8 

4 -100 945 31 177,32·10-8 16756740·10-8 

5 -112 933 31,3 179,036·10-8 16704058·10-8 

6 -118 927 31,6 180,752·10-8 16755710·10-8 

7 -130 915 32 183,04·10-8 16748160·10-8 

8 -15 895 32,7 187,044·10-8 16740438·10-8 

9 -160 885 33 188,76·10-8 16705260·10-8 

10 -177 868 33,7 192,764·10-8 16731915·10-8 
2-keste. Hawa basımınıń (ólshengen ∆P mánisleri boyınsha) kólemge 

(h mánisleri boyınsha esaplanǵan ) baylanıslılıǵı mánisleri. 
 

Bul alınǵan mánislerden paydalanıp,  (4) hám (6) 
formulalar arqalı kólem hám basımnıń sáykes mánisleri 
esaplap shıǵıladı. Tájiriybeler bizge sonı kórsetedi, turaqlı 
kólemde gaz basımı temperaturaǵa tuwra proporcional 
tárizde ózgeredi, yaǵnıy Sharl nızamınıń durıslıǵın tekserip 
kóriw múmkinshiligin beredi, sonday-aq turaqlı 
temperaturada ideal gazdiń basımı hám kólemi bir-birine 
salıstırǵanda keri proporcional ekenin kórsetedi. Turaqlı 
temperaturada ideal gaz basımınıń kólemge kóbeymesi 
turaqlı boladı. Tájiriybeden alınǵan nátiyjelerge qaray 
otırıp, biz gazlı termometrde ideal gaz nızamların úyreniw 
arqalı anıq nátiyjelerge hám kórsetkishlerge iye bolamız (6-
súwret). 

 
6-súwret. Mobile Cassy lab ekranında 2-keste 

tiykarında payda bolǵan grafik. 

Gazlı termomert járdeminde ideal gaz nızamların 

úyreniwdiń áhmiyeti sonda, onıń basqa usıllarǵa 

salıstırǵanda, jumıstı alıp barıwda qolaylılıǵı, ápiwayılılıǵı, 

yaǵniy talabalardiń jeke halda jumıs alıp barıwına 

qolaylılıǵı, alınatuǵın nátiyjelerdiń anıqlıq dárejesiniń 

joqarı bolıwı, sistemalı qáteliklerdiń salıstırmalı kemliginen 

ibarat. Bunday laboratoriyalıq jumıslar studentler bilimin  

bekkemlewge, olardıń ilimge degen qızıǵıwshılıǵın 

arttırıwǵa, jeke izleniwsheńlikke jeteleydi, sonday-aq 

talabalar keleshektegi pedagogikalıq jumıslarında, 

akademiyalıq licey yamasa mekteplerde laboratoriya 

jumısların ótkeriwde hám jańa laboratoriyalıq jumıslardı 

islewde birqansha múmkinshiliklerge iye boladı [3]. 
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REZYUME 
Ushbu maqolada ideal gaz qonunlarini o‘rganish usullari muhokama qilinadi. Gazli termometr yordamida Sharl va Boyl-Mariott 

qonunlarini o‘rganishning ahamiyati va ulardan kutiladigan natijalar yoritilib berilgan. 
РЕЗЮМЕ 

В статье обсуждаются методы изучения законов идеального газа. Подчѐркнута важность изучения законов Чарльза и Бойля-
Мариотта с использованием газового термометра и ожидаемых результатов. 

SUMMARY 
This article the discusses the methods for studying ideal gas laws. Emphasizing the importance of studying the laws of Charles and 

Boyle-Marietta using a gas thermometer and the expected results.   
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1. Introduction 
The extended Holstein model (EHM) was introduced in 

Ref [1], primarily for the explanation of smallness of 

charge carrier‘s mass in the cuprates. Quite recently, one of 

us (B.Ya.Ya.) extended an application of the EHM to La-

based cuprate films under pressure (strained films) [2]. 

Namely, in that work, a unified approach for studying the 

influence of pressure (stress or strain) on the temperature of 

Bose-Einstein condensation of intersite bipolarons was pro-
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posed. Uniaxial strain derivatives of Bose-Einstein conden-

sation temperature (TBEC) of intersite bipolarons were calcu-

lated. Having Рaccepted the bipolaronic scenario as a 

ground for high-Tc superconductivity of cuprates, the exper-

imental results on the influence of lattice mismatch to the 

critical temperature (Tc) of La-based high-Tc films were 

explained. In particular, the results of two experiments [3,4] 

were explained within the framework of the EHM and the 

bipolaronic theory of superconductivity. The main features 

of the model proposed in Ref. [2] are: (i) compressive pres-

sure (strain) in the ab-plane of cuprates enhances TBEC and 

(ii) compressive pressure (strain) along c-axis of cuprates 

reduces TBEC. Such variations of the Tc of cuprates with 

respect to applied pressure (strain) are often observed [5]. 

The proposed model allows one to interrelate strains in each 

axis with each other and to study their cumulative effect on 

TBEC. 

Here, we continue to study the influence of strain in-

duced by external pressure or lattice mismatch on TBEC for 

different lattices. Special attention will be given to the pos-

sibility of qualitative explanation of such phenomena as 

sign difference of the strain (pressure) derivatives of Tc of 

RBa2Cu3O7-δ cuprates (R stands for Yb, Y, Dy or Gd) along 

the a- and b- axes. RBa2Cu3O7-δ compounds stand apart 

from other cuprates (with the CuO2 planes only) because of 

the presence of Cu-O chains along the b-axis in the crystal 

structure. Strong anisotropy of crystal structure gives rise to 

the anisotropy of electronic, thermodynamic, transport and 

other properties of the RBa2Cu3O7-δ family of materials. In 

particular, uniaxial strain derivatives of the critical tempera-

ture, Tc, along crystallographic axes a and b have opposite 

sign:           and          . The value of the uni-

axial strain derivative of the critical temperature of cuprates 

along c-axis,        , lies in a wide range, but all values 

are negative. Therefore, at present, development of a model 

that explains the uniaxial strain (pressure) derivatives of Tc 

from the universal point of view and takes into account 

strong electron-phonon interaction in the cuprates is one of 

the most important research tasks in the way of our under-

standing the microscopic origin of high-Tc phenomena. Our 

model, proposed in [2], does not suffer from the above-

mentioned imperfections. Below we show that the EHM 

and Bose-Einstein condensation scenario of intersite bipo-

larons, if one accepts the latter to be responsible for high-Tc 

superconductivity of cuprates, are able to qualitatively ex-

plain the sign difference of           and          . 

2. The Model Hamiltonian and lattices 
The lattice of Figure 1A was introduced by Alexandrov 

and Kornilovitch in Ref. [1] in order to mimic the interac-

tion of a hole on the CuO2 plane with the vibrations of api-

cal ions in the cuprates (Figure 1B is considered in Ref. 

[6]). Such one-dimensional lattices have similarity with 

some ion‘s arrangements in the real structure of 

RBa2Cu3O7-δ cuprates. Indeed in the both lattices the upper 

chain (open circles) represents apical ions of oxygen at po-

sition O(4). The lower chain of Fig.1A consists of copper 

Cu(1) ions of Cu(1)-O(1) chain or copper Cu(2) ions of 

CuO2 plane. Fig.1B resembles arrangement of oxygen O(2) 

ions of CuO2 plane and O(4) oxygen ions. The occurrence 

of an anisotropy of charge carrier‘s mass in RBa2Cu3O7-δ 

compounds we model here by the orientational dependence 

of the "density-displacement" type electron-phonon interac-

tion on the relative positions of out of plane ions with re-

spect to copper-oxygen (CuO2) plane. The latter effect is 

caused by the anisotropy of the structure RBa2Cu3O7-δ of 

compounds. In this way we can model an interaction of the 

hole belonging to copper-oxygen plane with the apical oxy-

gen ions at O(4) positions. Though such a primitive model 

lattices far from the real structure of RBa2Cu3O7-δ com-

pounds, we will see below that they are able to capture the 

essential physics of the influence of strain (pressure) to Tc 

of  RBa2Cu3O7-δ compounds. It has been shown that within 

the EHM intersite bipolarons tunnel in the first order of 

polaron tunneling and mass of the intersite bipolaron has 

the same order as polaron‘s mass [7]. For the sake of sim-

plicity, we suppose here that intersite bipolarons form an 

ideal gas of charge carriers and mass of bipolaron is 

        (this point does not lead to loss of generality). 

Then the temperature of Bose-Einstein condensation of the 

intersite bipolarons is defined as 

     
          

         
                          (1) 

 
Figure 1: An electron hops on a lower chain of ions 

(squares) and interacts with the c-polarized vibrations of 

ions (open circles) of an upper chain, via a density-

displacement type of force      . The distances between 

the chains (|c|) and between the ions (|a| or |b|) of the same 

chain are assumed equal to 1. 

Here    is Boltzmann constant and   is density of inter-

site bipolarons. For the ideal gas of charge carriers one can 

estimate polaron‘s mass within EHM. In the strong elec-

tron-phonon coupling limit and nonadiabatic regime esti-

mation of the polaron‘s renormalized mass yields 

             ⁄  [1] (see also [8]), where 

   
 

     
∑    

                                       (2) 

and             ⁄  is the bare band mass. In order 

to consider the stress of a lattice and its influence on the 

(bi)polaron mass, and consequently on the temperature of 

Bose-Einstein condensation of intersite bipolarons, the ana-

lytical expression  

      
        

 |           |
                                     (3) 

will be used for the density-displacement type force 

(    or  ). Here   is some coefficient, and   ,    and    

are lattice strains along the  -,  - and  -axes, respectively. 

The distance |    | is measured in units of the lattice 

constant | |     (or | |   |). The lattice strains are de-

fined as                      ,            
            and                      , where subscripts 

unstr and str stand for unstrained and strained, respectively. 

Eq. (3) is a generalization of the force considered in Ref. 

[1] (see Eq.(9) therein)  and allows one to interrelate the 
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temperature of Bose-Einstein condensation of the intersite 

bipolarons with the lattice strains through the mass of the 

intersite bipolaron.  

3. Results and discussion 
The expression Eq. (1) expresses TBEC through two basic 

parameters of a system: (i) the density of intersite bipolar-

ons n and (ii) the exponent    of the polaron mass en-

hancement. Eq.(1) allows one to study the dependence of 

TBEC on the model lattices (Fig.1) strains   ,    or    at con-

stant n. This dependence, of course, originates from polar-

onic effects. We have calculated the values of TBEC as a 

function of the strains along the b-axis    and c-axis    for 

the model lattice given in Fig.1A. The results are given in 

Fig.2. Here we put              and        ⁄  
      in order to coincide TBEC in the absence of the strains 

with the bulk value of         of YBCO cuprates. The 

results of calculation of TBEC for the lattice in Fig.1B are 

shown in Fig.3. As one can see from Fig.2, compressive 

strain along b-axis gives rise to increase the value of TBEC, 

while that along c-axis acts on the contrary. Compressive 

strain along both the a-and c-axes in the model lattice of 

Fig.1B lowers the value of TBEC. The uniaxial strain deriva-

tives of TBEC for the model lattice given in Fig.1A at 

       ⁄        are:                ⁄  and 

                ⁄ . The same uniaxial strain deriva-

tives of      for the model lattice given in Fig.1B at 

       ⁄        are:                ⁄  and 

               ⁄ . 

 
Figure 2. The temperature of Bose-Einstein condensa-

tion of the intersite bipolarons as a function of strains along 

the b-axis    (solid line) and along the c-axis    (dashed 

line) for the lattice of Fig.1A. Here we put        ⁄  
      in order to coincide TBEC at              with the 

bulk value of         of YBCO high-Tc cuprates at opti-

mal doping. 

 
Fifure 3. The temperature of Bose-Einstein condensa-

tion of the intersite bipolarons as a function of strains along 

b-axis    (solid line) and along c-axis    (dashed line) for 

the lattice of Fig.1B. Here we put        ⁄        in 

order to coincide TBEC at              with the bulk 

value of          of YBCO high-Tc cuprates at optimal 

doping. 

The obtained results clearly demonstrate a strong de-

pendence of      on the arrangement of ions in the lattice. 

This has a crucial effect on the value of     . The sign of 

       ⁄  is different for a- and b-axes, which is caused by 

mutual arrangements of ions. In particular, for the lattices in 

Fig.1A and Fig.1B one finds                ⁄  and 

               ⁄ , respectively. The uniaxial strain 

derivatives,         ⁄  of the two lattices are both nega-

tive. These results clearly show that the two model lattices 

in some ways qualitatively characterize the situations in 

RBa2Cu3O7-δ compounds under pressure (strain). Thus, 

compressive pressure (or strain) along the b-axis (a-axis) 

increases (lowers) the value of      in analogy with in-

crease (decrease) of Tc of RBa2Cu3O7-δ compounds under 

compressive pressure (or strain) in the same direction. The 

effect of compressive pressure (strain) along the c-axis is 

similar to that of along the a-axis. In terms of quantity, one 

should be aware that our findings obtained relative to the 

lattices in Fig.1, and not to real cuprates. Considering more 

real model structures similar to the real structure of YBCO 

cuprates, one may obtain better value of         ⁄ , close 

to the       ⁄  of YBCO. On the other hand, the values of 

the uniaxial pressure (strain) derivative of Tc along crystal-

lographic axes          measured, in different experi-

ments, are spread over a wide range, and in some cases con-

tradicts to each other. Welp et al. were the first to present 

direct measurements of       ⁄  for the untwinned 

YBa2Cu3O7-δ single crystal [9]. Their results are: 

                    ⁄ ,                     ⁄  

and                     ⁄ . Bud‘ko et al. obtained 

uniaxial pressure (strain) derivatives of the critical tempera-

ture of RBa2Cu3O7-δ cuprate from the hydrostatic pressure 

dependence, measured on the films of different crystalline 

orientations [10]. According to Ref. [10], 

                     ⁄                    ⁄ ,  
                      ⁄                   ⁄  
and                       ⁄   

                 ⁄ . Pickett, in his paper [11], quot-

ing to the experimental results of Refs. [9,12], gives unex-

pected data:                ⁄               ⁄  

and            ⁄ . One can see that our results are 

close to the       ⁄  of Ref. [10]. 

Now let‘s imagine that one has a hypothetic a quasi-

two-dimensional anisotropic lattice in which the interaction 

of charge carriers (holes or electrons) with out-of-plane 

ions is strong, and that when external pressure is applied 

along the a- (b-) axis this interaction occurs in the analo-

gous way to that as in the one-dimensional lattice of Fig.1B 

(Fig.1A). Then, the quasi-two-dimensional anisotropic lat-

tice has all features of YBCO cuprates with respect to the 

influence of uniaxial strain (pressure) on Tc. Indeed, solving 

the system of equations  

∑    
     

   
 

     

   
 ,                                          (10) 

with the set of elastic constants of the YBCO cuprate (all 

in GPa)        ,        ,       ,        , 

       and         taken from Ref. [13], one finds 

               ⁄ ,                ⁄  and 
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              ⁄  (all in K/GPa). Use of other set of 

elastic parameters (all in GPa)        ,        , 

        ,        ,         and         taken 

from Ref. [14], yields               ⁄ , 

              ⁄  and               ⁄  (all in 

K/GPa). These findings indicate that the Bose-Einstein 

condensation scenario of the ideal Bose-gas of intersite 

bipolarons is, in principle, able to qualitatively explain the 

uniaxial strain (pressure) experiments, regarding the effect 

of the strain (pressure) on Tc of YBCO cuprates. Quantita-

tive discrepancies of our results and experimental data may 

be the result of several factors: (i) the simplicity of the 

model lattices under consideration. In reality one should 

consider more complex structures than in Fig.1; (ii) the 

choice of the analytical formula for the density-

displacement type electron-lattice force; (iii) the assump-

tion that intersite bipolarons form an ideal Bose-gas: in re-

ality, due to other factors, there may be deviation from the 

ideal case, leading to the formation of a nonideal Bose-gas 

or Bose-liquid; (iv) superconductivity of the YBCO cuprate 

may be due not only to electron-phonon interaction, but 

may also have contributions from other interactions as well.  

These factors suggest that we should undertake  more  com 

prehensive research on the studied problem. 

The proposed model serves as a universal tool for study-

ing strain (pressure) induced effects in the cuprates. Its 

common features are relevant to all cuprates.  In contrast 

with some theoretical approaches the model allows one to 

interpret the influence of pressure (strain) on TBEC (Tc) 

along each axe, independently of the others. Meanwhile, the 

model is able to account for interference of strains between 

axes via the Poisson relation       ⁄  or       ⁄ . This 

may be also useful in theoretical studies of cuprate films 

grown on different substrates. 

4. Conclusion 

In conclusion, we have studied the effect of uniaxial 

strain (pressure) on the temperature of  Bose-Einstein con-

densation of intersite bipolarons within the framework of 

the Extended Holstein model. Uniaxial strain derivatives of 

TBEC are determined for different lattices. It is found that 

        ⁄  depends strongly on the arrangement of ions in 

the lattice. In particular, it may be positive or negative. The 

results for the lattices under study (Fig.1) in some way 

mimic the influence of uniaxial strain (pressure) on the crit-

ical temperature, Tc, of YBCO cuprates. The calculated 

values of the pressure derivatives of TBEC for the hypothetic 

lattice qualitatively agree with the observed values of 

        ⁄  (i=a, b, c) for YBCO cuprates. 
References 

1. Alexandrov A.S., Kornilovich P.E. Phys. Rev. Lett. 82 (1999) 807. 
2. Yavidov B.Ya. Physica C 471 (2011) 71.  
3. Sato H., Naito M. Physica C 274 (1997) 221.  
4. J.-P. Locquet et al., Nature 394 (1998) 453.  
5. Schilling J.S., in Handbook of High-temperature Superconductivity. Theory and Experiment, edited by J. Robert 

Schrieffer (Springer-Verlag, New York, 2007), p.427.  
6. Bonca J.and Trugman S.A., Phys. Rev. B 64 (2001) 094507.  
7. Alexandrov A.S., Kornilovich P.E., J.Phys. Condens. Matter. 14 (2002) 5337.  
8. Alexandrov A.S.  and. Yavidov B.Ya., Phys. Rev. B 69 (2004) 073101.  
9. U. Welp et al., Phys. Rev. Lett. 69 (1992) 2130.  
10. Bud‘ko S.L.  et al., Phys. Rev. B 46 (1992) 1257.  
11. Pickett W.E., Physica C 289 (1997) 51.  
12. Meingast C. et al., Phys. Rev. Lett. 67 (1991) 1634.  
13.  Lei M. et al., Bull. Am. Phys. Soc. 37 (1992) 649.  
14. Ludwing H.A.  et al., Physica C 197 (1992) 113.  

REZYUME 
Kengaytirilgan Xolstein modelida kuchlanishlar (bosim) ning tugunlararo bipolaronlari Boze-Eynshteyn 

kondensatsiyalanishi haroratiga ta‘sirini oʻrganish uchun universal yondashuv taklif etilgan. Bunda Boze-Eynshteyn 
kondensatsiyalanishi haroratining bir oʻqli kuchlanish (bosim) boʻyicha hosilalari panjarada ionlarning joylashishiga juda 
bogʻliq ekanligi koʻrsatilgan. Xususan, ular musbat yoki manfiy boʻlishi mumkin. Nazariy jihatdan olingan natijalar bilan 
birga RBa2Cu3O7-δ.oilaga mansub kupratlarda Tc ga bir oʻqli bosim (kuchlanish) ta‘siriga oid tajriba ma‘lumotlari orasidagi 
bogʻliqlik muhokama qilinadi. 

РЕЗЮМЕ 
Предложен универсальный подход к исследованию влияния деформации (давления) на температуру Бозе-

Эйнштейновской конденсации межузельных биполяронов в рамках расширенной модели Холстейна. Показано, что 
производные температуры от деформации (давления) такой Бозе-Эйнштейновской конденсации по одно-осной 
деформации (давлению) сильно зависят от расположения ионов в решѐтке. В частности, они могут быть 
положительными или отрицательными. Обсуждается связь между теоретически полученными результатами, а 
также экспериментальными данными по влиянию одноосного давления (деформации) на Tc купратов семейства 
RBa2Cu3O7-δ. 

SUMMARY 
A universal approach is proposed to study the influence of strain (pressure) on the temperature of Bose-Einstein con-

densation of intersite bipolarons within the extended Holstein model. It is shown that uniaxial strain (pressure) derivatives 
of the temperature of such a Bose-Einstein condensation strongly depend on the arrangement of ions in the lattice. In par-
ticular, they may be positive or negative. A connection between the theoretically obtained results, along with the experi-
mental data, on the influence of uniaxial pressure (strain) on Tc of RBa2Cu3O7-δ family cuprates is discussed. 

 

  


