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AP (Pa) | P(hPa) | h,(sm) V, (M%) PV, (Pa- m°)
0 1045 28 160,16:10% | 16736720-10®
-25 1020 286 | 163,592:10% | 16686384:10°
-60 985 206 | 169,312:10° | 16677232-10°
-100 945 31 177,32:10% | 16756740-10°
-112 933 31,3 | 179,036:10° | 16704058107
-118 927 316 | 180,752:10% | 16755710:10°
-130 915 32 183,04:-10% | 16748160-10°
-15 895 32,7 | 187,044-10% | 16740438107
-160 885 33 188,76:10% | 16705260-10®
10| -177 868 33,7 | 192,764-10% | 16731915:10°

2-keste. Hawa basimnui (dlshengen AP mdanisleri boymsha) kélemge
(h manisleri boyinsha esaplangan ) baylanishiligir manisleri.
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Bul alingan manislerden paydalanip, (4) ham (6) ) ) )
formulalar argali kélem hidm basimmin saykes manisleri Gazli termomert jardeminde ideal gaz nizamlarin
esaplap shigiladi. Tajiriybeler bizge som koérsetedi, turaqh
kolemde gaz basimi temperaturaga tuwra proporcional Uyreniwdin 4dhmiyeti sonda, onn basqa usillarga
tarizde 6zgeredi, yagniy Sharl nizamimin durisligin tekserip
koriw  mumkinshiligin ~ beredi, sonday-aq turaqli  salistirganda, jumst1 alip bariwda qolayliligl, apiwayililig,
temperaturada ideal gazdin basimi ham kélemi bir-birine
Sahstlrganda keri prOpOI‘Cional ekenin korsetedi. Turaqh yagnly talabalardin jeke halda jumls ahp bariwina
temperaturada ideal gaz basimmin koélemge kobeymesi
turaqh boladr. Téjiriybeden alingan natiyjelerge qaray  golayliligi, almatugin natiyjelerdin aniqlq  dérejesinif
otirtp, biz gazli termometrde ideal gaz nizamlarin uyreniw

gll:lc\%?rlé ta)lmq natiyjelerge ham korsetkishlerge iye bolamiz (6- joqar1 boliwi, sistemal1 qateliklerdin salistirmali kemliginen

P (gPa) ibarat. Bunday laboratoriyaliq jumuslar studentler bilimin

o5 S bekkemlewge, olardin ilimge degen qizigiwshiligin
500 arttiriwga, jeke izleniwshenlikke jeteleydi, sonday-aq
e talabalar  keleshektegi  pedagogikaliq  jumuislarinda,

akademiyaliq licey yamasa mekteplerde laboratoriya

155 160 165 170 175 180 185 190 195

V () jumuslarm Otkeriwde hdm jana laboratoriyaliq jumislardi

6-suwret. Mobile Cassy lab ekraminda 2-keste . . T .
tiykarinda payda bolgan grafik islewde birqansha mumkinshiliklerge iye boladi [3].
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REZYUME

Ushbu magqolada ideal gaz qonunlarini o’rganish usullari muhokama gilinadi. Gazli termometr yordamida Sharl va Boyl-Mariott

gonunlarini o’rganishning ahamiyati va ulardan kutiladigan natijalar yoritilib berilgan.
PE3IOME

B cratbe 06cykaar0Tcs METO/IbI U3yUeHUS 3aKOHOB MJealbHOro rasza. IloguépkHyTa BaXXKHOCTh U3ydeHus 3akoHOB Yapib3a u boiis-

MapunoTTa ¢ UCIONB30BaHHEM Ta30BOTO TEPMOMETPA 1 O’KUIAEMBIX PE3yIIbTaTOB.
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  based cuprate films under pressure (strained films) [2].
Ref [1], primarily for the explanation of smallness of  Namely, in that work, a unified approach for studying the
charge carrier’s mass in the cuprates. Quite recently, one of  influence of pressure (stress or strain) on the temperature of
us (B.Ya.Ya.) extended an application of the EHM to La-  Bose-Einstein condensation of intersite bipolarons was pro-
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posed. Uniaxial strain derivatives of Bose-Einstein conden-
sation temperature (Tgec) Of intersite bipolarons were calcu-
lated. Having Paccepted the bipolaronic scenario as a
ground for high-T. superconductivity of cuprates, the exper-
imental results on the influence of lattice mismatch to the
critical temperature (T.) of La-based high-T, 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 Tgec and
(if) compressive pressure (strain) along c-axis of cuprates
reduces Tgec. Such variations of the T, 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
Teec.

Here, we continue to study the influence of strain in-
duced by external pressure or lattice mismatch on Tgec 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 T, of
RBa,Cu30;7.; cuprates (R stands for Yb, Y, Dy or Gd) along
the a- and b- axes. RBa,Cus0;s compounds stand apart
from other cuprates (with the CuO, 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 RBa,Cus0;_s family of materials. In
particular, uniaxial strain derivatives of the critical tempera-
ture, T, along crystallographic axes a and b have opposite
sign: dT,/de, < 0 and 0T,/de, > 0. The value of the uni-
axial strain derivative of the critical temperature of cuprates
along c-axis, dT,/d¢,, 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 T,
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-T. 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-T,
superconductivity of cuprates, are able to qualitatively ex-
plain the sign difference of dT,/de, < 0 and dT,/de, > 0.

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 CuO, 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
RBa2Cu30;_; 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
CuO, plane. Fig.1B resembles arrangement of oxygen O(2)
ions of CuO, plane and O(4) oxygen ions. The occurrence
of an anisotropy of charge carrier’s mass in RBa,Cuz07.5
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-
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spect to copper-oxygen (CuO,) plane. The latter effect is
caused by the anisotropy of the structure RBa,Cu307.; 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 RBa,Cu;O;.; com-
pounds, we will see below that they are able to capture the
essential physics of the influence of strain (pressure) to T,
of RBa,Cus0;.; 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
my, = 2m, (this point does not lead to loss of generality).
Then the temperature of Bose-Einstein condensation of the
intersite bipolarons is defined as
3.31h2n%/2 _ 2
2kpm*
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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 f,,(n). The distances between
the chains (|c|) and between the ions (|a] or |b]) of the same
chain are assumed equal to 1.

Here kg is Boltzmann constant and n 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
m,/m* = exp[g?] [1] (see also [8]), where
9% = = Tl fiZ@) = fu (@) fn(n + @)]. 6y

and m* = h%/2T (a)a? 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-
Iytical expression
Kkc(1—¢gc)

fm(n) = [l(n-m)(1-&)I2+(c(1-£c))?]13/2 ®)

will be used for the density-displacement type force
(i = a or b). Here k is some coefficient, and ¢, €, and &,
are lattice strains along the a-, b- and c-axes, respectively.
The distance | n — m| is measured in units of the lattice
constant |a] =1 (or |b| = 1|). The lattice strains are de-
fined as e, = (Qunst — Aser)/Aunsts € = (bunser —
bstr)/bunst and & = (Cunst - Cstr)/cunstl 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 Tgec through two basic
parameters of a system: (i) the density of intersite bipolar-
ons n and (ii) the exponent g2 of the polaron mass en-
hancement. Eq.(1) allows one to study the dependence of
Tgec on the model lattices (Fig.1) strains 4, €, or €. at con-
stant n. This dependence, of course, originates from polar-
onic effects. We have calculated the values of Tgec 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 n =1-10%'sm™3 and k?/2Mhw? =
5.885 in order to coincide Tgec in the absence of the strains
with the bulk value of T, = 91 K of YBCO cuprates. The
results of calculation of Tgec 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 Tgec,
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 Tgec. The uniaxial strain deriva-
tives of Tgec for the model lattice given in Fig.1A at
k?/2Mhw3 =5.885 are: 0 Tgzc/0c, ~ +278K and
0 Tggc/0€p,  —1210 K. The same uniaxial strain deriva-
tives of Tgpe for the model lattice given in Fig.1B at

k?/2Mhw® = 9.265 are: 9 Tgzc/0e, ~ —115K and
0 Tggc/0e, = +874 K.
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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 k?/2Mhw? =
5.885 in order to coincide Tgec at &; = 0 (i = b, ¢) with the
bulk value of T, = 91 K of YBCO high-T, cuprates at opti-
mal doping.
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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
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the lattice of Fig.1B. Here we put k?/2Mhw? = 9.265 in
order to coincide Tgec at € = 0 (i = a,c) with the bulk
value of T, = 91 K of YBCO high-T. cuprates at optimal
doping.

The obtained results clearly demonstrate a strong de-
pendence of Tzg on the arrangement of ions in the lattice.
This has a crucial effect on the value of Tggc. The sign of
0 Tggc/0¢ 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 0 Tzg:/0ep, = +278 K and
0 Tggc/0e, =~ —115 K, respectively. The uniaxial strain
derivatives, 0 Tgg./0de. 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
RBa,Cu307.; compounds under pressure (strain). Thus,
compressive pressure (or strain) along the b-axis (a-axis)
increases (lowers) the value of Tgzgc in analogy with in-
crease (decrease) of T, of RBa,CuzO7.5 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 d Tgg-/d¢;, close
to the d T, /d¢; of YBCO. On the other hand, the values of
the uniaxial pressure (strain) derivative of T along crystal-
lographic axes i = a,b,c, 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 9 T./dp; for the untwinned
YBa,CuzO,.s single crystal [9]. Their results are:
dT./dp, = —2.0 + 0.2K/GPa, dT./dp, = +1.9 + 0.2K/GPa
and 0 T./dp. = —0.3 + 0.1K/GPa. Bud’ko et al. obtained
uniaxial pressure (strain) derivatives of the critical tempera-
ture of RBa,Cus0-.s cuprate from the hydrostatic pressure
dependence, measured on the films of different crystalline
orientations [10].  According to Ref. [10],
T./dp, = —3.06 + 0.35K/GPa (3 T;/deq ~ —3.62 + 50K),
dT./dpp = +0.38 + 0.18K/GPa (0 T./de, ~ —301 + 30K)
and 0Tq/0p. = +3.45 £ 0.43K/GPa
(0 Tc/0e, = +239 + 24K). Pickett, in his paper [11], quot-
ing to the experimental results of Refs. [9,12], gives unex-
pected data: 0T;/de, = +212K, 0T;/0¢ep, = —244 K
and 0 T./0e. = —8 K. One can see that our results are
close to the 9 T/ d¢; 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 T,. Indeed, solving
the system of equations

0Tgec _ 9TBEC

% Cij o0, . oe (10)
with the set of elastic constants of the YBCO cuprate (all

in GPa) C,, =231, Cu =132, Cuc =71, Gy = 268,
Cy. = 95 and C,, = 186 taken from Ref. [13], one finds
0 Tggpc/0pg = —0.65), 0 Tggc/0pp = +3.58) and

~
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0Tggc/0pcq — 6.27 (all in K/GPa). Use of other set of The proposed model serves as a universal tool for study-
elastic parameters (all in GPa) C,, = 283, C,, = 148, ing strain (pressure) induced effects in the cuprates. Its
Cye = 83.1, Cpp, = 304, Cp. =109 and C,. = 236 taken common features are relevant to all cuprates. In contrast
from  Ref. [14], vyields 8 Tgz./0p, = —0.54, with some theoretical approaches the model allows one to
0 Tppc/0pp = +2.91 and 0 Tgpc/0p.q — 4.86 (all in interpret the influence of pressure (strain) on Teec (To)
K/GPa). These findings indicate that the Bose-Einstein along each axe, independently of the others. Meanwhile, the
condensation scenario of the ideal Bose-gas of intersite  model is able to account for interference of strains between
bipolarons is, in principle, able to qualitatively explain the  axes via the Poisson relation v = g, /&, or v = g,/¢.. This
uniaxial strain (pressure) experiments, regarding the effect may be also useful in theoretical studies of cuprate films
of the strain (pressure) on T, of YBCO cuprates. Quantita-  grown on different substrates.

tive discrepancies of our results and experimental data may 4. Conclusion

be the result of several factors: (i) the simplicity of the In conclusion, we have studied the effect of uniaxial
model lattices under consideration. In reality one should  strain (pressure) on the temperature of Bose-Einstein con-
consider more complex structures than in Fig.1; (ii) the densation of intersite bipolarons within the framework of
choice of the analytical formula for the density- the Extended Holstein model. Uniaxial strain derivatives of
displacement type electron-lattice force; (iii) the assump-  Tgec are determined for different lattices. It is found that
tion that intersite bipolarons form an ideal Bose-gas: in re- 0Tz /0¢; depends strongly on the arrangement of ions in
ality, due to other factors, there may be deviation from the  the lattice. In particular, it may be positive or negative. The
ideal case, leading to the formation of a nonideal Bose-gas  results for the lattices under study (Fig.1) in some way
or Bose-liquid; (iv) superconductivity of the YBCO cuprate ~ mimic the influence of uniaxial strain (pressure) on the crit-
may be due not only to electron-phonon interaction, but ical temperature, T, of YBCO cuprates. The calculated

may also have contributions from other interactions as well.  values of the pressure derivatives of Tgec for the hypothetic
These factors suggest that we should undertake more com lattice qualitatively agree with the observed values of
prehensive research on the studied problem. 0Tggc/0p; (i=a, b, c) for YBCO cuprates.
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REZYUME
Kengaytirilgan Xolstein modelida kuchlanishlar (bosim) ning tugunlararo bipolaronlari Boze-Eynshteyn
kondensatsiyalanishi haroratiga ta’sirini o‘rganish uchun universal yondashuv taklif etilgan. Bunda Boze-Eynshteyn
kondensatsiyalanishi haroratining bir o‘qli kuchlanish (bosim) bo‘yicha hosilalari panjarada ionlarning joylashishiga juda
bog‘liq ekanligi ko‘rsatilgan. Xususan, ular musbat yoki manfiy bo‘lishi mumkin. Nazariy jihatdan olingan natijalar bilan
birga RBa,Cu30;.s.0ilaga mansub kupratlarda T, ga bir o‘qli bosim (kuchlanish) ta’siriga oid tajriba ma’lumotlari orasidagi
bog‘liglik muhokama qilinadi.
PE3IOME
[IpennoxxeH yHMBEpPCANbHBIA MOIXOJ K WCCIECIOBAHHUIO BIMSHUS nedopmammu (AaBiieHWs) Ha TemrepaTypy bose-
OHHIITEHHOBCKOW KOHICHCAIINN MEXY3€JIbHBIX OUITONSIPOHOB B paMKax pacIIMpeHHO Moxenn XoicrelHa. [Tokasano, 9To
MIPOU3BOJIHBIE TEMIIEpPaTypsl OT Aedopmanuu (maBieHHs) Takod boze-DUHIITEHHOBCKONH KOHIEHCAMH IO OJHO-OCHOM
ILG(I)OpMaIII/II/I (I[aBJ'IeHI/IIO) CUJIBHO 3aBUCAT OT PacCHoOJIOKCHUSA HOHOB B pGIHéTKC. B YaCTHOCTH, OHU MOIYT OLITH
TMOJIOKUTCIIBHBIMU WJIM OTPULATCIIbHBIMH. O6CY)KI[&€TCSI CBA3b MCKAY TCOPCTUYCCKH MOJYUYCHHBIMU pE3yJjibTaTaMH, a
TAKKE€ SKCHECPHUMCHTAJIbHBIMH JaHHBIMU 11O BJIMSAHUIO OJHOOCHOTO JAaBJICHUA (,ue(bopMaum/I) Ha TC KylpaToB ceMeicTBa
RBa,Cu307..
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 T, of RBa,Cuz0;.; family cuprates is discussed.
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