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Calculations of structural and electronic properties of two YXBa0,; (YBCO) and Y SpCuz0; (YSCO)
high-T,. cuprate isofamilies for ambient and high mechanical pressu®s GPa< p,,<15 GPa have been
carried out by pseudopotential density functional theory in the local density approximation emplaging
code. We have analyzed the changes of bond lengths and equilibrium ionic positions due to mechanical
pressure on YBCO and YSCO. Negative pressure causes separation of the YBCO unit cell(int@@)+
O(4) and CuQ-Y-CuO, blocks, similar to the effect of oxygen reduction in YBCO. We have also found that
the nonlinear dependence for ionic positions by mechanical pressure, especially(2pr @d), O(3), and
0O(2) ions, causes the redistribution of charge density and the transfer of hole to thepGu@s and CuO
chains for both systems. It is concluded that in spite of the lagdefdp,, for YSCO in comparison with
YBCO, the charge transfer in YSCO is lower than in YBCO. This apparent discrepancy has been discussed on
the basis of the effect of oxygen aiil./dp,, and the pressure-induced charge-transfer model. Different
structural changes due to mechanical and Sr chemical pressures have been discussed for their opposite effects
on T.. Compressibility and equilibrium unit-cell volume for both systems have also been obtained and com-
pared with experimental and computational reports.
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INTRODUCTION the Ba site in the ¥(Ba;Sr,)4Cu;,0,4.5 phase increasek,
by 7.5 K/(Sr formula unii, but their samples had a solubil-

In recent years, extensive studies have been carried out G |imit betweenx=0.1 and 0.15. The overall result of these
high-pressure  effects  in  fulleridés, organic  studies indicates that, causes a decrease or small increase
superconductor$,and layered high-temperature supercon-in T, which is in contrast to the result of the mechanical
ductors(HTSC's).2 These studies have been focused mostlypressure effect with positivelT./dp,. For example, for
on understanding the superconducting- and normal-statéBCO, dT./dp,=0.64 K/GP& while dT./dp.=(dT,/
properties of HTSC systems for obtaining the correlation bedx)(dx/dp,)=(-20) X 1/10=-2.0 K/GPa  (Ref. 10
tween the two states, explaining the differedT./dp, (dT./dp. is analogous taT./dp,, with p, being considered
in different families and compounds, and anisotropicas the effective chemical pressure related to substitution of
pressure dependence of structural and transport propertiesmaller catiop Also, for Y124, dT./dp,=+5.5 K/GP&
These studies show that thg, dependence off, varies and dT./dp,=(dT./dx)x1/10=1.26 K/GPa for 0.&x
strongly by small changes of the component stoichiometry<0.2 and —-4.33 K/GPa for 02x=<0.513 As a result, the
For example, dT./dp,=0.64 K/GP4, derived for the main question in this regard is the origin of the opposite
YBa,Cu;0; (YBCO) single crystal, is completely different effects between the chemical and mechanical pressur&s on
from some isostructural compounds, such as 3 K/GPgor some systems.

(Ref. 5, 5.5 K/GPa (Ref. 6, and 7.4 K/GPa(Ref. 7 To understand this difference, some authors have investi-
for YSr,Cu;0;, YBa,Cu,Og (Y124), and the reported super- gated the similarities and differences between the chemical
conductor PrBzCu;O0;_s respectively. Also, dTc/dp,  and mechanical pressure effects on other aspects of these
changes from 0-1 to 4-7 K/GPa for the change of 0.Zompounds. A Cu nuclear quadrupole resonance experiment
oxygen content in the YBCO systet.Comparison of the in Sr-doped Y124 indicates that bofl, and p, have the
electronic properties of these compounds under pressuiame effect on the direction of spectra shift, but the broad-
gives us a clearer understanding of these differences. ening and shift of peaks are larger in thgcase'* A bond

Another advantage of the pressure studies is to obtain galence sum analysis of neutron diffraction data of the
way to reach highefl; by correct structural or internal pa- YBa,_Sr,Cu;0,_5 system shows that the relaxation of
rameter changes, for example, by suitable substitution oBa/Sr layer hinders the charge transfer to the Cp@nes
smaller ions and chemical pressume).° This idea has been by p,,1° while p,, causes the charge transfer by the pressure-
followed by some groups: Licoét all® followed this pro- induced charge transfefPICT) model. It has also been
posal by substitution of Sr at the Ba site in YBCO, andshown that the only important structural difference between
as a result,T, reduced by 20 K per complete substitution p, and p,, is the change of separation of Cs®-CuO, su-
of Sr at the Ba site, Fernandes al!! have also derived perconducting block®
reduction of T, by complete Gd substitution at the Y site  To better understand this problem, we need a mechanism
by 2 K. Resistivity and magnetic susceptibility measure-that could explain the behavior dff,/dp,,. From the experi-
ments by Lu and ChéAhave indicated that Sr dopir@) at  mental point of view, we should differentiate the intrinsic
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effects such as charge transfer or bond-length contractionb)/[(a+b)/2]=1.32, to becoma=3.77 A,b=3.82 A, and
from nonintrinsic effects such as structural phase transitiom=11.38 A, to be compared with the YBCO system. This is
or redistribution of oxygen, which usually are not considereda reasonable assumption, because they are very close to the
in the electronic structure calculation but can be entered imxtrapolation ofa andb parameters of the Rietveld refine-
the experimental results afT./dp,,,> and also the cation ment of the chemically doped (Ba;_Sr),CusOy_s1°
disorder in substituted samples. To interpret the experimentahough this may make the results for YSCO more qualitative
data, some attempts have been made based on the resonatijygnoting the effect of extra oxygen in these compougids
valence bond,van Hove singularity® extended Hubbart’,  be discussed laterThe change of lattice parameters by pres-
and PICT model$! The PICT model is presented as redis-sure for YBCO, i.e., Aa/Ap,=5.36x103A/GPa,
tribution of charge density, and as a result, the increase afb/Ap,,=5.044x 102 A/GPa, and  Ac/Ap,=3.504
hole content in the Cufplanes(ng,e,) in these compounds < 1072 A/GPa (Ref. 26 are derived from extrapolation of
is considered as a suitable approach to expiiigrdp,,. Of  the experimental lattice parameters by pressure with con-
course, there are also some reports indicating the insuffistraint on the change of volume by pressure, which have
ciency of this modet:'81°To compare the experimental data been considered for YSCO too.
with the models, one needs to determine the electronic pa- The atomic pseudopotential for the Y 4nd %, Ba 5
rameters such A%cyo,: N(Eg), the van Hove singularity po- and &, Sr 5, Cu 3d and 4, and O 3 and 2 orbitals have
sition, hopping amplitudes, and even vibrational and strucbeen employed from theasp library files. The cutoff energy
tural parameters such as phonon frequency distribution, ioniand k-point sampling in the irreducible Brillouin zone are
position, bond lengths, and compressibility, in ambient presdetermined to be 800 e\wo times larger than the default
sure, and their pressure dependences. value invAsP, and suitable for these calculatigrend 50k

Electronic structure calculation based on local density{corresponding to the@9X 3 mesh in the Monkhorst-Pack
functional theory(LDFT) is a suitable approach to determine schemé’), respectively. The total energy has converged in
these parameters, excluding the experimental nonintrinsic egach calculation to better thanf@&V/(unit cell). The mix-
fects. Although, the application of the LDFT approach ining parameteamix for the charge density mixing has been
HTSC systems with strongly correlated electrons and antifereonsidered as 0.8vasp defauly for YBCO and 0.01 for
romagnetic long-range order in parent compounds is contro¥ SCO, because of the difficulty in convergence of the total
versial, at least in some aspects of the electronic and struenergy due to the existence of Ss Bcalized orbital. The
tural properties such as optic&lyibrational?! structural and number of grid points in the fast Fourier transform mesh,
ionic relaxatior?®> Fermi surfac&® and pressure-induced Ngx, Ngy, andNgz, have been selected to be 36, 36, and 108
effects?* it has been shown to be acceptable. Determinatiorto avoid wrap error. lon relaxation has been done manually
of equilibrium ionic positions in high pressures can help toby the change of ionic positions in the force’s direction to
determine the change of,o, by the bond valence sum tech- minimize the ionic forces of the order 1 mRy/A for each
nique, which is too hard in experimental studies and they ar@ressure. A charge density calculation has been done in 40
rare in the literature. In addition, obtaining the equilibrium X 40X 120 mesh points in the unit cell. Employing the above
ionic positions, bond lengths, and their effects on the rediscriteria, we have calculated the band struct(8s), total
tribution of charge density undes,, and p, is essential for density of stategTDOS), electronic charge densiECD),
any improved model to describe their correlation. The relahole carrier in each plane, equilibrium ionic position, bond
tion between hole content and ionic positions also helps us ti&ngths, compressibility, and equilibrium unit-cell volume.
refine the structure for optimization of the superconducting
properties, and to get highd. RESULTS AND DISCUSSION

In this paper, we compare high-pressure effects on two
isofamilies of HTSC's: YBCO and its chemical pressured The relativez coordination of equilibrium ionic positions
YSCO, both at a stoichiometric oxygen content of 7 byof Ba, Sr, C¢2), O(4), O(3), and Q2) ions at ambient pres-
LDFT in the range of —15 GPap,,<15 GPa to clarify the sure has been derived from ionic relaxation for YBCO and
electronic and structural properties under mechanical andSCO as 0.18258, 0.35365, 0.15972, 0.3789, 0.3798, and

chemical pressures. 0.1809, 0.3453, 0.1639, 0.3728, 0.3743, respectively. The
data for YBCO at ambient pressure are in good agreement
COMPUTATIONAL DETAILS with the experimental stud¥. The change of ionic positions

by Sr doping(due top,) is discussed in the following. The

The total energy calculations have been performed usingverall shape of BS, TDOS, and ECD and their details for
the ab initio pseudopotential in the LDFT. We have used theYBCO are in good agreement with accurate calculations by
Viennaab initio simulation packagevasp) code?® based on  other methods. Comparison of the results with the literature
the LDFT by using the projector augmented plane-waveor the YBCO system confirms the capability of the pseudo-
method. The lattice parameters in ambient pressure fopotential approach by theasp code for calculation of the
YBCO taken from experimental studies aae3.83 A, b electronic structure of mixed HTSC structure, as good as
=3.88 A, andc=11.68 A. The lattice parameters at ambientother approaches such as the linear augmented plane-wave
pressure for the YSCO tetragonal system have been takghAPW) or linear muffin-tin orbital (LMTO) methods?®
from the experimental datand then have been changed to This does not mean that the pseudopotentiar code in
orthorhombic symmetry by orthorhombicity factor 180 such calculations has a great advantage over the recent fast
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TABLE |. For each pressure, the equilibrium ionic positiongfirst line), and their calculated forces
(second lingin YBCO.

Pressure/ion Ba Ga) O(4) o3 0(2)

-15 0.1842 0.3674 0.1509 0.3837 0.3842
-0.0033 -0.0059 -0.0116 0.0070 0.0010

-10 0.1838 0.3627 0.1539 0.3822 0.3826

-0.0014 -0.0116 -0.0258 0.0032 0.0062

-5 0.1829 0.3570 0.1570 0.3805 0.3809
0.0101 0.0148 -0.0072 0.0038 0.0090

0 0.18258 0.35365 0.15972 0.3789 0.3798
-0.0021 -0.0048 0.0008 0.0047 -0.0002

5 0.1824 0.3526 0.1616 0.3781 0.3786
-0.0026 -0.0295 0.0062 -0.0111 -0.0144

10 0.1822 0.3517 0.1635 0.3772 0.3776
-0.0088 -0.0165 -0.0048 -0.0198 -0.0177

15 0.18188 0.35165 0.1649 0.3762 0.3766
-0.0086 0.0014 0.0053 —-0.0005 -0.0035

full-potential codes such asiEN2K in regard to both com-

their positions for each pressure. It is noted that from the

putational and physical points of view; it is just due to ourionic relaxation in this study, and also from the calculdted
previous experience in its effectiveness in these studigs. or experiment&f phonon frequency, one can find that
For YSCO, the general shapes of BS and TDOS are similak mRy/A force(considered in this studyan cause the error
to YBCO. The only important difference is the existence ofin thez values of the order I8 for O(4), Ba, Sr, @2), and
the Sr % band neaE; in BS and TDOS, whereas the Ba 6 O(3) ions, and 2<10™* for Cu(2) ion. These small uncertain-
orbital lies about 10.5 eV belo. ties are out of our discussion in this study and the physics of
To our knowledge of the literature, there is no informationchemical and mechanical pressures. By the presented forces
about the ionic positions in high pressur@sfew GPa for and phonon frequency information, one can easily obtain the
the systems under study in this work. We have foanthe ~ €Xact equilibrium positioriF,=0).
relative equilibrium ionic positions, for each pressure by a As afirst step, we explain the applied mechanical pressure
suitable approach: at first, the equilibrium ionic positions inon the ionic positions and the relevance of the expected lin-
ambient pressure have been used for other pressures, ag@r dependencg.e., constant values with pressuyeof the
then the ions were relaxed to their new equilibrium positionsionic positions. From Tables | and II, it can be seen that the
Thex andy coordinations have not been changed because dhost important change in thevalues is related teO(4) and
their zero forces due to charge and electronic symmetriegCu(2) in YBCO with +0.0140 and -0.0158 change, respec-
but this does not occur for the direction. Tables | and Il tively. zCu(2) in YSCO has a small change with a minimum
show thez values of the ions and their calculated forégst in 0to -5 GPa region, andO(4) in this system has

TABLE Il. For each pressure, the equilibrium ionic positiongfirst line), and their calculated forces
(second lingin YSCO.

Presssure/ion Sr CB) O(4) o(3) O(2)

-15 0.1778 0.3472 0.1597 0.3770 0.3779
-0.0021 0.0085 0.0014 -0.0072 0.0217

-10 0.1804 0.3459 0.16153 0.37498 0.37664
-0.0613 -0.0154 0.0053 0.0270 0.0023

-5 0.1800 0.3452 0.1629 0.3741 0.3755
-0.0033 -0.0218 0.0027 -0.0105 -0.0160

0 0.1809 0.3453 0.1639 0.3728 0.3743
-0.0090 -0.0026 0.0144 -0.0099 -0.0103

5 0.1814 0.3460 0.1651 0.3715 0.3731
-0.0041 -0.0105 -0.0108 0.0094 0.0165

10 0.1816 0.3473 0.1658 0.37039 0.37227
0.0042 -0.0074 0.0268 0.0171 0.0110

15 0.1818 0.3488 0.1670 0.36916 0.37071
0.0097 0.0168 0.0020 0.0148 0.0134
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+0.0073, about one-half of the change in YBCO. The change
of zO(2) and zO(3) in both compounds is nearly the same 2.6 ® YBCO
with a nearly —0.0075 changeBa decreases by, while m YSCO
ZSr increases, although both changes are small compared 1
other important changes in these systems. T@ea(2) in
YBCO decreases, but this value is nearly constant in the
YSCO system. These data indicate an expected linear depet
dence for Ba, Sr, and €2) for YSCO byp,, but not for the .
other atoms, @), O(2), and @3) in both systems, and C2) 2.0 1 e
for YBCO. Determination of the degree of nonlinear depen-
dency in these compounds is important because it cause 1.90 \1\
redistribution of charge density, especially in the GuO _ \.\
planes, which is important in superconducting properties of< | ¢7 | ~

the layered HTSC's. The largest nonlinear dependency re: r/‘*\\\.\
\

@)

Cu(2) 04) (&)
)
~
|

Cu(1)-04)

lated to the apical oxygen may be due to the stiffness of /0/
Cu(1)-O(4) bond relative to the other CuO bonds in these © 1.84

systems. This also affects the positions of the ions in the
CuG, planes and causes smaller nonlinear dependence fc

1.81 T T

Cu?2), O(2), and 3). This point will be discussed in the — ©
following. 3.6 7 T

The smallerc lattice parameter and unit-cell volume  _ \\.\
at ambient pressure, respectively, for YSC@1.38 A ‘55 357 \\.\
and 163.90 A) relative to YBCO(11.68 A and 173.57 A S 34 Y SN
are equivalent to the applied pressure of 10 GPa on YBCO. & ™ -
As a result, the YSCO system can be considered as a 10 GF © 33 4 \
chemical pressure of YBCO, or YBCO as a -10 GPa
(under elongation of YSCO. Now, we note the contrast 32 4 : : : : :
between thep. and p,, dependence ofl.: i.e., dT./dp; 15 10 5 0 5 10 15
=(dT./dx)(dx/dp,)=(-20) X 1/10=-2 K/GPa[x is the Sr
doping in the YBa_,Sr),Cu;0;_5 compound’ and Py, (GP2)

dT./dpn=0.64 K/GPa(Ref. 4 for the YBCO system, by FIG. 1. Distances between ) and Q4) ions (a), Cul) and

considqring the ionic position and the related bond lengths O(4) ions (b), and between Cugplanes(c) for YBCO (circle) and
at ambient pressure for both systems. Tables | and Il showg~qo (squa’re after ionic relaxation.

that p, has nonlinear dependency for thevalues of YBCO
except forzBa, i.e., thezCu(2), zO(4), zO(3), andzO(2) are
different for YBCO and YSCO. TheO(4) is increased for
YSCO, so that the same value for @uO(4) bond lengths

small change relative to linear dependence indicates the stiff-
ness of the C{@)-O(4) bond, in good agreement with the
experimental neutron scattering datalt should be noted

(dC“@)'O(“)_zl'%s A are obtained for both systems. Also, that the apical oxygen, the bridge between the superconduct-
the buckling of the Cu@ plane,z0(3) and z0(2)-2CU2)  jng cuo, layer and the charge reservoir CuO chain, is im-

increase by 0.003 fop;, while for py it is nearly constant. yortant in charge transfét, as will be pointed out in the
The data ofp,=10 GPa for YBCO and ambient pressure for fg)jowing. For the positivep, in YBCO, the change of bond
YSCO indicate thatp; has a stronger effect in reducing jengths is in the direction of the contraction of but for
zCu(2), zO(3), andzO(2) the_m Py while for zO(4), pm a_md negative Py, deup-ow and deyz)-cuz are in the opposite
pc have the same effect. Similar results can be obtained fof;.action of the expansion of. This shows an attractive
the data_ of ~10 GPa of YSCO and YBCO. These rgsultsrorce between the CuO chain and4p and between the
show a linear dependence fzB8a andzO(4) on pg, but this o ¢y, planes, which is dominated by the expansion
fails for zCu(2), zO(3), andzO(2). So, the contraction afin ot ¢ Thjs indicates that the system with the largéreaks
YSCO relative to YBCO can result from the large @4 jnto two noninteracting subsystems: @uO(1)-O(4) and
O(4) contraction. These changes can be considered as tI@jq_y_Cuoz blocks. Unfortunately, there are no experi-
difference between chemical and mechanical pressures ipental ionic-position data for YBCO under elongation
these systems. . negativep,, for comparison and confirmation of this result.
Figure 1 shows the change of important bond lengths sucfi should be noted that although negative mechanical pres-
as Cu2)-0(4), Cul)-O(4), and CuQ@-Y-CuO, separation  gyre is an interesting physical property, it is hard to produce
versuspy, for YBCO and YSCO. It can be seen that for gyperimentally. So, we cannot compare our computational
YBCO thedcyy)-o4) anddeyz)-cuz) have a maximum at am-  qata for negativep,, with experiment. Instead, since the re-
bient pressure with decreasing negative and posiye duction of oxygen causes the increase of lattice
while dcy2)-0(4) decreases for the whole range. Thg1).os  paramete?? the oxygen-deficient YB&u,Og System can be
changes from 1.842 A fqp=-15 GPa to 1.859 A for ambi- considered as the -5 GRa of YBa,Cu;0;. From the neu-
ent pressure, and then decreases to 1.839 A for 15 GPa. Thi®n studies on this systefAwe see that -5 GPp, causes
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TABLE Ill. 103dIn x/dpy, for py>0 andp,<0 for YBCO and YSCO and Fd In y/dp..

YBCO YBCO YSCO YSCO This calc. Expt. (Ref. 10

din x/dp Pm=>0 Pm<0 Pm=>0 Pm<0 Pc Pc
X:dCu(Z)-O(4) -5.40 -11.24 -2.89 -5.43 -8.86 -6.08
X:dCu(l)—O(4) -0.91 0.87 -1.92 -1.30 0.01 -1.37
X:dCu(z)-O(Z) -2.10 3.70 -4.54 -2.22 2.99 2.79

the decrease adcy1)-o4) @nddcyz)-cu2), in agreement with  acteristics of these figures have been described in more detail

our result. Because of the importance of charge transfer ifn Rfi‘f- 36. .

the superconductivity of these systems, negapiyelike the ~ Figures 2a) and 3a) and Figs. &) and 3c) show the

reduction of oxygen content, which divides YBCO into two difference of the charge distribution of YBCO and YSCO for

noninteracting blocks, can result in weakening the supercorRositive and negative, respectively. This redistribution of

ductivity. the charge density is due to nonlinear contraction or elonga-
For YSCO. the results are different: all of the bond tion of some bonds in these systems, discussed above. There

lengths shown in Fig. 1 decrease by, The Cy1)-04) arethree dips and three peaks in the figures for both systems,

bond length decreases from 1.90 A to 1.80 A in YSCO forWhose values decrease in the order of the Cpl@nes, BaO

the whole range ofp,. The change ofdcyi.o4 and (SO planes, and CuO chains. The sign reversal of these

in YSCO is larger than that in YBCO, but dips and peaks by the char_lge in thg si_grp_rqflndicates that
éhese effects are pressure-induced intrinsic effects. The mag-

nitude of the dips and peaks for the negatpgare larger

din x/dpm with x=dcyz)-o), deu-ow) an_d dCu(2_>-9u(2> for  than those for positive,,. As can be seen from Fig. 1, bond
pPm>0 andp,,<0 for both systems by a linear fitting of the

dew2)-cu2)
dcu2)-02) has a smaller change in YSCO. We have calculate

calculated data in each region. The results are included ir 13 YBCO R @
Table lll. In this table, we have also inserted thén y/dp. Posit st @p =5GPa
calculated by the following Eq1) and the experimental data 0.10 - Fositive Py o . )
for chemical pressuré® a . ®en 10
0.05 A '.':AA “‘A.o .::‘ A |5
dIn x/dp;=(dIn y/dx)(dx/dp.) 0.00 __..._-., s - —3——"2‘3'——::———..;..»"
= (XyBco ~ Xysco/Xxveco X 1/10. (1) 3 o e -
-0.05 1%, L * o
Normally, we expect a negative value fdin x/dp, but in - 1 N b "t
Table Il there are three positive values that are important to”g 0.10 - A:_..
note: two forp,<0 of YBCO, which is in agreement with & .
the oxygen-deficient systeffiand one for Sr chemical pres- 2 015 — —
sure. We note tha In dcy»)-cu2)/dpe has a sign opposite to é’ 2 1 Ambient p ()
dIn dcyz)-cuz)/dpm for p,>0 of YBCO, which is an impor- & . "
tant difference between the, and p,. Increasing of &
deuz)-cuz by 0.1 A for p, causes weaker coupling between -S 0 - -
the CuQ planes. It seems that the characteristic structural-g Negative “a {©)
difference betweep, andp,, has a important role in explain- % 0.30 - & Prm R
ing the opposite change @fT./dp, and dT./dp,, in these & %"
comegunds. A similar conclusion has been obtained by Acha 0.15 - Au o
et al. W20 %
The distribution of charge density and their differences by ) BoooBe, fo Toodhy
pressure has been plotted in Figs. 2 and 3 for a half-unit-cell 0.00 - ggmes® gﬁfﬁﬁﬁﬁmﬁﬁ%mo"ﬁﬁgﬁ_
of YBCO and YSCO systems, respectively. The distribution 5 | a8 % os o p,=5GPd
of the charge density has been calculated by summation o o @
the 40x 40 mesh in each for all 120 planes perpendicular 030 N |
to the ¢ direction (the 40X 40X 120 mesh point has been @ s -15
applied for the charge density .calculat)'oﬁigures 2b) and 045 — —
3(b) show the results at ambient pressure for YBCO and CuO0 O() Ba Cu(2) 02.,03) Y
YSCO systems, respectively. The similarity between these  direction

figures is due to their similar structural and chemical charac-

teristics. The only considerable difference is the charge den- FIG. 2. Total electronic charge density distribution in theli-
sity in the SrO layer relative to the BaO layer, due to therection for YSCO at ambient pressufe), and its difference for
absence of thepborbital in the Sr pseudopotential. The char- positive (a) and negativec) pp,.
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YSCO @ 0.4 ® YBCO
0.10 7 positive p,, ®p,=5GPa m YSCO
. . 0.2 .
a 10 CuO chain
0.05 1 a As Al- A 15 o
at v I 2 0.0
a "y slgeft oo 2
ey N il | , 5
R e e e SR PR
o0, ig__pll .'!o.!! =
. AI:A -0 LY kel s
[ A [ ] 2
-0.05 -t Z 0.4
‘A‘ S 04 .
7 = °
g a L CuO, plane
5 -0.10 =
= T — k=
Q ]
z 2 7 Ambientp,, (b) 5 00 4
17 D .
] L)
& 0.2
6 0 T  —
'§ 0.10 Negative p,, a8 (c) 0.4 : : | | | |
g i A5 10 S 0 5 10 15
= a N 4 s p,, (GPa)
0.05 —D:A AADAA U‘:‘nunu a
IOog A:.:EOZZE g°°°°°°z§gAA FIG. 4. The c_hange of electronic charge density in t_he_g:aﬁ_d
0.00 +— 8-~ S0 Ao__oooTo___A__—Eﬂe \ CuO layers obtained by the FWHM method from the distribution of
EEEE ﬂ‘;"‘;zgg‘iiﬁﬁg"ow"goog charge density for YBCQ(circle) and YSCO((squarg systems.
2 PN 4% oy O p, =-5GP3 Lines show the linear fit to the data.
-0.05 A NG SN
a o .10 . - . .
.t This result is in agreement with the experimental reports for
-0.10 1 2 a s the YBCO systent? The values oting, o,/ dpy, are 0.026 and
— — 0.015 hole(GPa-unit ce)land ofdnc,o/dpy, are 0.022 and
CuO o) Sr Cu(2) 0(2),03) Y 0.026 hole(GPa—unit ce)l for YBCO and YSCO, respec-

tively. The difference between these values and the previous
study’® is due to the more accurate calculation and different
definition employed for the thickness of the plange.,
FWHM) in this study. It should be noted that there is no
exact definition for the thickness of the Cu@lane, where
éhe change of charge density becomes important there. Other
approaches could also be considered in finding the charge
transfer to the Cu@ planes, like the method applied by
Ambrosch-Draxlet al3” by considering the change of occu-
pation number of Cud,,_,,, O p,, and Op, orbitals in the
muffin-tin sphere which are included in the full potential
LAPW method. But, in this method too the determination of
dnCqu/dpm leads to somewhat of an underestimation due to
the electronic charge lying inside the muffin-tin sphexéh
constant radii in the calculatiprwvhile pressure is increased.
In the present work the thickness of the layer in terms of the
FWHM is about four times larger than the definition in Ref.
The charge redistributions cause charge transfer in thé5: Similar results could be obtained if the same criteria are
considered. It seems that there is no hole carrier charge trans-

systems. Due to the importance of,o, and ng,o in the X ; .
superconducting properties of these systems, we have oBQr from the CuO reservoir chains to the conducting GuQ
planes, in agreement with the experimental sttfdy.

tained these values by integration of the ECD curve in Figs™ " _.
2(b) and 3b). We have considered the full width at half Different values fordnCqu/dpm have been reported

maximum (FWHM) in each plane as the charge of each!” different .experiments. From the Hall effeg:t study
layer. The difference of the charge density relative to the®"® can find dncyo,/dp,=0.018 hole(GPa—unit cel
ambient pressure for the two systems has been plotted in Fi§d I Ncuo,/dpm=9%/GPa  with nc,,=0.2,* but the

4. As shown in the figure, the electronic charge density hageutron diffraction  study reportsdnc,o,/dpy,=0.0065
been reduced in both the Cy@lane and CuO chain with hole/(GPa—unit cell  [dIn ncyo,/dpn=(3-4%/GPd."’
linear dependence, i.e., bo”nlauo2 andng,q increase withp,,. Comparing the chemical substitution apg has resulted in

¢ direction

FIG. 3. Total electronic charge density distribution in thdi-
rection for YBCO at ambient pressutb), and its difference for
positive (a) and negativec) py.

lengths have different behavior for the positive and negativ
Pm Which causes larger charge redistribution for negapjye
relative to positivep,, in both systems. The redistribution of
ECD by p,, is higher for YBCO relative to YSCO, which is
due to the smaller change afposition in YSCO relative to
YBCO. Figures 2 and 3 also show the electric dipole of
charge about Ba@srO) and CuQ planes with opposite po-
larity, although there is no net polarization in the unit cell
because of the mirror symmetry to teplane. The move-
ment of Q4) upward and movement of C2), O(3), and
O(2) downward byp,, have an important role in the electric
dipole formation.
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dncyo,/dpy=0.0055 hole(GPA-unit cel).** In computa- -88.75
tional  studies, dnc,o,/dpy=0.004 hole{GPa—unit cell

(Ref. 40 and 0.0047 holg/GPa—unit ce)l (Ref. 41 have

been obtained. The value for Hgg&2g,_1Cu,0,,,» With dif- -89.25
ferent n has been obtained to be approximately equal to
0.0033 hole(GPa—unit ce)l (Ref. 39, which shows a simi-
lar value for different families of HTSC.

-89.75 |
We have also fitted th&.(p,,) data of the YBCQRef. 4 -
and YSCO(Ref. 5 systems by the following equation$3® o
m
Te(N,Pr) = Te(n, 0) + a(n)py + BN)P,, 190.25 -
a(n) = dT,/dpy, + 27T, "(ng, — N)dVdpy,
-90.75
B(n)=- 7]Tcmax(dn/dpm)2 = - A(dn/dp,)?,
Te(n,0) =T, ™1 = n(ngp— )], (2) -91.25 , ,

T T T
) 140 150 160 170 180 190
where dT//dp,, is the change ofT,, being independent e
of charge transfer,T."® is the maximumT, obtained
with doping for p,=0, nyp is the optimal doping, and; FIG. 5. Total energy of YBCQcircle) and YSCO(squarg sys-
is a constant related o, The fitting parameter$.(n,0), &, tems vs their unit-cell volume. The curve shows the fit of data by
and,B have been derived to be 88.96, 1.473, and -0.071 fO{he Murnaghan equation of state.

YBCO and 62.69, 3.796, and —0.438 for YSCO, respectively.

We calculated  the plnCqu/dpm:%dn/dpm:%(—,BIA)Of’ lower charge transfer to the Cy®lane in YSCO relative to
=0.0055 hole(GPa—-unit ce)l ~ for ~ YBCO and  YBCO, thedT./dp,, for YSCO is larger than YBCO.

0.0165 hole{(GPa-unit cell for YSCO. By considering Some reasons are suggested for the above discrepancy:
n=const in the two systems, we insertéeE 7T,">=590 (1) The change of hole content is not the only parameter for
(Ref. 15 for YBCO and 416[=590% 62.69/88.96;,AY5“°  determining the dT./dp, as concluded from other
=AYBCOT YSC9(n,0)/T,"®°(n,0)] for YSCO. From com- studiesl®® (2) The effect of Sr in superconducting state in
parison of the change df; by doping and pressure, we find this system may be different from Ba in spite of their similar
that the value as much as 0.02 hdlBPa—unit ce)l is too  chemical properties; i.e., Ba cations may play an important
large for dT./dp, in this system. Thus, we conclude that role in the highT. YBCO. (3) The most important effect is
charge distribution, which participates in the superconductprobably due to different oxygen content in the Y80, 5

ing state are probably confined to a layer with a thicknessample with this calculation, because of the important role of
about 3—4 times smaller than FWHM. oxygen content irdT./dpy,.

The increase of the calculatenéuoz by p., is lower for To obtain the compressibility and equilibrium volume of
YSCO than YBCO. To compare our results with experimen-both systems, we have fitted the calculated total energy by
tal reports, we should note that preparation of YS@@h  Murnaghan equation of statéln this equation, we have
exact stoichiometry of YBCQis too hard to achieve. It has B
been resulted that YSCO forms only under high pressure or E(V) = Eq + {BoV[Bop(1 ~Vo/V) + (Vo/V)"0P — 1]}/
substitution of Cyl) by elements with valence greater than [Bop(Bop — D)1, (3)
+2 510 Also, we should note that oxygen content in the fam-
ily considered here has important effect on the value ofvhere B, is the bulk moduluginverse of compressibility,
dT./dpy,, and so it is essential for understanding the pressur& ), By, is the derivation 0B, at ambient pressure, aivj
effect onT.. YSCO in high-pressure preparation proceduress the equilibrium unit-cell volume. The result of this fitting
usually has an oxygen content larger thap.&., 7.5(Ref. 5 is plotted for YBCO and YSCO systems in Fig. 5. It can be
or 7.2(Ref. 42]. Thus, the experimentalists should be awareseen that the calculated data fit very well with Murnaghan’s
that the exact quantitative comparison of the calculated paequation of state, which shows the applicability of this equa-
rameters in this calculation with experimental data is not oution for the strong anisotropic HTSC materials. The values
purpose, but the qualitative understanding of the chemicdor By derived from this fitting are 128.3 GPa and 164.2 GPa
pressure against applied mechanical pressure is followefdr YBCO and YSCO systems, respectiveBy, for YBCO is
here. Thus, we compare our results with, for example, thén good agreement with the calculated vdfuand the ex-
YSr,Cu;07 5 sample? As mentioned by Cacet al,® their  perimental result! The larger change of total energy versus
Y Sr,Cu0; 5 overdoped samples hadd./dp,=3.0 K/GPa, volume in YSCO relative to YBCO causes the larger com-
which is in contrast with the PICT model. This is the casepressibility for YSCO. The value fov, has been derived to
since we expect decreasiri by applied pressure in the be 167.67 & and 153.782 Afor YBCO and YSCO, respec-
overdoped regime due to the increasel@]‘oz. In spite of the tively. These values are lower than the experimental unit-cell

134509-7



KHOSROABADI, MOSSALLA, AND AKHAVAN PHYSICAL REVIEW B 70, 134509(2004)

volume (considered in this studyby 3.5% and 6% for hole content is smaller in YBCO relative to YSCO. The dis-
YBCO and YSCO systems, respectively. This is not due tacrepancy between the calculated rate of charge transfer and
the pseudopotential or the details of our calculation, but rethe experimental studies in both systems has been explained
sults from the LDFT approach, as derived also from othetby the role of oxygen content idT./dp,, and the insuffi-
studies???4 From this figure, we see also that the calculatedciency of the PICT model to explaitT./dp,,. The chemical

V, for YSCO is lower than the value for YBCO, which pressure causes a nonlinear dependence in YBCO except for
shows the effect of the chemical pressure. The calculpied zBa, i.e., thezCu(2), zO(3), andzO(2) for YBCO are differ-

due to Sr substitution is estimated to be 14 GPa, near thent from the values for YSCO. Th#O(4) is increased for

experimental value of 10 GPa. YSCO, so that the same value for @»+O(4) bond lengths
(dey)-o4)=1.865 A is obtained for both systems. The in-
CONCLUSION crease ofdc).cuz bY Pe has an important role in the dif-

ferent dependency of. to p. and p,. In addition, By has

At first, we have ShOV.V” the capabili'ty of pseudopotentialbeen determined to be 128.3 GPa and 164.2 GPa for YBCO
VASP code in the calculation of electronic structure of YBCO and YSCO, respectively. The smaller calculatad,

and YSCO systems. lonic relaxation calculations indicate & 53 76 & for YSCO relative toV,=167.67 & for YBCO

””e?r dependence far3a, zSr, aanCu(Z) in YSCO and indicates an effective 14 GPa chemical pressure due to Sr
nonlinear dependence faCu(2) in YBCO, and zO(4), substitution.

zO(3), andzO(2) in both systems by,,. The redistribution

of charge density by mechanical pressure indicates the trans-
fer of holes to the Cu@planes and CuO chains in both
systems. The values are derived to be 0.022 and 0.026 hole/ The authors wish to thank G. Kresse and J. Furthmuller,
(GPa-unit cell for CuO chains and 0.026 and 0.015 hole/ the writers of thevasp code. This work was supported in part
(GPa-unit cell for the CuQ planes, for YBCO and YSCO, by the Offices of the Vice President for Research and Dean
respectively. In spite of the largetT./dp,, in YSCO, the of Graduate Studies at Sharif University of Technology.
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