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Structure optimization of YBa,Cu;0O, and its influence on phonons and Fermi surface
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We have optimized the crystal structure of Y,Ba;O;, using the local-density approximation in the frame-
work of density functional theory. By this procedure we find excellent agreement with experimental data for
the A,y phonon modes and their pressure dependence. With respect to previous calculations performed for the
unrelaxed geometry a considerable part of the outermost Fermi surface sheet is lost. This finding explains why
in that region of the Brillouin zone no feature has been detected experimentally. In accordance with measured
data the hole pocket around tBgoint is absent{S0163-182009)04934-4

Local-density functionallLDA) calculations have been determine the bulk modulus and the pressure-induced
successfully applied to high-temperature superconductorghanges in the crystal structure. The measured volume effect
e.g., YBaCu;0;, concerning various aspects like structuralon the phonon frequencies is very well reproduced by our
and vibrational propertiés® and electron density calculations. The underestimation of the lattice parameters is
distributions® as well as optical spectfa® Thus the appli- not bigger than for materials which are undoubtedly treated
cability of the method to the metallic phases within this classwithin the LDA.
of materials seems to be settled. Moreover, it turned out that We optimize the lattice parameters, b, and c of
the strong Coulomb correlations responsible for the overesYBa,CusO;, and thec-axis coordinates of Ba, Cu, (),
timation of bandwidths and the incapability of reproducing O(3), and G4). We proceed in two steps: First, adopting the
the antiferromagnetic insulating phases hardly affect the&xperimental ratios between the three lattice constants, we
structural and vibrational properties even for the insulatingdetermine the equilibrium structure by calculating total en-
materials:® ergy values as a function of the cell volume. Second, by

A variety of calculations have, in general, revealed thekeeping the so found equilibrium volume constant, we opti-
same results. Looking at the details, however, there are varianize thec/a andc/b ratios simultaneously. In both steps,
tions due to different methods and approximations, and limenergy changes due to internal strain of the ions are ac-
ited accuracy. This could be significant for several reasonsounted for by evaluating the corresponding atomic forces
which shall be explained on the basis of some features ond letting the ions relax to their respective equilibrium po-
YBa,Cu;0;: Although most of the electronic structure cal- sitions. Finally, we determine the influence of this structural
culations agree in the overall picture of the bandoptimization on the phonon frequencies and eigenvectors in
structuret! =13 they differ in the position and extension of theA;q symmetry aig=0 and we investigate the changes in
saddle points and in the presence or absence of the fourthe Fermi surface.

Fermi surface shegthole pocket These details could be We perform all-electron band structure calculations using
crucial for the superconducting mechanism, e.g., within théhe  full-potential linearized augmented plane-wave
van Hove scenario. Thus it is important to know what are thed FLAPW) method®*” Our basis set includes approximately
results of the most accurate calculation and which feature 8000 LAPW'’s. Semicore stat¢¥ 4s, Y 4p, Ba 5s, Ba 5p,
robust or sensitive to what kind of approximation. Since theBa 4d, Cu 3s, Cu 3p, and O 3) are treated by supplement-
Fermi level is the only single-particle energy theoreticallying the LAPW's by local orbitals. The Brillouin zone inte-
fully justified to be interpreted within density functional grations are carried out onkapoint mesh consisting of 72
theory (DFT), the investigation of the Fermi surface is a key points in the irreducible wedge using a Gaussian smearing of
feature for DFT calculations. Another example are g 0.002 mRyd. This mesh turned out to be sufficient for total
phonons where several publications differ by up to 10%gnergy studies with respect to the optimization of the cell
which is also the order of magnitude for the deviation fromvolume. In order to obtain atomic forces and phonon modes
the experimental values. Although this discrepancy is nowithin a very high precision, 24% points are used. For
huge, it can give rise to speculations about anharmonic efeonvergence studies we repeated our calculations for the the-
fects or the limits for LDA calculations. Since LDA is well oretical equilibrium structure on a 5#6point mesh.

known for underestimating the unit cell volumes of transition We find the theoretical equilibrium volume 6%
metals, the use of the experimental lattice parameters repré=0.2%) below the experimental value, which is in accor-
sents an inconsistené§.Indeed, it turned out that a reduc- dance with previous calculatiods® The optimizedc/a and

tion of the unit cell volume by 3% leads to improved phononb/a ratios are 1.25% £0.25%) and 0.375% % 0.125%)
frequencie¥ and changes in the band structitdn this  smaller than the experimental data which efe=3.052 and
paper, we show that a consistent LDA calculation provided/a=1.016. The convergence of total energy and force val-
excellent agreement between theory and experiment for thees is better than 1& Ryd and 102 mRyd/a.l?, respec-
Aq4 modes, in terms of frequencies as well as eigenvectordively. A comparative listing of structural data for the fully
and for the Fermi surface. Our procedure also allows us toptimized and the purely volume optimized structu¢ds-
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TABLE I. Calculated structural data for the fully optimized TABLE II. Phonon frequencies in cnt for the fiveA;4 modes
(Syrp) lattice parameters, the purely volume-optimized structureatq=_0 calculated for the fully optimizedS,gp) lattice parameters,

(Svp), and the experimental lattice constang ") (Ref. 3 com- and for the experimental structur8%Y). The data are compared to
pared to experimental dat®ef. 18. The calculated energy differ- experimental £8*P) results(Refs. 20-22 Relative deviations are
ences are taken relative to t88*"" case. given as percentage with respect to the average experimental val-
ues.
Surp Svp Spe:Xpt S
xpt xpt
Volume [A3] 163.1 163.1 1735 1735 SvRe S s
cla 3.015 3.052 3.052 3.052 Ba 123(+4%) 102 (- 13%) 116-119
b/a 1.012 1.016 1.016 1.016  Cu2) 147 (0%) 127 (- 14%) 145-150
AE [mRyd] -215 -21.2 0 0(2)-0(3) 338 (+1%) 317 (—5%) 335-336
Zga [C] 0.1817 0.1816 0.1812 0.1843 0(2+0(3) 422 (—3%) 387 (—12%) 435-440
Zey [c] 0.3507  0.3505  0.3530  0.3556 O(4) 487 (—2%) 450 (—9%) 493-500
Zo(2) [€] 0.3765 0.3771 0.3789 0.3773
Zo3) L] 0.3770 0.3771 0.3783 0.3789

In several works published in the past:*lit has been
demonstrated that when fixing the unit cell volume of
YBa,Cu;0; at the experimental value the calculated phonon
) frequencies are up to 10% lower than the experimental ones.
noted from now OWSVRPXa”‘_j Svp, respectively, and the |t hag heen arguéd“that a considerable part of this discrep-
experimental situation§™®) is displayed in Table I. Addi- ancy might be attributed to the structural overbinding effect
tionally, we also provide in the third column the theoretical .5,,sed by the LDA. This argument was supported by frozen
equilibrium.values of the internal coordina_ﬂes when eXpe,”'phonon calculations for a 3% volume reduced crystal
mental lattice constants are assumed in the calculatiofyhere a considerable enhancement of frequency values was
(Sp*P).° These values are the starting point for our Investi-gready found. In the present work, we determine the dy-
gation into the interplay between changes in the lattice conpamical matrix of theA,, phonon modes atj=0 for the
stants and internal coordinates. fully optimized structure. In Table Il, the resulting frequen-

First, comparing théyp with the Sg*P' structure we note  cies are compared to experimental vafde&as well as the-
that strain related relaxations of ionic positions are most prooretical results for the experimental lattice parameters. The
nounced for @) and Cy2) whereas the Ba position gets corresponding eigenvectors are listed in Table Ill. The dif-
merely scaled down along tfeeaxis when reducing the lat-  ferences to previous results for the experimental vofuane
tice constants. The changes in thé2Pand Q3) positions  due to the refineck-point mesh used in this worksee
are such that relative to the respecth/axis the buckling to abové_ By reducing the experimenta| lattice parameters to
the Cu2) atom is enhanced and the distance between thghe theoretical equilibrium structure all five modes are sig-
Cu-O layers increased. The relaticeaxis position of the nificantly enhanced. The discrepancy with experimental val-
Cu(2) atom is lowered, while @) is shifted upwards, lead- ues has vanished. A great part of the enhancement effect
ing to a significant change in the ratio between th@)©  (between 60% and 100% for all modés already induced
Cu(2) and G4)-Cu(1) distances from 1.2245*) to 1.177 by the pure volume optimization. Only for the(®-O(3)
(Svp). This tendency of altered bond strength with pressurenode does the ratio optimization additionally increase the
is consistent with experimental investigatibhsand the  frequency by more than 5 ci. We also want to stress that
c-axis strain calculations of PickétWith regard to cohesive the overall hardening of the 500 crhby 35 cmi ! is par-
energies we observe a change-021.2 mRyd between the ticularly noticeable as this effect could not be achieved by
two structures. Recalculating ti8p structure assuming the employing gradient correction€GGA’s) to the LDA ex-
equilibrium positions of th&g*P! structure increases the total change correlation potentialWith regard to the mode ad-
energy by only 1.2 mRyd. This indicates that in ,Ba;O,  mixture we observe a slightly stronger decoupling of the Ba
relative changes of bond lengths due to volume compressioand Cu vibration in the two lowest-lying modes. The associ-
play a subordinate role for the corresponding changes in thated diagonal and off-diagonal terms in the dynamical matrix
total energy. reproduce experimental values very w@lEocusing on the

Second, we compare th®,p structure with theS,grp  Oxygen-dominated vibrational eigenmodes, we see that the
structure, which both have the same unit cell volu@&  O(2) and Q3) contributions to the 500 cit mode have
lower than experimentout differ with respect to lattice pa- become significantly reduced. Additionally, the coupling
rameter ratios and relaxation of atomic positions. The transiconstant between Cu and4) almost vanishes.
tion from the Syp structure to theSygp Structure causes a Experimental investigations have revealed that the pres-
decrease of the total energy by 0.3 mRyd. Approximatelysure effect on the frequencies of the three oxygen modes is
50% of this value can be attributed to strain-induced relaxcharacterized by positive linear pressure coefficieleisd p,
ations of the internal coordinates. The other 50% are relatedhich are constant over a wide range of pressure values
to the lowering of thec/a andc/b ratios. The shortening of to 12 GPa.2® For the 500 cm?® mode the value of this quan-
the ¢ axis again leads to a small decrease in the bond lengttity was found to be 5.5 cmt/GPa, 4.6 cm*/GPa for the
ratio between @)-Cu(2) and Q4)-Cu(1). Additionally, we 440 cm ! mode, and 3.2 cm/GPa for the 338 cm' mode.
observe a slight lowering of the(@) position relative to the To compare our calculations to these findings, we use the
compresseda axis. experimentally determined volume compressibildy/dP

Zoa L] 0.1619 0.1610 0.1586 0.1584
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TABLE Ill. Eigenvectors for the fivé;; modes atj=0 calculated for fully optimized lattice parameters
(left side and for the experimental crystal structure, respectiveght side. The sequence of modes is the
same as in Table II.

Ba Cu Qa2 0(3) O(4)
0.91/0.84 0.41/0.54 0.05/0.05 0.05/0.05 0-0a/01
0.42/0.54 —0.90/~0.83 —0.08/~0.09 —0.06/0.06 0.00/0.07
0.00~0.01 0.03/0.04 —0.77/-0.81 0.63/0.59 —0.01~0.02
0.03/0.02 0.11/0.08 —0.60~0.50 —0.73~0.71 —0.31+~0.49
0.02/0.03 —0.02~0.12 0.19/0.30 0.24/0.38 —0.95~0.87

(Ref. 19 to translate the pressure coefficients to volume cofinding that in the course of optimizing lattice parameters the
efficients according to “ratio effect” on changes in the total energy is two orders of
magnitude smaller than the “volume effect(0.3 mRyd
1) compared to~20 mRyd. The internal ionic parameters are
fully optimized for each structural configuration. The result-
) 1R 3 . ing energy values are fitted to a polynomial function, whose
The requEmgs values ‘{?3-9 cm*/A® (500 cm r3node, origin is taken at 6% below the experimental volume. It turns
_3;31 cm /A% (440 cm © modg, and —2.3 cm IA® (338 oyt that anharmonic terms are negligible. We thus obtain a
cm™ mode, respectively. We obtaidw from the two sets  5jue of B= 142 GPa.
of frequency values related to the—3%- and Concerning the Fermi surfacéS), a large number of
—6%-volume-reduced unit cellsvhere the volume differ- | pa calculations has been carried out starting from the ex-
ence corresponds.tq a pressure of about G)GFhE theoret- perimentally determined geomettg.g., Refs. 11-13 It is
ical volume coefficients are now determined to b&.7  eyident that experiment and theory agree qualitatively.
cm A% (500 cmt mode, —3.0 cm YA® (440 cm'  Hereby, one important fact is that different experimental
mode, and 2.6 cm /A * (338 cmi ! mode. These values methods probe different features of the electronic structure.
compare very well to the experimental data. Since the positron momentum density turned out to be larg-
To our knOWIedge, nab initio calculation of the bulk est at the copper-oxygen Chaﬁ{gwo_dimensiona(2D) an-
modulusB of YBa,Cu;O; has been carried out so far. On the gylar correlation of annihilation radiatif"CAR) measure-
basis of an ionic-crystal model related to experimental dataments are most sensitive to the Fermi surface sheet stemming
Ledbetter and Léf1 concluded that the value should be in the from these structural elements. On the other hand, ang|e-
range of 10710 GPa. Experimental studies on a monocrys-resolved photoemission spectrosc¢RPES data give rise
tal using high-pressure x-ray diffraction reported a value forig two ES sheets related to bands formed by the copper-
B=115 GP&" The values of different experiments, how- oxygen planes. In Fig. 1, a projection of all three sheets is
ever, range from 27 to 196 GPawe perform total energy compared to the experimental findings of leétal?® (black
calculations for four different volumes in the vicinity of the dotg and Haghighiet al1>?° (black line3. While the latter
crystals’ theoretical equilibrium structure. To simplify the data have been obtained using untwinned single crystals, the
calculations the/a andc/b ratios are set to the same values ARPES measurements have been performed on twinned
for all four volumes. This procedure is justified by our abovesamples. Thus, for comparison, the ACAR data as well as
our theoretical results have been mirrored along the diagonal.
05 All these data as well as newer ARPES measureritats
in excellent agreement with our calculations. In accordance

dw_da) dv)1
dv dpPldP

04 with Ref. 30 the hole pocket is absent. The results obtained
for the optimized crystal structure agree better with the ex-
O o3 perimental findings than previous calculations carried out for
clsl the unrelaxed geometry. This is particularly true for the re-
> ol
2
0.1 4
0.0 1
0.0 0.1 0.2 0.3 0.4 0.5 v
K, [27/0]
FIG. 1. Projection of the YB&Lu;0; FS sheets onto the(,ky)
plane(grey area compared to ARPES daidef. 28 (black dot$ r

and ACAD experiment$Ref. 29 (black lines. For comparison the
ACAD data as well as the theoretical results are mirrored along the FIG. 2. Outermost Fermi surface sheet in three dimensions. In
diagonal(see text k, direction the whole zone is shown.
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gion aroundk, (ky)=0.3x2m/a touching the zone bound- be seen from Fig. 2 where this outermost sheet is depicted in
ary. Also the chain-derived sheet moves closer to the ACARhree dimensions. Thus we conclude that tfrismaining
results. This experimental feature follows the chain sheefeature is too small in order to be detected experimentally.

from the zone center up th,~0.15X27/a, transforming

into the next sheet for largés, values. This finding is con-

In summary, a consistent LDA calculation for
YBa,Cu;O; taking into account the relaxed crystal geometry

firmed by our analysis of the atomic origin of the FS statedeads to excellent agreement with experiments concerning
showing predominantly chain character along this line. Thestructural data, phonons, and their pressure dependence, as

only part of the theoretical Fermi surface which has not bee

|x{vell as Fermi surfaces.

found experimentally is the gray-shaded region in Fig. 1 This work was supported by the Austrian Science Fund,
stemming mostly from the chain band, but with pronouncedProject No. P11893-PHY. We thank the computing center of
admixture from the planes. Indeed, a big fraction of thisthe University Graz for providing us with the vector com-
sheet is lost when optimizing the crystal structure. This carputer facilities.
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