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Origin of modulated structures in YBa,Cu3Og g3 A first-principles approach
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Recent diffraction studies have shown the existence of lattice modulations in yttrium barium cuprates
(YBCO). We show that these modulations are caused by the ordering-o€0—O chains in the CuO planes
according to a scheme of quasi-one-dimensional ordering developed previously. Remarkable agreement is
illustrated in the case of underdoped YBCO between experimental diffraction patterns of diffuse intensity and
calculated satellite intensity obtained fra initio electronic structure calculations of atomic displacements in
unit cells containing missing oxygen chains.
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The discovery of a pseudogap phasehigh-temperature quasi-one-dimensional structures, consisting of ordered
superconductors has led to regained interest in their strustackings of filled and empty chains, stable at low tempera-
tural properties, as inhomogeneities of various kingsre tures, the diffuse nature of their characteristic diffraction
observed in cuprate superconductors by means of spectrpeaks being due to diffusion-limited chain ordering and frag-
scopic, tunneling, and microscopic measurements. In particunentation. If one makes the reasonable assumption that
lar, recent x-ray diffraction studies by Islam and co-worRers YBCO structures at these low temperatures consist of almost
have shown the existence of diffuse satellites at reciprocdilled or almost empty parallel chains in the GO planes,
space positiongH+h,0,0), where the integeH denotes a and if filled chains repel one another by Coulomb interac-
Bragg peak andhzé and%, in a high-quality, twinnedun-  tions, then an algorithm due independently to Hubbard and
derdopedl YBa,Cu;O, sample(YBCO) with oxygen content  to Pokrovsky and Uimir(HPU)® is applicable for predicting
X=6.63. In this paper, we present fully relaxalinitio elec- the ground states for these ideal quasi-one-dimensional
tronic structure calculations, performed prior to these experistructures.
mental observations, which prove unambiguously that the The phase diagram shown in Fig. 1 is based partly on
highly complex diffraction patterns observed in this sampleearly calculations treating the problem as a two-dimensional
are due to static atomic displacements around missing rowlsing model in the Cu—O plane with anisotropic pair inter-
of oxygen atoms in the Gu-O plane. The nearly perfect action values taken from LDA calculations by Sterne and
agreement between the diffraction experiment and th&Ville.1% Open circles indicate experimental data obtained in-
parameter-free calculation leaves little room for competing

explanations: the observed modulations are a direct conse 6.0 6.2 6x.4m YB*‘ZC‘;% 6.8 70
quence of quasi-one-dimensional ordering of-C® chains. 1000 ‘ ‘ T lees |
At high temperature YBCO has tetragonal symmeiry '
over the concentration range<& <7, transforming to an 800 |-
orthorhombic structure at lower temperatures as depicted by Tetragonal Orthorhombic
the partly calculated, partly conjectured phase diagram ofg | M ©D i

Fig. 1. The transformation may be described formally by g 600
considering the Cu-O plane where, in the tetragonal struc-
ture, oxygen atoms randomly occupy the sites of two inter-
penetrating square latticés® Below the transition, O atoms
begin to occupy preferentially the sites of one of the two
sublattices, thus forming—Cu—O—Cu— chains (along
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thought to exist, visualized as a periodic array of “filled,” 1 A iopi ANy A7 -=-- 5
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e., fully oxygenated chains. Off-stoichiometix<7) is 0 - 0‘2< 10a O)>o‘%} <! 0”0>0<4110> -

achieved by interlacing the filled chains with “empty” ones,
ideally containing only Cu atoms. In the late 1980s, electron
diffraction revealed the existence around the central compo- FIG. 1. The YBCO phase diagram with calculated second-order
sition x=6.5 of a cell-doubling structuredenoted Ortho-Il  transition lines(full curves and (mostly conjecturex first-order

(or (10) referring to an alternate stacking of filled and empty phase boundarieslashed curvesThe oxygen content of the com-
chaing; further x-ray and electron diffraction wdtksug-  pound under study is indicated by a vertical dashed line at oxygen
gested the existence at low temperatures of more complesontentx=6.63.

Planar Oxygen concentration ¢ = (x-6)/2
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dependently of the calculations by Andersgral ** The tran- YBCO <10110>

sitions between T and Ol phases and between Ol and Ol 10@ ® ® © ® ®
were calculated by the cluster variation meti@¥M) to be ‘

of second kind(full curves, but the originally calculated ® ©) ©) ®© © o &
Oll curve is here displaced downwards by about 50 K to |

show a small temperature gap between the two transitiorg %¢’ ‘

lines, in accordance with more recent experimental redtilts. 2 ® Q ©®0d0o®0sd
Another phase region, that of the Ol(br (110) phase % } : :

(dashed linels was also calculated by the CVM.The pro- S @ @ O @ © @ O @ © ®
nounced asymmetry towards higher oxygen concentration: 033 3

was already suggested by a graph of the HPU hierarchy ap | .

plied to the YBCO modePF The other long-period phases are ® ® © © ®© ®
shown as arising by first-order peritectoid reactions, but the ‘ =

actual location of the phase boundarigsshed curvgsin 0'008% :2 \34 (g) (:3 o
concentration and temperature, has not been calculated and a-parameter

conjectured based on the known hierarchy of the phases, an ® Cu v Ba Oo

on the high-oxygen asymmetry mentioned in conjunction e Cu-ini o Y-ini ® Ba-ini o O-ini

with the (1100 phase. According to the HPU algorithm, the
structure formula of each lower-temperature phase is ob- F|G. 2. (Color online The projected unit cell along the direc-
tained by telescoping the formulas of the two higher-tion of the unit cell of the(10110 structure showing atomic dis-
temperature phases giving rise to it. Successively longempjacementsamplified by a factor of 4 for better visibilityfrom

period phases occur at decreasing temperature and requiigty relaxed LDAab initio electronic structure calculations.
increasingly longer-range interactions for their thermody-

namic stability. Accordingly, as ar=6.63 samplgdashed
vertical line in Fig. 3, of interest here, is cooled from a high
temperature in the Ol orthorhombic phase, it successivel

stoichiometric composition is precisely that of the 6.63
)?ample investigated experimentally.

The MC simulations suggest that oxygen ordering in the
passezs thrﬁugh(or .close 0 the (110, (11010 and X=6.63 YBCO superconductor can be expected to take place,
(110710 phase regions. producing(11010 (OrthoV) and/or((110)210) structures at

The two-dimensional Ising .modc.el approaph o low- low temperatures, with wave vectors in the vicinityh)té
temperature phase transformations in YBCO is a conven-

3 =3 5 i - i i
ient one to investigate oxygen ordering in this compound. To(and.5) and ofh=3 (andy), resrz:::fctwely. In x-ray d|ffract|qn
that effect, we performed Monte CarfblC) simulation runs studies by Islam and co-worketghe observed superlattice

on an 80x 80 square lattice at constant concentrationcof peaks, reproduced here in Fig(t8 be described beloware

2 3
=0.315(corresponding to oxygen content £6.63 in the centered o~ 3 apd (and ~5) expected for th_e OrthoV
actual compound® Oxygen configurations were random- structure. Due to imperfect short-range ordering of these

ized at 1400 K, then “aged” at various lower temperatures b)Phases, however, the peaks are rather diffuse and, within

performing typically several thousand MC steps per site I:i_experimental errors, are consistent with the strongest Fourier

nal occupation patterns displayed alignments of O sites pref;omponent_sh-:g and g of the _'de"".|<(110)2.10> structure
erentially along one of the square directions, confirming thevhose stoichiometric composition is precisely 6.63. In
expected tendency to form longut not perfect chains. What follows, we provide direct proof that atomic displace-
Fourier transforms of the resulting patterns were taken angnents driven by oxygen ordering in the CuO planes are re-
resulting intensities were plotted along the direction normafpPonsible for these satellites. For that purpose, we calculate
to the chains. the structure factors of perfectly ordered stoichiometric
In a typical run, the intensity spectrum at 700 K gives<11010 and ((110210) long-period structures at absolute
clear evidence of short-range ordé8RO at wave vector Zero,static atomic displacements being obtained from “first
h=0.5. This result is expected because, in the Ol region a@rinciples,” i.e., byab initio electronic structure computa-
x=6.63, the SRO wave vector should be that of the concentions with relaxed atomic positions within the unit cell.
tration wave responsible for the second-order transition into A 63-atom orthorhombic cell representing the fully or-
the lower-temperature phase, the Oll ph&4€)). At 500 K dered (11010 structure was constructed by repeating five
the situation is less clear: the peak is still present at the samiit cells of the YBaCu;O;, cell along thea direction with O
location, as expected in the Ol region, but it is broadened@toms removed in two chains along tbedirection in the
probably due to imperfect10) ordering. The situation at Cu—O plane. The unit cell of the perfe¢t011Q structure
300 K can best be described as one characteristic of a mixs shown in Fig. 2 projected along the direction. Large
ture of ordered phases: there are diffuse peaks around wafided circles represent Ba aton{@ominally at positionsz
numbers roughly indicative of the OIll and Oll phases, in=0.25 and 0.75, green in the color versiomedium-sized
good qualitative agreement with the expected phase diagrarfilled circles represent Y atonisit z:%, brown), small filled
At 200 K of the MC simulation the one-dimensional struc- circles represent Cu atonfat z=0, % % and 1; redand O
ture peaks are well formed, having maxima at wave numberatoms are represented by large open cir¢ldse). Small
hzg and2, which are the correct wave vectors for the stron-filled circles indicate starting ideal positions of all atoms.
gest Fourier components of tH€110)?10) structure, whose The atomic relaxation calculations proceeded as follows: All
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(a) Measured superlattice peaks in YBa,Cu,0; .. along the [1,0,0] direction
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- T 12 sy 5] s 7I IB L9 IlO el B AR |14 high-energy x-ray diffraction measurements_from
(b) Comparison with model and theoretical calculations an under.dop.ed _YBCO sample at_ 14 ‘Kn_aln
r Tifensity malis of neighboring peaks ° Bragg points indicated by dashed lipegertical

2.0 red lines indicate integrated intensitlg) calcu-

T ) @ o feanired mabo, lated structure factors along the same direction
5 3 ol ° ® for OrthoV ((1011Q) structure; red circles: ob-
23 | = ) ° » . served intensity; blue circles: theoretical structure
S B & O v . factors without including Debye-Waller factors;
3 5l 0 12) 14) 16 18) 110) 112) I14) blzack cwclgs. .structu_re fr;lctor us_lng_appr.oxmate
I 1(3) (7)) 1(9) 1(11) E F< expression; blue lingQ< behavior; inset: mea-

g sured and theoretical intensity ratios for
21 @ ° immediate-neighbor satellites as indicated by the
£ S g ratio of satellite intensities dt= to h=2.
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ions were relaxed to positions of static equilibrium using3), Z°" is the number of core electrons, apg(r) is the
guantum-mechanical Hellman-Feynman forces, which wer@alence charge density, which was obtained framinitio
calculated using thab initio vAsp codel® Coulomb interac- electron-structure calculations on supercells with O vacan-
tions between electrons and ions were represented by ultraies, as described above. Since we are using a periodic su-
soft Vanderbilt-type pseudopotentifiss supplied by Kresse percell, the calculated structure factor is nonzero only at
and Hafnet’ Electronic wave functions were expanded in Wave vectors that are multiples of the reciprocal lattice vec-
plane waves with a cutoff enerdf,,=494 eV. Exchange tors of the supercell. . _ .
and correlation effects were treated within the local-density Ve may now compare calculated diffraction patterns with
approximation(LDA). Electronic states were summed over athose from experiments. The upper pat®l of Fig. 3 dis-
regular 2<8x 2 k-point grid and broadened with a first- Plays the x-ray diffraction profilesblack dots along the
order Methfessel-Paxton function of width 0.15 eV. In Fig. [1,0,0] direction of the reciprocal lattice, taken at 14 K from
2, calculated atomic displacements have been scaled up by2ahigh-quality, well-annealed crystal of YB2a0¢65 The
factor of 5 to make them more visible. For the most part, thélata were taken on the 4ID-D beamline at the Advanced
displacements are in the expected directions: Y, occupyinfhoton Source of the Argonne National Laboratory, using

highly symmetric positions, are hardly displaced, theS® keV x rays(see Ref. R Broad overlapping satellite
rumpled Cu—O, planes tend to flatten out, and O atoms P&aks, which are Zchara3cter|ze<_j by a single oxygen concen-
move towards the empty chains, laterally in the-c@  tration wave ah~g andsg, are visible in between the Bragg
planes and vertically by fairly large amounts for the apicalPoints(integer values oH). Note the systematic behavior of
oxygens. Characteristically, the very large displacements dhe diffuse intensity: to the leftlow “angles of the even-
the Ba atoms arawayfrom empty O sites. Calculations for order main peaks satellites have a “dromedary-like” appear-
the ((110210) unit cell gave similar resulténot shown. ance(one hump, while to the r|ght_ they have camel-ll_ke
The critical test is now to see whether the calculate@PPearancetwo humps. These diffuse peaks were fitted
structure factor from the relaxed unit céflig. 2) reproduces with a pair of Gaussian I_mes along with ITorent2|an ta!ls and
in its essential features the experimental diffraction pattern& constant term accounting for thermal diffuse scattering and
obtained by Islanet al3 Since x-ray diffraction intensity ata Packground, respectively. The intensity of the Gaussians rep-
given diffraction vectorQ is essentially proportional to the €Senting the peaks was then corrected for geometric factors
square of the Fourier transforstructure factor of elec- (0 obtain the integrated intensities shown in Figa)3by
tronic density for the correspondirigvector, structure fac- Neavy vertical linegred) located at satellite positioné and

tors were calculated directly from Fourier transforming the, their heights being proportional to the satellite intensities,
total electronic charge density: about 16 times weaker than those of the Bragg peéiksi-

cated only as dashed line§he corrected satellite intensities
Qo - are also plotted aged) circles with associated error bars on
p(k)= 21 Zyore Ryt + J pu(r)e < dr (D) panel(b) of the same figure. Also shown on this panel are the
= squares of the structure factaitslue circles of the relaxed
whereR; is the crystallographic position of ionin the ideal ~ OrthoV unit cell calculatedib initio from the total electron
unit cell (smalll filled circles in Fig. 2 u; is its displacement density as explained above.
to the equilibrium(relaxed position (large open circles Fig. The most striking feature of this comparison is the agree-
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ment of alternating “dromedary” and “camel” features repro-mentally in underdoped YBCO are caused by the ordering of
duced in both measured and calculated satellite intensitieexygen in Cu—O planes, leading to predicted, well-defined
This comparison is further illustrated by plotting, in the insetone-dimensional “O-compositional stripes,” according to the
of Fig. 3, the ratio of intensities of neighboring satellites: thephase diagram of Fig. 1. Of course, as the oxygen ions and
agreement is as close as can be expected, especially givgie charged vacancies order, a corresponding charge density
the fact that the theoretical intensities were calculated fronygye (CDW) is generated as well. The point is, however,
“first principles,” i.e., without a single experimental or ad- that it is the atomic ordering that creates the charge density
justable parameter being used. Note that at higher values gfaye not vice versa. As for the origin of the oxygen modu-
H, calculated intensities continue to increase as the magnjaiion it is explained by electronic structure calculations and

. >
t_ude squared of the scattering ve_c_(ﬁne curveQ* in the by the (exacl HPU algorithm as having been the diffraction
figure), whereas the actual intensities level off after about ffects due to atomic displacements resulting from relax-

H=5. The discrepancy is due to the neglect in the theoretic tions around missing oxygen ions within the chains in

calculations of the effect of static and dynamic displacive0 en-depleted phases. The calculation of the displace-
disorder. The point can be demonstrated as follows. Consid&yYY P P ) b

i i i 19
h ndard formula for r mpli Ref Mments shown in Fig. 2 was com.munlcat_ed_to Isl_atral.
; efztra eiirﬁpl(;e inu ah?chsct?]t(tae ee;jpgn epnttiflréi?r])vf)sl\?iig Etzhe before they undertook the analysis of their diffraction data on

atomic displacements has been replaced by the linear term Ptlmally doped YBCO. Although there are some quantita-

. ) ; .__Tlive and qualitative differences between the data in under-
its expansion, valid away from the fundamental reflchonsdo od and ontimally doned materials. in the latter case. the
and for|Q-ul| not too large: p p y dop , , they

found that the experimentally deduced correlated atomic dis-
_\Wi _i0.Ril2 _ .

IF(Q))2= S0 -upf(Qe Wj(Q)griQRj |2 ) p[acements portray a pattern rgmarkably similar to that in
i Fig. 2. The conclusion reached in Ref. 19 that an O-ordered

) ) o o OrtholV phase is responsible for the x-ray diffuse peaks is
In this expression, the summation is over the inglef the  pased on the first-principles calculations presented in this
atoms in the supercelf; are scattering form factors, and paner. The present calculation pertaining to underdoped
e are exgenmentally determined Debye-Waller facﬂérs.. YBCO shows that the experimentally obtained and calcu-
Values of F* calculated for the satellites according to this |ateq intensities based on theoretically deduced atomic dis-

formula are plotted agblack open circles in Fig. @), the  pjacements agree remarkably well, provided that an approxi-
values of thestaticatomic relaxations being taken from the  15te Debye-Waller correction be applied, as shown.

ab initio calculations displayed in Fig. 2. The theoretical in-

tensities, thus corrected approximately for displacive disor- Early work on oxygen ordering performed at UC Berke-

der, now agree quite well with the corrected experimentaley was funded by the Director, Office of Basic Energy Sci-

values(red. The approximate formula for the structure fac- ences(BES), Materials Science Division of the Department

tor given here, but without the™V correction, also explains of Energy. The Advanced Photon Source is supported by

the Q? dependence of the theoretical intensities, calculated @DOE BES (Contract No. W-31-109-ENG-38S.C.M. and

0 K. V.0. acknowledge the support of the National Science Foun-
To conclude: it should be evident from the foregoing thatdation through Grant Nos. DMR-0099573 and DMR-

the periodic diffuse intensity modulations observed experi-0427638, respectively.
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