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Theoretical electron-positron zone-reduced momentum density for YBa2Cu307.
Fermi surface and wave-function effects
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Using the linearized augmented-plane-wave (LAPW) -calculated electron and positron charge

densities for YBa2Cu307, the Brillouin-zone-reduced electron-positron momentum density is com-

puted and the zone-reduced two-dimensional angular correlation of annihilation radiation (2D

ACAR) spectrum is produced. The calculations show that the relative weights of the Fermi-

surface discontinuities are substantially altered due to the positron preferentially sampling the

Cu-0 chain region. In addition, the reduced 2D ACAR spectrum contains large k-dependent

wave-function eAects. The theoretical zone-reduced 2D ACAR spectrum is compared to the

several existing experimental spectra. It is concluded that, at present, positron-annihilation exper-

iments do not provide consistent and clear evidence for the existence and shapes of Fermi surfaces

in YBa2Cu307.

One of the most critical questions regarding the
ground-state electronic structure of the high-T, supercon-
ductors is whether they possess a conventional Fermi sur-
face (FS) in reasonable accord with band-structure calcu-
lations. '2 Recent photoemission experiments' appear to
observe a well defined FS in some of these materials.
Another method able to resolve the FS of metals not
amenable to standard FS studies due to their short elec-
tronic mean free paths is the two-dimensional angular
correlation of electron-positron annihilation radiation (2D
ACAR) technique. Several 2D ACAR experiments have
been performed ' on YBazCu307 „samples; some report
clear FS signatures, while more recent results " raise
questions about the FS interpretation of the 2D ACAR
data. It is therefore most important to obtain detailed
band theoretical 2D ACAR spectra for comparison with
the experimental results regarding the observability of the
FS of YBa2Cu307, should it exist. In this paper we report
ab initio calculations of the zone-reduced electron-
positron (e -e+) momentum density p "(k), using the
previously calculated'z" e+ charge density in YBa2-
Cu307 and discuss the relative importance of the FS
versus the wave-function effects on p "(k).

The 2D ACAR technique measures the projection N;
of the e -e+ momentum density p "(p), N;(p„pr)

fdp, p "(p); the projection direction n represents a
chosen crystallographic direction. In the independent-
particle model (IPM), at zero temperature,

2

p "(p) constxgnj(k) "dr Vt+(r)tirt k(r)e' '
J,k

-constxgnJ(k)g (Ai(k, G)
~ 8(p —k —6),

j,k 6

where the 8, 's are the Fourier coefficients of the thermal-
ized e+(k+ 0) and e (k,j band index) Bloch-wave
product Vr~tirj 1„ the 6's are reciprocal-lattice vectors, and

nj(k) is the electron occupation number of the jth band,
reflecting the position of the FS, if any. Thus the FS sig-
natures can be observed as discontinuities in p "(p)
—after a reconstruction of the full 3D p "(p) from the
projections N;—or as discontinuities appearing directly in

N;(p„,ps). These FS discontinuities, however, are inter-
mixed with potentially large anisotropies in p "(p), due to
wave-function modulations. It is therefore usual to per-
form a "Lock-Crisp-West (LCW) zone folding" 4'4 of the
various extended-zone components of p "(p) into the first
Brillouin zone, thus forming the zone-reduced momentum
density p "(k) PGp "(k-G), to obtain

p &'(k) const&ant(k)+~At(k, G)
~

. (2)

In the approximation that the effect of the wave func-
tions on p '"(k) via the Fourier coefficients A, (k, G) varies
only slowly with k, p "(k) reflects mainly the FS through
the n, (k) s t'h—e so-called LCW theorem. '4 It was not-
ed' that the sum over G in Eq. (2) can be reduced to its
real-space representation, obtaining

p "(k) constxgni(k)„~ vt+(r)
~ ~ titt, t, (r) ~ dr, (3)

j
i.e., p z"(k) is proportional to the IPM annihilation rate of
the thermalized positron with the tirt 1, electrons. The
modulation of p "(k) due to wave-function effects in vari-
ous metals has been studied in several papers. '

Since experimental 2D ACAR studies of the FS involve

usually the zone-reduced momentum density, we can use
Eq. (3) to compute p "(k), leading to a significant com-
putational simpli6cation, since it involves the e and e+
real-space charge densities directly. We thus avoid the
computation of the matrix elements AJ(k, G) over the
large number of G's needed to insure proper convergence
as required by the momentum space expression of p "(k)
in Eq. (2). A drawback of this method, however, is the
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inability to compare theory directly with the extended-
zone 2D ACAR data.

For the calculations reported here, both the electron
and positron densities were obtained using the general-
potential linearized augmented-plane-wave (LAP W)
method. The electron density as a function of k was cal-
culated for each valence band in the self-consistent poten-
tial of Ref. 2, using the convergence parameters reported
therein. The e+ potential was calculated by inverting the
Coulomb potential and adding a local approximation to
the e -e+ correlation potential. ' Calculations were per-
formed for each valence band on a uniform grid of 121 k
points in the irreducible quarter of the Brillouin zone
(BZ) in the k, 0 and k, —,

' planes. By interpolating
between the calculated points for each of the 36 valence
bands, additional values were obtained, resulting in a grid
of 31 x 31 points in each plane and 51 points along each of
the edges of the quarter BZ's and also along the I -S and
Z-R directions. Further ab initio calculations were car-
ried out at selected points along these lines and in the
31 x 31 grid in order to check the validity of the interpola-
tion technique. For the contribution of the core and sem-
icore states to the sum in Eq. (3), the electron density was
taken to be independent of k, so that only a single calcula-
tion was required for these states. %e note that the re-
sults for the two computed planes were quite similar, due
to the low dispersion along the c axis. Similar calculations
without the e -e+ correlation potential produced only
minor differences. '3

We show our results in Figs. 1 and 2. In Fig. 1(a) (top)
the electronic occupation number gj n~ (k) is plotted along
several directions in the k, 0 plane of the BZ, exhibiting
a unit step at each crossing of a FS. We indicate with
double lines the steps at "planelike" Fermi surfaces, while
the single-line steps correspond to "chainlike" Fermi sur-
faces. ' Figure 1(b) shows the corresponding variation of
the reduced momentum density p "(k). The difference of
p "(k) between the I and S points was normalized to that
of Fig. 1(a). We note that p "(k) retains sharp steps at
the various FS crossings; the amplitudes of the "plane-
like" steps, however, are substantially reduced compared
to the chainlike steps. This effect was expected, since it
was shown theoretically" z that the positron samples pref-
erentially the chain region in YBa2Cu307. In addition to
these FS signatures we find a substantial variation in

p "(k) as a function of k between the FS steps, most not-
ably along the I (Z)-S (R) directions. This variation is
due to the wave-function effects of Eq. (3).

In order to compare our computations with experi-
ments, we have artificially averaged the "a" and "b"
directions, obtaining p "(k) for a "twinned" crystal —Fig.
1(c) indicates the result in the k, =0 plane. We then con-
volute p "(k) with a 2D ACAR Gaussian resolution of
full width at half maximum equal to 0.5mcx10 ' (the
I -to-X distance is 3.17mcx10, h—= 1), obtaining the
smooth curve of Fig. 1(d) for k, -0. The existing 2D
ACAR spectra " for YBa2Cu307 — samples were ob-
tained with resolutions of 0.4-0.8mcx10 . In the ex-
periments in which p "(p) is not reconstructed, the pro-
jection W„- of the reduced momentum density is obtained
by direct folding of the projections N„-, i.e., N;(k„k»)
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FIG. 1. (a) Theoretical electron occupation number in the
k, 0 plane. (b)-(d) The zone-reduced electron-positron mo-
mentum density p'"(k) as discussed in text: (b) in the k, 0
plane; (c) after averaging the "a"and "b"directions (twinning);
(d) same as (c) after convolution with resolution (see text). (e)
Projected zone-reduced electron-positron momentum density
N, (k„,k,, ) after convolution with resolution.

gg, a,N„-(k„—G„, k»
—G»), where G„,G» are the re-

ci rocal lattice vectors of the projected BZ. We obtain

p "(k) for the k points between the two calculated planes
by linear interpolation (in view of the small dispersion
along c), in order to produce N, (k„,k») for comparison
with experiments in which the projection direction fi is
chosen along the c axis. 9 " Figure 1(e) shows the re-
sulting N, after convolution with the same resolution as in

Fig. 1(d); the similarity between Fig. 1(d) and Fig. 1(e)
indicates again the small c-axis dispersion. For Fig. 1(e),
the labels are only indicating the perpendicular BZ pro-
jections onto the k, 0 plane.

In Fig. 2 we show the full two-dimensional shape of the
resolution convoluted N, (k„,k») in perspective (top) and
contour line (bottom) plots. We see from Figs. 1(e) and 2
that the 0.5mcx10 resolution is already sufficient to
observe the dominant FS features, i.e., the hole pocket
around the S (R) point and the one-dimensional "chain-
band" ridge forming a cross centered at the I (Z) point
due to the averaging of the "a" and "b" directions to
simulate twinning. %e find, however, that with this reso-
lution the planelike Fermi surfaces are not observable'
due to their small amplitudes; a resolution of
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FIG. 2. The projected zone-reduced electron-positron mo-
mentum density N„(k„,k~) after convolution with resolution
(see text): perspective (top) and contour line plot (bottom).
The Brillouin-zone labels as discussed in text.

-0.2mcx10 would begin to reveal these small steps.
The significant variation in N, between the FS "steps"
due to the wave-function eff'ects is clearly seen, producing
the downward sloping surface from I (Z) to S(R). We
were unable to assign this k-dependent wave-function
effect to a unique band and conclude that many of the hy-
bridized valence bands contribute to this effect. After in-
cluding the k independent contribution of the core and
semicore states, we obtain a variation in N, from I (Z) to
S (R) of -9% of the height at I (Z). This predicted
magnitude is 2-3 times larger than the variation observed
in the experimental N, spectra. There is general agree-
ment among the various experimental groups regarding
the rough behavior of N„ i.e., a tentlike distribution
peaked around I (Z), decreasing towards the S (R)
points. Questions remain, however, about the details of
the N, shapes observed, and thus about the observation of
Fermi surfaces. We have also computed the a (b) axis re-
duced projection N, g, ~ and find a smooth tentlike struc-
ture peaked at the center; this distribution is, however,
narrower than the published experimental N, ~g~.

In order to study further the observability of the FS
"discontinuities" predicted here, we have simulated the
effect of counting statistics, i.e., Poisson noise, on the

theoretical N, spectrum. 's We find that when the data is
symmetrized and smoothed, low statistics noise has the
effect of introducing shapes into N, that can overwhelm
the FS "images" predicted in Figs. 1 and 2. Our simula-
tions indicate that the experimental 2D ACAR spectra
should contain well over 10 total counts before the pre-
dicted FS signatures can be unambiguously distinguished
from noise-produced features. Thus the structures dis-
cussed and attributed to FS signatures in Ref. 7 might be
at least partially due to noise effects, given the low total
counts (4X10 ). The experiments of Ref. 8 involve the
reconstruction of the full three-dimensional p2"(p), and
then the production of the zone-reduced p "(k). Fermi-
surface signatures are described, but they diff'er in shape
from each other as well as from those of Ref. 7; except for
hole pockets around the S-R line, the details do not fol-
low our theoretical predictions (Fig. 1). Because of the
complexity of the diff'erent reconstruction algorithms
used, and the lack of detailed information regarding total
counts, we have not analyzed the effects of noise propaga-
tion for such reconstructions. Clearly, more experimental
data will be required to reconcile the differences between
these experiments; since crystal symmetry is imposed on
the data for reconstruction, a careful noise-propagation
analysis will also be of importance. Recently published
higher statistics [(50-200)X10 total counts] N, spec-
tra9'0 seem to indicate essentially no FS "discontinui-
ties." It is to be noted, however, that the absence of clear
FS signatures in positron data could be the result of e+
trapping ' or e+ localization due to chain disorder'2 in
the various samples used by the different groups. Sub-
stantial chain disorder may also wash out the FS's of the
chainlike bands. 2 Trapping and/or localization could also
be responsible for the smaller experimentally observed
I (Z) to S (R) variation compared to theoretical predic-
tions.

In summary, we conclude that the band theoretical
zone-reduced electron-positron momentum density in

YBa2Cu307 is dominated by chainlike FS discontinuities
and wave-function modulations throughout the zone. An
improvement of at least a factor of 2-3 in experimental
resolution would be required to observe the amplitude-
reduced planelike FS signatures. In addition, high statis-
tics data is essential in order to reduce effects produced by
symmetrization and smoothing of noisy data. At present,
the results of the various positron annihilation experi-
ments are unfortunately too contradictory to provide
sufficiently clear evidence for the existence and detailed
shapes of Fermi surfaces in YBa2Cu307. The lack of ob-
servation of FS discontinuities in the available high statis-
tics data cannot rule out the existence of Fermi surfaces
because of possible e+ trapping in the YBa2Cu307 crys-
tals used. Even if future high-resolution and low-noise
data would unambiguously show the chainlike FS struc-
tures in the reduced momentum density spectra, it is clear
that high-T, materials that possess no Cu-0 chains would
be better candidates to elucidate the existence and shapes
of the FS's due to the Cu-0 planes that play an essential
role in high-T, superconductivity. Among such materials
T128a2CaCu208 seems the most promising, ' should
high-quality single crystals become available.
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