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We present and discuss theoretical and experimental a-axis-projected two-dimensional angular corre-
lation of annihilation radiation (2D-ACAR) spectra from YBa2Cu307 „.The experiment involved an
untwinned metallic single crystal of YBa2Cu306 9 at room temperature. The calculations have been car-
ried out within the conventional first-principles band-theory framework based on the local-density ap-
proximation; the positron state is treated in the independent-particle model. After the as-observed 2D-
ACAR spectrum is corrected for an isotropic background, a good accord is found between not only the
overall shape but also the fine structure in the measured and computed spectra, some discrepancies not-
withstanding. Extensive analysis shows that the experimental spectrum clearly contains the signature of
the electron ridge Fermi surface (FS) arising from Cu-0 chains in the first Brillouin zone. Also the first
and second Umklapp images of the ridge FS at higher momenta are in substantial accord with theoreti-
cal predictions. These results suggest that the electron states in Y123 are not localized, at least not
strongly, along the c direction.

I. IliiaODUcmrON

Two-dimensional angular correlation of annihilation
radiation (2D-ACAR) positron spectroscopy is a power-
ful probe of electronic structure in problems where
momentum resolution is essential. Efforts to explore the
Fertni surfaces (FS's) via this technique in YBa2Cu307
(Y123) were started immediately after the discovery of
the new superconductors. ' 2D-ACAR measurements
together with corresponding first-principles computations
within the conventional band theory framework have es-
tablished unequivocally that Y123 possesses a Cu-0
chain related FS sheet parallel to the crystal a
direction —the electron ridge, in substantial accord with
theoretical predictions based on the local-density approx-
imation (LDA), electron-electron correlation effects not-
withstanding. In this connection, good consistency in the
experimental ' as well as theoretical" ' results using
a variety of different methodologies from various in-

dependent groups gives great confidence in the 2D-
ACAR data and its interpretation. It has also become
clear that, since the positron tends to occupy open
volumes as it tries to avoid positively charged ionic cores,
the positron spatial distribution in a complex crystal will
in general be quite nonuniform. In the specific case of
Y123, the electron-positron matrix element turns out to
be weighted in favor of electron states associated with
Cu-0 chains. ' ' ' For these reasons, it is most sensible
to view positron annihilation to be complimentary to oth-
er k-resolved spectroscopies —angle-resolved photoemis-

sion (ARPES), de Haas-van Alphen (dHvA), and the em-
erging technique of high-resolution Compton scatter-
ing. ' Each of these possesses its own strengths and limi-
tations. ' Indeed, the full picture of the FS of Y123 has
been pieced together via the combined use of several
spectroscopies: the electron ridges through 2D-ACAR as
noted, the Cu02 plane related "barrels" through
ARPES, ' and a small "pillbox" hole sheet through
dHvA. All of these sheets are in essential accord
with band-theory predictions. Although Y123 is the
most extensively investigated compound, the application
of 2D ACAR to a number of other high-T, materials
should be noted.

Much of the existing 2D-ACAR work on Y123 has
concentrated on the c-axis projection where the measured
2D spectrum is related to the integral of the 3D
electron-positron momentum density along the crystal c
axis. This focus is natural, since in a layered material the
bands will possess a relatively small dispersion along the c
direction, and therefore the FS sheets will tend to be in
the shape of cylinders extended along the c axis, making
the c projection particularly suitable for exploring FS's.
In this article, we extend the 2D-ACAR study of Y123,
theoretical as well as experimental, to include the a-axis
projection. The motivation is severalfold. Most impor-
tant, some current views hold that there is a fundamental
difference in the nature of electron states in various direc-
tions in high-T, crystals, and that the states may in par-
ticular become localized perpendicular to the Cu02
planes. " The c projection is not suited to address this
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question because the c-axis integral implicit in the mea-

surement will render the spectrum insensitive to features

of the underlying 3D momentum density along the in-

tegration direction. The a projection is of interest, of
course, also in its own right because it offers another view

of the 3D momentum density of Y123, and a further test
of the validity of the band-theory model, which has been
successful in describing the c projected data. We are not
aware of a previous systematic study of the a projection,
although some 2D-ACAR data has been reported in Ref.
19.

An outline of this article is as follows. The introducto-

ry remarks are followed in Sec. II with a delineation of
relevant technical details on the theoretical as well as the
experimental side. Section III describes the new experi-
mental and theoretical results and analyzes the structure
in the 2D-ACAR spectra in the light of the predicted FS
signatures in the a projection, ' a preliminary report of this
work has been presented elsewhere. ' ' A few conclud-

ing remarks, including the implications of this study with

regard to possible localization of states along the c direc-
tion are made in Sec. IV.

II. EXPERIMENTAL AND THEORETICAL
CONSIDERATIONS

The 2D-ACAR measurements were taken at room
temperature (300 K) from a nearly un twinned

0.9 X 1.6XO. 1-mm single crystal of YBa2Cu306 9, an op-
tical examination of the sample showed the presence of
only a few twinned regions of small size. The transition
temperature (T, =91 K, ET=1 K) was measured before
and after the completion of the experiment to ensure that
no degradation of the sample took place during the mea-
surements. In order to obtain the a-axis projected spec-
trum, the crystal a-axis was aligned carefully along the
camera axis by reflecting a laser beam from the sample
surface. The alignment of the b and c axis of the speci-
men is less critical, since the exact orientation in this case
can be determined by analyzing the symmetry of the spec-
tra.

The momentum resolution [full width at half max-
imum (FWHM)] due to the camera and sample size was
0.4-0.5 mrad; when the effect of positron thermal
motion at 300 K is added, the effective resolution is es-
timated to be 0.7 mrad. The coincidence field as well as
the flood field used for efBciency correction were collect-
ed intermittently to reduce the efFects of possible instru-
mental instabilities. All data were collected in list mode
using an 11-prad channel width. A total of 53X10
counts were accumulated. The data displayed C2, sym-

metry after the efficiency correction, and the statistics
was augmented accordingly by symmetrization. In this
article the data are presented on a 0.39-mrad mesh.

On the theoretical side, our computations employ the
conventional LDA based framework within the
Korringa-Kohn-Rostoker (KKR} band-structure scheme
in which electrons and positrons are treated as indepen-
dent particles, see Refs. 34, 15, and 16 for details of our
methodology and formalism for evaluating the electron-
positron momentum density in a general multiatom per
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FIG. 1. The irreducible
8 of the first Brillouin zone in Y123

giving notation for various high-symmetry points.

unit cell lattice. Since the electron-positron correlation
effects are essentially neglected in this approach, a com-

parison of the theoretical predictions with the corre-

sponding measurements ofFers insight into the impor-

tance of these efFects. The experience with the c-

projected data appears to indicate that these effects are
relatively small, although this point bears further study. '

Concerning computational details, the specific electron
and positron muon-tin potentials employed in this work

are identical to those used in our earlier study of the c
projection. ' ' In order to obtain the a projection along
the high-symmetry lines in the I YTZ plane, the electron

energy bands and wave functions were first calculated on
a 26X26 k-point grid on the bottom (I'XSY} and top
(ZURT) planes of the irreducible Brillouin zone, and a
26X11 k-point grid on the vertical I'XUZ and YSRT
planes; see Fig. 1. The 3D electron-positron momentum

density p»(p) was next computed at 931 p points ob-

tained from each of the k points by adding reciprocal lat-

tice vectors, yielding p»(p) in various high-symmetry

planes containing the a axis. From this basic data set, the
2D a-axis projected distribution was then computed
along the high-symmetry lines in the first as well as

higher zones in the (p„p ) plane. A number of test cal-
culations using denser k meshes and larger reciprocal-
lattice vector sets were carried out in order to ensure that
the present choice of parameters accurately accounts for
the presence of Fermi surface breaks, and properly treats
the fairly complicated high-momentum behavior of
p»(p).

As emphasized in Refs. 16 and 13, in comparing
theoretical and experimental results we must remember
that the calculations involve annihilation between the
positron and electrons in Bloch states. The assumption
of perfect crystalline periodicity underlying this model
implies that the contribution resulting from vacancies,
oxygen inhomogeneities, and other defects in the speci-
men is not included in the theory. Accordingly, in Ref.
13 for the c projection, the measured temperature depen-
dence of the spectra itself was used to correct the data for
the presence of such a "background. " Here we account
for this effect by assuming the background to possess an
isotropic Gaussian shape, where the width and weight of
the Gaussian are found by making a simultaneous least-
squares fit between theory and experiment for the I Yand
I Z sections. We are not in a position to apply the more
satisfactory approach of Ref. 13, since 2D-ACAR's for
the a projection were not measured at a series of tempera-
tures.
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Specifically, we use the relation

N(p, p, )=r[N(p„p,) —
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FIG. 2. Two typical sections (offset vertically with respect to
each other) through the as observed a-projected 2D-ACAR
spectrum of Y123 are compared with the corresponding results
obtained after applying the background correction described in
the text [see discussion of Eq. (1)]. The upper section refers to
the I Z line through p =0, while the lower section is for an off-

center line parallel to I Z passing through pal=2m/b. The
momentum is in milliradian (mrad) units, where 1 mrad=0. 137
a.u.

where N(p~, p, ) and N(p, p, ) denote the background
corrected and the as-measured distribution respectively.
G(p;o. ) is an isotropic Gaussian of standard deviation e,
with p =Qp~+p, . a gives the weight of the Gaussian
background, and y allows N(p~, p, ) to be renormalized.
The parameter P accounts for small differences between
theory and experiment at high momenta where the mea-
sured spectrum does not go to zero due to random coin-
cidences, small-angle scattering, etc. Equation (1) was
used to obtain the best fit between N(p, p, ) and the
theoretical distribution along the I Z and I Y directions
and yielded a fairly broad Gaussian background of
FWHM=10. 4 mrad, comparable to the FWHM of about
12 mrad of the measured spectrum. The parameter a al-

lows us to estimate that 34% of all annihilations are asso-
ciated with the correction; this result is consistent with

our earlier estimates of the background intensity for this
particular sample, which was studied previously in the c
projection. ' ' Figure 2 illustrates the effect of the
background correction. The correction reduces the spec-
tral intensity for low momenta as seen from the upper
section; in contrast, there is little effect at mornenta
greater than about 6 mrad. Cuts through higher zones,
more than 6 mrad away from the center are less affected
as seen from the lower section in Fig. 2.

III. RESULTS AND DISCUSSION

Figure 3 shows the as measured 2D-ACAR spectrum
which, as expected, resembles a featureless "mountain. "
In order to expose fine structure in the data, the aniso-
tropic spectrum

A (p~,p, ) =N(py, p, )—S(p), (2)

obtained by subtracting a smooth surface S(p) from the
measured distribution is also shown. The specific func-
tion S(p) used here is obtained by smoothing the experi-
mental spectrum. Although the resulting A(p) depends
on S(p), the structures in A (p), our main concern, are to
a large degree insensitive to the specific choice of S(p).
Notably, we see the presence of a ridgelike structure run-
ning parallel to the p, direction through p =0, as well as
the related first and second umklapp images at about
+6 mrad and +12 rnrad.

Figure 4 compares a number of sections through the
experimental 2D-ACAR distribution after background
correction [see Eq. (1)] with the corresponding theoretical
predictions. An excellent accord is seen not only for sec-
tions close to or intersecting the I point at p =0 [the up-
permost sections in Figs. 4(a) and 4(b)], but also for sec-
tions at higher momenta in the (p,p, ) plane. A compar-
ison of Figs. 2 and 4 makes it clear that without the back-
ground correction, the experimental spectrum is substan-
tially more peaked around p =0, as is also the case for
the earlier c projected data. ' The correction essentially
removes this discrepancy throughout momentum space
and better reveals the anisotropy of the spectrum, as seen
for example by comparing the I Z and I Y sections pass-
ing through p =0 in Fig. 4. The absolute size of the an-

isotropy in Fig. 4 is of course quite small —a maximum
of about 5% of the peak height —so that the overall dis-
tribution is still quite isotropic. For example, the I Y as
well as the I'Z sections decrease to half their peak value
(at p =0) by about 6.8 mrad, and to 10% of the peak by
about 11.0 mrad. Incidentally, a very similar overall
shape of the spectrum is presented by the c projected
2D-ACAR data. '

Since all occupied electron states contribute to the
2D-ACAR spectrum, the part arising from partially filled

bands, related to the fermiology of Y123, constitutes
only a few percent of the total spectral intensity. In this
connection, we define a theoretical anisotropic distribu-
tion by subtracting the same isotropic surface S(p) used
in Eq. (2) above to obtain the experimental anisotropy
A (p,p, ). We focus first on the I Y section in which the
band theory predicts FS crossings. Figure 5 shows that
the theoretical I Y anisotropy (uppermost curve) is in

good overall accord with the measurements with respect
to both the absolute amplitude as well as much of the rna-

jor structure in the data.
Insight into the nature of FS signatures is provided by

the lowest curve in Fig. 5, which gives the a-axis integral
F, of the 3D occupation function F(k) defined as the to-
tal number of occupied bands at any k point in the Bri1-
louin zone. Aside from being periodic, F(k) differs from

p2 (p) in that F(k) neglects the electron-positron matrix
element, allowing some understanding of the interplay
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FIG. 3. The as observed a-projected 2D-
ACAR spectrum in Y123 (left) and the corre-
sponding anisotropic spectrum (right).

0
Hi%ad

between the effects of matrix elements and FS breaks on
the 2D ACAR s. Bearing these considerations in mind„
we delineate first the structure in the a projection F, of
F(k), the lowest curve, keeping in mind Fig. 6, which
gives the FS cross sections in the I XSF plane Sta. rting
from I', I', remains fiat as we move along I F until the
Cu-0 chain-related ridge FS empties at ro. The relative
sharpness of the break at ro refiects the fact that the band
giving rise to the ridge FS is nearly dispersionless along
the a axis, while the size of the break at ro is related to
the size of the ridge FS. We next encounter the two
closely spaced breaks 8, and B2 associated with the
Cu02 plane derived barrel FS's. These breaks are slightly
less sharp than ro due to the somewhat greater dispersion
of the associated bands. The remaining FS sheets, name-

ly, the pillbox (p) and the butterflies, do not give a sub-
stantial signature in I", due presumably to their small
size.

F, is modified drastically when the electron-positron
matrix element is included as seen from the middle curve
in Fig. 5, which gives the theoretical I'F anisotropy be-
fore the resolution broadening is folded in. The break ro

is seen clearly in the middle curve but the breaks 8i and

82 have virtually disappeared. This is the result of the
tendency of the positron to be localized in the region of
the Cu-0 chains, so that there is little positron charge in
the Cu02 planes, causing the coupling between the posi-
tron and the Cu02 plane bands to be weak and the relat-
ed FS breaks to be small. ' ' ' The electron-positron
matrix element also alters the relative size of the break
from the ridge FS in the first Brillouin zone (BZ) com-
pared to its size at umklapp images in higher BZ's. In
particular, the second umklapp image (ri, rz) is some-
what stronger than the first image (ri, r', ). We see that
breaks on the left side (r'„rz) are smaller than the corre-
sponding breaks on the right-hand side (ri, rz) of the
second and third I' points. These are efFects of the de-
tailed nature of the underlying Bloch electron wave func-
tions. Interestingly, the bump M around 2.5 mrad in the
middle curve is not a FS signature but a matrix element
effect.

Having clarified the origin of structure in the theoreti-
cal I'F section, we are in a position now to identify FS
signatures in the experimental spectrum of Fig. 5. The
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FIG. 4. A comparison of various cuts (ofFset
vertically with respect to each other) through
the background corrected 2D-ACAR data
(open triangles) with the corresponding
theoretical predictions (solid lines) along lines
parallel to (a) I Y-for various indicated p,
values and (b) lines parallel to I Z for three p~
values. The theoretical curves have been
broadened to reflect experimental resolution.
The spectra are symmetric around p =0 but
are shown extended to negative p values to re-
veal the structure around p =0 clearly.



6412 PANKALUOTO, BANSIL, SMEDSKJAER, AND MIJNARENDS 50

0.01-

0.00-

g -0.01-

0
o -0.02-

-0.03-
Q

& -0.04-

-0.05-
0 5 10 15

momentum py (mrad)

FIG. 5. A comparison of the theoretically predicted momen-
tum density anisotropy (uppermost solid line) with the corre-
sponding experimental result along the I Y line passing through

p =0. The middle curve (offset vertically from the upper curve)
gives the theoretical result without resolution broadening and
shows Fermi surface breaks in the distribution more clearly.
The lowest periodic curve gives the a-axis projection (arbitrary
scale) of the 3D occupation number density defined as the num-

ber of filled bands at any point in k space and shows the effects
of Fermi surface in a simple model, which neglects the
electron-positron matrix element. Various letters denote spec-
tral features discussed in the text. Vertical lines mark the zone
boundaries along I Y.

with the c projection. ' The origin of these discrepancies
is unclear, but they can arise from various mechanisms
including inaccuracies in the theoretical description of
the positron and electron wave functions and the approx-
imations in the theory in treating electron-positron and
electron-electron correlations.

A deeper understanding of the signature of the ridge
FS is offered by Fig. 7, which considers characteristic
variations in spectral shape for a series of spectra parallel
to the p direction for different p, values. Systematic
changes in the theoretical spectra are evident as we move
from the p, =0 (uppermost) I'Y section to the p, =5m. /c
(lowest) section and consist of (i} an increase in the size of
the feature ro with increasing p, with a maximum around

p, =3m/c, the feature subsequently reduces in size, (ii} a
reduction in the size of the matrix element related bump
M up to p, =4m. /c, followed by a relative increase in its
size in the p, =5m /c curve, (iii) an increase in the size of
the first umklapp peak (rI, r

&
) up to about p, =4m /c, fol-

lowed by a relative decrease in the p, =5m. /c curve, and

(iv) a continuous decrease in the size of the second ridge
umklapp feature (rz, r2}. The preceding theoretical pre-
dictions are more or less consistent with the experimental
data of Fig. 7, especially when we keep the statistics in
mind. In particular, in going from p, =0 to 5m. /c, the
second image of the ridge around 12.6 mrad in the exper-
imental data decreases continuously in size; the matrix
element related feature M around 2.5 mrad, visible in the
form of a weak shoulder, decreases in size up to p, =4~/c
with a hint of its reemergence at p, =5m/c The p =. 0

rapid variation in the measured anisotropy near p =0 is
clear evidence of the ridge FS; the fact that the sharpness
of the two upper curves is similar around p =0 further
indicates that the data is consistent with a fairly small
ridge dispersion along the a-axis implicit in the calcula-
tions. There is also a reasonable accord in the region of
the first ridge image around 6.3 mrad, the breaks r, and
r &. The impression of the second ridge image around
12.3 mrad, r2 and r2, is somewhat weaker in the data
compared to theoretical prediction. On the whole the
measured I Y section contains strong evidence of the
ridge FS. The level of discrepancies seen in Fig. 5, in-

cluding the region of the non-FS related bump M, is com-
parable to those encountered previously in connection
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FIG. 6. Cross sections of various Fermi surface sheets in the
I XSYplane of the Brillouin zone in Y123.

FIG. 7. A comparison of changes in shapes of theoretical
(solid) and experimental anisotropic spectra for a series of sec-
tions parallel to the p~ direction for various indicated p, values.
Various letters denote features discussed in the text.
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FIG. 8. Same as the caption to Fig. 7 except that sections
parallel to the p, direction are considered for various p„values.

peak in the data appears to become more prominent up
to p, =4m /c followed by a relative decrease in its size in

the p, =5m/c section. Finally, although the 6.3-mrad
first ridge image is visible in all the experimental sections
shown in Fig. 7, its detailed behavior appears to differ
from theory in that its amplitude decreases continuously
in size with increasing p, in the data rather than undergo
an increase up to p, =4m /c followed by a decrease.

Figure 8 considers several cuts parallel to the p, direc-
tion for different values ofp„.There are no FS crossings
along the I'Z line passing through p =0 and all the struc-
ture in the theoretical spectra of Fig. 8 essentially results
from matrix element effects. There is a reasonable accord
between the theory and data in the I Z p =0 section (up-
permost}, although the bump in the measurements
around 11 mrad is missing in the calculations. The mid-
dle section in Fig. 8 shows discrepancies for momenta
greater than about 5 mrad, while the lowest section
shows little accord, although we should keep in mind that
the overall amplitude of anisotropy here is relatively
small. These discrepancies arise presumably from mecha-
nisms similar to those noted in connection with Fig. 5
above.

Our discussion so far has involved the background
corrected experimental 2D-ACAR data and its compar-
ison with the corresponding theoretical predictions.
Some insight into the extent to which our conclusions
concerning the presence of FS related fine structure in the
data are insensitive to the treatment of background is
provided by Fig. 9, which considers the I Y-I Z difference
where both sections pass through p =0. The advantage
of using such difference sections is that the underlying
isotropic part of the distribution, including much of the
background contribution, which is expected to be essen-
tially isotropic, automatically gets subtracted, allowing
one to focus on the structure in the data without requir-
ing an explicit knowledge of the shape or the weight of
the background function. Despite the success of such an
approach in analyzing c-projected 2D-ACAR spectra, '

the interpretation of a difference section is intrinsically
complicated by the fact that information from two in-
dependent directions is involved in the presence of effects
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FIG. 9. The theoretical (solid) and experimental difference
spectrum I Y-I Z is compared where both sections pass through
p=0. The experimental data here is without background
correction.

of finite experimental statistics and resolution. In any
event, Fig. 9 shows a reasonable accord between the com-
puted and measured shape of the I Y-I'Z diference. In-
terestingly, the theoretical p =0 ridge feature is in better
accord with the data in Fig. 9 compared to the represen-
tation of Fig. 5.

IV. CONCLUSIONS

We have presented theoretical and experimental results
for the a-axis-projected positron 2D-ACAR spectrum
from YBa2Cu307 „.Extensive comparisons show that
there is reasonable agreement between theory and experi-
ment as to the overall shape as well as the fine structure
in the spectra. As in the previous work on the c-
projected 2D-ACAR data, ' we found it necessary to
correct the as observed spectrum for an isotropic back-
ground due presumably to vacancies, oxygen inhomo-
geneities, and other defects, whose contribution is not in-
cluded in the computations. We establish clearly the
presence in the data of the theoretically predicted signa-
ture of the electron ridge FS related to the Cu-0 chains
around p =0; the first and second umklapp images of the
ridge FS at about 6.3 and 12.6 mrad are also identified.
The discrepancies between theory and experiment with
regard to the details of the momentum dependence of the
electron-positron matrix element are probably inherent in
first-principles comparisons of the present sort, and are
not considered serious. The a-axis results of this study,
when combined with the previous work on the c projec-
tion, make a strong case that the conventional LDA-
based band-theory framework provides a good descrip-
tion of the electron momentum distribution in the metal-
lic Y123 compound, at least as seen via the positron spec-
troscopy.

This study has implications, albeit indirect, concerning
the question of possible localization of electron states
along the c direction. " Our theoretical approach
fundamentally assumes delocalized Bloch wave functions
to represent the annihilating positron and electrons. If
the electrons were localized along the c axis we would
presumably find a substantial deviation between band-
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theory predictions and the measured spectra along the c
direction compared to the in-plane directions. No such
e6'ect is, however, seen in the present extensive
comparisons —the band theory appears to describe the
a-axis- and the c-axis-projected 2D ACAR's more or less
equally well. The width and shape of the a-projected 2D
ACAR along the c direction are very similar to those in
the in-plane b direction, and also to those of the c-
projected 2D ACAR in the a, bpla-ne (localization along
the c axis may be expected to spread out the momentum
distribution). FS signatures, including higher-momentum
images, are seen equally well in the a- and c-projected
2D-ACAR's. Taken together, these observations do not
support the localization of electronic states, at least not
strongly, along the c axis in Y123. We should keep in

mind, however, that conclusions based on the positron

spectroscopy in Y123 would tend to be weighted towards
the behavior of the Cu-0 chain related group of electrons
due to the preferential sampling of these electrons by the
positron.
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