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High-temperature positron two-dimensional angular correlation of annihilation radiation~2D-ACAR! mea-
surements have recently been succesfully applied to map parts of the Fermi surface of YBa2Cu3O72d . Using
the same principle, we have been able to observe with a bulk sensitive method, the Fermi surface of
Nd22xCexCuO42d . Although positron trapping by defects and correlation effects are strong, positron 2D-
ACAR measurements provide a signal from the Fermi surface which agrees with band-structure calculations,
confirming earlier surface sensitive photoemission experiments.

Nd22xCexCuO42d ~NCCO! with an optimal supercon-
ducting transition temperatureTc of 25 K at a Ce concentra-
tion of x.0.15 is a particularly interesting member of the
high-Tc superconductor family. The unit cell contains a
single Cu-O plane perpendicular to thec-axis with Nd atoms
directly above and below the Cu atom. One characteristic of
NCCO is that it is the only electron-doped high-Tc supercon-
ductor, with Ce41 ions substituting Nd31 ions. The calcu-
lated band structure of NCCO~Ref. 1! leads to a single free-
electron-like band crossing the Fermi energyEF and
producing a simple, highly two-dimensional Fermi surface
~FS!. According to Massiddaet al.1 the density of states at
EF is smaller than in other high-Tc superconductors and this
might mean that the Fermi edge will be weaker in this ma-
terial. In the experimental search for the FS of high-Tc su-
perconductors, NCCO has also been investigated and a major
breakthrough was the identification of its FS simultaneously
by two groups2,3 using angle-resolved photoemission spec-
troscopy ~ARPES!. They came to the conclusion that the
observed FS is in close agreement with the calculations.1

Positron two-dimensional angular correlation of annihila-
tion radiation~2D-ACAR! has been used to study the elec-
tronic structure and Fermiology of high-Tc superconductors.

4

These efforts have been hampered by sample quality and
weak signals but have nevertheless led to important results,
notably the identification of the FS due to the copper-oxygen
‘‘chain’’ structure in YBa2Cu3O72d .

5 However, in most
high-Tc superconductors the highly anisotropic structure
leads to an inherent limitation for 2D-ACAR because posi-
trons, repulsed by atomic cores, sample interstitial space
preferentially. In YBa2Cu3O72d , for example, the positron
density distribution is concentrated in the layer containing

the chains and the FS signal due to the copper-oxygen planes
cannot be observed by 2D-ACAR. Since high-Tc supercon-
ductivity is thought to originate in the planes any information
from this region is valuable. Calculations6 have shown that
in NCCO positrons are more homogeneously distributed and
in principle the FS signal should be observed by 2D-ACAR.
An earlier measurement performed at a temperatureT510
K,6 however, failed to observe any such signal. Meanwhile,
we have conducted an in-depth study of the mechanisms of
positron trapping in Y12xPrxBa2Cu3O72d using positron
lifetime spectroscopy7,8 and concluded that 2D-ACAR mea-
surements performed atT5400 K should not contain contri-
butions from trapped positrons in this material. Spectra mea-
sured in such conditions fulfilled this expectation and
revealed an additional chain-related FS.9 With this in mind
we undertook to measure the 2D-ACAR spectrum of NCCO
at T5400 K. In this paper, we present these high-
temperature measurements and also calculations of the
electron-positron momentum density. We discuss the com-
parison between experiment and theory, showing that despite
some positron trapping by defects we observe the Fermi sur-
face and find its topology in good agreement with band-
structure calculations.

Our calculations are based on the linear muffin-tin orbital
~LMTO! method which includes electron-positron correla-
tion within the generalized gradient approximation~GGA!.
Owing to the strong electron-positron correlation, the elec-
tron density at the site of the positron is enhanced by a factor
g(r ). The positron annihilation ratel, which is the inverse
of the positron lifetimet, is calculated from the overlap of
the positron and the electron densities according to
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2cE n1~r !n2~r !g~r !d3r , ~1!

wherer e is the classical electron radius andc is the speed of
light. In the local density approximation~LDA !,10 g(r ) is
treated as a function of the electron densityn(r ). However,
the LDA based on the Arponen and Pajanne uniform electron
gas calculations11 overestimatesg(r ) thus underestimating
positron lifetimes, especially when localized electrons are
involved. This problem can be cured by the GGA for
electron-positron correlation.12 In the GGA, g(r ) depends
also on the density gradient¹n(r ), reducing the value of
g(r ).

The electron-positron momentum densityr2g is calcu-
lated from

r2g~p!5(
n,k

occ U E e2 ip–rcnk~r !c1~r !Ag~r !drU2, ~2!

wherecnk andc1 are the~occupied! electron and positron
wave functions and wheren and k label the band and
k-point, respectively. To correct the overlapping spheres of
the LMTO method, we have used the method described by
Singh and Jarlborg.13 The agreement with the corresponding
full-potential linear augmented-plane-wave results is very
good.6

The effect ofg is to enhance the annihilation in the inter-
stitial space~where the electron density is smaller! and the
gradient correction increases this trend. Therefore, the GGA
yields more localized annihilation in the momentum space.
This trend is shown in Fig. 1 where a line through the once-
integratedr2g(p) is presented. It is in better agreement with
the experiment. Since our momentum density calculations
are only valid for positrons in delocalized states, deviations
from the experiment might also be due to annihilations of
positrons localized in defects. It is therefore important to
consider these trapping effects in details.

The measurement of the positron lifetime is a valuable
test for the presence of positron traps. In NCCO, Howell
et al.14 measured a lifetime of about 200 ps without tempera-
ture dependence. Blandinet al.6 reported a similar value in

the 100–300 K range and did not see any difference between
insulating and superconducting compounds. Sundaret al.15

report values between 205 and 230 ps, depending on the
concentration of oxygen. These experimental values have to
be compared with lifetimes of 112 ps~LDA ! and 148 ps
~GGA! calculated by LMTO. The larger experimental life-
times suggest that positrons are trapped by defects in the
samples. As the complexity of self-consistent calculations
increases when vacancies are introduced in the system, we
have used the non-self-consistent scheme of free-atom
superposition10 to calculate lifetimes both in the perfect lat-
tice and in defects. In this scheme, the NCCO bulk lifetime is
131 ps in the LDA and 165 ps in the GGA and for the ideal
Cu, Nd, O1, and O2 vacancies, one obtains, respectively,
lifetimes of 172, 199, 134, and 137 ps in the LDA and 220,
268, 170 and 172 ps in the GGA.16 Our measured lifetime
~204–207 ps! ~Ref. 6! is similar to the one calculated for
copper vacancies in the GGA. This suggests the presence of
this defect in the real samples. However, the lifetime spec-
trum could also contain contributions from positrons annihi-
lating in oxygen vacancies, as it is not possible to resolve
experimentally two lifetimes which differ by 20–30 ps.
Moreover, the binding at the oxygen vacancies is very
weak16 and, therefore the positron trapping at the oxygen
vacancies is a good explanation of the temperature depen-
dence observed in the ACAR spectra.

The 2D-ACAR distribution is the once-integrated
electron-positron momentum densityr2g given in Eq. ~2!.
The measurements were performed with thec axis aligned to
the direction of projection. The experimental setup has been
described earlier.17 We have used a Nd22xCexCuO42d
single crystal grown by a flux technique.18 The crystal of
roughly 333 mm2, had aTc517 K andDTc52 K. The Ce
concentration can be estimated to be 0.13<x<0.16 and is
very critical to form the superconducting phase. We had pre-
viously measured the 2D-ACAR spectrum from NCCO~Ref.
6! at 10 K with a statistics of 1.13108 counts. This measure-
ment will be referred to as NCCO 10 K. Since NCCO 10 K
had not revealed any FS we decided to measure atT5400 K
in the hope of detrapping positrons that might be trapped in
any shallow traps. This measurement will be referred to as

FIG. 1. Sections through the center of theoretical 2D-ACAR
spectra from NCCO convoluted with the experimental resolution
function. Inclusion of positron-electron correlation induces an en-
hancement and leads to more peaked 2D-ACAR curves. However,
both GGA and LDA are quite alike.

FIG. 2. Sections through the center of 2D-ACAR distribution
from NCCO normalized to the same volume. The difference be-
tween the measurements at 10 and 400 K is attributed to shallow
traps whereas comparison with theory may be aggravated by trap-
ping in deep metallic traps.
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NCCO 400 K. The statistics is 5.73108 counts. In Fig. 2 one
observes the difference, attributed to shallow positron trap-
ping, between NCCO 10 K and NCCO 400 K. However, the
theoretical curve is much broader indicating that the major
trapping sites for positrons in NCCO are probably deep
traps.

Though we have not measured the lifetime at 400 K, we
can compare the value for theS factor at 10 K and 400 K.
We define a slice 1.95 mrad wide and stretching 13.1 mrad
on either side of the maximum of the 2D-ACAR spectrum
along thep@100# or p@010# directions. TheS factor is the ratio
of the counts contained in a central core~of total length 7.35
mrad! of this slice to the total counts in the slice. Trapped
positron sample preferentially delocalized electrons and, in
momentum space, this results in a narrowing of the 2D-
ACAR distribution and a largerS parameter. For NCCO we
find S50.5159 and 0.5094 at 10 and 400 K, respectively.
Because error on these values is less than 531024 it is clear
that the positron is more delocalized in the high-temperature
measurement. The amount of anisotropy in 2D-ACAR spec-
tra is an indication of the contribution from valence electrons
to the total annnihilation. The anisotropic part of the 2D-
ACAR spectrum is extracted by subtracting a cylindrical av-
erage from the data and the ratio of the maximum amplitude

of this part to the maximum of the 2D-ACAR spectrum is
then a measure of anisotropy. We find a value of 2.7% for
NCCO 400 K and 3.1% for the theoretical spectrum. This
indicates that the proportion of valence to core annihilations
in the experiment is similar to that assumed in theory. How-
ever, one must keep in mind that the theoretical and experi-
mental spectra do not yet agree very well and that in high-
Tc superconductors the anisotropy in 2D-ACAR spectra is
often dominated by wave-function effects.

To analyze the 2D-ACAR, which are very isotropic in
nature, we use bandpass filtering.19 We wish to extract small
signals superposed on a large bell-shaped background origi-
nating from annihilations with electron states in filled bands
and from positrons trapped in defects. The filtering operation
consists of two parts: a heavily smoothed 2D-ACAR spec-
trum is subtracted from the original spectrum. The residual
difference is then weakly smoothed to remove statistical
noise. Filtered 2D-ACAR spectra for theory and experiment
are shown in Figs. 3 and 4. The theoretical spectra show
features which are associated with the FS, notably those
marked with the arrows. These signals are generated by the
single band crossing the FS and reflect the Fermi breaks in
the electron momentum distribution. In the GGAmodel@Fig.
3~b!#, although there are modulations produced by the corre-

FIG. 3. Bandpass filtered 2D-ACAR of NCCO calculated from
LMTO within the independent particle model~a!, and by including
electron-positron correlation within GGA~b!. The arrows points to
the main structures relating to the Fermi surface.

FIG. 4. Bandpass filtered 2D-ACAR measured from NCCO at
10 K ~a! and 400 K~b!. Structure appears in the high-temperature
measurement and compares well with theoretical results shown in
Fig. 3.
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lation factorg, the FS breaks are still clear, allowing their
experimental detection. In NCCO 10 K@Fig. 4~a!# there is no
distinguishable feature in the filtered spectrum. In NCCO
400 K @Fig. 4~b!#, the filtered spectrum shows stronger re-
semblance with theory. The partial delocalization of the pos-
itrons at high temperature has improved the comparison sig-
nificantly. In particular, features corresponding to the FS
appear. Though it is weak, the signal is seen over a region of
about 2 mrad~1 mrad5 0.137 a.u. of momentum!, which is
more than twice the distance over which data are correlated
by the filtering procedure. The result obtained through band-
pass filtering has been confirmed using the Lock-Crisp-West
~LCW! ~Ref. 20! folding procedure, which consists in reduc-
ing the 2D-ACAR within the first Brillouin zone. The result
can be related to the electron occupation number. As trapping
and wave-function effects bias the reduced distribution, we
have applied the LCW procedure to the anisotropic part of
the 2D-ACAR. To enhance the contrast, the LCW data were
smoothed and subtracted from its isotropic background. The
same procedure was applied to the theory. The results agree
reasonably well and confirm the finding from bandpass fil-
tering.

As stated above, we believe that positron trapping in deep
traps is present in NCCO and is the main reason for persist-
ing differences between theory and experiment. Neverthe-
less, there are other possibilities. The first could be an infe-
rior quality of our samples, for example, the presence of a
substantial amount of the insulating phase. Another possibil-

ity might be related to the relatively lowTc of our sample
~17 K with DTc52 K! with respect to the optimal value~25
K!. Photoemission studies2,3 indicate that this can hinder the
observation of the FS. Finally, it might also be that the ab-
sence of the one-band FS signal at low temperature, if not
the consequence of shallow trapping of positrons, could be
related to a change of sign of the carriers, as suggested by
transport property measurements in samples havingTc517
K.21 In the low-temperature regime, the electronic properties
of NCCO would then be governed by a two-conduction-band
picture induced by the buckling of the CuO2 planes.21 At
present, we are not able to determine if our low-temperature
data are compatible with this model.

In conclusion, 2D-ACAR is a bulk experimental tech-
nique to provide indications of a Fermi surface in the
n-doped cuprate Nd22xCexCuO42d . This is significant be-
cause this Fermi surface is due to the copper-oxygen planes,
where superconductivity is thought to occur. The signal,
however, is weaker than in the theory, mainly due to the
partial trapping of positrons by defects. Our positron annihi-
lation studies suggest that the shape of the Fermi surface of
Nd22xCexCuO42d is well described by band theory, like it
was for the case of the high-Tc superconductors previously
studied.4 Our results also confirm surface-sensitive ARPES
experiments.2,3
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