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We discuss the application of the positron annihilation angular correlation (ACAR) spectroscopy 
for investigating the electronic structure and Fermiology of high-Tc superconductors, with focus on 
the YBa 2 Cu 3 O v system where most of the experimental and theoretical work has to date been 
concentrated. Detailed comparisons between the measured 2 D-ACAR positron spectra and the 
corresponding band theory predictions show a remarkable agreement (for the normal state), indicat-
ing that the electronic structure and Fermi surface of this material is described reasonably by the 
conventional picture. 
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I. Introduction 

Since the discovery of superconductivi ty in 1911 [1], 
it was realized that this phenomenon, manifesting ideal 
diamagnet ism and zero resistance, represents a unique 
state of matter . A fundamenta l unders tanding of 
superconductivity began to emerge much later by the 
BCS theory [2]. Over the years many superconductors 
were discovered, but the highest transition temperature 
until 1987 was approximately 23 K, when Bednorz 
and Müller initiated the discovery of a whole new 
class of materials with much higher Tc's [3]. In addi-
tion to their technological potential , the new super-
conductors immediately raised fundamen ta l quest ions 
concerning the na ture and mechanism of supercon-
ductivity itself, and spawned new theoretical models, 
such as the resonance valence bond (RVB), marginal 
and modified Fermi-liquid scenarios, spin bags, H u b -
bard-based models, among others. A great deal of 
effort has also been devoted to the convent ional band 
theory model based on the local density approx ima-
tion (LDA) [4], 

The question of which, if any, of these models de-
scribes the Fermi gas in the new materials adequately, 
must of course eventually be decided by experiment. 
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Here, as stressed at the recent Argonne Fermiology 
Workshop [4], the Ä-resolved spectroscopies, which 
p robe individual Ac-states or small groups of such 
states, may be particularly useful in identifying the 
characterist ic signatures of the spectral propert ies at 
and near the Fermi energy. Fo r these reasons, the 
recent focus has been on the posi t ron annihi lat ion 
angular correlat ion (ACAR), angle-resolved photo-
emission (ARPES), and the de Haas-van Alphen 
(dHvA) techniques. Although little C o m p t o n scatter-
ing work has to date been reported on the high-Tc 's, 
the technique offers unique possibilities in exploring 
the Fermiology of compounds . It is notewor thy that 
the LDA-based band theory model is the only model 
where detailed comparisons between theoretical pre-
dictions and the spectroscopic intensities have to da te 
been possible. 

The purpose of this article is to discuss the contr ibu-
tion of 2 D-ACAR positron technique towards the 
unders tanding of the electronic s tructure of the new 
superconductors . In this connection, a few historical 
r emarks concerning how the posi tron spectroscopy 
has emerged as a modern tool for investigating elec-
t ronic structures may be appropriate . The first angu-
lar correlat ion experiment to our knowledge was 
reported by Beringer and Montgomery in 1942 [5], 
followed by one of the earliest theoretical decriptions 
of the posi t ron annihilat ion in metals by De Benedetti 
et al. [6], The pioneering work aimed at using posi t ron 
annihi la t ion as a probe of the electronic structure was 

0932-0784 / 93 / 0100-0398 $ 01.30/0. - Please order a reprint rather than making your own copy. 

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



L. C. Smedskjaer and A. Bansil • Positron Annihilation Studies of Superconductors 399 

initiated in the late 50's by De Benedetti [7], Stewart 
[8], and Berko [9]. The article by Berko a n d Plasket t 
appears to be the first s tudy of a metal single crystal 
and fur thermore addresses the question of a detailed 
compar ison between theory and experiment. Over the 
years, the experimental techniques have improved 
dramatically, culminating with the coming on line of 
the 2 D positron cameras [10-12] . The theoretical 
methodology for interpret ing and analyzing the 
posi t ron spectra within the band theory f r amework 
has also made great strides, including the t rea tment of 
complex materials, spurred in part by the availability 
of ever more powerful computers . It was na tu ra l then 
that as the questions concerning the Fermiology of the 
new superconductors arose with their discovery, 
posi t ron annihilation was among the first spectro-
scopies to be brought to bear on the problem. 

An outline of this article is as follows. T h e in t roduc-
tory remarks are followed in Sect. II by some com-
ments comparing C o m p t o n scattering and posi t ron 
annihi lat ion techniques. Section III gives an overview 
of the existing 2 D - A C A R work in the high-Tc 's. Sec-
tion IV focuses on the classic Y B a 2 C u 3 0 7 _ J C com-
pounds , where most of the work has been concen-
trated. A few concluding remarks are made in 
Section V. 

II. Positron Annihilation vs. Compton Scattering 

The spectral quant i ty involved in a pos i t ron annihi-
lation experiment is the electron-positron m o m e n t u m 
density, Q2y(p), given in the independent-particle model 
by the expression [13] 

Qiyip) = const E |f exp ( - i p - r) iJ/+(r) iJ/j(r) dr\2, (1) 
j 

where tJ/+(r) is the pos i t ron wave function and iJ/j(r) 
denotes electron wave funct ions for the j-th band , and 
the summat ion is extended to all occupied electron 
states. The Compton experiment, on the o ther hand , 
is related to the electron momen tum density, g(p), 
defined by removing the posi t ron wave func t ion f rom 
(1) as [14] 

Q(p) = Z\\exp(-ip-r)iJ,j(r)dr\2. (2) 
j 

A posi t ron annihilation angular correlat ion (ACAR) 
experiment, aside f rom resolution effects, measures a 
project ion of g2y(p). In 2D-ACAR, a project ion along 
one dimension is involved, i.e. 

M(px,py) = \ Q2y(p)dpz, (3) 

where the integration is along the axis of the posi t ron 
camera . The C o m p t o n scattering experiment, how-
ever, usually involves a 1 D-projection over two dimen-
sions (much like the older 1 D-ACAR), of g(p) 

J(pz) = \\Q(p)dpxdpy. (4) 

The applicat ion of (1)-(4) to a specific system requires 
the choice of a particular band-structure methodology. 
We refer to the li terature for the formalism appropr i -
ate for the many-atom-per-unit-cel l case tha t is re-
quired for treating the high-Tc 's [15-22] . No te also 
tha t (1) neglects e l ec t ron -pos i t ron correlation effects; 
for a discussion of methods of including such effects 
see [20, 23], 

In compar ing C o m p t o n scattering and posi t ron 
annihilation, we note that the interpretation of positron 
spectroscopy is complicated by the presence of positron 
spatial distr ibution effects, and by the theoretical un-
certainties inherent in the t rea tment of e l ec t ron -pos i -
t ron correlat ions. The positron, however, is repelled 
by the ionic cores, and therefore the annihilat ion pro-
cess preferentially samples the valence rather than the 
core electrons. C o m p t o n scattering, in contrast , in-
volves all electrons, and thus yields a relatively smaller 
signal f rom the valence states. We should keep in 
mind, nevertheless, that in the 2 D-ACAR experi-
ment only a 1 D integral is required (3), whereas the 
C o m p t o n spectrum involves a 2 D integral, which will 
generally make it harder to discern spectral features of 
g(p) in the observed C o m p t o n profiles. O n the whole, 
though, it would be sensible to view these two spectro-
scopies as being complementary, especially in light of 
the recent improvements in C o m p t o n techniques [24]. 
A note should also be made of the potential of other 
spectroscopies in investigating m o m e n t u m densities 
[25]. 

III . 2 D ACAR and the New Superconductors; 
an Overview 

At present, 2 D-ACAR studies are available for the 
superconductors Y B a 2 C u 3 0 7 _ x , B i 2 S r 2 C a C u 2 0 8 + J C , 
and La 2_ ; ( .Sr J CCu0 4 , and the results are considered 
briefly in the following. 

The Y B a 2 C u 3 0 7 _ x compounds , often perceived as 
the archetype of the new superconductors , are by far 
the mos t extensively studied ones. The early posi t ron 
studies of Y B a 2 C u 3 0 7 _ x all involved twinned speci-
mens. The first 2 D-ACAR results were reported by the 
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Geneva g roup for projections in the a-b plane [26], 
and f rom Argonne for the c-projection [27]; the latter 
project ion has since been used in most studies owing 
to its suitability in investigating the Fermiology of 
layered compounds . The initial interpretat ion of these 
2 D-ACAR da ta in terms of the existence of the Fermi 
surfaces gave way to a period of lull in the field as 
subsequent experiments failed to confirm these con-
clusions convincingly, and thus a consensus concern-
ing a Fermi-surface interpretat ion of the 2 D-ACAR 
da ta did not emerge in the posi t ron communi ty [28, 
29]. A comprehensive overview of the work on 
twinned samples has been given by Barbiellini et al. 
[22]. 

The recent announcement of the 2 D-ACAR results 
f rom untwinned samples by the Texas-Livermore effort 
[30], the Argonne-Nor theas tern effort [31], and the 
prel iminary results by the Geneva g roup [32] marks a 
significant advance in the field. It is impor tan t tha t the 
overall experimental results and their interpretat ion, 
by three independent groups, are in agreement, 
thereby establishing a consensus in the posi t ron com-
muni ty abou t the electronic s tructure of this material . 
Also, a compar i son between the metallic and insulat-
ing phases of Y B a 2 C u 3 0 7 _ x is given in [33]. 

O n the theoretical side, band theory based calcula-
t ions of the electron-positron m o m e n t u m density are 
providing quant i ta t ive predictions that have been 
compared in detail with experiment. The first theoret-
ical electron-positron m o m e n t u m densities in the 
high-Tc 's were reported by Bansil et al. [15] and have 
been followed by a series of theoretical papers by these 
and other au thors [16-20, 22]. We return to the ques-
tion of compar isons between theory and experiment 
in Y B a 2 C u 3 0 7 _ x in Sect. IV below. 

Turning to the B i 2 S r 2 C a C u 2 0 8 + x superconductor , 
two measurements have recently become available 
[34, 35], yielding very similar results. The spectra were 
measured in the c-axis projection and, for the ideal 
body-centered tetragonal lattice, should therefore 
possess C 4 v symmetry (i.e. 8-fold symmetry in the 
plane); however, the lower C2v. symmetry (i.e. 4-fold 
symmetry in the plane) was observed in both cases. 
This discrepancy has been associated with the lattice 
modula t ion along the ^-direction, caused by an inser-
t ion of extra oxygen a toms in the BiO layers with a 
period of abou t 5 lattice distances [36]. O n e then ob-
tains an effective Brillouin zone that is smaller than 
the ideal zone in the b-direction, leading to a reduced 
symmetry of the spectra [34]. The presence of a sub-

stantial modu la t ion complicates the interpretat ion of 
the data , even though the limited compar ison between 
band theory and experiment carried out so far show 
some agreement [35], 

Finally, the L a 2 C u 0 4 [37] 2 D-ACAR results were 
a m o n g the first to be reported, but the interpretation 
seems unclear. In [38], L a 2 C u 0 4 is studied in various 
project ions as a function of temperature . A large 
isotropic dis t r ibut ion ( ~ 8 5 % ) was at t r ibuted to core-
like electrons, and the remaining anisotropic distribu-
tion was a t t r ibuted to valence electrons. N o Fermi 
surface structures could be found in this insulating 
phase, as expected. The anisotropic par ts of the mea-
sured spectra were compared to calculations based on 
an L C A O - M O model [39]. In contras t to the band 
theory based approach , the LCAO-type schemes in-
volve many free parameters , but may be useful in 
unders tanding the overall shapes of the 2 D-ACAR 
spectra in some cases. 

IV. Comparison Between Theory and Experiment 
for Y B a 2 C u 3 0 7 

We compare the measured 2 D - A C A R spectra for 
the c-axis project ion f rom an untwinned single crystal 
of Y B a 2 C u 3 0 6 9 with the corresponding band theory 
predict ions with reference to Figures 1 - 5 . 

Figure 1 shows tha t the 2 D-ACAR spectrum is 
quite featureless. This is expected since most of the 
signal is associated with completely filled electron 
bands , with only a b o u t 3% of the contr ibut ion arising 
f rom the partially filled bands. Figure 2, which gives 
two representat ive sections through the distribution 
of Fig. 1, indicates tha t the overall shape of the as-
measured experimental spectrum differs significantly 
f rom the band theory predictions; similar discrepan-
cies have been found to exist for twinned Y B a 2 C u 3 0 6 9 

samples. These discrepancies appear to arise mainly 
f rom the presence of a background in the experiment 
related to annihi la t ions from various sorts of defected 
regions in the sample. It was established early [16], 
however, that if an isotropic background is sub-
stracted from the data , the measured and computed 
anisotropics agree in many fine details even though the 
overall ampl i tude of the experimental anisotropy is 
abou t a factor of two smaller than in the calculations. 

Figure 2 also shows that the 2 D-ACAR spectra in 
Y B a 2 C u 3 0 6 9 possess a significant temperature de-
pendence. A similar temperature effect is seen in 
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Fig. 1. The as-observed 2 D-ACAR spectrum for an untwinned 
YBA2Cu306 9 sample at 30 K. 
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Fig. 2. Sections along TY and TX through the 2 D-ACAR 
distribution in Fig. 1, together with the corresponding 
theoretical predictions. The data at 30 K as well as 300 K are 
shown. 

twinned samples as well as in polycrystals [40-42] . It 
appears, however, that at higher tempera ture (300 K) 
the agreement beetween theory and experiment is 
somewhat bet ter ; recently, we have explored the pos-
sibility that the discrepancy between the theory and 
experiment may in this sense be related to the temper-
ature effect seen in Fig. 2 [43]. An analysis of the 2 D -

Momentum (mrad) 
Fig. 3. A comparison of various sections through the back-
ground-corrected 2 D-ACAR spectrum [43] with the corre-
sponding theoretical predictions [16]. The results for the 
high-symmetry lines TY, TX, TS, YS, and XS are shown as 
marked. 

ACAR spectra obtained at five different temperatures , 
ranging f rom 30 K to 300 K, indicated tha t any of the 
observed spectra, M(p,T), could be written to a good 
approximat ion as a superposi t ion of two tempera ture-
independent spectra F(p) and B(p): 

M{p, T) = ( 1 - / ( 7 ) ) F(p) + I(T) B(p). (5) 

Here, J ( T ) is a temperature-dependent weight factor. 
Equat ion (5) is well known from positron defect studies 
where it normally implies posi t ron t rapping, with I (T) 
giving the t rapping probabili ty. By exploiting the form 
of (5), while using one adjustable parameter , it is pos-
sible to extract a background-corrected experimental 
spectrum H ip), shown in Figure 3. A compar i son of 
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Fig. 4. Anisotropie spectra obtained by subtracting a smooth function from the as-observed data in untwinned Y B a 2 C u 3 0 6 9 . 
Left frame is for measurements at 300 K, while the right frame is for 30 K. 
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Fig. 5. (a) Theoretical anisotropic momentum distribution, here defined by taking differences between spectra along four 
different pairs of directions [16]. Thin vertical lines mark the position of various FS features r0, sj, etc. discussed in the text, 
(b) A comparison between the resolution-broadened theory curves in (a) with the corresponding experimental difference 
sections obtained from the corrected data [43], The spectra have been offset relative to one another as indicated by the 
horizontal lines. 



L. C. Smedskjaer and A. Bansil • Positron Annihilation Studies of Superconductors 403 

Figs. 2 and 3 reveals a dramatical ly improved agree-
ment between theory and experiment. Notably , in 
contrast to Fig. 2, the predicted anisot ropy near p = 0 
is clearly manifest in the experimental da t a of Fig-
ure 3. 

We turn now to discuss details of s t ructure in the 
da ta by considering anisotropies of the spectra ob-
tained by subtract ing a smoo th isotropic funct ion 
from the spectrum of Figure 1. The result, shown in 
Fig. 4, is seen to be quite similar at 30 K and 300 K, 
and consists of a central ridge-like feature su r rounded 
by four "mountains" . Additionally, a less p rominen t 
sideridge along the TX-direction is visible at bo th 
temperatures a round 12 mrad . Some tempera ture 
dependence is also apparent , e.g. the central ridge 
possesses two peaks whose ampl i tude decreases with 
decreasing temperature . The central ridge and the 
sideridge can be shown to arise mainly f rom the one-
dimensional C u - O chain bands and the associated 
Fermi surfaces (FS) running parallel to the TX-direc-
tion, and these features possess C 2 v - symmetry . In con-
trast, the aforementioned moun ta ins possess C 4 v - sym-
metry and may contain contr ibut ions bo th f rom the 
C u - O planes and the chains. 

In order to elucidate the Fermiology of Y B a 2 C u 3 0 7 , 
in the following we frequently refer to the four FS-
sheets [44, 45, 15] predicted by band theory, namely 
[46]: (1) a pair of closely-spaced S-centered hole sheets 
that possess the shape of the inner and outer surfaces 
of a "barrel", (2) an electron "ridge" surface running 
along TX, and (3) a "pil lbox" hole sheet centered at S 
along with an associated hole sheet mainly centered 
on the TY-direction. Mos t calculations agree well 
with regard to the "barrels" and the "ridge". Some 
relatively minor differences are, however, found with 
regard to the "pil lbox" and the associated hole sheets; 
this is expected since these sheets arise f rom a heavy-
mass band that lies close to the Fermi level and are 
therefore sensitive to computa t iona l details. 

In Fig. 5 representative anisotropic sections are 
shown for the background-correc ted da t a in the form 
of differences along four pairs of directions. We com-
ment on the theoretical results of Fig. 5 a first. The 
complexity of these spectra arises not only f rom the 
presence of various FS sheets in Y B a 2 C u 3 0 7 , bu t also 
from the detailed character of the electronic wave 
functions of various filled bands. Several of the "breaks" 
associated with the Fermi surface are indicated (e.g., 
r 1 , r 2 , s 1 , . . . etc.). The sharpness of such breaks re-
flects the nearly dispersionless na ture of the band 

structure of Y B a 2 C u 3 0 7 a long the c-axis and empha-
sizes the advantage of using the c-axis project ion in 
exploring the Fermiology of layered materials. No te 
that the FS breaks in Fig. 5 a occur in a dis tr ibut ion 
that itself possesses substantial underlying structure. 

The signatures of various FS sheets in Fig. 5 a are as 
follows. The ridge FS (r0) gives the rapid variat ion 
near p = 0; since the ridge lies along the TX-direction, 
in the TS —TX spectrum or other difference spectra 
involving the T-point , the anisotropy is nearly zero for 
m o m e n t a (around p = 0) of the order of the width of 
the ridge. The first umklapp of the ridge ( r x , r2) is seen 
clearly a round 6.3 mrad as a peak in FY — TX, and a 
dip in TS —TY; only weak features are seen at this 
m o m e n t u m in the TS —TX or XS —YS curves. The 
second image of the ridge ( r 3 , r4) occurs a round 
13 mrad. The h igh-momentum end r 4 is generally 
more clearly visible than the low-momentum feature 
r 3 ; r 4 in part icular coincides with the zero crossing in 
TS —TY. The pillbox FS yields relatively prominent 
features only in the XS —YS spectrum. The breaks s x , 
s2,s3, and s 4 are all associated with the pillbox. Since 
the dimensions of the pillbox in the XS and YS direc-
tions are different, but the XS —YS difference must 
obviously vanish at the S-point (around 3.1 mrad), we 
get two breaks on each side of the S-point in the 
XS — YS spectrum. Interestingly, though, the image of 
the pillbox a round 9.5 mrad ( s 5 , s 6 ) only consists of 
two prominent breaks. This results f rom the fact that 
in this m o m e n t u m region, the pillbox possesses a 
substantial signature only along the YS and not the 
XS direction. Finally, as expected, the C u - O plane 
sheets give essentially no discernible signatures in the 
2 D - A C A R s as a result of the weak coupling of the 
posi t ron Bloch state with the C u - O planes [15-20] . 
Figure 5 b shows that experimental anisotropies are in 
good accord with theory with regard to the details of 
the spectral features. Also there is good agreement 
concerning the absolute ampli tude of the undula t ions 
between theory and experiment. The level of dis-
crepancies seen in Fig. 5 b is c o m m o n in even simpler 
materials in first-principles compar isons between 
theory and experiment. 

FS signatures in the experimental spectra can now 
be elucidated with reference to Figure 5 b. We consider 
the ridge FS first. As noted above, the ridge F S gives 
three distinct features: (1) rapid variation in anisotropy 
near p = 0, (2) an image a round 6.3 mrad , and (3) a 
second image a round 13 mrad . The experimental 
spectra display all three of these features. Al though we 
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do not, of course, expect any "breaks" in the experi-
mental da ta owing to resolution effects, near p = 0 
bo th sets of curves in Fig. 5 b possess similarly rapid 
variat ions and slopes; the width of the experimental 
ridge would, however, appear to be somewhat larger 
than that implicit in our band structure. The 6.3 mrad 
image of the ridge (rt, r2) is particularly impor tan t in 
the TY — TX curve, because this feature lies on a rela-
tively gently varying background and remains quite 
prominent in the theory even after including resolution 
broadening, and it is crucial that this feature is indeed 
observed clearly in the experimental data. By contrast , 
in the TS —TY curve, the resolution broadening ef-
fects would make the 6.3 m r a d ridge image difficult to 
distinguish f rom the background. Finally, the image of 
the ridge FS near 13 mrad ( r 3 , r 4 ) becomes rather 
smooth in theory upon resolution broadening. We 
emphasize tha t the shape of the experimental da ta in 
this m o m e n t u m range is quite consistent with the 
theory. A closer examinat ion of this region shows that 
the experimental edge a round 13 mrad is just about as 
sharp as that predicted theoretically. Also, in the case 
of TS —TY, bo th theory and experiment show the re-
lated zero crossing a round 13 mrad. 

Concerning the pillbox, as noted, the prominent 
features involve the XS —YS anisotropic spectrum, 
where the theory and experiment appear to be in 
accord in Fig. 5 b, a l though upon resolution broaden-
ing the theoretical breaks Sj through s 4 become rather 
indistinct and are difficult to identify in the experimen-
tal spectra. The dip arising f rom the breaks s 5 and s 6 

remains distinct even after resolution effects are in-
cluded, and in this m o m e n t u m region the experimen-
tal da ta display a similar dip in accord with the theory. 
Fur the r analysis of the 2 D-ACAR data is nevertheless 
needed to establish the existence of the pillbox FS 
firmly via the present experiments. Finally, it may be 
noted that the present results are complementary to 
the d H v A and angle-resolved photoemission results 
concerning the Fermi surface features [47-49] . 

V. Conclusions 

We have presented an overview of the present-
ly available 2 D-ACAR posi t ron annihi lat ion results 
for the high-Tc superconductors , with focus on 
Y B a 2 C u 3 0 7 _ x , which has been investigated most 
intensely. The observed spectra are shown to be in 
excellent accord with the predictions of the local den-
sity approx imat ion (LDA) based on band theory 
f ramework , some complicat ions caused by the pres-
ence of a background of an uncertain origin notwith-
standing. The crucial role played by theoretical com-
puta t ions in interpret ing the observat ions in the 
high-Tc 's indicates tha t progress in exploring the 
Fermiology of complex materials via the posi t ron 
technique in the future will require close co-operat ion 
between theory and experiment. 

The present posi t ron annihi lat ion results concern-
ing the Fermi surface of Y B a 2 C u 3 0 7 , when combined 
with complementary results of angle-resolved photo-
emission and d H v A experiments, leave little doub t 
that the Fermiology of the normal-s ta te Y B a 2 C u 3 0 7 

is described quite reasonably by the conventional 
band- theory based picture of the metallic state. These 
results provide significant experimental constraints on 
the physically relevant theoretical models of the Fermi 
gas in the high-Fc 's, even though these observations do 
not by themselves reveal the superconduct ing mecha-
nism at work in these materials. 
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