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Probing the f electrons in URuzSiz with positrons: A theoretical investigation
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The two-photon momentum distribution for positron annihilation is computed for the heavy-
fermion system URu&Siz. A nonrelativistic approximation of the positron-electron overlap integrals
is applied to wave functions obtained from a fully relativistic, self-consistent band-structure calcula-
tion. The crystal structure causes a preference of the positron for the uranium site, resulting in a
considerable contribution to the two-photon momentum distribution of the f-electron states and
marked structure related to the Fermi surface. Results are presented for integration of the two-
photon momentum distribution along the [001] and [101j directions. Subsequent application of the
Lock-Crisp-West theorem reveals Fermi-surface eAects superimposed on long-wavelength structure
due to the inhomogeneity of the positron wave function. It is concluded that positron annihilation
can be used to study the nature of the f electrons in this heavy-fermion system.

I. INTRODUCTION

Measurements of the two-dimensional angular correla-
tion of annihilation radiation (2D-ACAR) on single crys-
tals provide the once-integrated two-photon (2y) momen-
tum distribution. ' Since the 2y momentum distribution
displays discontinuities caused by the Fermi surface (FS)
and its shape rejects the wave-function symmetry of the
occupied electron states, 2D-ACAR experiments can
provide direct experimental information about the elec-
tronic structure of a solid on the same microscopic level
as de Haas —van Alphen experiments. However, in order
to obtain experimentally detectable effects, a significant
wave-function overlap between the positron and the elec-
trons is required. In this paper we employ a recently
developed relativistic formalism ' to calculate the 2y
momentum distribution for the heavy-fermion system
URu&Si2.

Heavy-fermion systems are compounds, usually con-
taining Ce and U, with strongly renormalized electron
masses. The measured electronic specific-heat coefFicient
of URu2Si2 in the antiferromagnetically ordered state is
65 mJ/mal K . Although the lower bound for heavy-
fermion behavior was arbitrarily chosen to be 400
mJ/mol K, the compound URu2Siz can be considered to
be characteristic for a heavy-fermion system. But what
really attracted the attention of the solid-state communi-
ty was the discovery of magnetic order and superconduc-
tivity coexisting below 1 K by Broholm et al. Similar
results obtained by Aeppli et a/. for another heavy-
fermion superconductor, UPt3, suggest that the magnetic
order may be essential for this new type of superconduc-
tivity.

Recently, we have performed 2D-ACAR measure-
ments on single crystals of URu2Si2. Results of these
measurements and a comparison with the present calcu-
lations will be presented elsewhere. The purpose of this

paper will be to establish the applicability of the
positron-annihilation technique to study the nature of the
f electrons in this heavy-fermion system.

II. CALCULATIONAL DETAILS

The crystal structure and Brillouin zone of URuzSi2
are shown in Fig. 1. The crystal structure is body-
centered tetragonal with point group I4/mmm (ThCr2Si2
type), which is a moderately open structure leaving a
large volume for the uranium atom. This works to our
advantage since this large interstitial region around the
uranium atom helps to pull the positron to it and aids in
the sensitivity to the f states.

The energy band structure is calculated by solving the
full Dirac equation using the relativistic linearized
augmented-plane-wave (RLAPW) method' in a quater-
nion formulation" and iterating to self-consistency. The
maximum length of the reciprocal-lattice vectors of the
RLAPW basis functions is 4.25 a.u. and the angular
decomposition of the wave functions inside the spheres
includes all angular momenta (j) up to 1=8. The poten-
tial includes Hedin-Lundqvist exchange-correlation. '

For the self-consistent-field (SCF) process, the Brillouin
zone is sampled on a set of 21 inequivalent points. This
poor sampling is probably the weakest point of the calcu-
lation. The lattice parameters are 0=7.7932 a.u. and
c=18.0594 a.u. and the U-Si distance along the [001]
direction is 0.3727c. The "warped" mu%n-tin shape ap-
proximation (which spherically averages the potential in
the vicinity of the atoms, but retains the full structure of
the potential in the interstitial region, the critical area for
the positron) is utilized with muffin-tin radii of 3.220,
2.643, and 1.800 a.u. for the U, Ru, and Si spheres, re-
spectively. In the interstitial region (37% of the unit-cell
volume) 720 stars of plane waves represent the potential.
During the SCF iterations a soft-core treatment proper-
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FIG. 3. Radial wave functions (large components) for the
positron and the f electrons inside the U muffin-tin sphere. The
positron s radial wave function is calculated with E= —0.08
Ry. The energy parameters of the f radial wave functions are
0.80 Ry (j = —,

'
) and 0.7S Ry (j =

—,
' ), respectively.

FIG. S. Calculated Fermi surface of URu2Si, . Its intersec-
tions with a simplified rectangular Brillouin zone are shown.
The symmetry point X' lies in the second zone and is equivalent
to point X in the first zone. Owing to the low dispersion of the
bands at the Fermi level, the Fermi surface is sensitive to details
of the calculation.

III. RESULTS

The calculated electronic band structure of URuzSiz is
shown in Fig. 4. The results are similar to previous cal-
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FICx. 4. Energy bands along symmetry lines in the (110)plane
in the Brillouin zone.

outside the sphere, illustrated in Fig. 2. Yet, this fact fa-
cilitates the calculation of the 2y momentum distribu-
tion. The 2y momentum distribution is calculated for
128000 p vectors in the —,', irreducible wedge of p space
up to ~p~ =3 a.u. The spacing of the grid equals 0.0403
and 0.0348 a.u. in the |100] and [001] directions, respec-
tively.

culations by Norman et al. ' using the relativistic linear-
muffin-tin-orbitals (RLMTO) method. In both calcula-
tions a complex of Hat energy bands is present near EF
that gives rise to a Fermi surface (shown in Fig. 5), which
consists of two concentric electron surfaces centered at I
and two concentric hole pockets at Z. In addition, the
RLMTO calculation yields a complicated sheet originat-
ing from the same band that gives rise to the largest hole
surface. In the RLAPW calculation this band stays well
below EF, except at point X where it approximates EF
within 2 mRy. This feature might in particular be
aff'ected by the limited sampling of the Brillouin zone in
the SCF cycles. The angular decomposition of the elec-
tron states at the Fermi surface in our RLAPW calcula-
tion yields a predominant U f character with some ad-
mixture of Ru d and U d symmetry. The wave functions
on the hole surfaces show in addition some Ru p charac-
ter. In Fig. 6 we have plotted the density of states (DOS),
along with the U f and Ru d partial DOS. Approximate-
ly 2.5 electrons occupy the U f peaks, which have their
centers of mass at 0.01 Ry (j=—,') and 0.08 Ry (j=—', )

above EF, respectively. The DOS at Ez amounts to 24
Ry ' per spin per formula unit, but is extremely sensitive
to the exact value of Ez.

Figure 7 shows the 2y momentum distribution in the
(100) and (001) planes containing the origin in the form of
a contour diagram. Maxima are observed at p=0.5 a.u.
along the (100) directions. The lowest band shown in
Fig. 4 contributes 80% of the total momentum density at
p =0, owing to the high content of s symmetry, predom-
inantly at the Si sites, of the corresponding wave func-
tions. Its contribution extends to —1 a.u. in the basal
plane and to —0.5 a.u. along the [001] direction. The
second sp-like band, centered at 0.2 Ry, holds no 2y
momentum density in the (001) plane including the ori-
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ly, the general shape of the 2y momentum distribution is
not affected, which indicates that the positron wave func-
tion does not dominate the 2y momentum distribution
over the electronic-structure effects.

Examination of the Fermi-surface effects in the 2y
momentum distribution is facilitated by the Lock-Crisp-
West (LCW) procedure. ' ' A mapping of the three-
dimensional (3D) 2y momentum distribution in p space
onto the first Brillouin zone by translation over
reciprocal-lattice vectors provides an LCW-folded 2y
momentum distribution, which can be shown to display
discontinuities at the Fermi surface, superimposed on a
nearly Oat background contributed by the completely

FIG. 6. Density of states in the energy interval from 0.0 to
0.9 Ry. The Fermi energy equals 0.7832 Ry. The dashed curve
and the dotted curve show the U f and Ru d projected DOS, re-
spectively. The latter include only the charge inside the muKn-
tin spheres and, consequently, the projected DOS cannot be
compared directly to the total DOS. The bands between 0.0 and
0.3 Ry contain hybrid states with mainly sp contributions from
all spheres.
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1.0

gin, and contributes predominantly along the [001] direc-
tion. Together, the latter two bands yield a momentum
distribution which is approximately isotropic. In addi-
tion to the bands shown in Fig. 4, the band-structure cal-
culation yields three U 6p core states at —0.96 (j=—')

2—0.45, and —0.43 Ry (both j= —', ), respectively,
represented by bands which display hardly any disper-
sion. The sum of their contributions to the 2y momen-
tum distribution is quite large with a maximum value of
0.14 at p=0.6 a.u. along the (100) directions. It is
noteworthy that, in addition to this relatively large mag-
nitude, the total contribution of these states is weakly an-
isotropic, unlike the contribution from deep core shells.
The bands above 0.75 Ry, involving the hybrid f states,
display momentum density at p ) 1.4 a.u. along the
( 100) axes, while only minor contributions are observed
along the (110) axes. Along the I001] axis f-state con-
tributions are found at both small and large momenta, il-
lustrated by the distinct Fermi-surface discontinuities
visible in Fig. 7. The marked Fermi-surface structure in
the (010) plane, including the [001] axis, is almost ex-
clusively due to the two hole pockets centered at Z. On
the other hand, the weak features found in the (001) plane
near p=0.8 a.u. along the (110) axes originate in the
two electron surfaces at I ~

To examine the influence of the positron wave func-
tion, we have also calculated the 2y momentum distribu-
tion assuming a constant positron density in the unit cell.
That is, the upper and lower components of the positron
wave function were set equal to 0 and 1 (apart from a
normalization constant), respectively. The effect of this,
compared to the calculation with the real positron wave
function, rs a mere reduction of momentum density for
small momenta whereas the 2y momentum distribution
at larger momenta is slightly increased. Most important-
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FIG. 7. (a) Contour diagrams of the 2y momentum distribu-
tion in the (010) plane and (b) in the {001)plane. The contour
values are separated by 0.02.
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filled bands. Additional structure is expected when the
positron density is not homogeneously distributed in the
unit cell, which we find to be the case in URu2Siz, as seen
in Fig. 2. Application of the LCW procedure to the 2y
momentum distribution calculated for URuzSi2 yields
discontinuities with a size of approximately O. S for each
of the Fermi-surface sheets. This value exceeds the am-
plitude of the LCW discontinuities caused by the d bands
in most transition metals, ' which is attributed to the
crystal structure which allows a large overlap of the posi-
tron wave function with the f states. However, this re-
markably large value of O. S still amounts to only 4% of
the background owing to the large number of filled
bands. The inhomogeneous distribution of positron
charge in the unit cell causes an additional variation in
the LCW distribution of approximately S%%uo. The maxi-
ma of this variation lie at I, X, and P and the minima at
points Z and N.

A 2D-ACAR measurement yields the 2y momentum

distribution integrated along a direction in momentum
space specified by the orientation of the monocrystalline
sample. In order to predict the size of Fermi-surface-
related structure in the actual experiment, the calculated
LCW-folded 2y momentum distribution is integrated
along two diferent directions. As the wave-vector grid is
rather coarse, a linear-interpolation procedure is em-
ployed to properly take into account the location of the
Fermi-surface discontinuities in the integration. Figure
8(a) shows the result for the [001] integration direction in
the form of a contour diagram, while Fig. 9(a) shows cuts
through the LCW distribution along lines of high symme-
try. This two-dimensional LCW distribution is dominat-
ed by a principal maximum at the projection of the sym-
metry points X and P, which results from the positron-
electron overlap integrals due to the inhomogeneous posi-
tron wave function. Since the Fermi-surface sheets at I
and Z overlap in projection, a complicated structure ap-
pears with an amplitude of the order of 1% of the back-
ground, which is very small for observation in a 2D-
ACAR experiment. Several integration directions allow
the separate observation of the electron and hole sur-
faces. The [101] direction is found to be least disturbed
by the positron wave-function eIII'ect. The LCW distribu-
tion integrated along the [101]direction is shown in Figs.
8(b) and 9(b). The maximum at I X and the minimum at
ZN both amount to -4% of the background and reflect
the shapes of the Fermi-surface sheets in projection very
clearly. Shifts of the bands which modify the Fermi sur-
face express themselves very clearly in this LCW distri-
bution.

The small components of the electron wave functions
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FIG. 8. Contour plots of the LCW distributions calculated
for the (a) [001] and (b) [101] integration directions, respective-
ly. Only the LCW unit cell is shown. Contour values are
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Please remember that the direction [101] lies along the vector
(2m/a, 0,2~/c ). Hence, the k, axis in (b) does not coincide with
a crystallographic symmetry direction.
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FIG. 9. Cuts along lines of high symmetry through the distri-
butions shown in Fig. g. Integration along (a) the [001] and (b)
the [101]direction.
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contribute to the 2y momentum distribution via the
product of small electron and positron components ac-
cording to the coupling by the y'5 matrix in Eq. (1). How-
ever, since the small positron components can be neglect-
ed, this product vanishes and the small electron com-
ponents affect the 2y momentum distribution only as a
result of the normalization of the electron spinors, which
does include the small components. It can be shown
that the three-dimensional LCW-folded 2y momentum
distribution at wave vector k is reduced with respect to
the number of occupied bands according to the magni-
tude of the small electron components of the states at k.
From our calculation with the upper (small) and lower
(large) positron components set to 0 and 1, respectively,
we find that this reduction equals 5%%uo and is uniform
throughout the Brillouin zone. This means that this
LCW distribution is still proportional to the number of
occupied bands for all k. The calculation with the hy-
pothetical Rat positron wave function demonstrates that
the long-wavelength structure, observed in the integrated
LCW distributions of the 2y momentum distribution
with the full positron wave function included, is entirely
due to the inhomogeneous distribution of the positron
charge in the unit cell.

IV. DISCUSSION

The band-structure calculation by Norman et al. ' and
our own calculation agree reasonably well. This is espe-
cially satisfying in view of the different descriptions used
for the potential in the (large) interstitial region, i.e. , the
atomic-sphere approximation (ASA) for the LMTO cal-
culation versus our warped muffin-tin approximation.
The small dispersion of the energy bands near EF makes
both the Fermi surface and the DOS at EF very sensitive
to small shifts of the bands. The electronic specific-heat
coefficient y as deduced from the DOS is less than 10
mJ/mol K; however, values twice as large are obtained
when EF is shifted by a few mRy. Since we performed
our calculations without spin polarization, this result has
to be compared with the experimental y value measured
in the paramagnetic state, i.e., above the Neel tempera-
ture of 17.5 K. As its direct measurement suffers from
interference by crystal-field excitations, ' the value of y
in the paramagnetic state is derived from the value in the
antiferromagnetic state. ' To that end one assumes that
the antiferromagnetic order will remove a part of the
DOS at EF such that the paramagnetic value of y
exceeds the antiferromagnetic value of 65 mJ/rnolK .
Although other interpretations of the phase transition at
17 K have been suggested, ' the enhancement of the cal-
culated y value appears to be larger than a factor of 4,
which gives an indication of the importance of many-
body effects in the description of the electronic structure
of URu2Si2.

Although the influence of the positron wave function
on the structure in the LCW-folded distribution after in-
tegration is very large, it does not dominate the 2y
momentum distribution itself. The Fermi-surface effects
are relatively small owing to the large number of occu-
pied bands; hence, an experimental 2D-ACAR study

should first of all focus on the description of the symme-
try of the electron wave functions, especially those of the
f states. The hybridized f bands have been shown to
contribute to the 2y momentum distribution in a very an-
isotropic manner. More specifically, a 2D-ACAR mea-
surement with the integration direction along the I001]
axis can be expected to display clear anisotropic structure
for mornenta larger than 1 a.u. , which can be attributed
to the f states.

The results presented in this paper demonstrate that
the computation of the 2y momentum distribution is
essential for an experimental derivation of the Fermi sur-
face of URu2Si2 by an LCW analysis of 2D-ACAR data.
The inhomogeneous distribution of the positron density
in complex systems such as URu2Si2 causes only a small
k dependence in the filled-band contributions to the 3D
LCW distribution, but, as the wavelength of this varia-
tion is of the same size as the Brillouin zone, its effect
may be substantially enhanced after integration along
certain directions. The broad large maxima at XI' in Fig.
8(a) illustrate this most clearly. Fermi-surface sheets, on
the other hand, give rise to sharper structure but are
often (much) smaller than the Brillouin zone and hence
their signature is less enhanced by the integration. One
may, however, find directions of integration, like the
[101] integration direction in the case of URuzSiz, for
which one or more individual Fermi-surface sheets stand
out without significant interference from other structure.
Tomographical reconstruction of the 3D 2y momentum
distribution' in principle dispenses with the problems
caused by projection, but requires 2D-ACAR data mea-
sured under identical conditions for many sample orien-
tations. In the absence of a reliable reconstruction of ex-
perimental data, which is unfortunately the case in many
2D-ACAR studies, 2y momentum distribution calcula-
tions constitute an essential guide in the interpretation of
the experiment.

The most important result of the present calculations is
the observed affinity of the positron for the U site in
URu2Si2. As this is the result of the large space around
the U atom, the same effect is expected to occur in the
whole series of UT2Si2 and CeT2Siz ternary alloys, with T
a transition-metal atom, which have been studied exten-
sively by Palstra. ' Although it would be a major enter-
prise, this creates the possibility for a systematic study of
the electronic structure of f-electron systems, ranging
from Pauli paramagnetism via heavy fermions (URu2Si2,
CeCu2Si2, and CeRu2Si2) to local-moment behavior. As
an additional advantage, the partial substitution of the
respective components, yielding pseudoternary alloys,
does not disturb the observation of the electronic-
structure effects by the positron-annihilation technique,
contrary to the situation in de Haas —van Alphen experi-
ments. The finite lifetimes of the electron states caused
by substitutional disorder can be shown to merely
broaden the Fermi-surface discontinuities in the 2y
momentum distribution. The observation off electrons
may not be restricted to the compounds mentioned
above. The crystal structures of some other heavy-
fermion systems also leave large open volumes for the U
or Ce atoms. Tanigawa et al. have performed 2D-
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ACAR measurements on Ce86', however, the observed
structure in the LCW distributions could not be de-
scribed satisfactorily by the calculated Fermi surface.
This was attributed to positron wave-function eFects, but
Springford and Reinders have shown that, according to
their de Haas —van Alphen experiments, the Ce f elec-
trons hardly contribute to the formation of the Fermi
surface. The intermediate-valence compound CeNi~ has
been the subject of 2D-ACAR experiments by Jarlborg
et ah. Their results could not be interpreted by a local-
density-approximation (LDA) band calculation, a fact as-
cribed to the localized character of the Ce f electrons.
Although the observed effects in both systems are not
necessarily caused by the Ce f electrons, their crystal
structures, like URuzSi2, seem to leave a large volume for
the Ce atom and, consequently, may provide a significant
overlap of the positron wave function with the f states.
Owing to the somewhat more extended nature of the
uranium f electrons, U compounds (we mention UBei3
here) are preferred to Ce compounds, especially now that
the numerical calculation of the relativistic 2y momen-
tum distribution is possible.

V. CONCLUSIONS

The calculated band structure of URu2Si2 displays the
fiat U f bands at the Fermi level hybridized with conduc-
tion electrons originating from ligand atoms, characteris-
tic of a heavy-fermion system. The positron wave func-
tion displays a clear affinity for the U atom yielding a rel-
atively large overlap with the f-electron states. The am-
plitudes of the discontinuities in the 3D LCW-folded 2y
momentum distribution are large considering the local-
ized nature of the f electrons. Consequently, observation
of the Fermi surface with the aid of the 2D-ACAR

method appears feasible. Integration of the LCW distri-
bution along the I001] direction yields small Fermi-
surface eAects in addition to large features contributed by
the inhomogeneity of the positron wave function. The
[101]-integration direction is found to be favorable for
the observation of the Fermi surface. However, owing to
the large number of occupied bands, the positron-
annihilation experiments are expected to yield the most
specific information about the symmetry of the wave
functions, including the f-electron states.
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