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High-Resolution Compton Scattering Study of Li: Asphericity of the Fermi Surface and
Electron Correlation Effects
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We present high-resolution Compton scattering spectra from Li single crystals together with
corresponding highly accurate local-density-approximation (LDA) based computations. The data are
analyzed to obtain Fermi surface radii along the three principal symmetry directions; the maximum
measured anisotropy is found to be (4.6 ~ 1.0)%. Comparisons between the measured and computed
spectra clearly reveal departures from the conventional one-particle LDA picture of the ground state
momentum density of the electron gas. This study establishes the potential of Compton scattering as a
tool for investigating Fermiology-related issues in materials.

PACS numbers: 61.80.Ed, 41.60.Ap, 71.25.Hc, 71.45.Gm

It is well known that in a Compton scattering experiment
one measures the momentum distribution [1]

(2)

J(p~) = n(p) dp~ dpy, (1)
where n(p) is the ground state electron momentum density,

2

n(p) = g W;(r) exp(ip . r) dr

in terms of the electron wave functions 'Ir;(r). The sum-
mation in (2) extends over all occupied states. Therefore,
the Compton profile J(p, ) contains fingerprints of Fermi
surface (FS) breaks in the underlying 3D momentum
distribution n(p). The size of the FS discontinuity
in the momentum density and its possible renormali-
zation due to electron-electron correlations is a funda-
mental property of the ground state electronic structure,
inaccessible to other k-resolved spectroscopies such as
angle-resolved photoemission, the de Haase —van Alphen
effect (dHvA), and positron annihilation [2]. This
unique capability of the Compton technique for exploring
Fermiology-related issues has, however, been difficult to
exploit to date because the momentum resolution available
using y-ray sources is not adequate for this purpose. The
advent of high intensity, high energy, well polarized syn-
chrotron sources removes this limitation and offers new
opportunities for developing Compton scattering as a tool
for investigating spectral properties of the electron gas at
and near the Fermi energy in wide classes of materials [3].

With this motivation, we present in this Letter a high-
resolution synchrotron-based Compton study of Li single
crystals [4], and identify, for the first time, Fermi surface
signatures in the data. The presence of a 2D integral in

Eq. (1) implies that the structure associated with FS cross-

ings will generally be more apparent in the derivatives
of J(p, ), rather than J(p, ) itself. Accordingly, paral-
lel highly accurate computations of the Compton profiles
(CP's) within the band theory framework are reported;
we are not aware of a previous calculation of CP's in
the literature where the line shape in the derivative spec-
tra has been properly computed. Comparisons between
the measured and computed Compton spectra clearly re-
veal departures from the simple one-particle local-density-
approximation (LDA) based picture of the momentum
density.

It is noteworthy that the Compton experiment essen-
tially measures a ground state property of the electron
gas [5] in contrast with techniques such as dHvA and
angle-resolved photoemission. Also, the Compton experi-
ment, which involves a photon in —photon out situation,
is neither surface sensitive like angle-resolved photoemis-
sion nor defect sensitive like dHvA or positron annihila-
tion. Despite these advantages it is most sensible to view
Compton as complementary to other k-resolved spectro-
scopies, especially in investigating complex materials.

The measurements were carried out with a Compton
scattering spectrometer installed at the AR-NE1 beam
line of the National Laboratory for High Energy Physics
[6]. Single crystals of Li grown by a modified Bridgman
technique were used to obtain three disklike 4 mm thick
samples with normals along the [100], [110], and [111]
directions. The energy of the incident x rays was cho-
sen to be 59.38 keV, with the scattering angle set at 160
[7]. The overall momentum resolution of the spectrom-
eter is estimated to be 0.12 a.u. (FWHM) —about 8% of
the Brillouin zone size; much of the earlier work with

2252 0031-9007/95/74(12)/2252(4)$06. 00 1995 The American Physical Society



VOLUME 74, NUMBER 12 PH YS ICAL REVIEW LETTERS 20 MARcH 1995

y-ray line sources involves poorer resolutions, 0.37 a.u. or
more. The Compton profiles were obtained from the raw
energy profiles of the scattered x rays by generally follow-
ing the data processing procedure described in Ref. [8].
The question of subtracting an appropriate background
from the raw data was investigated extensively. In the fi-
nal data presented here, instead of using the step at the K
edge, the calculated core electron profile was used to de-
termine the functional form of the background noise in the
range of —8 ~ p, ~ —4 a.u. and+4 ~ p, ~ +8 a.u. ; the
results are insensitive to the specific choice of momentum
range used in this fitting procedure. An independent ex-
periment was carried out to confirm that the background
contribution so estimated was mostly due to the inelas-
tic scattering in the analyzer and is well represented by a
linear function of the channel number of the imaging plate
readout. The double Compton scattering events were
simulated by a Monte Carlo method [9]; the total area
under such events was found to be 3.6k of the single
scattering events. In estimating error bars on the data, the
complex relationship between the number of photons ab-
sorbed by the imaging plate, the uniformity of the imag-
ing plate response, and the electronic noise generated in
the readout process was taken into account following the
work of Ref. [10]. Finally, the data were filtered to re-
move some short period fluctuations of small amplitude.
The filtering process does not worsen the momentum reso-
lution by more than a few percent.

Concerning computational details, our calculations use
the all electron charge self-consistent Korringa-Kohn-
Rostoker band structure scheme; the crystal potential is
based on the von Barth —Hedin local density approxima-
tion to the exchange correlation functional, and possesses
the muffin-tin form [11]. The band structure problem was
solved to a high degree of self-consistency (energy bands,
Fermi energy, and crystal potential converged to about
1 meV) for the bcc Li lattice (a = 6.6163 a.u. ) before pro-
ceeding with Compton calculations [12]. Lam-Platzman
corrections to the CP's were obtained using the occupa-
tion number density for the uniform electron gas [13]. For
CP computations, the momentum density n(p) in Eq. (1)
was evaluated on a mesh with 87265 X 177 p points ex-
tending to about 5.0 a.u. This fine mesh, which corre-
sponds to 87265 ab initio k points in the irreducible
1 j48th of the Brillouin zone, with each k point translated
to obtain 177 p points using reciprocal lattice vectors, is
necessary to properly treat Fermi surface breaks and the
rather long range of the momentum density. In order to
compute the 2D integral in Eq. (1) efficiently, vectorized
versions of the linear tetrahedron method in which one
zooms in on the momentum region in the vicinity of the
Fermi surface breaks (with a concomitant increase in the
effective density of p points) were developed. The CP's
of Li presented here involve no essential approximation
beyond the basic LDA, various other approximations such
as the muffin-tin form of the potential are believed not to
be significant. The final CP's were computed over a mo-

mentum mesh of 0.001 a.u. and are accurate to a few parts
in 104.

We discuss our results with reference to Figs. 1 —3.
The overall shapes of the measured Compton profiles
as well as their first and second derivatives are seen to
be similar to the theoretical predictions. Focus first on
the dashed curves in Fig. 2 which give the theoretical
derivative spectra without resolution broadening. The
structure originating from Fermi surface crossings is
easiest to understand in terms of these curves. The most
prominent "break" is seen to occur around 0.6 a.u. , but the
precise value differs along various directions indicating
distortion of the free electron sphere. The crystal potential
also induces images of the Fermi surface at higher
momenta. These images, albeit weak, are centered at
the fcc reciprocal lattice points K„W 0, but get projected
into the Compton spectra due to the 2D integral of the
momentum density involved in Eq. (1). Along the [100]
direction, the feature b& at about 0.4 a.u. is the projection
of the K = (1, 1, 0) centered Fermi surface image which is
encountered before we reach the main break ai at 0.6 a.u.
This is also the case of the [ill] direction, however, the
corresponding breaks b3 and a3 are closer together due to
the particular geometry of the fcc reciprocal lattice; along
the [110]direction, the break b2 at around 0.75 a.u. turns
out to lie beyond the break a2.

When theoretical spectra are broadened to reAect ex-
perimental resolution, solid lines in Fig. 2, we see that,
while FS breaks ai —a3 in the first zone continue to
be distinct, this is less the case with b i

—b3 arising
from higher zones. A comparison with the corresponding
experimental spectra clearly shows the presence of a& —a3.
The data are also consistent with theoretical features

Q 1 I I I
i

I I I I
[

I2. 0

1.5 — 1.5

2.0

— 0.5

2 Q
CL
0

1.5

= 0.0

— 0.5

1.0 :0.0

0.5 — 0.5

0..0 I I I I I I I I I

0.0 0.5 1.0 1.5 2.0 2.5

p, (a.u. )

0.0
3.0

FIG. 1. Measured Compton profiles along the three principal
symmetry directions are compared with the corresponding
theoretical profiles broadened to reflect experimental resolution.
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FIG. 3. Same as Fig. 1, except that this figure shows the
second derivative d2J/dp2. Arrows denote the positions of the
theoretical Fermi surface radii.
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FIG. 2. Same as Fig. 1, except that this figure refers to the
first derivative 11/dp, of the Comptou profile. The theoretical
curves without resolution broadening (dashed) are shown to
highlight sharp structure related to Fermi surface crossings.
The free electron prediction is shown on the [111] curve.
0 ] a3 and 6

& b3 denote Fermi surface breaks discussed in the
text. The error bars (not shown) are approximately of the size
of the data points.

bi —b3, although a higher experimental resolution will
be necessary to determine the positions of breaks bi —b3
accurately.

The values of the three principal Fermi surface radii can
be obtained via the positions of the peaks in the second
derivative spectra, Fig. 3. We emphasize, however, that
the actual radii differ slightly from the peak positions
in Fig. 3, since the FS breaks sit on an underlying
distribution which is asymmetric. We have studied this
effect extensively by considering model distributions
chosen to mimic various aspects of the observed spectra
(e.g. , resolution broadening and size and width of the FS
discontinuity). Our analysis indicates that the shift in the
position of the second derivative peak in relation to the
FS radius arises mainly from the presence of resolution
broadening in the data, and that the size of this shift can be
determined by comparing peak positions in the theoretical
spectra with and without resolution broadening (the later
shown by arrows in Fig. 3), since the overall shapes of the
theoretical and experimental spectra in Figs. 1 —3 are very
similar.

The final experimental radii deduced from the data of
Fig. 3 are (in a.u. ) kazoo

= 0.577 4- 0.004 kiio = 0.604
0.004 and k]]i = 0.586 ~ 0.004. The corresponding theo-
retical values in the present band computation are (in a.u. )

k]pp = 0.5764, kiip = 0.6112, and k)ii = 0.5843. The
maximum deviation from sphericity in the FS of Li can
be represented by the parameter 6 = (k»o —kioo)/ko,
where kp = 0.589 a.u. is the free electron radius. This
experiment yields 6 = (4.6 ~ 1.0)%, compared to our
theoretical value of 5.9%.

The FS of Li has been investigated very recently
via the positron annihilation 2D correlation technique
[14],obtaining 6 = (4.7 ~ 0.2)%; an older positron study
[15,16] gave a value of (2.8 ~ 0.6)%. On the theoretical
side, computations based on the LDA (such as the present
one) yield values of 6 lying between 5.5% and 6.0%;
the inclusion of nonlocal corrections to the potential leads
to a less anisotropic Fermi surface reducing 6 values by
roughly a factor of 2 [17]. Keeping these results in mind,
our measured value of 6 = (4.6 ~ 1.0)% is consistent
with the view that correlation effects beyond the LDA
reduce the value of 6 in Li but not as much as was implied
by some earlier experiments [15] or computations [17].

Despite an overall similarity of shape between theory
and experiment in Figs. 1 —3, we see already from Fig. 1

that the measured Compton profiles are below the calcula-
tions for momenta within the FS with the situation revers-
ing itself at higher momenta. In this connection, we made
an extensive effort to analyze various corrections to the
Compton data, some standard (such as multiple scattering),
and others more specific to the present synchrotron data
(e.g. , inelastic scattering in the analyzer) but find our ex-
perimental results to be highly robust, leading us to con-
clude that the discrepancy in Fig. 1 represents effects of
correlations on the momentum density of the electron gas
beyond the local density approximation [18]. Figures 2
and 3 further show that the main FS breaks ai —a3 are
sharper in the theory than the measurements consistent
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with the expectation that correlations will reduce the size
of the FS discontinuity compared to that implicit in our
computations employing the independent particle picture.

In summary, we have presented high-resolution Comp-
ton spectra of Li single crystals together with correspond-
ing highly accurate LDA based computations. The data
allow the determination of Fermi radii via the Compton
technique for the first time, on the one hand, and show
unambiguous signature of deviations of the shape of the
momentum density in the solid from the independent par-
ticle type band theory picture, on the other hand. This
study establishes the potential of high-resolution Comp-
ton scattering as a tool for investigating Fermiology-
related issues, and indicates its capabilities as a direct
probe of hitherto inaccessible correlation effects such as
the size of the momentum density discontinuities. The
new low emittance, high energy light sources now com-
ing on-line will yield improvements in resolution by fac-
tors of 3 to 6 depending on the type of spectrometer (i.e.,
-0.02 a.u. FWHM, or, equivalently, on the order of 1%
of the Brillouin zone diameter in Cu). The applicabil-
ity of the Compton technique in investigating Fermiology
and related electron correlations effects in wide classes of
simple and complex systems can thus be anticipated.

It is a pleasure to acknowledge many important conver-
sations with Winfried Schulke. This work is supported
by the U.S. Department of Energy under Contract No. W-
31-109-ENG-38, including a subcontract to Northeastern
University, and has benefited from travel grants from the
NSF and NATO, and the allocation of supercomputer
time at NERSC and the Pittsburgh Supercomputer Cen-
ters. The synchrotron measurements were performed with
the approval of the Photon Factory Advisory Committee,
Proposals No. 90-228 and No. 92-6257. The support of
the Natural Sciences and Engineering Research Council
of Canada, and a fellowship of the Japan Society for the
Promotion of Sciences, is gratefully acknowledged.

[1] See, e.g. , M. J. Cooper, Rep. Prog. Phys. 4S, 415 (1985).
[2] In principle, the positron experiment can also access the

electron momentum density discontinuities, despite com-
plications due to the simultaneous presence of electron-
electron and electron-positron correlation effects.

[3]
[4]

[51

[6]

[7]

[8]

[9]
[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

A. Bansil, Z. Naturforsch. A 4S, 165 (1993).
Numerous y-ray Compton studies of Li and other light
metals have been carried out, see, e.g. , Ref. [1]. The
dHvA cannot be used for bcc Li, which undergoes a
martensitic phase transition at 78 K.
This is rigorously true within the impulse approximation
implicit in Eqs. (1) and (2).
Y. Sakurai, M. Ito, T. Urai, Y. Tanaka, N. Sakai,
T. Iwazumi, H. Kawata, M. Ando, and N. Shiotani, Rev.
Sci. Instrum. 63, 1190 (1992).
For these parameters the deviations from the impulse
approximation are estimated to be small [A. Issolah
(private communication)].
N. Shiotani, Y. Tanaka, Y. Sakurai, N. Sakai, M. Ito,
F. Itoh, T. Iwazumi, and H. Kawata, J. Phys. Soc. Jpn.
62, 239 (1993).
N. Sakai, J. Phys. Soc. Jpn. 56, 2477 (1987).
M. Ito and Y. Amemiya, Nucl. Instrum. Methods Phys.
Res. , Sect. A 310, 369 (1991).
A. Bansil and S. Kaprzyk, Phys. Rev. B 43, 10 335 (1991);
S. Kaprzyk and A. Bansil, Phys. Rev. B 42, 7358 (1990);
A. Bansil, S. Kaprzyk, and J. Tobola, Mater. Res. Soc.
Symp. Proc. 253, 505 (1992).
Our band structure of Li is in good accord with various
published results, e.g. , that of Moruzzi et al. [Calculated
Electronic Properties of Metals (Pergamon Press, New
York, 1978)].
L. Lam and P. M. Platzman, Phys. Rev. B 9, 5122 (1974).
Although the Lam-Platzman correction, included in the
results presented here, reduces the discrepancy between
theory and experiment, its overall effect is relatively small ~

S.S. Rajput, R. Prasad, R. M. Singru, W. Triftshauser,
A. Eckert, G. Kogel, S. Kaprzyk, and A. Bansil, J. Phys.
Condens. Matter 5, 6419 (1993).
L. Oberli, A. A. Manuel, R. Sachot, P. Descouts, M. Peter,
L. P. L. M. Rabou, P. E. Mijnarends, T. Hyodo, and A. T.
Stewart, Phys. Rev. B 31, 1147 (1985).
Interestingly, the earliest long slit positron experiment of
Donaghy and Stewart [Phys. Rev. 164, 391 (1967)] reports
6 =5%.
A. H. MacDonald, J. Phys. F 10, 1737 (1980); M. Rasolt,
S.B. Nickerson, and S.H. Vosko, Solid State Commun.
16, 827 (1975).
The possible importance of correlation effects has been
noted by other authors, see, e.g., G. E.W. Bauer and J. R.
Schneider [Phys. Rev. Lett. 52, 2061 (1984); Phys. Rev. B
31, 681 (1985)].

2255


