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High-resolution Compton scattering measurements on Be single crystals along three main crystallographic
directions([10-0], [11.-0], and[00-1]) have been carried out using incident photon energies of 10, 29, and
56 keV to study the energy dependence of the scattering cross section. The experimental Compton profiles are
in good agreement with theoretical profiles employing the local density approximation—based band theory
framework. Extensive comparisons between the computed and measured profiles, their first derivatives, and
anisotropies defined as differences between various pairs of profiles show an excellent level of accord. The
details related to the Fermi surface are clearly seen in the experimental Compton profiles. However, subtle but
systematic direction-dependent discrepancies remain between the experimental and theoretical profiles, sug-
gesting that a better treatment of electron correlation effects in the inhomogeneous electron gas is needed to
develop a satisfactory description of the momentum density in Be. Our analysis also indicates that the effective
momentum resolution in low-energy Compton experiments possesses intrinsic limitations due to final-state
interactions and possibly cannot be enhanced arbitrarily by improving the instrumental resolution.

[. INTRODUCTION erate at about 10 keV, which means that the energy
transferred to the Compton electron is of the order of 1 keV,
Compton scattering, i.e., inelastic scattering of x rays af.e., of the same order of magnitude as the binding energies
high momentum transfer, is an excellent tool for investigat-of inner-shell electrons of light elements. Under these condi-
ing the ground-state electronic properties of mattérThe  tions the IA is not valid for the core electrons. In most cases
technique is insensitive to crystal defects, yields informatiorthe main interest is in the valence electrons, but in order to
on the bulk properties, and does not require low temperaisolate the valence contribution, the core electron part must
tures. These advantages have made Compton scattering wb# known accurately. There are various approaches to make
suited for studying the Fermi character of ordered as well asn “exact” calculatiot*~**but the experimental verification
disordered materials. The development of spectrometers & very difficult. It is possible to separate the contribution of
the second and third generation synchrotron radiation facilia particular electron shell from the Compton scattering cross
ties has made it possible now to achieve momentum resolisection by using a coincidence technique, where the scattered
tion of the order of 0.1 a.u. in wide classes of materials anghoton is measured in coincidence with the fluorescence
of the order of 0.01 a.u. in low- systems, while still pre- photon emitted when the vacancy left by the recoil electron
serving a high statistical accuracy. is filled.!®1” All these experiments have been made using
Recent Compton work has indicated that the local densityow momentum resolutiofD.6 a.u. or worse The only high-
approximation(LDA)—based band theory framework is not resolution measurement has been made by Isselati!
adequate for describing a number of key aspects of the massing 8.2-keV and 12.86-keV photons. It should also be
mentum density of the electron gas in metals and affoys. noted that in a Compton experiment one measures essentially
The so-called Compton profile, used commonly to compare one-dimensional projection of the electron momentum den-
theory and experiment, is defined within the impulse ap-sity onto the direction of the scattering vector of the photon,
proximation(IA),° which assumes that the potential experi- so that structural details in the momentum density in the
enced by the ejected electron is unchanged during the scailane perpendicular to the scattering vector are not well-
tering process. The Compton profile can then be factorizedesolved. Nevertheless, by making Compton measurements
from the measured scattering cross section. The IA is validlong a number of different directions, the underlying three-
when the energy transferred to the recoil electron is signifidimensional momentum density may be reconstrutfed:'°
cantly larger than its binding energy. The Compton spec- Both the Fermi surface characterization and electron cor-
trometers having the best momentum resolution typically opfelation studies have been particularly attractive applications
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for high-resolution Compton scattering experimehts?®**  \ave function via the momentum denshi(p). The effects
The resolution of the order of 0.1 a.u. or better is generallyof the electron-electron correlation on the momentum density
adequate for delineating Fermi surface features in the speef the homogeneous electron gas have been investigated ex-
tra. One obvious feature is the sharp discontinuity in theeensively for many decades using a variety of approximation
momentum density in a metal at the Fermi momenim  scheme®~3? but less so in the inhomogeneous case. Lam
Recent Compton studies in a number of cases indicate thahd Platzmatft proposed a way to incorporate the correlation
the observed Fermi break @t is broader and exhibits a effects into the inhomogeneous electron gas. They also give
larger high-momentum tail than expected to account for thex series of useful approximation schemes, where one of the
effects of the lattice potential and the experimentalmost often used is based on the local density approximation.
resolution?~??°~**These results suggest the need for treatingCorrelations move some of the momentum density from be-
the electron correlation effects beyond the LDA in order tolow to above the Fermi energy, while the break in the occu-
explain the Compton data. The observation of the Fermpation number at the Fermi momentum persists but gets
break and the correlation smearing is possible only if theenormalized to a smaller valuB-<1. The value ofZ¢
resolution is good enough and the shape of the resolutiofhcreases with increasing electron density as the kinetic en-
function is well characterized. Similar information can in ergy dominates. Beyond this, the specific valueZpffor a
principle be obtained by using positron annihilation given electron density shows a substantial spread between
spectroscopy’ where the resolution is comparable to that of various theoretical models. These key theoretical predictions
the Compton spectrometers, but the involvement of the posshould be amenable to experimental verification via high-
itron entangles the electron-electron with electron-positrortesplution Compton scattering experiments, and as a result,
correlation and complicates the interpretation of the spectrahe subject is drawing renewed theoretical intef&st’
Careful comparisons between the high-resolution positron The case when the recoil electron is not scattered far
annihilation and Compton measurements may provide interenough in energy and momentum, so that the Compton limit
esting possibilities for separating the electron-electron froms not satisfied, deserves some comment. The essential phys-
electron-positron effecf. ics may be exposed with reference to the homogeneous elec-
In order to gain insight into the aforementioned problemsron gas for simplicity. The associated occupation number
the present article reports an extensive Compton study on Bg(p) can be written af=0 as(see, e.g., Ref. 38
single crystals. This choice was motivated by the fact that Be
is well suited to investigate the valence as well as the core €
electron contribution, since it contains only two electrons of n(p)= fﬁw EA(F”E)' 2.3
each kind. Furthermore, the band structure is well known,
and the Fermi surface contains a number of structmes whereu denotes the chemical potenti@dl(p, €) is the spec-
ferred to as “cigars” and ‘“coronets); providing a good tral density of the one-electron Green'’s function,
testing ground for comparing theory and experiment. Three
sets of Compton measurements using different photon ener- A(p,e)=—2ImG(p,e). 2.9

gies and momentum resolutiofs0 keV at a resolution of Th i b d th t densit
0.02 a.u., 29 keV at 0.08 a.u., and 56 keV at 0.16) dave € occupation numben(p) and the momentum density
d}l(p) must be distinguished here. For a homogeneous elec-

been carried out. The results provide a systematic study ) th v diff bet h WO | |
the effects of momentum resolution on the observability of1oN gas, the only dilierénce between hese wo 1S a normal-

fine structure in the Compton spectra. |zati0.n constant, since the momentum densNt@p) in Eq.
P P (2.2) is normalized so thaf” .. J(p,) =Z, butn(p) is clearly
not.
In general a scattering process with a momentum transfer
The theory of Compton scattering is well knowsee, 7q and energy transfefiw is described by the dynamic
e.g., Ref. 25 The cross section for a photon with enefgy ~ structure factoiS(q,»). Relevant here then is the Compton,
to be Compton scattered to enerfgy in the IA can be writ-  or equivalently the high-energy and momentum transfer,

Il. THEORY

ten as limit (neglecting vertex correctionsi.e.°
d’o 1 (» de( d

o5~ C(E1,Ez,¢)I(py), (2.) )= — — A(p,e)A(p+#ig, e+

dQdE, 1,2 z S(q,w) 7)o 27) (2m)? (p,e)A(p+hg,ethio)
whereC(E,,E,, ¢) is a function that depends on the experi- (2.5
mental setup, while the properties of the electronic system L &
under study are separated into the Compton prdffie,), = p 2
which is related to the momentum densityp) of the elec- o (Zw)sn(p)A(erhq,p f2m+fw).
tron gas via a two-dimension&D) integral in a plane per- (2.6)

pendicular to the direction of the scattering vector, ) ) )
Herep is the electron density arfdw =E; — E, is the energy

transfered to the recoil electron. In obtaining E}.6) the
J(pz)ZJ f N(p)dpxdpy . (22 energy in the argument of one of the spectral density func-
tions has been set equal pé/2m, which separates the inte-
Equations(2.1) and (2.2) make it clear that Compton grals and yields the occupation numbeip) via the low
spectroscopy provides a direct probe of the ground-statenergy spectral functiotf.We emphasize thai(p,e) is an
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asymmetric function that will generally consist of two . EXPERIMENT
peaks—the plasmaron and the quasiparticle Seskhough
this is well known in solid state theorié$the relevance of The experiments were carried out at the beam lines

the shape of the spectral function has been pointed out ilD15B and ID16 of the European Synchrotron Radiation Fa-
connection with the high-resolution Compton spectra rela<ility (ESRB. The pertinent details of these two sets of mea-
tively recently®4° surements are as follows.

The Compton limit toS(q, ) is obtained when the spec- At beam line ID16, the radiation from two 42-period un-
tral density function in Eq(2.6) is replaced by a Dira@  dulators was monochromatized with a two-bouncél i)
function. As a result, the double integral of the momentumchannel-cut crystal, and the intensity of the scattered photons
density in the dynamic scattering factor is separated. Howwas measured with a crystal spectrometer operating in a
ever, the high-energy spectral density function has a finitéowland geometry. The scattering angle was 165° and a
width as a result of final-state interactions which from Eq.Spherically bent $555 analyzer crystal was used to mea-
(2.6) may be viewed as an effective smearing of the groundsure the intensity of the scattered photons at a fixed energy
state momentum density. The size of the smearing effect wilF2=9.9 keV. We tuned the incident rather than the scat-
be increasingly more important at low photon energies and itered photon energy in order to keep the analyzer in a back-
may become comparable to, or even larger than, the expergcattering geometryBragg angle 86°), and to avoid uncer-
mental resolution. For our experiments, the approximatdainties related to the analyzer crystal reflectivity. This
width (in momentun of the final-state spectral density func- approach also possesses the advantage that the scattered
tion was estimated to be 0.06 a.u., 0.02 a.u., and 0.006 a.y:ray intensity does not need to be corrected for absorption
with E;=10 keV, E;=29 keV, and E;=56 kev, in air, Kapton windows, etc., since these factors remain un-
respectively’! These results suggest that the effective mo-changed during the entire experiment. In order to account for
mentum resolution in low-energy Compton experiments poschanges in the photon flux with tinfeue to the storage ring
sesses intrinsic limitations due to final-state interactions anglectron beam decay and instabilitand incident energy
cannot likely be enhanced arbitrarily by improving the in- (due to the spectrum of the undulators and the monochro-
strumental resolution. mator reflectivity, the incident intensity was monitored with

In this work the experimental results are compared and Si PIN diode that detected scattered x rays from a Kapton
contrasted with the corresponding highly accurate theoreticdpil placed in the incident beam at an angle of 45°. Because
Compton profiles and their first derivatives computed withinthe energy bandwidth of the undulator radiation is relatively
the LDA—based band theory framework. The calculationgharrow, the undulator gaps had to be changed0 times
use the all-electron charge self-consistent Korringa-Kohnwithin the region from—1.4 to 1.4 a.u. Each gap change
Rostoker(KKR) methodology*?>~*° The crystal potential is corresponded to a 10 eV change in energy. Furthermore, spe-
based on the von Barth—Hedin local density approximé?ion cial care was required with respect to the spatial distribution
and is assumed to possess a nonoverlapping muffin-tin forn®f the undulator radiation since this constitutes the effective
The band structure problem was solved to a high degree @fource for the analyzer crystal. At the high-energy side of the
self-consistency for the hcp Be lattice with lattice constantgindulator harmonic peak, for example, the x-ray beam splits
a=4.3289 a.u. ancc=6.7675 a.u. Using the converged into two vertically separated spots, which obliged us to op-
crystal potential, the electronic wave functions and energgrate on the lower-energy side only.
bands were then obtained over 18f9initio k points in the The momentum resolution in the measurements at beam
irreducible 1/24th of the Brillouin zonéBZ). From these line ID16 wasAp,~0.02 a.u. The energy bandwidth of the
basic results, the momentum density, the Compton profiledncident beam was 1.5 eV, where the most important factor
and their first derivatives along the three high-symmetry di-was the Darwin width of the §111) monochromator crystal.
rections were computed over the range 0.0-5.0 a.u. on &he resolution of the spectrometer was about 0.35 eV, deter-
momentum mesh of 0.01 a.u. The computations are estmined mainly by the source sizgé.e., beam size at the
mated to be accurate to about one part if, 50 that the fine sample. The uncertainty of the scattering angle (1.5°) was
structure in the spectra can be delineated properly. Theue to the finite size of the analyzer crystal. This was also the
exchange-correlation effects are approximated using the isglominant contribution to the momentum resolution. The ex-
tropic LDA correctiord® act form of the instrument function was calculated via ray

tracing, which yielded a slightly asymmetric function with a
full width at half maximum (FWHM) of 0.02 a.u. The
Compton profiles were measured with the scattering vector
ANLDA(D)ZJ p(NIN(p,p(r))—No(p,p(r))]dr, of the elastically scattered photons along three main crystal-
(2.77  lographic directions, namely10-0](|I'M, [11-0]||T'K, and
[00-1]||T A. The samples were in the shape of 2.8-mm disks
with a diameter of 20 mm with surface normals along the
whereN(p,p(r)) andNy(p,p(r)) are the momentum densi- aforementioned directions. The total number of counts col-
ties for the interacting and noninteracting homogeneous eledected at the Compton peak at a count rate of 4000 counts/s
tron gas, respectively, evaluated at the local electron densitwere 2.2<10° (q||[10-0]), 3.0x10° (q||[[11-0]) and 5.5
p(r) of the physical system. Forif2.7) obviously does not x10° (g||[[00-1]). The related statistical inaccuracies are
account for the anisotropy of the electron density in crystal-0.2%, 0.2%, and 0.1%, respectively. The ID16 spectrometer
line materials; it also does not describe properly the correlathus provides a very-high-momentum resolution, but it is
tion effects if the charge density varies rapidly. limited to low incident photon energies. On the other hand,
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this allows us to study effects due to the finite width of themethod used more often is to average the negative and posi-
high-momentum spectral density function and the failure oftive sides of the Compton profiles. However, the method
the impulse approximation. used here has the advantage that the positive and the nega-

At beam line ID15, the radiation source was an asymmettive sides of our finalsymmetrig profiles involve uncorre-
ric multipole wiggler. The x rays were monochromatizedlated data. This can be very useful in establishing the exis-
with a horizontally bent Si crystal with a 5:1 demagnificationtence of a subtle feature in the data by confirming its
ratio. Here we used constant incident photon energies of 2presence in two independent locations. A systematic study of
keV and 56 keV using $111) and S{311) monochromators, the core asymmetry will be published elsewh&én the
respectively. The Compton profiles were measured along thease of low-energy experimentg{(=10 keV), the valence
three high-symmetry direction§10-0], [11-0], and[00-1]) electron contribution also shows asymmetry and exhibits di-
using a scanning Rowland spectrometer witli480) (29  rectional dependence, making it difficult to determine a
keV) and Ge440) (56 ke\) analyzer crystals. The construc- Smooth asymmetric subtraction. Therefore no asymmetry
tion and performance of the spectrometer have been recentfiprrection was applied to the 10-keV data.
described by Suorttet al*’ The Be single crystal samples Multiple scattering effects were assessed via extensive
were in the shape of long sticks with a 1 mrh mm  Monte Carlo calculation®’ which suggest that for the high-
square cross section. Only two separate samples weRnergy measurement&{=29 keV and 56 key, the mul-
needed, because we could align the scattering vector paralléple scattering contribution is only about 2% of the inte-
to [11-0] and[10-0] directions by turning the same sample grated area of the Compton profile. The associated maximum
by 90° without affecting the geometry due to the hexagonaRSymmetry is found to be only 0.1%, which is much less than
symmetry. the observed value due to the core asymmetry.

For the 29-keV measurement, the energy bandwidth of
the incident radiation due to the bending of the monochro-
mator wasAE;~10 eV. The resolution of the spectrometer,
dominated by the effective volume of the sample, Wds, Figure 1 presents the normalized experimental Compton
~30 eV, and the uncertainty of the scattering angle due t@rofiles measured with various energies along three main
the finite size of the analyzer crystal wasp~0.2°. The crystallographic directions, together with the corresponding
overall momentum resolution wasp,~0.08 a.u. The cor- resolution-broadened KKR calculations including the Lam-
responding parameters for the 56-keV experiment werélatzman correction. The unbroadened theoretical profiles
AE;~40 eV, AE,~100 eV, andA¢$~0.3°. The overall are also shown for reference. The agreement between theory
momentum resolution wadp,~0.16 a.u. At the Compton and experiment with respect to the overall shapes of the pro-
peak we collected altogether XA0®> (E;=56 keV) and files along all three directions and at each of the three photon
6.2X10° (E,=29 keV) counts in all crystal directions, energies considered is seen to be remarkably good. Note that
which resulted in a statistical inaccuracy of 0.1%. The counthe present LDA band theory framework of course does not
rates at the Compton peak were 3000 countsfs ( involve the photon energy. The theoretical profiles shown for
=29 keV) and 3500 counts/€(=56 keV). various photon energies differ only in the amount of broad-

In all experiments, the spectra were measured indeperening used to reflect the experimental resolution. Our defini-
dently several times, and the individual spectra wereion of p, follows that of Holm3! where the positive values
summed using the associated statistical accuracy as a weighf. p, correspond to the high-energy side of the Compton
The difference between each spectrum and the sum of thgrofile. One can clearly see how the different directions have
spectra were found to be statistically consistent in all casessignificantly distinct Compton profiles due to the hexagonal
A linear background of approximately 0.4% &f0) on the  crystal structure and the relatively complicated Fermi surface
energy scale was determined by assuming that the falef beryllium. A glitch originating from multiple Bragg dif-
extending tails of the measured profiles must represent thiaction in the sample was observed very close to the peak as
pure core electron contribution. well as atp,=0.5 a.u. in the[10.-0] profile of the 10-keV

Equation(2.2) makes it obvious that the Compton profile experiment, which gives some uncertainty to this profile, es-
of any system should be symmetric with respecpte=0.  pecially at the Compton peak. The profiles with,
However, the profiles extracted from the experimental data=29 keV andE,;=56 keV are normalized to the same area
are well known to display asymmetry due to the failure ofas the theoretical profiles betweetrb and 5 a.u. The profiles
the impulse approximation and multiple scattering eventswith E;=10 keV are normalized only between4 and 1
Furthermore, at low photon energies-{0 keV), the va- a.u. due to th& edge of the § electrong112 e\). The edge
lence electron contribution can become asymmetric to afs clearly visible in the low-energy profiles at=1.9 a.u.
extent even larger than for the core electréh$he experi- The fact that the theory and experiment continue to show
mental core Compton profile is slightly asymmetric evengood accord in Fig. 1 even at the low photon energy suggests
when the incident energy is of the order of 50 keV. We havethat the possible breakdown of the impulse approximation at
extracted this asymmetry from the experimental high-energyl0 keV in Be does not appear to influence the shape of the
(E1=29 keV and 56 keYdata and found it to be close to profile substantially.
the results of a calculation based on hydrogenic wave func- Previous experimem$?? have shown that the peak
tions for the core electrorls. The maximum asymmetry is height of the experimental Compton profiles is lower than
about 1% ofJ(0), andvaries very slowly with momentum. predicted by the theory. This is also the result of the present
Accordingly, we smoothed the extracted asymmetry and sukexperiment, although now the agreement between theory and
tracted it from the directional profiles. A symmetrization experiment is slightly better. Generally, effects of multiple

IV. RESULTS AND DISCUSSION
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[10] [00-1]

3.5 — T

FIG. 1. Experimental and theoretical direc-
tional Compton profiles with the scattering vector
along[10-0], [11-0], and[00-1] directions, mea-
sured at three different energies. Values of the
photon energy E,) and the corresponding mo-
mentum resolution £p,) are given in the left-
hand side panel. Open circles give the experimen-
tal points; the error bars are smaller than the
symbol size. Solid lines represent the theoretical
profiles based on the local density approximation,
which are convoluted with the appropriate experi-
mental resolution. For comparison, the unconvo-
luted theoretical profile is shown at the bottom of
each panel.

p, (au)

scattering, background subtraction, and detector dead timgortant change between the 56-keV and 29-keV data, which
corrections, for example, can change the Compton profilean be seen as a sharpening of structure and appearance, for
peak value. In view of these experimental uncertainties, cauexample, of the Fermi surface peak around 1 a.u. in the 29-
tion should be exercised in adducing correlation effects orkeV [11-0] profile.
the basis of the peak heights in the Compton data. In Fig. 2 several features arising from the Fermi surface

In order to expose the fine structure, which is due to thegopology can be identifieti?® This is done most easily with
complicated Fermi surface topology of Be, it is convenient toreference to the unbroadened theory curves in Fig. 2. Recall
study the derivatives of the Compton profiles. Figure 2 prethat the Fermi surface of Be consists of a coronet-shaped
sents the first derivatives of the measured directional Compiole surface in the second Brillouin zone and a cigar-like
ton profiles for various photon energies and crystallographi@lectron surface in the third zoR®.The contributions of
directions. We emphasize that the experimental derivativethese sheets are seen in the derivatives of the directional
here have been obtained via a direct numerical differentiatio@€ompton profiles. The details are perhaps richest in the
without using filtering procedures invoked in previous stud-[11-0] direction, where two cigars are projected on to the
ies to smooth noise?? Figure 2 shows the excellent level of scattering vector gb,=0.4 a.u., giving rise to a maximum.
detail at which the theory reproduces fine spectral features iAt p,=0.6 a.u. the integration is over the large holelike
the data and the importance of experimental resolution in thisoronet, and the momentum density decreases rapidly, as
connection. Comparing the data sets we see that the iniadicated by a sharp drop in the derivative. The Fermi sur-
provement of the resolution by a factor of 2 makes an imface is reached gt,=1.0 a.u., and a cigar is traversed, as
[10:0]

[11.0] [00-1]

FIG. 2. Same as the caption to Fig. 1, except
that this figure refers to the first derivatives of the
various experimental and resolution broadened
Compton profiles in order to highlight the fine
structure in the data. For clarity, error bars are
drawn for every fifth point and even then only if
they are larger than the symbol size. Various
structural features are discussed in the text.
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Jolﬂ'l(pz)TJIOO(PIz) 10— J1I0~0(pz)TJll~0(plz) 10— Jolo.l(Px)TJu.o(Plz)

FIG. 3. Same as the caption to Fig. 1, except
that this figure refers to anisotropies in the theo-
retical and experimental profiles defined as differ-
ences between various pairs of directional Comp-
ton profiles. The specific difference involved is
indicated on the top of each panel. The error bars
are smaller than the symbol size.

E,=10 keV
4p,=0.02 a.u.

02

theory
0 q,_\/\/\/\/\/,\,‘
-2 - 0 1 2 -2 -1 0 1 2 -2 -1 0 1 2
p, (au)
seen in a steep decrease of the derivative. IN[10e0] di-  the theory, but we will return to this point in connection with

rection the integration plane traverses two cigarspat Fig. 4 below.
=0 a.u., and their edges are seen as a sharp change of theFigure 3 compares theoretical and experimental anisotro-
derivative. Unfortunately, due to a multiple Bragg reflection pies by taking differences between various pairs of direc-
“glitch” near p,=0 a.u., we cannot say whether the featuretional Compton profiles. Since the isotropic parts of the pro-
would be visible in the 10-keV data. There is a small featurefiles are subtracted in this way, the results of Fig. 3 are
at p,=0.6 a.u. due to the coronet, which is visible in the insensitive to various experimental contributions, which are
high-resolution data. The Fermi surface is reachedat uncertain but largely isotropie.g., core spectra and their
=0.9 a.u., and the momentum density falls off rapidly. Fi-asymmetries, multiple scattering corrections, Jet€he ex-
nally, the[00-1] data shows three sharp features. The discellent agreement between theory and experiment seen in
tance between the two sharp edgespat0 a.u. andp, Fig. 3 with respect to the amplitudes as well as various struc-
=0.5 a.u. corresponds to the vertical dimension of the citural details is striking. This, however, is not surprising since
gars. There is no Fermi surface in this direction, but the droghis is consistent with the results of Figs. 1 and 2. Ampli-
at p,=0.9 a.u. is caused by the surface of the second Briltudes of the theoretical anisotropies are generally slightly
louin zone. Most of the aforementioned features can be morkarger than the experimental values, although the discrepan-
or less seen in the experimental spectra of Fig. 2. cies are smaller than in previous experimerfsThis obser-
Despite a wide-ranging level of agreement betweenvation is well understood on the basis of the previously dis-
theory and experiment in Fig. 2, it is striking that the theo-cussed differences in the derivatives, which are also reflected
retically predicted sharpening of the Fermi surface dipin the anisotropies. The discrepancies for the 10-keV data are
around 1 a.u. in th¢11-0] spectrum, even when the instru- larger, especially where tH&0-0] directional profile is in-
mental resolution improves by a factor of 4 in going from 29volved in taking the differences. This is mostly due to the
keV (resolution 0.08 a.lito 10 keV(resolution 0.02 a.l.is  asymmetry of valence electron profiles, which also exhibits
not observed in the measurements. As already noted, thdirectional dependence. In this case, the valence electron
width of the high-momentum spectral density function in Eq.profile asymmetry is induced by the spectral function correc-
(2.6) acts to smear the momentum density. The associatetibn and vertex correctiofi%(see Sec. ). For the 29-keV as
FWHM is estimated to be 0.06 a.u. at 10 keV and 0.02 a.u atvell as 56-keV measurements, the anisotropy in Fig. 3 is
29 keV; if so, this effect will dominate the instrumental reso- seen to be essentially symmetric; this confirms that the asym-
lution at 10 keV but not at 29 keV, and explain why the metries in the two high-energy profiles arise from the core
improved instrumental resolution at 10 keV does not lead tand not the valence electrons. In contrast, the 10-keV data in
significantly sharper Fermi surface features in the data. Ifrig. 3 are visibly asymmetric, indicating the involvement of
addition, the spectral density function consists of two Loren«valence electrons in this case. As already seen before in Fig.
zian peaks and thus the smearing effect is generally slightl2, the 10-keV data do not reveal any finer details as expected
larger than given by the FWHM. This broadening effect hason the basis of a better momentum resolution.
been noted previously in Li in Ref. 6 where the breakdown Figure 4 presents the residual differences between the ex-
of the impulse approximation at low photon energies belowperimental and theoretical Compton profiles for the 56-keV
10 keV is implicated. A more recent discussion of Li in measurements. The theoretical profiles used here include the
terms of the final-state interactions involving the high-energyisotropic Lam-Platzman correction and have been broadened
spectral density function is provided elsewh&t@here are to reflect the effective instrumental resolutigas noted
more subtle effects related to the inadequacy of the Lamabove, the broadening introduced via final-state effects at 56
Platzman correction in incorporating correlation effects inkeV of ~0.006 a.u. is negligible Note that the differences
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0.03 ; . ; T ; tematic nature of the discrepancies in Fig. 4 suggests that the

1 standard LDA-based description of the ground-state momen-
tum density is not adequate in Be, and that theoretical
schemes for a proper treatment of correlation effects in the
inhomogenous electron gas need to be developed in order to
understand the Compton spectra of solids.

-0.01

-0.03

V. SUMMARY AND CONCLUSIONS

We report high-resolution Compton profiles of Be single
crystals using three different incident photon energies of 10
keV, 29 keV, and 56 keV along each of the three main crys-
tallographic directiong[10-0], [11-0], and[00-1]), together
with corresponding highly accurate computations based on
the LDA band theory framework. The momentum resolution
in our measurements varies from 0.02 a.u. at 10 keV to 0.08
a.u. at 29 keV and 0.16 a.u. at 56 keV, enabling a systematic
study of the effects of incident energy dependence and mo-
mentum resolution in the experimental Compton spectra. Ex-
tensive comparisons reveal an excellent level of agreement
between theoretical predictions and the measurements in al-
most all cases. The agreement extends to the shapes of the
directional profiles; the evolution of much of the fine struc-
ture in the first derivatives of the profiles with increasing
) . , , , 1 momentum resolution; and the amplitude as well as the

-3 -2 -1 0 1 2 3 structure in the anisotropies defined as differences between
P, (au) ! various pairs of directional profiles. Based on these results,

FIG. 4. Absolute differencepen circleg between the experi- high-res_olution C_Zompton scatt_ering is con(_:Iuded tq be a use-
mental and Lam-Platzman corrected theoretical Compton profilegul tO_OI in Fermi surface studies. Many f_lne detall_s O_f the
with E;=56 keV along the three high-symmetry directions. The Fermi surface can be revealed especially in the derivatives of
theoretical profiles are broadened with the experimental instrumerifie experimental Compton profiles, which can be easily as-
function before subtraction. The thick solid line represents the Lamsociated with the Fermi surface topology.

Platzman correction. The thin solid line is a guide to the eye The measured profiles at 10 keV exhibit a broadening of
through the data points. the fine structure in the data that is greater than that expected

on the basis of the instrumental resolution function, even
of Fig. 4 are of order 1% of the profiles and for this reasonthough this is not the case at 29-keV or 56-keV incident
are difficult to see in Fig. 1, but are more visible in the photon energies. A similar effect has been observed in Li,
derivative spectra of Fig. 2 or the anisotropy plots of Fig. 3.where it may be explained in terms of the breakdown of the
The Lam-Platzman correction itself is shown for comparisorimpulse approximation at low photon energiéshe final-
(solid ling), and it is of course the same along the threestate interactions can then be modeled approximately as an
directions due to its isotropy; it is clearly seen that the am-effective smearing of the momentum density; the associated
plitude as well as the overall momentum dependence of themomentum smearing in the case of Be is estimated to be
residuals in Fig. 4 are well mimicked by the Lam-Platzman0.06 a.u., 0.02 a.u., and 0.006 a.u. wiEh=10 keV, E,
curve. In fact, alond10-0] (top panel where the residuals =29 keV, andE;=56 keV, respectively* These results
possess relatively little fine structure, ad hocscaling of  suggest that the effective momentum resolution in low-
the Lam-Platzman correction included in the theory by aenergy Compton experiments possesses intrinsic limitations
factor of 2 will bring theory and experiment into an essen-due to final-state interactions and possibly cannot be en-
tially perfect agreement at all momenta. However, the residuhanced arbitrarily by improving the instrumental resolution.
als of Fig. 4 display a substantial directional dependence asinally, we note that even at the high photon energy of 56
well as seen from the middle and lower panels. The peculiakeV where final-state effects are negligible, small but sys-
sharper features along||[11-0] and g||[[00-1], which lie  tematic discrepancies between the theory and experiment at
well outside the error bars of the data, may be associatethe level of order 1% of the profiles remain. These discrep-
with the structure of the Fermi surface, especially the locaancies are direction dependent and possess fine structure well
tion of the Fermi surface cigars. The failure of the isotropicabove the experimental error bars, indicating that the LDA-
Lam-Platzman correction is most evident in these cases. Opased framework with an isotropic Lam-Platzman correction,
the other hand, along tHd0-0] direction the Fermi surface implicit in our theoretical approach, is not adequate and that
cigars are not traversed until near thepoints in the first a better treatment of the electron correlation effects in the
Brillouin zone, and there is rather little fine structure in theinhomogeneous electron gas is needed to develop a satisfac-
difference between experiment and theory. In short, the sydory description of the momentum density in Be.
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