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High-momentum components and temperature dependence of the Compton profile of beryllium

S. Huotari,* K. Hämäläinen, and S. Manninen
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We present Compton-scattering studies on the high-momentum components of the valence electron momen-
tum density in beryllium. The experiments were performed with incident photon energies of 29 and 56 keV
with a momentum space resolution of 0.10 and 0.16 a.u. units of momentum, respectively. The temperature
dependence of the Compton profile and the high-momentum components were studied within the temperature
range of 40–850 K. The incident photon energy was 56 keV and the photon scattering vector was along the
@110# reciprocal lattice vector. We compare the temperature dependence of the experimental Compton profiles
to empirical local pseudopotential computations that take into account both thermal expansion and disorder.
The position and intensity dependence of the high-momentum components as a function of temperature in solid
beryllium were found to be quite small, which suggests that the valence electron wave functions in beryllium
are not significantly affected by thermal disorder. This proves that the previously observed broadening of
experimental Compton profiles in comparison to highly accurate theoretical profiles is not due to thermal
disorder, and other reasons, e.g., correlation, need to be sought as the source of the broadening.
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I. INTRODUCTION

It has recently been shown that Compton scattering
high-energy x rays from a synchrotron radiation source i
very useful tool in studying the electron momentum densi
in many materials.1–14 The quantity measured in these e
periments is the double-differential cross section for pho
scattering, which is directly related to the so-called Comp
profile J(pz). The Compton profile, in turn, is related to th
momentum densityN(p) of the electrons in the system und
study by being the integral ofN(p) over two dimensionspx
and py . The direction ofpz is determined by the scatterin
vectorq5k22k1, wherek1 andk2 are the wave vectors o
incoming and scattered photons, respectively. The Comp
profile gives unique information on the electron wave fun
tions and the related electronic structure. Furthermore,
high-resolution measurements reveal valuable details in~i!
the structure of the Fermi surface, for the purposes of e
materials science,~ii ! the electron-electron correlation, a
important issue in many-body physics, as well as~iii ! the
wave-function modulation by the periodic lattice potenti
yielding information on the lattice potential itself and, fo
example, thermal disorder of the ionic lattice. This modu
tion, i.e., the interaction between the valence electrons
the ions, can be seen in the electron momentum density
in the structure of the Fermi surface, and second, as the
called high-momentum components of the wave functio
and thus also of the momentum density. Despite the fact
these high-momentum components have been well un
stood as a result of the valence electron wave functi
being Bloch waves, the experimental studies of their str
ture has been very scarce, because their contribution to
momentum density of metals is quite weak. To the auth
0163-1829/2002/66~8!/085104~8!/$20.00 66 0851
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knowledge, the only direct observation was made by Ob
et al. using positron annihilation.15,16 Schülke et al.5 mea-
sured a total of 11 directional Compton profiles of Li an
reconstructed the three-dimensional electron momen
density, finding signatures of the high-momentum comp
nents. Furthermore, Sternemannet al.9 measured Compton
profiles of Li at room temperature and at 95 K, finding al
signatures of the high-momentum components in the dif
ence of the Compton profiles between the two temperatu
However, to date, no direct observation of the hig
momentum components in a Compton profile has b
reported.

Compton scattering itself is a quite unique tool in physi
since while practically all other spectroscopical tools pro
transitions between electronic levels, Compton scatter
gives direct information of the wave functions of occupi
electron states. The studies are performed in momen
space, but as the high-momentum components originate f
the periodic lattice potential, their study, in turn, gives info
mation on the properties of the wave functions and the
tential in position space. This way the study of Compt
profiles serves as an exceptional link between the momen
space and the position space properties of the electron
the ion lattice, and their mutual interaction.

There are also other methods to study the Fermi surfa
such as the de Haas–van Alphen~dHvA! method and posi-
tron annihilation~angular correlation of annihilation radia
tion!. However, the dHvA method requires a low samp
temperature and therefore is not well suited for study
finite-temperature effects on the Fermi surface. Both me
ods are moreover limited by a high sensitivity of samp
~especially surface! purity. Compton scattering is not limited
©2002 The American Physical Society04-1
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by any of these conditions, and is well suited f
temperature- or pressure-dependent studies.9,10

A finite temperature has several effects on the elect
momentum density. First of all, the crystal lattice expans
corresponds to a shrinkage of the reciprocal lattice, wh
means that the electrons at a finite temperature will be c
fined to states with a smaller momentum than they are aT
50 K. Second, the vibration of the ions in the crystal arou
their equilibrium positions effectively smears out the latti
potential. This thermal disorder has been treated in two
ferent ways in literature. One way is to calculate the el
tronic properties of a frozen but disordered system with
ionic positions in randomly disordered positions and to
erage the different configurations.17 The other possibility is
to regard the ions to stay perfectly ordered at their equi
rium positions, and incorporate thermal disorder in their p
tential. This can be done, for example, within the pseudo
tential approximation by means of a plane-wave expans
of the valence electron wave functions. Finite temperat
effects are then considered by multiplying the plane-wa
components of the pseudopotential by the appropr
Debye-Waller factors as to simulate thermal disorder.18 A
third factor is the finite-temperature deviation of the Ferm
Dirac occupation number function from the zero-temperat
step function. Since the Fermi temperature~typically 10 000
K! of a metal is much higher than its melting point, th
effect is negligible in solid metals when Compton profil
are concerned.

Although the basic theory of Compton scattering is w
known, some unexplained differences between theore
and experimental results have emerged lately,1,4,5,19 mostly
due to enhanced experimental accuracy. These differe
include~a! broader Compton profiles in experiment than a
ticipated by accurate one-electron calculations,~b! apparent
washing out of the sharp Fermi-surface related structu
and~c! asymmetry of the Compton profiles. Partial explan
tion for all these have very recently been suggested to o
nate from final-state effects, i.e., the interactions between
electron and the hole, and between the ejected electron
the electron gas.19,20 Today these effects are understood
explain the differences between experimental and theore
Compton profiles, when the experiments are performed w
a low incident photon energy~order of 10 keV or less!. The
final-state effects concerning~a! and ~b! should in principle
disappear when the incident photon energy exceeds 20
but similar effects have been seen also with high incid
photon energies~high-precision studies have been made
least with energies up to 60 keV!.1,21Asymmetry of the core-
electron related Compton profiles is understood to rem
visible even with these high photon energies, but the p
ence of the broadening effects still waits for explanatio
These effects can most likely be due only to ground-s
effects of the electron gas, but understanding them c
pletely would require at least two advances in the compu
tional methods for the inhomogeneous~and possibly even
highly correlated! electron systems, namely, the possibiliti
to account for correlation effects and thermal disorder. C
relation is well understood in the case of homogeneous e
tron gas, of which conduction electrons of the alkali met
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are a good approximation. Up to date, the correlation effe
in Compton-scattering data analysis are taken into acco
by assuming the electron gas to be homogeneous, w
leads to the so-called Lam-Platzman correction to the Co
ton profiles.22 However, it has been shown that in an inh
mogeneous electron gas with a complicated Fermi surfa
such as Be, the Lam-Platzman correction is not adequat
explain the differences between experimental and theore
Compton profiles.1 On the other hand, quantum Monte Car
calculations23 have suggested that correlation would not
the only reason for the differences between theoretical
experimental Compton profiles, at least in the case of Li
was recently suggested that some of this broadening c
also be explained by thermal disorder in the electron-
ground state.17 Unfortunately the state-of-the-art comput
tional schemes utilizing the local-density approximation ca
not account for thermal disorder. This work is a part in
systematic series of experimental and computational stu
for understanding all the above-mentioned effects and
tempting to fill the gap between experimental and theoret
Compton-scattering results.

Since the suggestion of thermal disorder being partly
hind the broadening of Compton profiles, studies of t
Compton spectra as a function of temperature have been
formed with Li and Al.9,24,25The results have not supporte
the suggested picture, as it has turned out that lattice ex
sion has a greater effect on the electron momentum den
than thermal disorder has, and furthermore, even thermal
order has an effect that is opposite to the results of the ab
mentioned model. This, however, does not necessarily im
that the fine structure in the derivatives of the Compton p
files could not be washed out by thermal disorder.

While the previous studies on the temperature depende
of Compton profiles were performed on metals with the v
lence electrons obeying the homogeneous electron-gas
proximation, we have expanded these studies to a sys
with an inhomogeneous valence electron gas. Thus, in o
to systematically study the above-mentioned differences
tween experimental and theoretical results, we have trie
separate the effect of thermal disorder from correlation
fects in a inhomogenous electron gas. Bearing this purp
in mind, we have conducted experimental studies on Com
ton profiles of single crystalline Be at various temperatu
ranging from 40 to 850 K and calculated the Compton p
files at the corresponding temperatures by using an empi
local pseudopotential method.

II. THEORY

The momentum densityN(p) of an electron system is th
absolute square of its wave function in momentum space
the electron is specified by a band indexn, then

N~p!5(
k,n

U E drck,n~r !eip•r /\U2

, ~1!

where the summation is over the occupied states.
4-2
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In a limit of independent electrons, it is possible to e
pand the wave functions of the valence electrons in pl
waves,

ck,n~r !5(
G

an~k1G!ei (k1G)•r. ~2!

The electron momentum density can then be written as26

N~p!5 (
k,n,G

uan~k1G!u2 nn~k!dk1G,p/\ . ~3!

Herek is a wave vector in the first Brillouin zone andG a
reciprocal lattice vector. The Fermi-Dirac occupation num
function for a statek in a bandn is written asnn(k), and is
equal to unity for occupied electron states below the Fe
energy, and zero elsewhere. The three-dimensional mom
tum density has thus contributions centered around reci
cal lattice vectorsG. The magnitude, shape, and position
these high-momentum components carry information on
underlying crystal structure and the strength of the electr
ion interaction. The Compton profile, which is the meas
able quantity, is then the projection ofN(p) onto the scatter-
ing vector, whose direction is that of thepz axis, and can be
identified as

J~pz!5E
2`

` E
2`

`

N~p!dpxdpy . ~4!

It is possible to estimate the effect of thermal disorder on
wave functions by using a plane-wave basis set within
pseudopotential method.27 In this picture the local pseudopo
tential vpseudo(r ) is considered in the plane-wave expansio

vpseudo~r !5(
G

V~G!eiG•r. ~5!

The temperature effect is then taken into account by mu
plying the potential coefficientsV(G) by the corresponding
Debye-Waller factors

W~T,G!5expS 2
B~T!uGu2

16p2 D , ~6!

whereB(T) is the Debye parameter.18 This method was used
succesfully in Ref. 9. We calculated the momentum den
of Be using an empirical method, i.e., by fitting the coef
cientsV(G) to minimize the difference between the expe
mental and calculated Compton profiles. The following c
efficients were found to give a reasonable agreem
V(100)50.03, V(002)50.2, V(101)50.15, V(102)50.05,
andV(110)50.3 a.u.

The directional Compton profile differences of Be a
mainly influenced by the shape of the occupied region in
extended zone scheme determined by the energy eigenv
spectrum. Therefore, only taking into account the poten
coefficients that reproduce the shape of the directio
Compton profiles withink,kF , results in pseudo wave
functions that do not properly fulfill the condition that th
valence electron wave functions need to be orthogonal to
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core-electron wave functions. The true wave functio
which are responsible for high-momentum components, e
dently have to include the core orthogonalization. For t
reason, the values of the potential coefficients above hav
be considered as a lower limit, when used to account for
high-momentum components and their temperature dep
dence. On the other hand, the pseudopotential coeffic
corresponding to theG5@110# reciprocal lattice vector,
namelyV(110), was fitted to reproduce the high-momentu
component peaks, whose height sensitively depend on
value ofV(110) thus reflecting its origin from aG110 Bragg
reflection. This finds verification by the fact that this hig
momentum structure has its onset nearly atpz5uG110u
2kF , where kF is the free-electron Fermi momentum.
turned out that the value ofV(110) does not significantly
influence the overall shape of the Be Compton profiles. Si
V(110) was fitted to features of the true wave function,
may not be surprising that its value is larger than those of
other coefficients. It is noteworthy that in a study28 that em-
ployed a similar method for calculating the dynamic stru
ture factorS(q,v) of Be for small energy transfer values, th
value ofV(110)50.15 was obtained in a fit to a double pea
structure originating from theV(110) excitation gap in the
band structure. This value is comparable to the largest c
ficients of the fit described above.

The eigenvalue problem was solved with a grid of 0.
a.u. in the momentum range of 0–4 a.u. in each directi
this is equivalent of 2.13105 points within the irreducible
part of the Brillouin zone. The well-known features of th
Fermi surface, namely, the holelike coronet and the electr
like cigars, were reproduced by this pseudopotential. T
Debye-Waller factors were obtained from Ref. 29 and
lattice constants from Ref. 30. The electron-electron corre
tion in the ground state of Be valence electrons was ta
into account by using the isotropic Lam-Platzman correct
taken from Ref. 1. This correlation correction, however, do
not have any temperature dependence.

Finally, as we studied the derivatives of the comput
Compton profiles, we can conclude that, at least in the c
of Be, the fine structure of the derivatives of the Compt
profiles ~see the analysis in Ref. 1! is not washed out
even when thermal disorder is taken into account within
calculation.

III. EXPERIMENT

The experiments were accomplished at the European S
chrotron Radiation Facility~ESRF! beam line ID15B. The
experimental details are similar to those described in Ref
Synchrotron radiation from an asymmetric multipole wigg
was monochromatized (E1529 and 56 keV! and horizon-
tally focused to a size of 300mm (H)35 mm (V). The Be
single crystal sample was a 10-mm-long stick with a rect
gular (131 mm2) cross section. The spectra of Compto
scattered photons were recorded using a scanning cr
spectrometer,31 which had a resolution of 0.10 a.u. of mo
mentum for E1529 keV and 0.16 a.u. forE1556 keV.
Typical count rates were about 4000 cps at the Comp
peak. At each temperature, a total of 106 counts were col-
4-3
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S. HUOTARI et al. PHYSICAL REVIEW B 66, 085104 ~2002!
lected at the Compton peak. The incident photon inten
was monitored using a Sipin diode.

The spectra were corrected for sample and air absorp
spectrometer efficiency, dead time, an almost negligible
ear background, and core asymmetry as described in det
Ref. 21. The temperature was controlled by a closed cy
liquid-He cryostat with a temperature controller~the lowest
sample temperature was 40610 K! and for the higher tem-
peratures by an oven environment~sample temperature
650620 and 850650 K!, similar to the one used in Ref. 9
The temperature was measured using two independent
sors. A Pt-100 sensor was attached to the sample moun
a thermocouple was attached to the tip of the stick-sha
sample using a ceramic CerastilC-3 glue. The same cerami
glue was also used to attach the sample itself to the he
During the experiment, the temperature reading at the t
mocouple attached to the end of the sample was alw
slightly closer to room temperature than the temperat
reading at the cold finger or the heater base. The reason
this is the radiative cooling/heating combined with the fin
thermal conductivity of the sample, since the sample w
heated/cooled at one end only. While the sample was p
tioned so that the beam spot was located at the geomet
center of the sample, the actual temperature at the illu
nated spot was estimated to be the average of these
readings. The uncertainty of the temperature was estim
by assuming that the temperature variation was linear al
the sample.

The Compton profiles were recorded at room tempera
in both environments to ensure the comparability of the lo
and high-temperature data. Both room-temperature pro
were found to be identical within the statistical accuracy.

IV. RESULTS AND DISCUSSION

One typical example of our experimental results is sho
in Fig. 1, where we present thequu@110# room temperature
valence Compton profile of Be obtained with incident phot
energies of 29 keV and 56 keV, together with the correspo
ing theoretical Compton profile calculated with the empiric
pseudopotential method, including the Lam-Platzman cor
tion to account for correlation. The Compton profile cont
bution of the tightly bound core electrons was taken fro
Ref. 1 and subtracted from the data to obtain the vale
electron Compton profiles.

The top panel represents the total valence profile at
incident photon energy of 56 keV, and the middle pane
vertical closeup of the bottom of the same profile. The b
tom panel is similar to the middle panel but for an incide
photon energy of 29 keV. The missing points around 3 a.u
the 56-keV data are due to a glitch of the analyzer crysta
this energy, i.e., the analyzer crystal has another simu
neous reflection at the corresponding Bragg angle. The
oretical profiles are broadened to reflect the experime
resolution by convoluting them with a Gaussian possess
the full width at half maximum~FWHM! of the experimental
resolution function. As the general shape of the profile
considered, it can be seen that the experimental profil
somewhat lower at smallupzu and higher at highupzu, in
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comparison with the computational profile. This is the ge
eral trend in all experimental Compton profiles and the r
son is believed to lie in the electron-electron correlati
effects.1,5,9,10The high-momentum components can be se

FIG. 1. Top panel: the valence Compton profile of Be along
@110# direction with an incident photon energy of 56 keV. Midd
panel: a closeup of the bottom of the same profile as in the
panel. Bottom panel: A closeup of the same valence Compton
file but obtained with an incident photon energy of 29 keV. All da
is collected at room temperature. Circles refer to experimental d
and the solid line to corresponding pseudopotential-based theo
cal Compton profile. The theoretical profile is broadened to refl
the experimental resolution of 0.16 a.u. with an incident pho
energy of 56 keV and 0.10 a.u. with an incident photon energy o
keV. The error bars are drawn only at every third point for clar
and even then only if they are larger than the symbol size.
4-4
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as two peaks located at the momenta aroundpz562 a.u.
These two distinctive peaks originate from theG5@110# re-
ciprocal lattice vector, although there are also other low
lying components that are not as prominent as these two.
intensity of the peaks is quite well reproduced in the com
tational Compton profiles, but the location is slightly clos
to pz50 a.u. than is experimentally observed.

It is rather surprising that the shapes of the two peak
the experimental profiles are slightly different from ea
other, the one at12 a.u. being quite sharp compared to th
at 22 a.u. which is broader and not as prominent. In pr
ciple, the momentum density, and thus also the Comp
profile, should be symmetric with respect topz50 a.u. and
this argument should also hold for the high-momentum co
ponents. The reason for the difference in the high-momen
component shapes is not known, and we have not been
to pinpoint any experimental artifact that could explain t
observed asymmetry. The fact that the asymmetry is fo
out to be similar with two different spectrometers, one op
ating at E556 keV ~Ge440!, and one operating atE
529 keV ~Si400!, rules out most of the possible contamin
tion sources, e.g., fluorescence and glitches of the anal
crystals being the reason for the asymmetric high-momen
component peaks. Fluorescence contamination is furt
more ruled out, since the multichannel analyzer spectra
both NaI detector and a solid-state Ge detector, which
used as a secondary monitor, did not reveal any fluoresc
signals from the sample. A possible spectrometer misal
ment cannot be the source since then the asymmetry sh
be seen in the total Compton profile as well, and not only
the high-momentum component peaks. The symmetry
quirement for the Compton profiles is fundamental but o
when the ground state of the electron gas is concerned.
possible that the asymmetry could originate from final-st
effects. However, we still do not rule out the possibility
experimental artifacts, although this possibility is believed
be very small. The studies of the origin of the asymmetry
currently under preparation. Nevertheless, the asymm
should not affect our results on the temperature depend
of the Compton profiles, since the purpose of this work is
study the origin of disagreement between experimental
theoretical Compton profiles of Be seen in Ref. 1.

The temperature dependence of the experimental Co
ton profiles is presented in Fig. 2, portraying the valen
Compton profiles at temperatures 40, 300, 650, and 850
zoomed to the bottom region of the Compton profiles. T
computational Compton profiles are plotted for comparis
in the same figures. At higher temperatures the experime
Compton profiles get narrower, and as their area is alw
normalized to yield the number of electrons~two in the va-
lence Compton profile of Be!, the peak correspondingly ge
higher when the temperature rises. This behavior is simila
that observed in Ref. 24. The temperature effect should
be seen as a change in the intensity and the position of
high-momentum components. However, this effect is
pected to be much smaller.

In Fig. 3, we present the differences between the Comp
profiles measured at different temperatures as a percenta
the valence Compton profile peak height~approximately 1.3
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electrons/a.u.!. The Compton profiles at various temperatur
are compared to the data taken at room temperature, s
the 40-K data were collected in a different environment th
the data at higher temperatures. Each data set is then c
pared to the room-temperature data collected in the s
environment to ensure comparability. The error bars rep
senting statistical uncertainty are plotted only for every th
data point for clarity. The corresponding theoretical Comp
profile differences are also plotted for comparison; t
dashed line depicting theoretical treatment without therm
disorder taken into account and the solid line with therm
disorder. It can be seen that between temperatures of 300
40 K the Compton profile~i.e., the electronic structure! of Be
does not change significantly, since the difference is ba
distinguishable within the statistical accuracy, amounting
less than 0.5% of the valence Compton profile peak hei
This is due to the fact that the lattice constants and Deb

FIG. 2. Circles: the experimental valence Compton profiles
Be along the@110# direction in different sample temperatures o
tained at incident photon energy of 56 keV, the momentum res
tion begin 0.16 a.u. of momentum. Solid line: the theoretical
lence Compton profile calculated for the correspond
temperatures as described in the text. The data sets have bee
tically offset by 0.02 electrons/a.u. each for clarity. The error b
are drawn only at every third point for clarity and even then only
they are larger than the symbol size.
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Waller factors for Be change quite slowly below room te
perature. The area under each curve is zero since the nu
of electrons is constant. The overall agreement between
perimental and theoretical data is good, but some amoun
systematic discrepancy exists in the magnitude of the t
perature effect, the experimental differences being sligh
larger than the theoretical ones. This is explained by the
that our empirical local pseudopotential treatment of
wave functions only gives a lower limit for the effect of th
finite temperature.

The temperature dependence of the valence electron
mentum density of a metal originates from three factors
which two are of significance in this case, as discussed
Sec. I. First of all, the general behavior of the differen
between experimental Compton profiles seen in Fig. 3 is
plained by a simple free-electron model. In this model

FIG. 3. Circles: differences between experimental Be@110#
Compton profiles~presented in Fig. 1! between room temperatur
and atT540, 650, and 850 K. Solid line: corresponding differenc
in the pseudopotential-based computed Compton profiles with t
mal disorder taken into account. Dashed line: similar theoret
treatment without thermal disorder. The data sets have been v
cally offset by 3% units each. The error bars are for clarity dra
only for every third point and even then only if they are larger th
the symbol size.
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only parameter affected by a finite temperature is the Fe
momentum, which gets smaller with increasing temperat
as explained in Sec. I. Thus, the Compton profile at a h
temperature is narrower than at a low temperature. Sim
but more dramatic effects can be introduced by high pr
sure, as has recently been demonstrated by Ha¨mäläinen
et al.10 Second, when the periodic potential of the ion latti
is taken into account, part of the electron momentum den
is transferred away from the first Brillouin zone to the s
called high-momentum components. Their origin can
thought of the electron wave functions being Bragg scatte
by the potential. At higher temperatures thermal disorder
minishes this scattering and consequently the intensity of
high-momentum components is lowered. This, in turn,
seen as electron momentum density being more confine
the first Brillouin zone at high temperatures than at low te
peratures. This effect has thus the same sign than that o
basic free-electron model. Thus in a real metal, wh
changes in both the Fermi momentum and the hi
momentum components are taken into account, the temp
ture effect on the momentum density is larger than in
free-electron case.

In addition to this general narrowing of the Compton pr
file with a raising temperature, the effect of a finite tempe
ture should also be seen on the high-momentum compon
themselves. These effects would include changes in the
sition ~due to lattice expansion! as well as a diminishing
amplitude~due to thermal disorder!. The temperature depen
dence of the high-momentum components is more appa
in the Fig. 4, which shows a zoom-up of the Fig. 3 in t
region 1–3 a.u. for the temperature differences between 3
650, and 850 K. Here the experimental data points withpz
,0 a.u. have been averaged with the data points withpz
.0 a.u. to improve statistical accuracy. Also in Fig. 4
plotted the corresponding pseudopotential calculation tak

r-
l

rti-
n

FIG. 4. A closeup of the data in Fig. 3, for Compton profi
differences between temperatures of 300–850 K and 300–65
Circles represent the experimental data as in Fig. 3, now avera
for pz,0 andpz.0. The error bars are only drawn for every thir
data point for clarity. The dashed line represents the experime
data smoothed with a Gaussian filter with a FWHM of 0.1 a.u.
momentum~the experimental resolution is 0.16 a.u.! The solid line
represents the theoretical difference as calculated by the pseud
tential method taking thermal disorder into account.
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thermal disorder into account. As seen already in Fig. 3,
Compton profile difference between 300 and 40 K is qu
small and is thus not plotted here. The temperature de
dence of the high-momentum components is small but
distinguishable within the current statistical accuracy. Ho
ever, it must be realized that this accuracy is of the orde
0.1% for a single profile at these points. Thus the fact that
actually are able to experimentally resolve this tempera
dependence is noteworthy. The important features produ
in both the theoretical and experimental data are the di
1.9 a.u. and the corresponding peak at 2.4 a.u. The ex
mentally observed dip at 2.8 a.u. is not reproduced in
theory. This diplike structure is probably due to a hig
momentum component corresponding to a higher recipr
lattice vector that is not accounted for in the theoretical tre
ment, possibly theG5@114# vector.

Since the features observed in Fig. 4 are of the orde
0.1% of the total Compton profile peak and barely dist
guishable within the statistical accuracy, it is evident that
effect of thermal disorder on the valence electron wave fu
tions does not change significantly within the temperat
range studied in this work.

V. SUMMARY AND CONCLUSIONS

The so-called high-momentum components, originat
from the electron density centered on reciprocal lattice v
tors GÞ0 in momentum space, were observed directly i
high-resolution Compton scattering experiment using
single-crystal Be sample with two different spectrometer s
ups operating at incident photon energies of 29 and 56 k
The measured Compton profiles, including the hig
momentum components, were found to be in quite a g
agreement with the corresponding pseudopotential-ba
theoretical Compton profiles, considering that the inten
of the high-momentum components is only 0.5% of the
l,
.
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. B

st
. B

B

a-

A.

08510
e
e
n-
st
-
f
e

re
ed
at
ri-
e

-
al
t-

or
-
e
c-
e

g
c-
a
a
t-
V.
-
d
ed
y
-

tensity of the total Compton profile. The high statistical a
curacy combined with the high resolution of the spectro
eter allow us to observe and study the high-moment
components directly. The Compton profiles were measure
various temperatures~40, 300, 650, and 850 K! using an
incident photon energy of 56 keV. The temperature dep
dence of the overall shape of the Be Compton profile w
found to be consistent with earlier experiments performed
Li,9 i.e., the induced changes in the momentum density w
dominated by the static lattice expansion. The position
the intensity of the high-momentum component peaks w
found to have only minor changes within the utilized te
perature range, which confirms that thermal disorder
only a small effect on the periodic lattice modulation of t
valence electron wave functions in the case of Be, owing
the relatively high Debye temperature. This means that t
mal disorder cannot explain the observed broadening of
high-resolution experimental Compton profiles, in contra
to suggestions of Refs. 17 and 23, and other effects, suc
correlation, must be the origin for the observed differenc
This study demonstrates that high-resolution Compt
scattering experiments give an excellent opportunity to st
the interaction between the valence electrons and the
comprising a solid metal, as well as thermal disorder in cr
talline solids.

ACKNOWLEDGMENTS

We would like to thank Professor Arun Bansil for invalu
able discussions. This work was supported by the Acade
of Finland ~Contract No. 7379/39182/40732! and the Ger-
man Federal Ministry of Education and Research~Contract
No. 05 ST 8 HRA!. S.H. is supported by the National Grad
ate School in Material Physics, funded by the Ministry
Education and the Academy of Finland.
n-

a,

.
ni,

.

L.
s.

.
J.
*Electronic address: simo.huotari@helsinki.fi
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