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High-momentum components and temperature dependence of the Compton profile of beryllium
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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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[. INTRODUCTION knowledge, the only direct observation was made by Oberli
It has recently been shown that Compton scattering ot al. using positron annihilatiof?*® Schilke et al®> mea-

high-energy x rays from a synchrotron radiation source is &ured a total of 11 directional Compton profiles of Li and
very useful tool in studying the electron momentum densitieseconstructed the three-dimensional electron momentum
in many material$='* The quantity measured in these ex- density, finding signatures of the high-momentum compo-
periments is the double-differential cross section for photoments. Furthermore, Sternemaganal® measured Compton
scattering, which is directly related to the so-called Comptorprofiles of Li at room temperature and at 95 K, finding also
profile J(p,). The Compton profile, in turn, is related to the signatures of the high-momentum components in the differ-
momentum densiti(p) of the electrons in the system under ence of the Compton profiles between the two temperatures.
study by being the integral d(p) over two dimensionp,  However, to date, no direct observation of the high-
andp, . The direction ofp, is determined by the scattering momentum components in a Compton profile has been
vectorg=k,—ky, wherek; andk, are the wave vectors of reported.
incoming and scattered photons, respectively. The Compton Compton scattering itself is a quite unique tool in physics,
profile gives unique information on the electron wave func-since while practically all other spectroscopical tools probe
tions and the related electronic structure. Furthermore, th&ansitions between electronic levels, Compton scattering
high-resolution measurements reveal valuable detail§)in gives direct information of the wave functions of occupied
the structure of the Fermi surface, for the purposes of e.gglectron states. The studies are performed in momentum
materials science(ii) the electron-electron correlation, an space, but as the high-momentum components originate from
important issue in many-body physics, as well (@9 the the periodic lattice potential, their study, in turn, gives infor-
wave-function modulation by the periodic lattice potential, mation on the properties of the wave functions and the po-
yielding information on the lattice potential itself and, for tential in position space. This way the study of Compton
example, thermal disorder of the ionic lattice. This modula-profiles serves as an exceptional link between the momentum
tion, i.e., the interaction between the valence electrons anspace and the position space properties of the electron gas,
the ions, can be seen in the electron momentum density firshe ion lattice, and their mutual interaction.
in the structure of the Fermi surface, and second, as the so- There are also other methods to study the Fermi surface,
called high-momentum components of the wave functionsuch as the de Haas—van Alph@ivA) method and posi-
and thus also of the momentum density. Despite the fact thaton annihilation(angular correlation of annihilation radia-
these high-momentum components have been well undetion). However, the dHvVA method requires a low sample
stood as a result of the valence electron wave functiongemperature and therefore is not well suited for studying
being Bloch waves, the experimental studies of their strucfinite-temperature effects on the Fermi surface. Both meth-
ture has been very scarce, because their contribution to thes are moreover limited by a high sensitivity of sample
momentum density of metals is quite weak. To the authors(especially surfagepurity. Compton scattering is not limited
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by any of these conditions, and is well suited for are a good approximation. Up to date, the correlation effects
temperature- or pressure-dependent stutii@s. in Compton-scattering data analysis are taken into account
A finite temperature has several effects on the electroy assuming the electron gas to be homogeneous, which
momentum density. First of all, the crystal lattice expansiorleads to the so-called Lam-Platzman correction to the Comp-
corresponds to a shrinkage of the reciprocal lattice, whiction profiles?” However, it has been shown that in an inho-
means that the electrons at a finite temperature will be corfn0geneous electron gas with a complicated Fermi surface,
fined to states with a smaller momentum than they arg at Such as Be, the Lam-Platzman correction is not adequate to
=0 K. Second, the vibration of the ions in the crystal aroundeXplain the d|f_ferences between experimental and theoretical
their equilibrium positions effectively smears out the lattice COMPtoN profiles.On the other hand, quantum Monte Carlo

potential. This thermal disorder has been treated in two difcalculation&® have suggested that correlation would not be

ferent ways in literature. One way is to calculate the elecihe only reason for the differences between theoretical and

tronic properties of a frozen but disordered system with théXPerimental Compton profiles, at least in the case of Li. It

ionic positions in randomly disordered positions and to ay-\Was recently suggested that some of this broadening could

erage the different configuratiohéThe other possibility is 2SO be expéllgined by thermal disorder in the electron-gas
to regard the ions to stay perfectly ordered at their equilibdround state: Unfortunately the state-of-the-art computa-

rium positions, and incorporate thermal disorder in their IOO_t|onal schemes utilizing the local-density approximation can-

tential. This can be done, for example, within the pseudopol©t account for thermal disorder. This work is a part in a
tential approximation by means of a plane-wave expansioﬁyStemat'C series of experimental and_computauonal studies
of the valence electron wave functions. Finite temperaturd®’ understanding all the above-mentioned effects and at-
effects are then considered by multiplying the plane-wavéemp“”g to fill thg gap between experimental and theoretical
components of the pseudopotential by the appropriat&©mpton-scattering results. _ _
Debye-Waller factors as to simulate thermal disotflex ~_Since the suggestion of thermal disorder being partly be-
third factor is the finite-temperature deviation of the Fermi-nind the broadening of Compton profiles, studies of the
Dirac occupation number function from the zero-temperaturd-©MPton spectra as a function of temperature have been per-

step function. Since the Fermi temperatiypically 10000 formed with Li and AI?#4%*The results have not supported
K) of a metal is much higher than its melting point, this the suggested picture, as it has turned out that lattice expan-

effect is negligible in solid metals when Compton profiles SIoN has a greater effect on the electron momentum density
are concerned. than thermal disorder has, and furthermore, even thermal dis-
Although the basic theory of Compton scattering is wellorder has an effect that is opposite to the results of the above-

known, some unexplained differences between theoreticd]'éntioned model. This, however, does not necessarily imply
and experimental results have emerged Iat&f/*° mostly that the fine structure in the derivatives of the Compton pro-

due to enhanced experimental accuracy. These differencdi€s could not be washed out by thermal disorder.
include (a) broader Compton profiles in experiment than an- While the previous studies on the temperature dependence

ticipated by accurate one-electron calculatiofs,apparent ©f Compton profiles were performed on metals with the va-
washing out of the sharp Fermi-surface related structured€Nce electrons obeying the homogeneous electron-gas ap-

and(c) asymmetry of the Compton profiles. Partial explana-Proximation, we have expanded these studies to a system

tion for all these have very recently been suggested to origi‘-"’ith an inhomogeneous valence electron gas. Thus, in order

nate from final-state effects, i.e., the interactions between thi9 Systematically study the above-mentioned differences be-
electron and the hole, and between the ejected electron af€en experimental and theoretical results, we have tried to
the electron ga¥?° Today these effects are understood toSeparate the effect of thermal disorder from correlation ef-
explain the differences between experimental and theoreticdCtS in @ inhomogenous electron gas. Bearing this purpose
Compton profiles, when the experiments are performed witf{? Mind, we have conducted experimental studies on Comp-
a low incident photon energforder of 10 keV or less The ton profiles of single crystalline Be at various temperatures
final-state effects concerning) and (b) should in principle ~ f@nging from 40 to 850 K and calculated the Compton pro-

disappear when the incident photon energy exceeds 20 ke{'y!es at the corresponding temperatures by using an empirical

but similar effects have been seen also with high incidenioc@l pseudopotential method.

photon energieghigh-precision studies have been made at
least with energies up to 60 k&¥?! Asymmetry of the core-
electron related Compton profiles is understood to remain

visible even with these high photon energies, but the pres- The momentum densith(p) of an electron system is the

These effects can most likely be due only to ground-statgne electron is specified by a band indexthen
effects of the electron gas, but understanding them com-

pletely would require at least two advances in the computa-

tional methods for the inhomogeneo(end possibly even

highly correlatedl electron systems, namely, the possibilities N(D)IZJ
to account for correlation effects and thermal disorder. Cor- ’
relation is well understood in the case of homogeneous elec-

tron gas, of which conduction electrons of the alkali metalswhere the summation is over the occupied states.

Il. THEORY
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In a limit of independent electrons, it is possible to ex-core-electron wave functions. The true wave functions,
pand the wave functions of the valence electrons in planvhich are responsible for high-momentum components, evi-
waves, dently have to include the core orthogonalization. For that

reason, the values of the potential coefficients above have to
i . i lower limit, when used to account for the

_ + i(k+G)-r b_e considered as a , _
Vil % a,(k+G)e @ high-momentum components and their temperature depen-

] ] dence. On the other hand, the pseudopotential coefficient
The electron momentum density can then be writtéfi as corresponding to theG=[110] reciprocal lattice vector,
namelyV(110), was fitted to reproduce the high-momentum
N(p)= > |a,(k+G)|? n,(k) S+ Gopl - (3)  component peaks, whose height sensitively depend on the
K,v,G ’ value ofV(110) thus reflecting its origin from &,,, Bragg
reflection. This finds verification by the fact that this high-

Herek is a wave vector in the first Brillouin zone arél a .
fnomentum  structure has its onset nearly mt=|G;q

reciprocal lattice vector. The Fermi-Dirac occupation numbe . .
P b —kg, wherekg is the free-electron Fermi momentum. It

function for a state&k in a bandv is written asn,(k), and is }urned out that the value of(110) does not significantly

equal to unity for occupied electron states below the Ferm fluence the overall shape of the Be Compton orofiles. Since
energy, and zero elsewhere. The three-dimensional mome(- P pton p :

tum density has thus contributions centered around recipro—(llo) tvgas f|tte<_j _to Eerz]attu_:es Olf th_e ltrue vvtzra]ve Iﬁncnonf’ tg
cal lattice vectorss. The magnitude, shape, and position of May notbe surprising that 1ts valué Is larger than those of the

these high-momentum components carry information on thglther(;:oeff!cu_alnts. It tﬁ r:jo':cewortlhy Ith:\t mtr? sgﬁﬂ;hat_ emt-
underlying crystal structure and the strength of the electronP'0Y€d a similar method for calculating the dynamic struc-

ion interaction. The Compton profile, which is the measur-U"® factorS(q, ) of Be for small energy transfer values, the

able quantity, is then the projection B{p) onto the scatter- value ofV(110)=0.15 was obtained in a fit to a double peak

ing vector, whose direction is that of tipg axis, and can be structure originating from t_hN(llO) excitation gap in the
identified as band structure. This value is comparable to the largest coef-

ficients of the fit described above.
o oo The eigenvalue problem was solved with a grid of 0.01
J(pz)=f f N(p)dp,dpy - 4 a.u. in the momentum range of 0—4 a.u. in each direction;
TEeTE this is equivalent of 2.%10° points within the irreducible

It is possible to estimate the effect of thermal disorder on theart of the Brillouin zone. The well-known features of the
wave functions by using a plane-wave basis set within thé-ermi surface, namely, the holelike coronet and the electron-
pseudopotential methdd In this picture the local pseudopo- like cigars, were reproduced by this pseudopotential. The

tentia'vpseud&r) is Considered in the p|ane_wa\/e expansion Debye-Waller faCtOI‘S were Obtained from Ref 29 and the
lattice constants from Ref. 30. The electron-electron correla-

B . tion in the ground state of Be valence electrons was taken
Upseudd ) = %: V(G)e™ . (5 into account by using the isotropic Lam-Platzman correction
taken from Ref. 1. This correlation correction, however, does
The temperature effect is then taken into account by multinot have any temperature dependence.
plying the potential coefficient¥(G) by the corresponding Finally, as we studied the derivatives of the computed
Debye-Waller factors Compton profiles, we can conclude that, at least in the case
of Be, the fine structure of the derivatives of the Compton
profiles (see the analysis in Ref.)lis not washed out
) (6) even when thermal disorder is taken into account within the
calculation.

B(T)|G|?
1672

W(T,G)zexp( -

whereB(T) is the Debye parameté&t This method was used
succesfully in Ref. 9. We calculated the momentum density . EXPERIMENT
of Be using an empirical method, i.e., by fitting the coeffi-
cientsV(G) to minimize the difference between the experi- The experiments were accomplished at the European Syn-
mental and calculated Compton profiles. The following co-chrotron Radiation Facilitf{ESRP beam line ID15B. The
efficients were found to give a reasonable agreemeniexperimental details are similar to those described in Ref. 1.
V(100)=0.03, V(002)=0.2, V(101)=0.15, V(102)=0.05,  Synchrotron radiation from an asymmetric multipole wiggler
andV(110)=0.3 a.u. was monochromatizedeq =29 and 56 ke and horizon-
The directional Compton profile differences of Be aretally focused to a size of 30@m (H) X5 mm (V). The Be
mainly influenced by the shape of the occupied region in theingle crystal sample was a 10-mm-long stick with a rectan-
extended zone scheme determined by the energy eigenvalgelar (1xX1 mn¥) cross section. The spectra of Compton
spectrum. Therefore, only taking into account the potentiakcattered photons were recorded using a scanning crystal
coefficients that reproduce the shape of the directionaspectrometett which had a resolution of 0.10 a.u. of mo-
Compton profiles withink<kg, results in pseudo wave mentum for E;=29 keV and 0.16 a.u. folE;=56 keV.
functions that do not properly fulfill the condition that the Typical count rates were about 4000 cps at the Compton
valence electron wave functions need to be orthogonal to thpeak. At each temperature, a total of® Ibunts were col-
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lected at the Compton peak. The incident photon intensity 1.4 T T T T T T
was monitored using a $iin diode. Py

The spectra were corrected for sample and air absorption 12 1 56 kev >
spectrometer efficiency, dead time, an almost negligible lin- 1.0
ear background, and core asymmetry as described in detail i
Ref. 21. The temperature was controlled by a closed cycle 08 |
liquid-He cryostat with a temperature controllghe lowest
sample temperature was #@0 K) and for the higher tem- 0.6

peratures by an oven environmefgample temperatures

650+20 and 85@:50 K), similar to the one used in Ref. 9. 04 1
The temperature was measured using two independent sel 02 | J
sors. A Pt-100 sensor was attached to the sample mount an X

a thermocouple was attached to the tip of the stick-shapec ]

sample using a ceramic Ceragi#3 glue. The same ceramic 0.04 . T . .

glue was also used to attach the sample itself to the heate

During the experiment, the temperature reading at the ther [ E=56 keV

mocouple attached to the end of the sample was alway: g3
slightly closer to room temperature than the temperature
reading at the cold finger or the heater base. The reason fc

this is the radiative cooling/heating combined with the finite ‘& g.02
thermal conductivity of the sample, since the sample was™
heated/cooled at one end only. While the sample was posi

tioned so that the beam spot was located at the geometrice g g1
center of the sample, the actual temperature at the illumi-

nated spot was estimated to be the average of these tw

readings. The uncertainty of the temperature was estimate: 0 L
by assuming that the temperature variation was linear along 0.04 . i i
the sample. : T ' i

The Compton profiles were recorded at room temperature i o
in both environments to ensure the comparability of the low- 003 E=29 keV ]
and high-temperature data. Both room-temperature profiles ’
were found to be identical within the statistical accuracy. :

0.02 o“% .
IV. RESULTS AND DISCUSSION ‘:lb%

One typical example of our experimental results is shown g1 <° L
in Fig. 1, where we present thg|[110] room temperature oot 5
valence Compton profile of Be obtained with incident photon o2 °z]
energies of 29 keV and 56 keV, together with the correspond- 0 L L L
ing theoretical Compton profile calculated with the empirical -4 -2 0 2 4

pseudopotential method, including the Lam-Platzman correc-
tion to account for correlation. The Compton profile contri-

bution of the tightly bound core electrons was taken from £ 1 Top panel: the valence Compton profile of Be along the
Ref. 1 and subtracted from the data to obtain the valencg () girection with an incident photon energy of 56 keV. Middle
electron Compton profiles. ] panel: a closeup of the bottom of the same profile as in the top
The top panel represents the total valence profile at aganel. Bottom panel: A closeup of the same valence Compton pro-
incident photon energy of 56 keV, and the middle panel &ile but obtained with an incident photon energy of 29 keV. All data
vertical closeup of the bottom of the same profile. The botys collected at room temperature. Circles refer to experimental data
tom panel is similar to the middle panel but for an incidentand the solid line to corresponding pseudopotential-based theoreti-
photon energy of 29 keV. The missing points around 3 a.u. irtal Compton profile. The theoretical profile is broadened to reflect
the 56-keV data are due to a glitch of the analyzer crystal athe experimental resolution of 0.16 a.u. with an incident photon
this energy, i.e., the analyzer crystal has another simultaenergy of 56 keV and 0.10 a.u. with an incident photon energy of 29
neous reflection at the corresponding Bragg angle. The théeV. The error bars are drawn only at every third point for clarity
oretical profiles are broadened to reflect the experimenteind even then only if they are larger than the symbol size.
resolution by convoluting them with a Gaussian possessing
the full width at half maximum{FWHM) of the experimental comparison with the computational profile. This is the gen-
resolution function. As the general shape of the profile iseral trend in all experimental Compton profiles and the rea-
considered, it can be seen that the experimental profile ison is believed to lie in the electron-electron correlation
somewhat lower at smallp,| and higher at highp,|, in  effects?>®'9The high-momentum components can be seen

p, (atomic units)
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as two peaks located at the momenta aroppd =2 a.u.
These two distinctive peaks originate from tBe=[110] re- 0.10
ciprocal lattice vector, although there are also other lower-
lying components that are not as prominent as these two. Th
intensity of the peaks is quite well reproduced in the compu-
tational Compton profiles, but the location is slightly closer
to p,=0 a.u. than is experimentally observed. 0.08

It is rather surprising that the shapes of the two peaks in
the experimental profiles are slightly different from each
other, the one at-2 a.u. being quite sharp compared to that
at —2 a.u. which is broader and not as prominent. In prin-
ciple, the momentum density, and thus also the Comptor  gqg
profile, should be symmetric with respectpo=0 a.u. and
this argument should also hold for the high-momentum com-_
ponents. The reason for the difference in the high-momenturm_jf
component shapes is not known, and we have not been abl
to pinpoint any experimental artifact that could explain the
observed asymmetry. The fact that the asymmetry is founc
out to be similar with two different spectrometers, one oper-
ating at E=56 keV (Ge440, and one operating aE
=29 keV (Si400, rules out most of the possible contamina-
tion sources, e.g., fluorescence and glitches of the analyze
crystals being the reason for the asymmetric high-momenturr ~ 0.02
component peaks. Fluorescence contamination is further
more ruled out, since the multichannel analyzer spectra of
both Nal detector and a solid-state Ge detector, which was
used as a secondary monitor, did not reveal any fluorescenc
signals from the sample. A possible spectrometer misalign- 0
ment cannot be the source since then the asymmetry shoul
be seen in the total Compton profile as well, and not only in
the high-momentum component peaks. The symmetry re-
quirement for the Compton profiles is fundamental but only p, (atomic units)
when the ground state of the electron gas is concerned. It is ) ) )
possible that the asymmetry could originate from final-state. F'C- 2- Circles: the experimental valence Compton profiles of
effects. However, we still do not rule out the possibility of 5¢ &long the[110] direction in different sample temperatures ob-

; . . I . tained at incident photon energy of 56 keV, the momentum resolu-

experimental artifacts, although this possibility is believed to

! Lo tion begin 0.16 a.u. of momentum. Solid line: the theoretical va-
be very small. The studies of the origin of the asymmetry arg, e Compton profile calculated for the corresponding

currently under preparation. Nevertheless, the asymmet%mperatures as described in the text. The data sets have been ver-

should not affect Ou,r resu!ts on the temperature_ depenqen(l"l%ally offset by 0.02 electrons/a.u. each for clarity. The error bars
of the Compton profiles, since the purpose of this work is 03¢ grawn only at every third point for clarity and even then only if
study the origin of disagreement between experimental anghey are larger than the symbol size.

theoretical Compton profiles of Be seen in Ref. 1.

The temperature dependence of the experimental Comglectrons/a.). The Compton profiles at various temperatures
ton profiles is presented in Fig. 2, portraying the valenceare compared to the data taken at room temperature, since
Compton profiles at temperatures 40, 300, 650, and 850 Khe 40-K data were collected in a different environment than
zoomed to the bottom region of the Compton profiles. Thethe data at higher temperatures. Each data set is then com-
computational Compton profiles are plotted for comparisorpared to the room-temperature data collected in the same
in the same figures. At higher temperatures the experimenta&nvironment to ensure comparability. The error bars repre-
Compton profiles get narrower, and as their area is alwaysenting statistical uncertainty are plotted only for every third
normalized to yield the number of electroti®o in the va-  data point for clarity. The corresponding theoretical Compton
lence Compton profile of Bethe peak correspondingly gets profile differences are also plotted for comparison; the
higher when the temperature rises. This behavior is similar tdashed line depicting theoretical treatment without thermal
that observed in Ref. 24. The temperature effect should alsdisorder taken into account and the solid line with thermal
be seen as a change in the intensity and the position of th@isorder. It can be seen that between temperatures of 300 and
high-momentum components. However, this effect is ex40 K the Compton profiléi.e., the electronic structuref Be
pected to be much smaller. does not change significantly, since the difference is barely

In Fig. 3, we present the differences between the Comptodistinguishable within the statistical accuracy, amounting to
profiles measured at different temperatures as a percentageleés than 0.5% of the valence Compton profile peak height.
the valence Compton profile peak heigapproximately 1.3  This is due to the fact that the lattice constants and Debye-

0.04
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300 K — 850 K B 300 K — 650 K

5

1.5 2.0 2.5 3.0 1.5 2.0 2.5 3.0
p, (atomic units)

FIG. 4. A closeup of the data in Fig. 3, for Compton profile
differences between temperatures of 300—-850 K and 300—-650 K.
Circles represent the experimental data as in Fig. 3, now averaged
for p,<0 andp,>0. The error bars are only drawn for every third

data point for clarity. The dashed line represents the experimental
2 - {{-{’0 - data smoothed with a Gaussian filter with a FWHM of 0.1 a.u. of
momentum(the experimental resolution is 0.16 a.Whe solid line
represents the theoretical difference as calculated by the pseudopo-
tential method taking thermal disorder into account.

8(p,)/%(0) (%)

only parameter affected by a finite temperature is the Fermi
momentum, which gets smaller with increasing temperature
as explained in Sec. |. Thus, the Compton profile at a high
temperature is narrower than at a low temperature. Similar,
but more dramatic effects can be introduced by high pres-
-1 L 1 . 1 . L L sure, as has recently been demonstrated byndinen

-2 0 2 et al'® Second, when the periodic potential of the ion lattice
is taken into account, part of the electron momentum density
is transferred away from the first Brillouin zone to the so-
. . . called high-momentum components. Their origin can be
FIG. 3. Circles: differences between experimental [A¢0) thought ng] the electron wave fFl)JnCtiOI’IS being Bragg scattered

Compton profilegpresented in Fig. )lbetween room temperature . . ? :
and atT =40, 650, and 850 K. Solid line: corresponding diﬁerencesby the potential. At higher temperatures thermal disorder di-

in the pseudopotential-based computed Compton profiles with thelm_'n's'heS this scattering and copsequently the .lnte'nSIty of t.he
mal disorder taken into account. Dashed line: similar theoreticah'gh'momentum components Is Iqwere_d' This, in tu_rn, IS
treatment without thermal disorder. The data sets have been ver?€€N as €lectron momentum density being more confined in
cally offset by 3% units each. The error bars are for clarity drawnt€ first Brillouin zone at high temperatures than at low tem-
only for every third point and even then only if they are larger thanPeratures. This effect has thus the same sign than that of the
the symbol size. basic free-electron model. Thus in a real metal, where
changes in both the Fermi momentum and the high-
Waller factors for Be change quite slowly below room tem-momentum components are taken into account, the tempera-
perature. The area under each curve is zero since the numbere effect on the momentum density is larger than in the
of electrons is constant. The overall agreement between efree-electron case.
perimental and theoretical data is good, but some amount of In addition to this general narrowing of the Compton pro-
systematic discrepancy exists in the magnitude of the tenfile with a raising temperature, the effect of a finite tempera-
perature effect, the experimental differences being slightlyture should also be seen on the high-momentum components
larger than the theoretical ones. This is explained by the fadhemselves. These effects would include changes in the po-
that our empirical local pseudopotential treatment of thesition (due to lattice expansignas well as a diminishing
wave functions only gives a lower limit for the effect of the amplitude(due to thermal disordgrThe temperature depen-
finite temperature. dence of the high-momentum components is more apparent
The temperature dependence of the valence electron mia the Fig. 4, which shows a zoom-up of the Fig. 3 in the
mentum density of a metal originates from three factors, ofegion 1-3 a.u. for the temperature differences between 300,
which two are of significance in this case, as discussed 650, and 850 K. Here the experimental data points pith
Sec. |. First of all, the general behavior of the difference<0 a.u. have been averaged with the data points with
between experimental Compton profiles seen in Fig. 3 is ex>>0 a.u. to improve statistical accuracy. Also in Fig. 4 is
plained by a simple free-electron model. In this model theplotted the corresponding pseudopotential calculation taking

p, (atomic units)
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thermal disorder into account. As seen already in Fig. 3, théensity of the total Compton profile. The high statistical ac-
Compton profile difference between 300 and 40 K is quitecuracy combined with the high resolution of the spectrom-
small and is thus not plotted here. The temperature depereter allow us to observe and study the high-momentum
dence of the high-momentum components is small but justomponents directly. The Compton profiles were measured at
distinguishable within the current statistical accuracy. How-various temperature§40, 300, 650, and 850 Kusing an
ever, it must be realized that this accuracy is of the order oincident photon energy of 56 keV. The temperature depen-
0.1% for a single profile at these points. Thus the fact that welence of the overall shape of the Be Compton profile was
actually are able to experimentally resolve this temperaturéound to be consistent with earlier experiments performed on
dependence is noteworthy. The important features produced,® i.e., the induced changes in the momentum density were
in both the theoretical and experimental data are the dip alominated by the static lattice expansion. The position and
1.9 a.u. and the corresponding peak at 2.4 a.u. The expetthe intensity of the high-momentum component peaks were
mentally observed dip at 2.8 a.u. is not reproduced in théound to have only minor changes within the utilized tem-
theory. This diplike structure is probably due to a high-perature range, which confirms that thermal disorder has
momentum component corresponding to a higher reciprocainly a small effect on the periodic lattice modulation of the
lattice vector that is not accounted for in the theoretical treatvalence electron wave functions in the case of Be, owing to
ment, possibly th&s=[114] vector. the relatively high Debye temperature. This means that ther-
Since the features observed in Fig. 4 are of the order omal disorder cannot explain the observed broadening of the
0.1% of the total Compton profile peak and barely distin-high-resolution experimental Compton profiles, in contrary
guishable within the statistical accuracy, it is evident that theo suggestions of Refs. 17 and 23, and other effects, such as
effect of thermal disorder on the valence electron wave funceorrelation, must be the origin for the observed differences.
tions does not change significantly within the temperaturerhis study demonstrates that high-resolution Compton-

range studied in this work. scattering experiments give an excellent opportunity to study
the interaction between the valence electrons and the ions
V. SUMMARY AND CONCLUSIONS comprising a solid metal, as well as thermal disorder in crys-
talline solids.

The so-called high-momentum components, originating
from the electron density centered on reciprocal lattice vec-
tors G#0 in momentum space, were observed directly in a
high-resolution Compton scattering experiment using a
single-crystal Be sample with two different spectrometer set- We would like to thank Professor Arun Bansil for invalu-
ups operating at incident photon energies of 29 and 56 ke\able discussions. This work was supported by the Academy
The measured Compton profiles, including the high-of Finland (Contract No. 7379/39182/40782nd the Ger-
momentum components, were found to be in quite a goodnan Federal Ministry of Education and Resea(€lontract
agreement with the corresponding pseudopotential-basedo. 05 ST 8 HRA. S.H. is supported by the National Gradu-
theoretical Compton profiles, considering that the intensityate School in Material Physics, funded by the Ministry of
of the high-momentum components is only 0.5% of the in-Education and the Academy of Finland.
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