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Temperature influence on the valence Compton profiles of aluminum and lithium
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We present temperature-dependent valence Compton profiles of single-crystalline Al and Li measured with
30 keV incident energy and 173° scattering angle with momentum space resolution of 0.1 a.u. The valence
profiles for both samples measured at low temperature are above the high-temperature ones at momentum
p,~pe, the Fermi momentum, and below p§=0 a.u., which corresponds to a narrowing of the valence
Compton profiles with increasing temperature. This fundamental temperature dependence can be attributed to
the variation of the lattice constant and thus the variation of the Fermi momentum with temperature when the
experimental results are compared with jellium calculations of the valence Compton profiles utilizing a corre-
lation corrected occupation number density. In addition the Li experiment shows a significant temperature
dependence even fq@,>pg, which is assigned to the diminished contribution of higher momentum compo-
nents to the valence Compton profile with increasing temperature. The Li results are in good agreement with
calculations using an empirical temperature-dependent local pseudopotential.
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[. INTRODUCTION potential linear augmented plane-wat&PW) calculations,
correlation corrected within the Lam-Platzman formalism,
Experimental studies on simple metals are suited for theshow a somewhat better agreement with the experimental Li
study of fundamental problems like electron-electron correvalence CP’s and its first derivatives than the KKR—LDA
lation in solid-state physics. These metals are model systentieory!* However, the directional differences are still over-
to test theoretical calculations and the limits of different the-estimated, which is traced back to neglecting anisotropic
oretical approaches. electron-electron correlations when using the Lam-Platzman
Recent high-resolution Compton profil€P) measure- scheme.
ments of AF? show good overall agreement between experi- A different approach was used by Dugdale and Jarflorg
ment and Korringa-Kohn-RostoketKKR)—local-density-  to explain the discrepancies in the case of Li. They simulated
approximation (LDA) theory by introducing electron- thermal disorder by introducing static disorder within a su-
electron correlation utilizing a model for the occupation percell calculation using a self-consistent linear muffin-tin
number densitiN(k) where the renormalization constaris  orbital (LMTO) scheme. This resulted in a better agreement
the only free parametérThe value ofz is estimated to be between experiment and theory in the sense of an increasing
approximately 0.75, which agrees with the result from coin-momentum space delocalization of the CP with increasing
cidence Compton measuremethts. temperature. This approach seems reasonable, especially be-
In contrast, CP measurements ortfand LiMg alloyS  cause LDA calculations usually neglect the influence of tem-
show significant discrepancies between experiment angerature on the momentum space density. G¥teal }® mea-
KKR-LDA theory, in which the electron-electron correla- sured Li CP’'s at 90 K and 300 K and found that the
tion is included via the Lam-Platzman correctfbifhe ex-  difference ap,=0 a.u. has the same sign but a much smaller
perimental valence profiles are above the theoretical ones amplitude than that predicted by Dugdale. This diminished
p,> pr and below near the center of the profile. Calculationsamplitude is explained to be the result of neglecting the
by Kubo? where theGW approximation is utilized, show variation of the lattice constant with temperature in the
much better agreement with experiment and yield the renol-MTO calculation. But Cheret al® do not present calcula-
malization constaret to be 0.25 averaged over all calculated tions to quantify how the change @ with temperature
crystallographic directions. But it was emphasized bymight influence their experimental results, especially the os-
Schitke®® that Kubo'’s calculations exhibit an unphysical be- cillations of the experimental difference in the range 0 a.u.
havior of the imaginary part of the self-energy at the Fermi>|p,|> 1.5 a.u. Therefore, this experiment cannot be consid-
level. Schike calculatedz to be 0.75 and roughly the same ered to be in favor of the predictions of the thermal disorder
result, namely, 0.72, was determined by Eguitial!' Re-  model of Dugdale and Jarlborg.
cent quantum Monte Carlo calculations for solid Li disagree The aim of our study is to examine the validity of the
also with Kubo’s predictions and indicate that the electronsupercell LMTO model by measuring the temperature depen-
electron correlation in the case of Li accounts only for 30%dence of the valence CP’s for two different systems, namely,
of the discrepancy between experiment and thédrfhe Al and Li. The electron momentum density of Al including
disagreement between theory and experiment seems to pri¢s lattice induced higher momentum componditMC's) is
vail, and Barbiellint® has criticized the fact that all these nearly isotropict’ so that the directional CP differences are
theoretical calculatiois®*?use many-body wave functions found to be small compared tofiand the main contribu-
within the free fermion nodal structure. Most recent full- tions of the HMC'’s cannot be assigned to a single directional
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valence CP. The total spectral weight outside the Fermi_ 25f ] " jellium calculation, £, =2.07, 2= 0793 s

Al experiment @

sphere(as a fraction of the number of conduction electjons
is hardly smaller in Li than in At® However, the electron

15K [%

momentum density of Li exhibits a strong lattice induced &£
contribution strictly centered aroun=(0.6,0.6,0) a.u!/ so 1
that the corresponding valence CP measured gif110] is %
much more affected by the HMC contributions than the di- g
rectional CP’s withg||[100] and[111].*>** The choice of ¢

(=3

these two systems gives the possibility to distinguish be-%
tween the fundamental influence of temperature on the va g
lence CP for an electron gas and the influence due to the 1
change of the crystal potential with temperature.

T:

(p,),

Il. EXPERIMENT
High-resolution Al and Li Compton profile measurements 2 : T oliom caldalaton £ =325.5 207
were performed at the beamline ID15 of the ESRF for dif- ¥ ®) 7 Liexperiment o

ferent temperatures with a scattering angle of 173° and 3( g

keV incident energy® The Li CP’s for momentum transfer E‘
q||[110] were measured at temperatures of 295 K and 95 K,’T;N

which is above the martensitic phase transition of Li at 755
K,?! with a momentum space resolution of 0.1 a.u. at the 5%
Compton peak. Al CP measurements were performed at 1! i
K and 560 K forg||[ 111] where the momentum space reso-
lution was 0.09 a.u. The Li sample was etched just before the
measurements and retained the metallic shine until the end ¢ ?;
the experiment. The samples were fixed into a scatterings
chamber evacuated to 1®mbar to avoid oxidation, and the =
temperature was measured utilizing a thermocouple. Fol
both the cooling with the closed cycle cryostat and the heat-
ing with a resistance heater a temperature controller was
used. The experimental valence electron CP’s were evaluated FIG. 1. Experimental valence CP temperature differences for Al
as described elsewhet®?? [(®] and Li[(b)] compared with a jellium calculation utilizing a
The temperature differencéép,,15 K)—J(p,,560 K) de-  model occupation number densi(k) with a value for the renor-
termined for Al andJ(p,,95K)—J(p,,295K) for Li pre-  malization constanz of 0.793(Al) and 0.7(Li).
sented in Fig. 1 are given in percent of the corresponding

low-temperature valence CP maximudip,=0a.u.,15K) ~ The constant equals tog(1—2z) due to the normaliza-
and J(p,=0a.u.,,95K), respectively. The experimental dif- {jon condition? z is estimated to 0.793 for Al and 0.7 for Li
ferences have only significant contributions in theregime by an interpolation of the occupation functidi(k/p) of
where LDA theory predicts contributions from the valencetzkada and Yasuhdcalculated for =1, 3, and 5, where
electrons to the CP. No temperature dependence of the COF€ is the radius of the sphere occupied by one electron, in
electron CP's could be detected within the experimental eryhits of the Bohr radius (0.529 A). The theoretical profiles
ror. are convoluted with the experimental resolution function.
The influence of temperature is introduced into the jellium
calculation by using temperature-dependent lattice constants
lll. CALCULATIONS AND DISCUSSION I. The change ofz with temperature, estimated from the

The experimental results are compared with aN(k/pg) calculationd® by taking into account the tempera-
temperature-dependent free electron calculation of the vdure dependence af;, is found to be negligible. The values
lence CP’s using a model for the correlated occupation numof I, zandrg as a function of temperature are presented in

ber densityN(k), where the renormalization constaris the ~ Table I. In the case of Al the temperature difference is well
only free parameter: described within this model plotted as a solid line in Fig.
1(a). A chi-square test was performed yielding=0.97
. with the definitiony?=1/NZ}_, (AJE*P— AJE?%)2/ o2 where
_) k<p N denotes the number of datapointsJ£*P and AJE?'® the
Pe/ ’ F experimental and calculated values of the valence CP differ-
ences, andr, the statistical error of the experimental differ-
(3.1) ence. In contrast to the Al results the experimental tempera-
ture difference in the case of Li disagrees significantly with

(T

(py)

P,

N(k)=(1—-a)— %(1—a—z)
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TABLE I. Temperature-dependent lattice constant, free electron 2

oAt I " pseudopotential talculation without DWE senmmsern
gas parameter, renormalization constant, and Debye parameter @ P pselgdopoten"alcalculationwithDWF —
Al and Li. L5 Liexperiment ® b

&
%
E
Al Li T,
g os
T (K) 15 560 95 295 =
I (A) 4.0313 4.0770 3.4848 3.5104 g 0
rs (au) 2.0642 2.0876 3.2424 3.2662 X 05
z 0.794 0.792 0.699 0701 £ T
B (A?) 0.15 2.08 1.56 4.84 g 1
)
3 s
the jellium model ?=2.1). In Fig. 1b) one can clearly see = 5
that the difference exhibits large contributions @t pg . 2 15 1 05 0 0.5 1 L5 2
This deviation from the behavior of Al can be traced back to p, [au]
the decrease of the HMC contributions to the valence CP for : . .
ol|[110] between 1.4 a.&:|p,|>pr when the temperature L ©  Seese e o a0

increases. Therefore, it is necessary to include the effects og
temperature on the crystal potential within a calculation of 5
the CP of Li. But, nevertheless, both samples show the samg
principal behavior, which is in contrast to the predictions of
Dugdale and Jarlbotg and different from the results of
Chenet al®

Calculations using an empirical local pseudopotential £
scheme were performed to separate the effects of the chancg
in lattice constant from those arising from the HMC contri-
butions. The pseudopotential coefficients were determinec
by fitting the calculated directional differences to experimen- l
tal differences from Ref. 3. Only the pseudopotential coeffi- 15 s . .
cients of the(110) and(200) type were necessary to fit the 0 0.5 1 L5 2
room temperature CP differences with;,o( T=295K) P, [au]
=0.1a.u. and/yo(T=295K)=0.02 a.u. To simulate the in- FIG. 2. (a) The experimental temperature difference for Li com-
ﬂgence of temperature on t,he CrySt_al_ potential due t,O therm':'ﬁared with a pseudopotential calculation wigolid line) and with-
disorder the pseudopotential coefficients were multiplied by, ¢ (dashed ling consideration of the temperature influence to the

on of the tempera

HMC contrib

a Debye-Waller factor crystal potential via Debye-Waller factors. The part of the tempera-
5 ) ture dependence that is due to the contributions of the HMC's to the
Vy(T)=Vy(T=0K) e BMaMI7(167), (3.2 valence CP is presented i) by calculating the difference between

. . . the symmetrized experimental temperature effect and the jellium
with the reciprocal lattice vectay and the Debye parameter calculation (pointg compared with the difference between the

_ — 821312 :
B(T)=Bo+Br=87"/3(u”) derived from results of recent ,qeydopotential calculation with and without Debye-Waller factor
experimentally determined phonon density of stategsolid line).

measurement¥, where(u?) denotes the mean-square vibra-

tional displacement of the atomB, the zero-point energy correlation model seems to be justified and the temperature
parameter, an®; the thermal Debye parameter. The total influence due to thermal disorder on the correlation correc-
Debye parameters presented in Table | are somewhat diffetion is neglected. The CP’s were convoluted with the experi-
ent from the outdated values utilized in Ref. 20. This methodmental resolution and the temperature differences were nor-
is routinely used to include temperature effects into pseudomalized to the maximum of the 95-K profile as done with the
potential calculations concerning the determination of semiexperimental ones. Within this calculation the variation of
conductor band gapsS,and it was successfully applied in the the lattice constant with temperature and therefore the
calculation of the influence of thermal disorder to the dy-change ofpr was also included. In Fig.(d) the experimental
namic structure factor of A Vi, T=95K) and Voo T  temperature differencd(p,,95K)—J(p,,295K) for Li is
=95K) were determined to be 0.114 a.u. and 0.026 a.ucompared to the calculated or(solid line). The theory
using Eq.(3.2). The calculated pseudopotential CP’s wereagrees well with the experimeng{=0.89) especially when
corrected for electron-electron correlation using the differ-the p, regime dominated by the HMC contributions is con-
ence between the isotropit(k) model of Eq.(3.1 with (z  sidered. To separate the part of the difference that is due to
=0.7) and without correlationz& 1.0), which is close to the  the change of the HMC contribution to the valence CP a
Lam-Platzman correction. Since the influence of the crystabecond pseudopotential calculation was performed where
potential was shown to have only a minor effect on theonly the temperature dependence of the lattice constant and
renormalization constart,'** the choice of the isotropic therefore of the Fermi energy was included, whereas the
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pseudopotential coefficients were chosen to be those at roomumber density. The Al temperature difference is well de-
temperature for both temperatures. Figu(a 8hows the re- scribed within this model, whereas, for Li, large contribu-
sult (y?=2.2, dashed line which is almost identical to the tions in the experimental temperature differencepat pe
jellium calculation. In Fig. ?) the difference between the are found. These additional contributions could be assigned
symmetrized experimental temperature difference and th&o the temperature dependence of the HMC’s. Good agree-
jellium calculation forz=0.7 is shown presenting the part of ment with empirical local pseudopotential calculations is ob-
the temperature effect that is not attributed to the variation ofained, where the influence of temperature to the crystal po-
the lattice constant. This is compared with the difference otential due to thermal disorder is considered by using Debye-
the pseudopotential calculations with and withoutWaller factors within the pseudopotential scheme. In contrast
temperature-dependent crystal potential. The difference exo Li the directional CP differences in Al are found to be
hibits a good overall agreement and confirms the assignmestnall, so that the main part of the HMC contribution to the
of the contributions in the experimental temperature differ-valence CP cannot be assigned to a special directional CP.
ences forp>pg to the temperature dependence of theMoreover, the variation of the lattice constant with tempera-
HMC'’s. With increasing temperature momentum density isture amounts 1.1% for Al compared to 0.7% for (See
transferred back to the primary Fermi sphere of the extende@able ), whereas the change of the Debye parameter is
zone scheme, and the valence CP becomes more and mdr®3 A? for Al and 3.28 & for Li (see Table)l Therefore, in
free electron like. This interpretation is in agreement with theAl the temperature effect due to the lattice expansion domi-
experimental results of positron annihilation measurementaates and the influence of thermal disorder on the valence CP
on potassiuff showing that the contributions of the HMC's is estimated to be within the experimental error. Due to the
decrease with increasing temperature. Within the limits offact that the measured temperature differences are opposite
the present experiment, it is not possible to measure directlin sign to the LMTO calculations of Dugdale and Jarlbdrg
the effect of the zero-point lattice motion on the valence CPit can be ruled out that the discrepancy between Lam-
Nevertheless, the zero-point lattice motion should also causelatzman corrected KKR—LDA calculations and experiment
an additional diminishing of the HMC contributions to the is due to thermal disorder. The experimental results suggest
valence CP and is usually neglected in standard CP compuhat the discrepancy between theory and experiment will be
tations. Since the zero-point motion in the case of light eleenlarged, when thermal disorder is considered within the
ments is rather largeB,=0.96 A? for Li,?® it should be in- band calculations. This might encourage a more careful look
cluded into the CP calculations of those elements. into the reasons for the discussed discrepancies by going
beyond the LDA and the isotropic Lam-Platzman correction.

IV. CONCLUSION

In conclusion, measurements of the temperature depen-
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