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Understanding electron-positron momentum densities in paramagnetic chromium
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We focus on discrepancies between calculated and three-dimensional reconstructed electron-positron mo-
mentum densities in paramagnetic chromium, and consider various effects that can lead to such differences. In
this context, the usefulness of the theoretical electron-positron momentum densities for interpreting experi-
mental data, and gaining insight into underlying electronic structure, is also discussed.
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Positron annihilation experimental data provide useful in- In the present paper, we discuss a number of possible
formation on the electron momentum dens{iMD), and  problems that arise when trying to understand the 3D recon-
hence, the electronic structure of solids. Two-dimensionastructed experimental data in terms of the calculategl
angular correlation of annihilation radiatio2D-ACAR) momentum densities. We base our discussion on the case of
spectra are usually identified with the 2D projections of theparamagnetic chromium for which several 2D-ACAR mea-
three-dimensiona(3D) electron-positron €-p) momentum  surements as well as the 3D reconstructed experimental
density ACAR data are availab®*°-*Chromium, a @ transition

metal of bcc structure, is interesting because of its unusual

. 2 antiferromagnetic state at low temperaturds, €311 K),

Jﬂe P (DG (DNyg(ndr (1) which has motivated positron annihilation experiments both

for the paramagnetic and antiferromagnetic phases. Also de-
where p is the electron momentum in the extended zoneailed knowledge on EMD and the underlying Fermi surface
scheme,y (r) and y,(r) stand for the positron and elec- of chromiun?*®~*2is of great importance for understanding
tron wave functiongassociated with the wave vectorand  its physical properties. However, as can be seen in Fig. 1, the
band index), andy denotes the two-particke-p correlation 3D e-p momentum densities along th&10] and[111] direc-
function that, in general, depends on both the electron statéons, reconstructed from two different 2D-ACAR data, mea-
kj and positron positiom. Owing to reconstruction tech- sured for the paramagnetic phase by two different grédps,
niques, in recent applicatiods? these 3D momentum den- differ substantially from one another in the low-momentum
sities could be successfully retrieved from the 2D-ACARTregion. This behavior has been observed for[t@0] direc-
experimental data. The calculategp momentum densities tion as well, but is most pronounced for thELQ] direction.
p(p) complement the 3D reconstructed positron annihilationAn appreciable discrepancy is also seen between these ex-
data, providing more insight into the underlying electronicperimental data and the presently calculatgal momentum
structure of the material under investigation. A direct inter-densities, as it was also the case in earlier papers}'*
pretation of experimental ACAR data in terms of the relevant ,,
EMD is, however, very complicated. The same is true for the
theoreticale-p momentum densities. The experimental data
are biased by the experimental resolution consisting of the g
angular resolution of the detector, the thermal resolution asg |
well as smearing caused by the size of the sample vs the sizg ~
of the positron beart? Regarding the reconstruction tech- 0-44
niques, all the experimental erraigredominantly the statis-
tical noisg are accumulated during the reconstruction pro-
cess in the low-momentum region of the 3D spectrum, and  %°7
appear as oscillations in this region of momentum spdce,
while the final resolution function of the 3D spectrum be-
comes slightly Sk?roader as compared to the one of the input g, 1. Electron-positron momentum densities for paramagnetic
2D-ACAR data: Concerning the shape of the theoretical c; ajong the(a) [110] and (b) [111] directions, calculated within
curves, the results are strongly dependent on details of thgpa (solid line) and IPM (dashed ling compared to the 3D re-
band-structure calculatiorighrough the electron wave func- constructed experimental results of Refs(dlid circles and 4
tions in Eq.(1), the positron distribution as well as the ap- (open circles All the spectra are normalized to unity @t 0. The-
proximation used for the-p correlation functiony (for a  oretical curves are not convoluted with experimental resolution
review see, e.g., Ref)8 function.
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especially for momenta close to thepoint along thg110] 1.2
direction. The present-p momentum densities have been
calculated according to E@l) both within the independent

(@)

particle model(IPM) and weighted density approximatfon __ 1.0
(WDA) for thee-p correlation functiony. The electron wave 3

functions have been obtained in the local-density approxima_ -
tion (LDA) to density-functional theory, with the Ceperley- ’5_
Alder exchange-correlation energy functiof@lusing the ~—
linear muffin-tin orbitals band-structure method, imple- <
mented within the atomic-sphere approximattéithe posi-

tron wave function has been determined with the same banc
structure method, by solving the appropriate Sdiwger
equation with a positron potential containing also either the
IPM or WDA e-p correlation potential.

Let us start with establishing how far different measure-
ments can influence information on EMD, and the resulting
shape of the Fermi surfad€S), of the studied material. As
mentioned above, the two experimental 3D spectra, shown i
Fig. 1, differ in their slopes in the low-momentum region.
This may be attributed to several reasons such as a differel
number of measured 2D-ACAR projections used in the 3D
reconstruction(four projections used for angles 0°, 12°,
23.7°, and 45° vs ten projections measured with constan
angle step of 5°, respectively, for Refs. 3 and ehoice of
reconstruction metho@@Cormack’s Ref. 2 vs inverse Fourier
transform$, and statistics of the experiment (22Q0° vs
8x10° counts per projection, respectivghAlso, the tem- -
perature at which experiment was perforntabdout 353 K in o
Ref. 3, at which the sample can be considered as completel “&.
paramagnetic, vs 323 K in Ref. 4, at which residual stains ir =
the sample can sustain the existence of antiferromagneti &
phasé) plays a role. Regarding the effective resoluti@m- =
cluding the thermal resolutigrof the 2D-ACAR apparatus,
it was very similar for both measurements in question anc
estimated to be equal to about ¥.5.5 mrad after recon-
struction.

Analyzing further the curves plotted in Fig. 1, one can see
that the spectrum reconstructed in Ref. 3 shows an unphys
cal oscillation at about 2.5 mrad. As can be seen especially i
Fig. 2(a), this oscillation is strongly enhanced by deconvo-
luting the experimental data with the resolution function of
the ACAR spectrometer. Since, no band-structure calculatiol
that we have performed for chromiugeven when taking
into account a possible misalignment of the sampbes been P (m rad)
able to reproduce this oscillation, we are inclined to conclude 111
that it is either an effect of a statistical error or an artifact of
the reconstruction method. For momenta close to the FIG.2. Electron-positron momentum densities for paramagnetic
Brillouin-zone (BZ) boundary and higher, the spectra mea-Cr @long the(@ [110] and (b) [111] directions, calculated within
sured by both groups are very similar in their slope. The\_NDA without convo_lut|on with the experl_mental resolutigsolid _
momentum that corresponds to the position of the full width!"€)» compared to its counterparts obtained through convolution
at half maximum(FWHM) of the experimental curves de- with Gaussmr?s of FV.VHM equal to 1.5 mradashed linand 3
fines the FS break, and hence, the Fermi momentum in thrgrad (dotted ling. Sc_)lld circles and open squares refer Fo the 3D
[110] direction, and is equal to about 5.2 mrad, for both set ° C?nSthrUCted exzegmemaIISpe; t;\aCXLRO? f. 3, representing, respec-
of the experimental data. Note that this value of the Fermi 0" the raw and deconvolute ata.
momentum can be much more accurately determined on the
basis of the deconvoluted experimental datee Fig. 2a)].  established on the basis of our calculatigsee Figs. 1 and
The value of the Fermi momentum deduced from the de2(@)] differs noticeably from the values extracted from both
Haas van AlpheridHvA) experimentsee Ref. 12is about the dHVA and ACAR experiments. This difference in the
5.04 mrad. However, the Fermi momentum of 4.69 mradpositions of the Fermi surface breaks is especially well seen
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when comparing the raw experimental ACAR data with the 124
theoretical curves convoluted with a Gaussian of FWAHB/ ' Y
mrad [see Fig. 2a)]: both the experimental and theoretical ‘/
curves descend almost in parallel towardsihgoint. It may 1.0 =zl __

be worthwhile to mention here that our calculated value ofa
4.69 mrad for the Fermi momentuik: is in very good =
agreement with the value of 4.686 mrad obtained from the>x 0.8
augmented plane-wave calculatith4.72 and 4.75 mrad &
from the full potential linearized augumented plane-wave &
calculation [for LDA and general gradient approximation 0.6
(GGA), respectively,'® as well as, about 4.7 mrad from the
pseudopotential methddNote that a very similar discrep-
ancy between the widths of 3D experimental and theoretical 0.4+
momentum densities has also been observed for other bc
metals, namely vanadiutfi and tungstefl, for momenta
along thel'-N direction. It is interesting that the value of the 0.2
Fermi momentum, determined on the basis of the experimen
tal spectrum measured at low temperature for the antiferro-
magnetic phase of Cr, does not differ from the value for the
paramagnetic Cr, and both the spectra appear to be very sim
lar in their slope$.

We believe that the difference between the experimental o] (mrad)
and theoretical “peak-to-valley” ratios, observed both in Cr 110

a”O_' V for momenta along t_hE].lO] dlrectlon, can be ex- FIG. 3. Electron-positron momentum densities for paramagnetic
plained by the many-bodg-p interaction effect_§._However, Cr along the[110] direction, calculated within WDAsolid line),
according to the Majumdar’s theorefhthe positions of the | pa (dashed ling and IPM(dash-dotted lire Al curves are nor-
FS breaks cannot be changed by &p correlation effects  malized to unity ap=0.
(compare the IPM and WDA curves, plotted in Fig. Also,
different approximations for the-p correlation effects, such
as WDA, LDA, and GGA, lead to fairly similae-p momen-  spectrum of Ref. 3, much better than the physically more
tum densities at the Fermi-surface breaks. In Fig. 3, we comrealistic WDA result, taking into account the electron-
pare our results for the LDA, WDA, and IPM-p momen-  positron correlations. Our WDA calculation for th&l1] di-
tum densities, and notice that there is very little differencerection[see Fig. 2b)] agrees very well witlp(p) obtained in
between the LDA and WDA curves, however understandthe Bloch modified ladder-approximation thedfyproving
ably, they differ substantially from the IPM result, especially that WDA provides an adequate description of &ip cor-
when approaching Fermi momentum. Regarding the GGhAelations in this system. Regarding the width of the spectra
e-p momentum density, it follows closely the IPM restit. along the[111] direction, unlike in thg110] direction, here
Therefore, one could speculate that the difference betweetheory and experiment agree reasonably well. Note, however,
theory and experiment in the value kf and the size of the that in the first BZ there is no FS break in tfie 1] direction,
N hole, seen in Figs. 1 and&, should be attributed to other while in the[110] direction there is. It seems that for repro-
correlations, e.g., electron-electron correlations. Of courseducing this kind of discontinuity, associated with bands
the fact that the 3D experimental curves in Cr and V arecrossing the Fermi level, the reconstruction techniques may
considerably broader along tH&10] direction, and in Cr need more projections, especially that fi¢0] direction is
substantially more isotropic than it would follow from the so open.
band-structure calculations, has to be at least partially asso- Figure 2 illustrates the effect of the finite resolution of the
ciated with the reconstruction process, which seems to prcACAR apparatus that can be dealt with in two ways: by
vide less anisotropic EMD for the bcc metals, especially fordeconvoluting experimental data with the resolution
open directions like thg110] direction. Since, however, the functior® or by convoluting the calculated momentum den-
theoretical results differ also from the dHvA predictions, ansity with a relevant Gaussian, mimicking the resolution
inadequate description of electron-electron correlations hafinction?! In the present work, when convoluting the calcu-
to be considered as another possible cause of discrepani@ated momentum densities with a 3D Gaussian we have con-
between the experimental and calculated spectra. We shalldered two substantially different values for its FWHM: the
discuss this in some detail later. first equal to the experimental estimate after reconstruction,
Inspecting carefully the comparison between the calcunamely, 1.5 mrad, and the second to be considerably overes-
lated curves and experimental data in Fig. 1, one can see thétnated at 3 mrad. The latter has been chosen to show that,
for small values of momenturp the calculated momentum similarly to the experience of Matsumoto and WaKbhg
densities differ in slope from the experimental spectrum obimuch larger resolution would be needed to improve agree-
tained in Ref. 4. Surprisingly, the IPM momentum densityment with experimentsee Fig. 2 In order to elucidate the
seems to reproduce quite well the shape of the experimentaffect of the resolution function on the shape of the calcu-
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lated and experimental 3D momentum densities, in Fig. 2 we 1.2
have compared the “pure(unconvolutedl WDA result with

two other curves obtained from the WDA result by convo- —~
luting it with Gaussians of, respectively, 1.5 and 3 mrad 1.0 '“"“;\
widths. In this figure we have also presented the deconvoE 1 N
luted and raw 3D-ACAR spectra. There is no doubt that the™ a.
agreement between theory and experiment is substantiall == 081
affected by the resolution of the ACAR experiment. The un- 2=
convoluted WDA result reproduces very well the shape ofE
the deconvoluted ACAR data for momenta inside the central™ g
FS, however, with the exception of the position of the FS
break. The agreement between the raw experimental data ar 0.4
the convoluted theory is also quite satisfactory, and improves
with increasing the FWHM of a Gaussian, as also found by
Matsumoto and Wakoh: That convoluting the theoretical 0.2 -
momentum densities with the resolution function smoothes
out sharp discontinuities at the FS can be best seen whe

comparing the “pure” WDA curve with those corresponding 0.0 : T r T : T r

to the convoluted curves, respectively, with the FWHM of 0 5 10 15 20
1.5 and 3 mrad. Finally it should be noted here that taking

into account the effect of the experimental resolution in cal- Pi1o (mrad)

culated WDA momentum densities alters the resulting values
of p(p), both qualitatively and quantitatively, similarly to FIG. 4. Electron-positron momentum density for paramagnetic
when neglecting the-p interaction effects in Eq.1). Cr along the[110] direction, calculated within IPMsolid line), in
As mentioned above, treatment of electron-electron correcomparison with the curve obtained by increasing dhelectron
lations is another effect that can possibly influence the shapeharacter in the electron wave function by a factor of (tatted
of the calculatede-p momentum densities. All band- line) and another curve o_btained_ by reducing _this character by a
structure methods, providing input to the calculations offactor of 0.9(dash-dotted linerelative to the original IPM result.
p(p), are based on the density-functional thédmpat leads
to one-electron quantum-mechanical equations whose solu-
tions are only auxiliary quantities providing an approxima-
tion to the true quasiparticle spectrum of the full many-bodythe [110] direction. By substantial increase of the FWHM of
problem. A better, dynamical, description of correlatidns the resolution function, Matsumoto and Wakbkere able
between the 8 electrons in chromium could not only change to achieve reasonable agreement between the theoretical and
the Shape of the 3D-ACAR Spectra, but also the positions OéxperimentaN-hme sizes for 2D projections of t[-mp mo-
the FS breaks. That a different treatmenteeg correlations  mentum densities in V and Cr. However, our calculations
can lead to different spectra, through, e.g., a different distrizonyoluted with 3D Gaussians have not resulted in similar
bution of thes, p, and d characters of the electron wave jmprovements, especially regarding the FS break irf th6]
function used in the calculation i(p), is illustrated in Fig.  girection. This could indicate both inadequate description of
4. In this figure, we have compared the original IPM curve,e_¢ corelations and inaccuracy of the reconstruction tech-
calculated with the LSD electron potential and wave func'niques. Perhaps, also tkep correlations should have been
tions, to two othep(p) curves, obtained, respectively, When yeated more accurately. It seems that the 3D-ACAR recon-
artificially increasing and decreasing tdecharacter of the gy ction techniques are able to describe the FS topology, but
electron wave function, while the sum of the characters regey are less successful in reproducing the full anisotropy of
mains equal to 1. Note that this artificial redistribution of the, EMD's, as predicted for these systems by the present day
wave function characters leads to a substantial change of the, g theory. For Cr the 3D reconstructed results are found to
slopes of thep(p) curves, in a similar manner to th®p  pe rather isotropic for all studied symmetry directions, and
correlation effectcompare curves of Fig. 4 with the WDA  gjiminating the observed discrepancy between theory and ex-
result in Fig. 2a)]. Similar conclusions were reached by the periment will have to involve further studies and develop-
authors of Ref. 7, who studied the influence of various eleCiyents. Interestingly, in Compton scattering experiments one
tron potentials and charge distributions on the calculatgd  gees similar momentum densities that are more isotropic than
momentum densities and their comparison with the experige calculated oné.In contrast to the electron-positron mo-
mental data. _ _ mentum densities, this occurs for all transition metals, and
In summary, we have studied possible causes of the Obsst gnly for the bee ones. Electron-electron correlations have

served differences between theory and experiment in the 3050en shown to account only for part of the discrepdhaypd
ACAR spectra of Cr. We note that the same discrepancy alsgnq state effects have been equally impor&int.

seems to occur for V and W. The calculated electronic struc-
tures of Cr and V are very similar, leading to highly aniso- We thank Professor M. Ashraf Alam and his group at
tropic electron momentum densities, with the FS breaks irBristol University (UK) for providing us with the 3D recon-
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ferent crystallographic directions in paramagnetic chromiumdebted to Dr. G. Kontrym-Sznajd, Dr. A. Jura, and Dr. A.
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