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Abstract. Kahana-like enhancement effect and the electronic structure of
Zn have been studied. The measurements have been carried out usingtwo-
dimensional angular correlation of annihilation radiation 2D-ACAR technique.
The electron densities in momentum spaceρ(p) and in wave vector spacen(k)
have been constructed using Fourier transformation and LCW folding proce-
dure, respectively. Inρ(p) spectra, the reciprocal lattice points have empha-
sized the calculations. They have been argued in view of facets of Fermisur-
face of Zn. Furthermore, enhanced contributions nearby Fermi boundaries have
been realized. It has interpreted in view of many body effects. In addition,
Fermi surface has been evaluated in terms of free electron model FEM, radio-
frequency size effect RFSE measurements and the band structure calculation
using Pseudo-potential method and augmented plane wave APW method. The
current Fermi surface measurements showed qualitative agreement to FEM and
APW method. Generally, it reveals good accordance to APW method, especially
in Fermi sheets’ dimensions.

PACS number: 78.70.Bj, 71.18.+y

1 Introduction

The study of the angular correlation of annihilation radiation is capable of yield-
ing a considerable amount of detailed information about theelectronic structure
of metals [1]. Fermi surface of divalent HCP metals was a subject of various
investigations [2,3]. Zn was explicitly interested, sinceits axial ratioc/a is 1.81
[4], which is larger than the ideal values of HCP metals 1.633. W. Harrison [2]
calculated the band structure of Zn using modified orthogonalized-plane-wave
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method and the Hartree Fock calculation in FEM. He found thatFermi surface
for divalent HCP metals, of idealc/a ratio, consists of 1st and 2nd band hole
surfaces, 3rd band electron surfaces aroundΓ point, around K point, and around
L point, and 4th band electron surface around L point. Stark et al. [5] have
reported the results of the band structure calculations of Zn based on an empiri-
cal nonlocal pseudo potential scheme, which includes spin orbital effect. Their
results deviated from that obtained from FEM. They have reported that there is
no electron stated in 3rd and 4th bands centered on L point. O.L. Steenhaut et
al. [6] have measured Fermi surface of Zn using RFSE. They showed that Fermi
surface of Zn appears very sharp and reveals only three sheets 1st and 2nd hole
surface and 3rd electron surface. P. Sinha et al. [7] calculated the band structure
of Zn using APW method. The obtained Fermi surface by this method showed
qualitative agreement with FEM, while the sheets dimensions are rather differ-
ent. From another perspective, G. K. Sznajd et al. [8] have performed 2D-ACAR
of Zn. The main purpose of that work was to study the enhanced contribution.
They have compared their results with the LMTO-ASA band structure calcula-
tion method. However, this measurement could not evaluate Fermi surface of Zn
with respect to other investigations. On the other hand, S. Danuik et al. [9] have
performed the three-electron momentum density for Zn. Theyhave reported that
the center of riband lies above the conduction band minimum,which contradicts
APW calculations.

The discrepancies on Fermi surface sheets among various investigations, even
qualitatively, have motivated us to study Zn using 2D-ACAR experimental tech-
nique. From the measured data,ρ(p) is reconstructed using the reconstruc-
tion technique based on Fourier transformation. It showed some observations,
namely: the high momentum component and the reciprocal lattice points, en-
hanced contributions nearby Fermi momentum and contribution due to the in-
teraction of positron with the core state. From another viewpoint, Fermi radius
of Zn was compared with that achieved by FEM. Furthermore, Fermi surface
has been constructed using LCW folding procedure [10J, restricted within the
first Brillouin zone. It was compared to RFSE measurements aswell as band
structure calculations using Pseudo-potential and APW methods.

2 Experimental Details

Cross correlation machine is used to measure the 2D-ACAR data. It consists of
pair of 128 Bi4Ge3O12 (BGO) multi-detectors combined to 128 Hamamatsu R-
647 ultra-compact photo-multiplier tubes. The detectors are supported at length
of 8 meters from the sample. They are rotating around the source-sample axis,
one in a horizontal direction and the other in a vertical one.The angular res-
olution of the detector is 0.75 mrad. Zn single crystal is used as a sample. It
is chemically etched and annealed in vacuum for two hours at 300◦C before the
measurement.22Na of activity about3×109 Bq is focused to [0001] sample face
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in vacuum, by applying a magnetic field of 15 KGauss along the positron source-
sample axis. To minimize the effect of the residual momentumof positrons due
to their thermal motion, the measurements are performed at 28 K. The signals
are passed through two OR-circuits and collected as encodedcoincidence sig-
nals using fast coincidence module (ORTEC 414A). The obtained128×128 raw
data are used to construct the20 × 20 mrad spectra. The spectra are measured
on a mesh of 0.2 mrad in the momentum range of±22 mrad in both directions.
The total resolution in the direction parallel and perpendicular to the [0001] axis
is 0.79 mrad and 0.98 mrad, respectively. 2D-ACAR spectra ofabout8.8 × 106

counts are accumulated. These spectra are measured for seven projections by ro-
tating the sample around [0001] axis from [21̄1̄0] to [101̄0] as a step of 5◦. These
spectra were reconstructed using the reconstruction technique based on Fourier
transform. The method includes interpolation in the Fourier space, and inverse
Fourier transformation. Then, following basic Fourier projection theorem, the
accuracy of this technique in determining Fermi surface is about 0.02 a.u. in all
directions [11].

3 Results and Discussions

Figure 1 representsρ(p) of Zn as contour maps inΓMK, ALM and AHK planes,
respectively. The spreading of the contours is representedas 2.5% from peak’s
height. Fermi surface borders and the reciprocal lattice points are observed as
open white and closed dark circles in the spectra, respectively. The spectra show
a big hole in their centers. This is due to the fact that the positrons interact with
the electrons in the shallow region inside Fermi sea. Therefore, the sampled
momentum density increases in approaching Fermi momentum.The reciprocal
lattice points of Zn is found atpΓM = 9.2, pΓK = 10.6, andpΓA = 5.04 mrad.
These values are far form Fermi momentum of Znpf = 6.20 mrad. These values

Figure 1. The electron density in the momentum spaceρ(p) of Zn. The dark circles
indicate the position of the reciprocal lattice points. The open white circles represent
Fermi radius of Zn. The contours of the spectra are characterized as2.5% from the peaks
heights.
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Figure 2. (a) the electron momentum density of Zn inΓA, ΓK andΓM directions, re-
spectively, with that obtained from Kahana parabolic formula, (b) the high momentum
component HMC’s in the three main directionsΓA, ΓK andΓM, in Zn.

emphasize the calculations. Besides, they obviously reveal that the contributions
to Fermi surface of Zn are mainly accomplished from first Brillouin zone. From
another standpoint, the spectra predict enhanced contribution, around 5.0 mrad,
nearby Fermi momentum, which is attributed to positron-electron interaction.
Figure 2(a) represents 2D-ACAR spectra in three main directionsΓA, ΓM, and
ΓK, with that obtained using Kahana-like enhancement [12] formula

ε(p) = a+ bγ2 + cγ4 (A.1)

whereγ = p/pf anda, b, andc are the enhancement parameters.ε(p) is the
enhancement factor, which is given as

ε(p) = ρ(p)/ρIPM(p). (A.2)

ρIPM(p) is the electron density in the momentum space obtained from indepen-
dent particle model. It is worth to mention that,ε(p) depends on the enhance-
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Figure 3. Fermi radius of Zn in MK, ALM and AHK directions normalized to the free
electron Fermi radius of Zn (=6.2 mrad).

ments of various electronic states,i.e., it is not quantity that can be essentially
extracted from the experiment as far as information about the positron-electron
interaction. The enhancement parameters are obtained fromstatistical analysis
using least square method. It shows thatb/a is 0.12, 0.13 and 0.20 inΓM, ΓK
andΓA directions, respectively, while that obtained from Kahana equation, for
Zn, is 0.19. It is obvious that (b/a) factor is closed to that obtained by Kahana
equation inΓA direction while it is smaller than that inΓM andΓK direction.
This shows deviation from Kahana-like enhancement equation. However, this
equation is applicable only up to 0.8 of Fermi momentum [13].The enhanced
contributions are explained in view of the many body effect.That is, when
positron enters the metal, electron charges are pilled up around it. Therefore,
the crystal potential felt by positron becomes higher than the existent potential
of crystal around positron’s position. Mainly, those electrons are, in particu-
larizing, that nearby Fermi momentum. Consequently, the momentum density
becomes larger in approaching Fermi surface. From another standpoint, Fig-
ure 2(b) showsρ(p) in the higher momentum regions. The HMC’s is hesitated
around the values of the reciprocal lattice points. These HMC’s are due to the
effect of the 3d-core-like state in Zn.

Fermi surface edges are determined in momentum space by applying maximum
in gradient method|∇ρ(p)|max. Figure 3 represents the obtained Fermi radii in
ΓMK, ALM and AHK planes, respectively, normalized to that achieved from
FEM. The determined Fermi radius of Zn is varying around thatof free electron
one and the maximum deviation from it is 4.0% (about 0.03 a.u.). It is obviously
clear that Zn is deviated from FEM.

LCW folding procedure has been used to determine the electron density in wave
vector space restricted within 1st Brillouin zone. Figure 4represents the inter-
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Figure 4. The intersection of Fermi surface of Zn with different symmetry plane. The
dark parts reveal higher electron density in the wave vector space.

section of Fermi surface with different symmetry plane. These figures show a
hole surface around H point and three-electron surfaces centered onΓ, L, and K
points. The band number of those surfaces could be calculated from the band’s
occupation, by normalizing the values ofn(k) to the total momentum density,
along different principal symmetric lines, as

n(k)% =
n(k)

∫

n(k)dk/
∫

dk
× 100. (A.3)

The band’s occupation is derived under the postulation thatn(k) is the sum of
filled bands. This equivalent to the fact that; the wave function of the positron
is uniform in the whole region or that the electron states aresimple plane wave.
Appropriately, positron wave function effect varies from band to another and
each has its ownk-dependence. In Zn that containsd-like states, this effect is
significant. In approaching to correlate the effect of the positron wave function
we utilized statistical analysis using least square fitting. The thicknesses be-
tween the horizontal lines in different bands are derived from the fitting. The
obtained results from this fitting reveal n-dependence as well as k-dependence
of the positron wave function. Figure 5 represents the band structure along dif-
ferent symmetry directions in Brillouin zone, for Zn. As regards,ni denotes
the momentum density of electrons belonging toi-th band. The vertical and the
horizontal lines represent Fermi surface edges and band number, respectively.
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Figure 5. The band’s occupation in the wave vector spacen(k)% for Zn. The sharp and
dotted lines show the band structure using APW and Pseudo-potential calculations.

The sharp and dotted lines, in the figure, indicate the band structure calculations
using APW [7] and Pseudo-potential [5] methods, respectively. While, Pseudo-
potential method reveals nothing in 3rd or 4th bands around Lpoint, paradoxi-
cally, APW calculation display an outstanding synchronization with the current
results of Zn. Notwithstanding, the present results show obviously that there are
six kinds of surfaces as predicted by FEM and APW method.

The dimensions of the above mentioned sheets are calculatedfrom maximum
gradient of momentum densityn(k). When the resolution is finite, in the in-
tervening time, the marvellous on line normal to Fermi surface appears as a
peak like experimental resolution function. Therefore, ifthe sheet’s dimension
is around the experimental resolution, the accuracy in determining it becomes
large. The maximum in gradient is calculated as

|∇n(k)| =
∣

∣

∣

∂n(k)

∂kx
kx +

∂n(k)

∂ky
ky +

∂n(k)

∂kz
kz

∣

∣

∣
(A.4)

wherekx, ky, andkz are the unit vectors ink-space, and then the mapping out of
|∇n(k)|max is taken to trace the ridge of the singularity peak. Table 1 clarifies
the current results of Fermi surface dimensions in a.u. as compared to another
experiment RFSE [6], as well as calculated results (FEM [2] and APW method
[7]). The current results dissented the results of RFSE experiment. Whereas,
small departures are shown in comparison with FEM, in particular in the dimen-
sions of 1st band hale surface and 4th band electron surface.Controversially to
the above methods, APW shows magnificent conformity with thecurrent Fermi
surface of Zn.
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Table 1. Fermi surface dimensions (in a.u.) in comparison to FEM, RFSE measurements
and APW band structure calculation method. The error estimation of Fermisurface sheets
in the current experiment is 0.02 a.u.

Fermi FEM RFSE APW 2D-ACAR
sheet [2] [6] [7] measurements

1st hole H
HA 0.063 0.055 0.113 0.09
HL 0.153 0.084 0.184 0.17
HK 0.301 0.270 0.161 0.15

2nd hole
ΓMin 0.442 0.304 0.516 0.50
ΓKin 0.547 0.056 0.710 0.50
HA 0.063 — 0.050 0.07
HL 0.153 — 0.078 0.13

3rd electron K
KΓ — — 0.132 0.05
KM — — 0.164 0.06

3rd electron L
LΣ 0.221 — 0.198 0.19
LH 0.221 — 0.195 0.18
LM 0.072 — 0.055 0.06
LA 0.037 — 0.044 0.07

3rd electronΓ
ΓA 0.145 0.146 0.139 0.15
ΓM 0.442 0.413 0.403 0.39
ΓK 0.442 0.413 0.405 0.39

4th electron L
LA 0.037 — 0.044 0.07
LM 0.072 — 0.055 0.05
LH 0.221 — 0.198 0.19

4 Conclusions

A reconstruction technique based on Fourier transformation is used to obtain
ρ(p) of Zn. There are some features on the electron density in the momentum
space spectra. Initially, the reciprocal lattice points and HMC’s that attributed
to the Umklapp process. They are underscoring the calculations. Additionally,
enhanced contributions close to Fermi momentum are shown. They argued to
the interaction of positrons with many-body systems. Finally, core electron con-
tributions are attributed to the strong repulsive interaction due to 3d-core-like
state. The current Fermi surface of Zn reveals six kinds of Fermi sheets similar
to that predicted by both of FEM and APW method, although the sheet’s dimen-
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sions are far from that of FEM. In general, Fermi surface sheets of Zn are in
resemblance to the APW method. In the final analysis, the present experiment
didn’t lend much support to RFSE experiment or to band structure calculations
using Pseudo-potential method.
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