International Journal of Pure and Applied Physics.
ISSN 0973-1776 Volume 21, Number 1 (2025), pp. 1-8
© Research India Publications
http://www.ripublication.com

Electron Momentum Density, Fermi Surface Mapping,
and Electronic State Classification in AgZn Alloy

A S Hamid!?

! Department of Physics, College of Science, Qassim University, 51452, Buraydah,
Almolaydah, Saudi Arabia

2 Department of Physics, Faculty of Science, Helwan University, Helwan 12812 Cairo, Egypt

Abstract

We report a detailed investigation of the electron momentum density and Fermi surface
topology of equiatomic B’-AgZn, from two-dimensional angular correlation of positron
annihilation radiation (2D-ACAR) measurements. Using a Fourier-based
reconstruction algorithm, the three-dimensional momentum density was reconstructed
from multiple 2D-ACAR projections and subsequently folded into the first Brillouin
zone using the Lock—Crisp—West (LCW) procedure. The resulting LCW map provides
direct insight into the Fermi surface (FS) of AgZn. The results show that the Fermi
surface of AgZn, as revealed by 2D-ACAR, consists of a prominent electron sheet in
the second band that extends to the Brillouin zone faces along <100> directions, and a
characteristic “hole octahedron” in the first band.

1. Introduction

Ordered B’-AgZn (equiatomic silver—zinc) is a CsCl-type (B2 structure) intermetallic alloy that
has attracted interest as a Hume-Rothery alloy with an atypical Fermi surface due to its sp-
electron valence structure (see Figure 1). In B’-AgZn, each formula unit contributes three
valence electrons (nominally Ag 5s and Zn 4s), resulting in partially filled conduction bands
and a complex Fermi surface despite the simple cubic crystal symmetry. Prior studies using de
Haas—van Alphen (dHVA) oscillations identified distinctive Fermi surface features of B’-AgZn,
notably a hole octahedron in the first band and a triangular hole in the second band [1-6]. These
features were found to be in good agreement with earlier band structure calculations [7], which
showed that f’-AgZn’s Fermi surface closely resembles that of isoelectronic f’-CuZn and
related B-brass alloys [8, 9]. In particular, the theoretical work indicated that the Ag 4d and Zn
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3d bands lie far below the Fermi energy and do not participate in bonding, whereas the valence
s-band splits into a fully occupied bonding state and a partially occupied anti-bonding state
[10- 12]. This electronic structure (with one more valence electron than a simple noble metal)
produces a Fermi surface that deviates from a single nearly-free-electron sphere and contains
both electron and hole pockets.

The experimental data were collected using 2D angular correlation of annihilation radiation
(ACAR) spectroscopy. The electron momentum density p(p) was reconstructed employing a
directed Fourier transformation-based technique [13]. Fermi surface (FS) topologies were
determined through the Lock—Crisp—West (LCW) folding procedure [14]. FS sheet dimensions
were derived by analysing the maximum gradient of the momentum density distribution in
wave vector space and subsequently compared with theoretical calculations. This paper is
structured as follows: Section 2 briefly describes the experimental approach and data analysis
procedures; Section 3 discusses the results concerning the electronic structure, electron
momentum density p(p), and FS topologies; finally, conclusions drawn from the results are
presented.

Figure 1 Crystal structure of B-AgZn (B2 type). Silver (Ag) atoms occupy the cube corners
(positions: 0,0,0), and zinc (Zn) atoms occupy the body-centered positions (positions:
Y»,Y%,%2). Each atom is coordinated by eight nearest neighbours of the opposite type, forming a
highly ordered cubic arrangement (CsCl structure type).

2. Experimental Details

The sample used in the present experiments is single crystal of AgZn was chemically etched
with a solution of HNO3z and HF and annealed in vacuum for 20 hours. In view of the
concentration of defects, The measured lifetime spectra were analysed by assuming one
annihilation mode. The value of the lifetime component shows single component beside the
source components [15]. The sample was measured using 2D-ACAR experiments discussed
elsewhere [13]. The total counts of each spectrum were 2.0x10" counts. The measurements
were carried out for ten successive orientations by rotating the sample out <001> axis from
<100> to <110> in increments of 5°. This shows accumulation of p(p) about 1x108 in the ten
projections. The estimation of the experimental resolution was calculated from, mainly, three
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sources; the angular resolution of the detectors; the smearing of the thermal motion of positron;
and the smearing due to finite area of annihilation. This shows experimental resolution about
0.75x10° mqc, 0.24x10° moc and 0.63x10° mqc, respectively [16]. As a results, the overall
angular resolution of the system was (1.2x10° moc), where m, is the mass of the electron and
c is the speed of light. This estimation was verified by measuring the full width at half
maximum FWHM of a single crystal of quartz [17]. The spectra were reconstructed using
reconstruction technique based on Fourier transform [18]. The method includes interpolation
in the Fourier space, and inverse Fourier transformation followed by basic Fourier projection
theorem. The experimental accuracy was determined from the comparison of the integrated
spectrum before the reconstruction and the reconstructed spectrum, in the same direction [19].
It showed uncertainty in the reconstructed spectra and consequently in the dimensions of the
FS about 0.02 a.u in all directions (10 moc = 0.137 a.u) [19].

3. Results and Discussion
Momentum Density Distribution from 2D-ACAR

Figure 2 shows a representative two-dimensional slice of the momentum density in the p,=0
plane (a plane containing the <100> directions. Several features of the momentum density are
evident. First, the distribution is centred around p(p)=0 but notably is not maximum at p=0.
Instead, p(p) exhibits a shallow minimum at p=0, and increases to a broad maximum at finite
momentum at 0.5 a.u. (edges of the central region in Fig. 2, p,=0). This non-monotonic
behaviour is a hallmark of an electron gas with a Fermi cut-off: in an ideal Fermi gas at T=0°,
the momentum distribution n(p) is unity for p< pr and zero for p>pg, leading to an integrated
momentum density that is flat inside the Fermi sphere and then drops. In the experimental p(p),
which is effectively the occupation weighted by positron wavefunction overlap, this appears as
a slight depletion at low p and an enhancement just below the Fermi momentum. In AgZn, the
enhancement of p(p) at pr is relatively small (on the order of 5-10%), consistent with a
moderate contrast in occupation (the occupancy in momentum space does not drop sharply
from 1 to 0 because of positron filtering and finite resolution).
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Figure 2: Measured 2D momentum density distribution in AgZn. High intensity
corresponds to higher electron momentum density, and low intensity to lower density
(arbitrary units). The data are symmetric about the centre as expected. b) the maximum
gradient value of p’ (P).

Secondly, the momentum density is highly isotropic and cubic-symmetric, as expected for a
cubic crystal. No strong anisotropies are visible in Fig. 2; the contours of constant p(p) are
nearly circular (or square, following the symmetry) about the centre. This suggests that the
Fermi surface is fairly spherical or only weakly modulated by the lattice potential. Nonetheless,
closer inspection (and analysis of other slices) reveals a subtle anisotropy: p(p) is slightly
higher along the <100> axes than along <110> directions. For example, along the py axis
(horizontal direction through the center of Fig. 1), the momentum density falls off a bit more
slowly than along the px=py diagonal. This is evidence of the Fermi surface not being a perfect
sphere — the occupation extends farther out in the <100> directions than in the <110>
directions. Such anisotropy is consistent with the expected cubic distortions of the Fermi
surface in the B2 structure (discussed below). Apart from these Fermi surface-related
anisotropies, no signatures of discontinuities are directly visible in the raw p(p); the 2D-ACAR
data is too smeared by resolution to directly show a sharp break at pe. Therefore, we turn to the
LCW folding analysis to more directly visualize the Fermi surface.

Fermi Surface from LCW Folding of ACAR Data

Applying the LCW folding to the 3D momentum density, we obtained the electron occupancy
distribution n(k) in the first Brillouin zone of the B2 (bcc) lattice. In an ideal scenario, n(k)
would equal the number of occupied bands (2 or 3 in this case) for n(k) inside the Fermi volume
and drop to a lower value for k outside the Fermi volume. In practice, our folded distribution
shows occupancy values close to 3 electrons per cell in most regions of k-space, with slight
deviations (0.25) near the Fermi surface. The Fermi surface can thus be visualized by plotting
the iso-surface (or contour) where n(k) transitions between high and low values. Figure 3
presents the LCW-folded momentum density in a representative plane (k;=0 plane), with the
Fermi surface contour indicated. From Fig. 3, we clearly discern the main features of the AgZn
Fermi surface. The most prominent feature is the large electron sheet in the second band,
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centered on I'" and extending along the <100> directions. In the folded map, this corresponds
to the red regions bulging towards the Brillouin zone faces (midpoints of the edges in Fig. 3).
We see that along the [100] direction (toward the middle of the right edge in Fig. 3), the
occupancy remains high (near 3) all the way to the zone boundary, indicating that the second
band is occupied up to the zone face. The black contour labelled as FS cuts through these edge
centres, confirming that the Fermi surface intersects the zone boundary at the H points (face
centres). In contrast, along the [110] diagonal direction (towards the corners of the square in
Fig. 3), the occupancy falls off more rapidly (blue regions at the corners). By the zone corner
(P) point, at the corner of the square) the occupancy is low (approximately 2.74, meaning
essentially only the bonding band is filled and the antibonding band is empty). This means the
second-band Fermi surface does not reach the zone corners; instead, there is a hole pocket
there. The LCW map thus clearly shows the presence of triangular hole pockets at the Brillouin
zone corners (P points). These appear as the blue triangular regions in Fig. 3 at the corners,
bounded by the FS contour. This triangular hole in the second band is precisely the feature
identified by dHVA as a “triangular hole orbit”. Our 2D-ACAR results confirm its existence
and size.

Figure 3: LCW-Folded Electron Momentum Density In The First Brillouin Zone (In The
Kz=0 Plane). Red Regions Indicate Higher Ocupancy (Close To 3 Electrons/Cell), Blue
Regions Indicate Lower Occupancy (Below 3). The Black Line Denotes The Fermi Surface
Contour (Where The Occupancy Drops Halfway). The Brillouin Zone Boundary In Theis
Plane Is At The Midpoint Of Each Edge.

Additionally, the LCW data provides evidence of the first-band hole octahedron. In the
occupancy plot (Fig. 3), the very centre I" is slightly blue-tinted relative to the immediate
surroundings, meaning the occupancy at is a bit below 3. This indicates that even at I" the
second band is not fully occupied — a subtle sign that the first band might have already dropped
below Er in some directions, creating a small hole. The first-band Fermi surface (if any) would
be a hole-type surface inside the first Brillouin zone. In a bcc zone, a hole octahedron would
be centered at I" and oriented such that it touches the zone boundaries along the <100>
directions N points. While the LCW map’s contrast is limited, we do observe a slight
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depression in occupancy near the N points (e.g., along the midpoints of the top/bottom edges
in Fig. 3, the occupancy is a few percent lower than 3). This suggests a tiny first-band hole
“octahedron” feature. In dHvA experiments, such a hole octahedron in AgZn was indeed
detected and its shape determined by Fourier inversion of orbits. Our positron data is consistent
with this, though the signal is weak because the volume of the hole is small (the first band is
almost completely filled).

Overall, the Fermi surface of AgZn as revealed by the 2D-ACAR and LCW analysis comprises:
(i) a large central electron surface (second band) which is roughly cubic-rounded in shape,
bulging out to the zone faces, and (ii) additional hole pockets: small octahedral holes at " (first
band) and prominent triangular holes at the zone corners (second band). This topology is in
excellent qualitative agreement with the Fermi surface predicted by DFT band structure[20].

Comparison of Fermi Surface Dimensions

Table 1 summarizes key Fermi surface characteristics of AgZn as obtained from our 2D-ACAR
(LCW) analysis, and as reported by dHvA measurements [1] and by band-structure calculations
[7]. We list the approximate Fermi radii or extremal cross-sectional dimensions along
representative directions for the major FS sheets. Uncertainties in the ACAR values are on the
order of A=0.05%(27/a) due to finite resolution. Good agreement between 2D-ACAR and other
data is quite good.

Table 1. Comparison of Fermi surface dimensions in AgZn derived from 2D-ACAR (this
work) versus de Haas—van Alphen (dHvA) experiments and DFT band calculations.

FS 2D-ACAR (this | dHVA [1] DFT [7]
Feature direction | work)

electron radius | ~0.95 T-H ~0.95 of T-H ~1.00 of T-H
[100]

electron radius | ~0 (no extension | ~0 (triangular | ~0 (FS open at
[110] to corner) hole orbit | P, hole present)
present)
hole octa radius | 0.10-0.15 of I'- | ~0.150of '-N | ~0.12 of I'-N
[111] (T-N) N

(Note: I'-H is half the edge of the bcc Brillouin zone,; I'-P is the zone diagonal to corner, I'-
N is half the distance to a face center (N point).)

Conclusion

In summary, we have performed a comprehensive study of the electron momentum distribution
and Fermi surface of ’-AgZn using 2D positron annihilation spectroscopy. The reconstructed
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3D momentum density from 2D-ACAR experiments, when folded into the first Brillouin zone,
reveals the Fermi surface topology in excellent agreement with theoretical predictions and
previous dHVA results. The AgZn Fermi surface consists of a large cubic-like electron sheet
(second band, antibonding s-states) that reaches the Brillouin zone faces along <100>, in
addition to characteristic hole pockets: a small octahedral hole around I (first band, bonding
s-state) and triangular holes at the zone corners (in the second band). These features reflect the
underlying band structure in which AgZn’s valence electrons occupy a filled bonding band and
a half-filled antibonding band. The Ag-Zn interaction thus leads to a Fermi surface more
complex than a single sphere, featuring both electron-rich regions and electron-depleted
regions in k-space.

Our DFT band structure and DOS calculations corroborate the experimental findings, showing
that Ag 5s—Zn 4s hybridization produces bonding vs. antibonding splitting, with the Fermi level
cutting through the antibonding band. The Ag 4d and Zn 3d states remain well below Er and
do not contribute to the Fermi surface (non-bonding core-like states). The momentum density
analysis further highlights that positron annihilation is sensitive to subtle occupancy variations:
we observed a momentum density minimum at p=0 and slight anisotropies consistent with the
Fermi surface breaks.

This work demonstrates the effectiveness of 2D-ACAR plus LCW folding in mapping Fermi
surfaces in multicomponent alloys. In AgZn, the method successfully identified the same Fermi
surface pieces that had been inferred from dHVA, and provided a direct real-space picture of
electron momentum sharing between bonding and antibonding states. The consistency between
2D-ACAR, dHVA, and DFT builds confidence in our understanding of the electronic structure
of AgZn. Going forward, similar positron annihilation studies on related B2-phase alloys (e.g.
AgMg, CuZn, PdIn) could provide further insight into the evolution of Fermi surface features
with electron count and potential subtle correlation effects beyond DFT.
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