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We use bulk sensitive hard x-ray photoelectron spectroscopy to provide unambiguous evidence for
a pseudogap in the density of states around the Fermi level in icosahedral Zn-Mg-Y and Zn-Mg-Dy
quasicrystals, in agreement with our density functional theory calculations. The pseudogap in these
Zn-based quasicrystals is less pronounced compared to the Al-based ones such as Al-Pd-Mn and Al-
Cu-Fe [J. Nayak et al., Phys. Rev. Lett. 109, 216403 (2012)]. This observation is in agreement with
transport studies that indicate a larger charge carrier concentration in the Zn-based quasicrystals.
Compared to Zn-Mg-Dy, the pseudogap is somewhat deeper in Zn-Mg-Y. The larger width of the
Mg 1s and Zn 2p core-level spectra in Zn-Mg-Y is explained by different configurations of the local

atomic surrounding compared to Zn-Mg-Dy.

PACS numbers: 71.23.Ft, 79.60.-i
I. INTRODUCTION

The discovery of thermodynamically stable icosahe-
dral Zn-based quasicrystals (QC)! ushered in an inten-
sive research on their structural, transport and electronic
properties.2® There is a growing body of theoretical and
experimental evidence that the fundamental reason for
the formation of quasicrystalline order is the presence of
a pseudogap around the Fermi level.519 However, the
electronic contribution to the specific heat in Zn-Mg-Y
was reported to be similar to Zn metal, indicating no re-
duction of the density of states (DOS) at E,* although
in the same work a distinct feature that was as-
signed to an excitation across a pseudogap was
observed from optical conductivity study.? It was
also reported!! that their resistivity (150-200 pQ-cm) is
an order of magnitude lower than Al-based quasicrystals
such as Al-Pd-Mn'? or highly conducting compositions
of Al-Pd-Re,'? again pointing towards a higher DOS at
Er in the former. Since photoelectron spectroscopy is
a direct probe of the electron states, the pseudogap has
been studied extensively using this technique, albeit with
low photon energies (ultra violet to soft x-ray range) that
provided information about the surface electronic struc-
ture because of the small escape depth of photoelectrons
with low kinetic energy.?%1415 This surface sensitivity
may give rise to erroneous conclusions because the sur-
face structure may deviate from that of the bulk, giving
rise to a change in electronic structure. This may well
be the reason why in these studies, a pseudogap was not
observed in icosahedral (i)-Zn-Mg-Y by Stadnik et al.;?
rather a clear existence of a metallic Fermi edge was es-
tablished, with a linearly decreasing intensity from higher
binding energies towards Er. Suchodolskis et al.,> work-
ing on single grain i-Zn-Mg-Y, also observed a metallic
Fermi edge. On the other hand, the DOS calculations
using density functional theory for a hexagonal approxi-

mant to Zn-Mg-Y showed the existence of a pronounced
pseudogap around the Fermi level, due to a strong hy-
bridization between the s and p-d states related to Y.16:17

Here, we report a photoemission spectroscopy study
of icosahedral Zn-Mg-Y and Zn-Mg-Dy quasicrystals us-
ing hard x-ray photons that probe the true bulk elec-
tronic structure with a sampling depth extending into
the range of ~120A. The results are compared with
ab initio theoretical calculations. We unambiguously es-
tablish the existence of a pseudogap, although not as
pronounced as Al-based quasicrystals such as Al-Pd-Mn
or Al-Cu-Fe.!? The present work resolves the continuing
disagreement between ab initio density functional the-
ory and the results from surface sensitive photoemission
spectroscopy.?®

II. EXPERIMENTAL AND CALCULATIONAL

DETAILS
Single grain icosahedral Zns7Mgss Yo and
Zn57Mgs4Dyg  quasicrystals were grown by slow
cooling a ternary melt, as discussed in Ref.18. Hard

x-ray photoelectron spectroscopy measurements were
performed at the P09 beamline!? at Petra III, Deutsches
Elektronen-Synchrotron, Hamburg using a Si(111)
double crystal monochromator. All measurements
were performed with 7.93 keV photon energy at 40 K.
Although post-monochromators reduce the intensity of
the photon beam, a Si(333) post monochromator was
used to improve the energy resolution and stability. The
spectra were recorded with a Phoibos 225 HV electron
energy analyzer from Specs Surface Nano Analysis
GmbH, Germany with base pressure of 4x107'% mbar
in the analysis chamber. In order to obtain a contami-
nation free surface, the samples were scraped in-situ by
diamond file in a vacuum of 4x10~° mbar. In order to



maximize the bulk sensitivity and optimize the signal to
background ratio, linearly polarized x-rays were incident
at almost grazing angle (5° with the surface) and
the electrons were detected in nearly normal emission
geometry with the E field vector and the dipole cone
pointing into the direction of the analyzer. The overall
resolution (300 meV) including both the source and the
analyzer contributions was obtained by fitting the Fermi
edge spectrum of Au that was in electrical contact with
the specimen. A non-linear least square curve fitting was
performed using the Levenberg-Marquardt algorithm, as
in our earlier work.2’

Density functional theoretical (DFT) calculations have
been performed by using the VASP code?! considering
1/1 approximant (which has a local structure that is very
similar to quasicrystals but is periodic with a large unit
cell) consisting of 160 atoms in a cubic cell (96 Zn, 50
Mg and 14 Y/Dy atoms).?? The valence 4f states of Dy
are shifted to the core states because of the problem of
DFT with correct description of f-electrons.

III. RESULTS AND DISCUSSION

The HAXPES valence band spectra of Zn-Mg-Y is
shown in Fig. 1(a) and compared with the low energy
photoemission data reported by Stadnik et al.? and Su-
chodolskis et al.’. The spectrum shows the Zn 3ds/2 and
3ds /o spin-orbit split peaks at 9.5 and 10 eV, in good
agreement with the low energy photoemission data.??
The UPS spectrum from Stadnik et al. shows a feature
around 6 eV; this peak is absent in the HAXPES spec-
trum. Another doublet peak around 2 eV has been as-
cribed to the Zn 3d peak excited by He IT* satellite line
at 48.4 eV photon energy.? The shape of the spectrum
near Fr that has been recorded with 43.75 eV photon
energy by Suchodolskis et al.® for single grain Zn-Mg-Y
specimens cleaved in situ shows a peak centered at 0.7
eV that was attributed to a pseudogap structure related
to a van Hove singularity.” However, this interpretation
was neither reported by Stadnik et al.? nor derived from
density functional theory'%17.

In contrast to the conflicting results from low energy
photoemission valence band spectra published in litera-
ture, the bulk electronic structure of Zn-Mg-Y has been
recorded with a probing depth of ~120A at 7.93 keV that
has been calculated using the Tanuma, Powell and Penn
algorithm.?3?4 The HAXPES valence band spectrum ex-
hibits a featureless convex rounded shape from the lower
binding energy side of the Zn 3d peak up to the Fermi
level (Fig. 1(a)). The HAXPES valence band spectrum
of Zn-Mg-Dy (Fig. 1(b)) exhibits the Zn 3d spin-orbit
split peaks at similar binding energies as Zn-Mg-Y. How-
ever, in contrast to Zn-Mg-Y, here two distinct peaks are
observed at 4 eV and 8 eV (black arrows in Fig. 1(b)).
Their origin can be traced to the fact that Dy is a rare
earth f element with 4f1°6s% configuration. The exper-
imental XPS valence band of Dy metal exhibits multi-
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FIG. 1: (a) HAXPES valence band spectra of Zn-Mg-Y

recorded with 7.93 keV photon energy at 40 K compared with
surface sensitive low energy photoemission spectra published
by Stadnik et al.? (green dot-dashed line) and by Suchodolskis
et al.® (blue dashed line), (b) HAXPES valence band spectra
of Zn-Mg-Dy recorded at 40 K.

plet structures related to the localized 4f level around
4 and 8 eV?®, and hence the peaks in the Zn-Mg-Dy va-
lence band in Fig. 1(b) can be attributed to Dy 4 f states.
Similar multiplet features originating from Ho 4f states
have been observed at about 6 eV in Zn-Mg-Ho.?% Such
features are absent in Zn-Mg-Y (Fig. 1(b)) since Y is a
4d metal with 4d'5s% configuration.

The HAXPES valence band spectrum of Zn-Mg-Y near
Ep is evidently suppressed compared to the low energy
surface sensitive spectra, as seen in the close up spectra
in Fig. 2(a). From Fig. 2(b), where all the spectra have
been normalized to same intensity around 1.5 eV binding
energy, it is clear that Zn-Mg-Y has a markedly lower
intensity compared to Zn-Mg-Dy, indicating the presence
of a deeper pseudogap in the former. Interestingly, Zn-
Mg-Dy exhibits a higher contribution of spectral
intensity compared to Al-Cu-Fe, as well as Al-Pd-
Mn (Fig. 2(b)), indicating that the pseudogap is
least pronounced in Zn-Mg-Dy. This is confirmed by
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FIG. 2: The near Er HAXPES valence band spectra of (a)
Zn-Mg-Y compared with low energy photoemission spectra
from Stadnik et al.? (green dot-dashed line, energy resolu-
tion 30 meV) and from Suchodolskis et al® (blue dashed
line, energy resolution 230 meV). (b) HAXPES valence
band spectrum of Zn-Mg-Y compared with Zn-Mg-
Dy. The Au Fermi edge, Al-Cu-Fe and Al-Pd-Mn
spectra from Nayak et al.'® are also shown for com-
parison.

the quantitative extraction of the pseudogap using least
square fitting discussed below. In order to emulate the
shape of the pseudogap using least squares fitting, we use
the following model function

[I x S(E) x f(E,Ep)|®G(E,0) (1)

where S(E) is the spectral function that represents
the shape of the pseudogap, an inverted Lorentzian
function?1927 centered at Ep,

S(E) = (aB +b) x (1— 111 2
(B)=@E+0)x (- i) @
where 2I'; is the full-width at half maximum of the
Lorentzian function and Cp, is the depth of the pseudo-
gap, a parameter that is allowed to vary between 0 and
1. Cr= 0 implies absence of the pseudogap and S(E) is
a line defined by (aE +b). Cp= 1 implies a fully formed
pseudogap with S(E)=0at E =0 i.e. at Ep. f(E, Ep)
is the Fermi function, G(E, o) is the Gaussian represent-
ing the instrumental resolution, and I is a multiplicative
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FIG. 3: HAXPES valence band spectra (red filled circles)
of (a) Zn-Mg-Dy and (b) Zn-Mg-Y in the near-Er region.
The experimental valence band spectra, fitted with a inverted
Lorentzian function (S(E), green line) show a pseudogap at
Er. The resulting fitted curve is shown as a black line. The
residuals are shown at the top of each panel. Insets show
the least square curve fitting using a third order polynomial
function.

parameter. The position of Ex and the resolution were
determined by fitting of Au Fermi edge spectrum by the
Fermi function multiplied by a constant DOS. The Ep
position and the resolution were kept fixed during the
fitting.

The presence of a pseudogap (shown by solid green
line) is unambiguously observed for both Zn-Mg-Y
(Cr=0.6) and Zn-Mg-Dy (C=0.45) in Fig. 3. The
quality of the fit is very good, as shown by the resid-
uals. Compared to the Al-based quasicrystals (such as
Al-Pd-Mn with C,=0.72 and Al-Cu-Fe with Cr=1),



Zn- based quasicrystals exhibit a shallower pseudogap.
This important observation is consistent with transport
measurements,'! which are consistent with an enhanced
charge carrier density in rare-earth based quasicrystals
compared to the conventional ones. Moreover, the Zn-
based quasicrystals not only exhibit a shallower pseudo-
gap, but also a larger full width at half maxima, 2T';, (Ta-
ble 1) compared to Al-based quasicrystals (0.37 eV).1°
The observation of a pseudogap in Zn-Mg-Y is
supported by the optical conductivity spectrum
that exhibits a clear feature characteristic of ex-
citations across a pseudogap.?* Moreover, the sig-
nificantly low carrier concentration obtained from
Hall measurement is in accordance with the pres-
ence of a pseudogap.* On the other hand, a rel-
atively large value of the electronic part of the
specific heat of Zn-Mg-Y reported in Ref. 4 might
be related to the contribution of the tunneling
states?® to the specific heat of icosahedral qua-
sicrystals.

In order to establish that the parameter values are in-
dependent of the model function, we have used another
fitting function, a third order polynomial®?:

S(E) = Dp + Ap|E| + Bp|E|* + Cp|E|? (3)

where Ap, Bp, and Cp are the coefficients that define
its shape, while Dp= 0 would imply zero DOS at Ep.
From the least square curve fitting in the same range (in-
set of Fig. 3), it is clear that the fitting is equally good:
%= 0.027 (0.027) for the third order polynomial function
whereas x?= 0.029 (0.059) for the inverted Lorentzian
for Zn-Mg-Dy (Zn-Mg-Y). The parameter related to the
depth of pseudogap Dp is 0.5 for Zn-Mg-Dy (see Table
I). The depth of pseudogap for Zn-Mg-Y is 0.3 (= Dp).
Thus, the depth of the pseudogap is smaller in Zn-Mg-
Dy compared to Zn-Mg-Y. This is in agreement with
the result obtained using the inverted Lorenzian func-
tion (Fig. 2(c)). This establishes that the relative vari-
ation of the most important quantitative parameter i.e.
the depth of the pseudogap (Fig. 3) between the two
quasicrystals is independent of the model function used.

The density of states of both Zn-Mg-Y and Zn-Mg-
Dy calculated here by density functional theory exhibits
a featureless shape and the presence of a distinct pseu-
dogap around Er (Fig. 4), in good agreement with the
HAXPES spectra (Figs. 1-3). However, the two peaks
at 4 eV and 8 eV in the valence band spectrum of Zn-
Mg-Dy (Fig. 1(b)) are not observed in Fig. 4(b) since the
4f states have been shifted from the valence band to the
core states. It may be noted that the noisy or spiky
character of DOS originates from the almost dis-
persionless energy bands of quasicrystalline ap-
proximants. The similarity in the shape of the Zn, Mg
as well as the Y/Dy partial DOS indicates strong a hy-
bridization between the s,p and d states. Interestingly,
the minimum of the pseudogap derived from theory is
0.2 eV above Ep, as shown by the red arrows in Fig. 4,
and this is observed from the partial DOS also. The
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FIG. 4: The total DOS and the partial DOS of (a) Zn-Mg-
Y and (b) Zn-Mg-Dy calculated by density functional theory
using the VASP code.

width of the pseudogap from theory is more than 1 eV,
which is larger than what we obtain from HAXPES (0.5-
0.6 e€V). However this finds a straight forward explana-
tion by the fact that in HAXPES we only observe the
occupied part of the pseudogap below Ep, and assume it
to be symmetrical below and above Er. The theoretical
DOS, on the other hand, shows that it widens asymmet-
rically above Er. A similar behavior of the pseudogap
has been observed in the calculated DOS of Al-Pd-Mn.?"

The core-level spectra recorded with hard x-
rays reveal interesting characteristics of the elec-
tronic structure of these quasicrystals. The spec-
tra often exhibit loss peaks at higher binding en-
ergies with respect to the main peak originat-
ing from collective plasmon excitations. The be-
haviour of these loss peaks can provide important
information about hybridization between the dif-
ferent electron states. Besides, the shape and po-
sition of the core-level main peak can be used to
identify the electronic excitations and depict the
influence of the local chemical surrounding.



TABLE I: Parameters obtained from the least square curve fitting of the near Er spectra recorded with 7.93 keV at 40 K using different

model functions.

Specimen Model function

Parameter values

Zn-Mg-Y Lorentzian

Cr= 0.6+ 0.02 , 2I'r= 0.640.04

3rd order polynomial

Ap= 1.540.15, Bp=-140.3, Cp= 0.2£0.15, and Dp= 0.34+0.03

Zn-Mg-Dy Lorentzian

Cr=0.451+0.02 , 2I', = 0.5£0.04

3rd order polynomial | Ap= 1.240.15, Bp= -0.840.25, and Cp= 0.154+0.1, Dp=10.54+0.02
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FIG. 5: (a) Mg 1s and (b) Zn 2p core-level spectra of Zn-Mg-
Y and Zn-Mg-Dy, with the main peak normalized to same
intensity. The inset shows the main peak in an expanded
scale.

The main peak of the Mg 1s HAXPES core-level spec-
trum appears at 1303.6 eV binding energy for both Zn-
Mg-Y and Zn-Mg-Dy (Fig. 5(a)). It shows an extra fea-
ture (indicated by an arrow) at about 12 eV (= w,,) from
the main peak for both Zn-Mg-Y and Zn-Mg-Dy, which

we assign to a bulk plasmon loss; no surface plasmon
losses are observed. This value is somewhat larger than
Mg metal (w,= 10.6 €V)3? possibly due to hybridization
of the Mg s, p with the Zn d bands. The binding energy
of the Zn 2p3/5 (1021.6 eV) and 2p; /o (1044.5 eV) peaks
is similar between the two quasicrystals (Fig. 5(b)). Al-
though in the late 3d transition metals, the plasmon loss
features are weak and shifted to higher energies,! bulk
plasmon peaks are clearly observed at the same loss en-
ergy as in Mg 1s (12 eV) for both the spin-orbit split
Zn 2p peaks. In Al-Mn alloys, the appearance of Al-
related bulk plasmons has been reported in Mn 2p core-
level spectra due to hybridization of Al s, p and Mn d
states.?? In this case also, hybridization between Mg s, p
and Zn d states lead to the appearance of Mg-related
bulk plasmon in the Zn 2p spectrum.

An interesting difference between the core-level spectra
of Zn-Mg-Y and Zn-Mg-Dy is the larger width in the for-
mer. This is evident from the insets of Fig. 5 for both Mg
1s and Zn 2p. The full width at half maximum (FWHM)
for Zn-Mg-Y (Zn-Mg-Dy) is 1 eV (0.75 eV) for Zn 2p3 5.
The FWHM of the Mg 1s line is 1 and 0.7 eV for Zn-
Mg-Y and Zn-Mg-Dy, respectively. The larger width of
Mg 2p core-level spectra in Zn-Mg-Y with respect to the
crystalline ZnoMg Laves phases was related to different
local surroundings, i.e. the number of inequivalent sites
of the Mg atoms that induce different shifts resulting in a
broadened spectrum.?? It can be thus concluded that the
reduced FWHM in Zn-Mg-Dy indicates the presence of a
smaller number of Mg and Zn inequivalent sites compared
to Zn-Mg-Y. This points to a difference in the structure
of icosahedral Zn-Mg-Dy and Zn-Mg-Y.

IV. CONCLUSION

Hard x-ray photoelectron spectroscopy has been em-
ployed to unravel the bulk electronic structure of Zn-
based icosahedral quasicrystals such as Zn-Mg-Y and Zn-
Mg-Dy. We provide clear evidence for a pseudogap at
FEr for both materials from a least square fitting of the
spectral shape near Er. Density functional theory also
unambiguously shows the presence of a pseudogap that
widens asymmetrically above Er. We find that the pseu-
dogap in Zn-based quasicrystals is shallower compared to
Al-based quasicrystals such as Al-Pd-Mn and Al-Cu-Fe,
in agreement with their transport properties. The shape



of the HAXPES valence band in Zn-Mg-Y and Zn-Mg-
Dy is markedly different from that studied so far by low
energy photoemission.?® This may be related to intrin-
sic difference between the surface and the bulk electronic
structure, or artifacts in the low energy photoemission
data. In the core-level spectra of both Mg 1s and Zn
2p, the bulk plasmon peak is observed at about 12 eV
loss energy. The larger width of both Mg 1s and Zn 2p
core level spectra in Zn-Mg-Y compared to the Zn-Mg-
Dy indicates a smaller number of inequivalent sites in the
latter.
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