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Thin film metallic glasses (MGs) are promising materials for electronic applications. While the transport prop-
erties of MGs are composition dependent, the influence of hybridization on the resistivity has not been inves-
tigated systematically. We implement a correlative experimental and computational approach utilizing thin film
deposition, electrical resistivity measurements, synchrotron X-ray diffraction and ab initio calculations to explore
the relationship between the fraction of hybridized bonds present in PdAIY-M glasses with M=Ir,Au,Ni, where

the electrical behavior is dominated by d-electrons. The strong bonds hybridization in PdAIY-Ir yields a high
resistivity of 175 uQm, while the weakly hybridized bonds in PdAIY-M MGs (M = Au, Ni) result in lower re-
sistivities of 114 and 92 uQm, respectively. We propose that an increase in the amount of anti-bonding states
close to the Fermi level yields an increased room temperature resistivity.

Thin film metallic glasses (MG) exhibit — in addition to a superior
combination of mechanical properties and corrosion resistance [1] —
fascinating transport properties. Thus, they enable applications in
electronic systems such as the next generation of resistive random-access
memory (RRAM), resulting in decreased power consumption and in-
crease the device operation speed [2,3]. In addition, the absence of grain
boundaries in the MGs allows for the application as diffusion barrier for
metallization layers in integrated circuits [4], solar cells [5], and ther-
moelectric materials [6]. Moreover, thin film MGs are reported to
improve the performance of microelectronic devices such as thin film
metal-insulator-metal diodes [7]. The MGs transport properties together
with the plasticity enables the application in flexible electronics and
skin-attachable devices [8-10]. Pd-based metallic glasses are employed
in fast-response capacitive MEMS hydrogen sensors [11], catalytic ac-
tivity applications [12], hydrogen electro-storage devices [13], and
mechanical pressure sensor membrane [14].

Alloying MGs significantly affects their electrical resistivity. For
instance, increasing the Al content in Ca-Mg-Al alloys, increases the
resistivity due to a change of the Fermi level relatively to the valence
band [15]. Another example, alloying Ag-Cu with an increasing amount
of Ge causes a gradual increase in resistivity values, which is accom-
panied with a change of temperature coefficient of resistivity (TCR) from

positive to negative values [16]. Alloying Mg-Zn with Ga decreases the
density of states at the Fermi level, and consequently increases re-
sistivity [17]. For Pd-Cu-Si thin film MGs, the electrical resistivity can be
tuned by controlling their stoichiometry, with resistivity decreasing for
increasing Pd on the expense of Si [18]. However, the origin of
resistivity-chemistry relationship has not been investigated yet.

Frequent electron scattering due to short-range atomic order affects
the unique electrical properties of MGs. Consequently, MGs exhibit a
lower electron mean free path and elevated resistivity values compared
to crystalline metals. The mechanism for electron conduction can vary
between chemically different MGs, and is usually reflected in concom-
itantly varied absolute resistivity values and TCR. Low resistivity MGs
usually follow the nearly-free electron model. However, a high re-
sistivity in MGs is usually attributed to localization of electrons [19],
and consequently the nearly-free electron model is no longer valid. Still,
there is a dispute on the relationship between the resistivity value and
type of conduction electrons, i.e. contributions from the sp-bands or
d-band. Some reports claim that high resistivity results from dominating
sp-band electrons [20], while others claim that dominating d-band
electrons cause the high resistivity [15,21].

The resistivity-temperature dependence in MGs is small compared to
the residual resistivity value, i.e. resistivity changes by only few percent
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Fig. 1. APT reconstruction and frequency distribution analysis of a) Pdss 9Alse 1Y5.1Ni11 .5, b) Pdse 7Alay 2Y4 6lr11.4 and ¢) Pde1.1Alog Y5 4Aug 7.

within a 100 K range [16]. Increasing the residual resistivity may change
the TCR from positive to negative [16]. The universal TCR dependence
on residual resistivity is explained based on the Faber-Ziman theory,
which confirms the validity of the Boltzmann model of nearly-free
electron conductivity, despite possible electron localization. Briefly,
the model suggests that additionally to the residual resistivity, the total
resistivity of a MG at a finite temperature is caused by electron-electron
and an electron-phonon elastic scattering [16]. The former is dominant
for the low resistivity regime with positive TCR, while the latter domi-
nates for high resistivity regimes with a negative TCR [16,21,22].
However, it must be noted that the electron transport mechanisms in MG
can be affected by alloying: For example, the alloying elements in

Mg-based MGs, such as Ga, are decisive for this family of glasses
following the nearly-free electron model [17,23].

From the above discussion it is evident that the causality between
chemically induced changes in electronic structure of MGs and the
associated variations in transport properties are not well understood,
which limits knowledge-based materials design efforts of MGs for elec-
tronic applications.

In this study, we focus on the PAA1Y-M (M= Ir, Au, Ni) system, which
exhibits a high fracture toughness as predicted based on the electronic
structure and extensive changes in chemical bonding [24]. The fracture
toughness has been shown to scale with the amount of localized electron
states at the Fermi level, whereby a low amount of localized states
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Fig. 2. Temperature dependence of the electrical resistivity of PdAlY-Ir, PAAlY-
Au and PdAIY-Ni alloys as a function of temperature. Resistivity of the films is
highly dependent on the alloying element. TCR changes from positive to
negative values with increasing absolute values of resistivity, following Mooij
universal trend. Dotted lines are provided as guide for the eye to show the trend
of the TCR.

indicates predominantly metallic bonding and yields a high fracture
toughness [24]. A systematic study of the M element, where the M
element is substituted by Fe, Ni, Co, Cu, Os, Ir, Pt, and Au has identified
different fractions of hybridized bonds within the respective PdAlY-M
systems [24]. As representative materials for a high and low fraction
of hybridized bonds, the PdAlY-Ir, PdA1Y-Au and PdAlIY-Ni systems have
been selected. While the fraction of hybridized bonds in PdAlY-Ir is high,
hybridization has been shown to be significantly low in PAAlY-M with M
= Au, Ni [24]. Hence, we investigate the causality between hybridiza-
tion in magnetron sputtered PdAlY-based MGs and their electrical re-
sistivity by ab initio calculations, high-energy X-ray diffraction and
temperature dependent resistivity measurements.

Thin film MGs were synthesised by magnetron sputtering of
elemental targets in an ultra-high vacuum combinatorial growth system
with a base pressure <5 +10~7 mbar [25]. Ar was used as a working gas
with a pressure of 410~ mbar. Silicon was used as substrate for re-
sistivity measurements and polyimide (Kapton®) was utilized for the
diffraction experiments, to prevent strong background scattering. The
following power densities were applied to the targets: 4.3 W/cm? for Pd,
4.7 W/cm? for Al, 1.8 W/cm? for Y, 2.5 W/cm? for Ir, 0.9 W/cm? for Au,
and 1.4 W/cm? for Ni. The target to substrate distance was 10 cm and
the sample was not rotated during synthesis to obtain Pd-Al and Y-M
gradients, from which the position with the composition closest to the
calculated composition was chosen.

Morphology and microstructure of the films were inspected with a
scanning electron microscopy (SEM) (Auriga, Zeiss) top-view and cross-
section imaging. Atom probe tomography (APT) specimens were pre-
pared from the center of the metallic glass thin film deposited on a sil-
icon substrate using an FEI Helios 600 following the procedures
described in Ref [26].. APT measurements were carried out on a Cameca
LEAP 3000 HR operated in voltage mode at a pulse repetition rate
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Fig. 3. (a) First peak (and spectrum in inset) of the X-ray Synchrotron
normalized diffraction for the three alloys. No pronounced differences are
observed in peak position and width between the MG with different alloying
elements. (b) Pair distribution functions of the alloys indicating a similar short-
range order for all three glasses. Peaks at positions lower than the principal
peak at 2.8 A are caused by the limited g-range available in the diffraction data.

ranging between 100 and 200 kHz, a pulse rate of 15% and the base
temperature was set to 60 K. Data analysis was performed using the IVAS
3.8.2 software package. Thicknesses of the films were obtained by
measuring the edge-profile of the film with a Keyence VK-4000 laser
microscope.

The electrical resistivity measurements of the thin films were carried
out by adapting the Van der Pauw method [27] in the temperature range
between —110 °C and 10 °C. The films were held in a LINKAM - HFS600
probing system, which supplies 4 contacts through 4 tungsten needles
supported by springs. Controlling temperature of the sample was ob-
tained by a liquid nitrogen pump and a suitable controller (LINKAM -
LNP) connected to the stage of the probing system. The temperature was
measured by thermocouples within the stage. Cooling started from 20 °C
with a rate of 5 °C/min. The temperature was decreased in steps of 20 °C
and kept constant for 6 min at each step. The resistivity measurements
were conducted 4 mins after reaching the desired temperature, which is
a sufficient time for thermal equilibrium. The temperature profile is
shown in Fig. S1, the red markers indicate the electrical measurement
time, and the inset illustrates the resistivity experimental setup. A
function generator (Keithly 6221) supplied 100 DC pulses of 50 mA with
a pulse with of 5:1073 s, while the voltage was measured at the pulse
half-time through a nanovoltmeter (Keithly 2182A). The deadtime be-
tween subsequent pulses is set to 20 times the pulse time duration to
avoid electrical field overlapping. The pulsed measurements were
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Fig. 4. Total density of states as well as d-band of Pd and M for PdAlY-M with M = Ni, Au, Ir. Strong hybridization of the Pd and Ir d-bands is observed and marked

with green dashed lines.
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Fig. 5. Electrical resistivity as a function of integrated COHP around the
Fermi level.

performed to ensure thermal stability which is confirmed by similar
repeated electrical measurements [28]. The resistivity is averaged over
100 measurements per temperature.

High-energy X-ray diffraction (HEXRD) on the samples synthesised
on polyimide was performed at beamline P02.1 of the electron-storage
ring PETRAIII at DESY [29], Hamburg. The X-rays had a wavelength
of 20.701 pm and were detected with a Perkin Elmer XRD1621 fast
detector. The data was integrated employing the FIT2D software [30,

31]. To obtain the real-space pair distribution function (PDF), the dif-
fractograms were corrected for background scattering and the PDF
calculated by a fast Fourier transform implemented in the PDFgetX3
software [32].

Density-functional theory based ab initio calculations were con-
ducted in [16] to determine the electronic structure [33]. Therefore,
iterative heating-quenching cycles according to Hostert et al [34]. were
performed on supercells containing 115 atoms and employing the
openMX [35-37] and the Vienna Ab Initio Simulation Package (VASP)
[38,39]. Details of the calculations are given in [24].

Three alloy thin films were deposited on Si substrates. No significant
differences in the film’s morphology observed are by SEM (Fig. S2). APT
revealed the composition of the films to be Pdsg7Aly7.2Y46lr11.4,
Pd61.1A124'7Y5.4AU3.7, and Pd55‘9A126'1Y5.1N111,5, with thicknesses of 6.4,
1 and 1 pm, respectively. The APT reconstructions of the three glasses in
Fig. 1 indicate no obvious clustering of elements. The frequency distri-
bution analysis confirms that the distribution of each of the species is
comparable to a binomial distribution and hence suggests a homoge-
neous distributions of the elements within the resolution limits of APT
[40,41].

The electrical resistivity and its temperature-dependence (TCR) are
presented in Fig. 2. Thickness variations of the film can be excluded to
influence the resistivity of the film, as the films with thicknesses of >1
um exceed the electron mean free path, which is on the order of nm, by
orders of magnitude. Both are depending on the alloying element.
PdAIY-Ni films exhibit the lowest resistivity and a positive TCR, with a
linear relationship between resistivity and temperature. The PdAlY-Au
alloy has 23% larger resistivity value, and the resistivity-temperature
relation maintains linearity but with a negative TCR value. The
PdAlY-Ir thin film shows the highest resistivity among the films, with a
negative TCR, and non-linear resistivity-temperature relation. The trend
that TCR changes from positive to negative values with increasing the
residual resistivity values is consistent with Mooij universal trend [16,
42]. Here TCR = 0 occurs at around 100 pQecm. The
resistivity-temperature relationship is determined by a complex inter-
play of the electron-phonon scattering and electron-electron scattering.
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While the first mechanism dominates at low residual resistivity values
and causes a resistivity increase with temperature, the latter is dominant
at high residual resistivity values and yields a resistivity decrease with
temperature [16]. The non-metallic temperature behavior for high re-
sistivity glasses such as PdAlY-Ir and PdAlY-Au in this study indicates
weak localization according to Howson [19], which is consistent with
the electron-electron scattering notion by Mooij [16,39].

In the following, topology and electronic structure are analysed in an
effort to identify the origin of the different electrical resistivity values.

The topology of the thin film MGs is investigated by the normalized
structure factor S(Q), shown in Fig. 3a. The position of the principle peak
of the S(Q) is an indicator for the mean atomic distance as well as the
position of the Fermi level according to the free electron model of Nagel
and Tauc [43]. For the PdAlY-M glasses, the principle peak (Fig. 3a) is
similar for the three Pd-based metallic glasses with positions of 2.851
A~! for PAAIY-Ni, 2.814 A~ for PdAlY-Au and 2.848 A~! for PAAIY-Ir.
Also, the second and third peak of S(Q) resemble each other, as shown in
the Fig. 3a inset. Hence, the mean atomic volume in all three PAAlY-M
glasses is comparable. An additional parameter that describes the
short-range atomic order is the pair distribution function G(r), where r is
the distance between atoms. Analysis of G(r), presented in Fig. 3b, in-
dicates a similar short-range order for the three glasses. While peak
positions are not equal due to differences in atomic radii of the M
element, the shape of G(r) and thus the motifs of the short-range order
resemble each other. Therefore, the differences of the residual resistivity
do not seem to originate in the short-range order [44]. Hence, the
electronic structure is considered.

The analysis of the electronic structure based on the density of states
(Fig. 4). The energy of the electronic states is normalized to the Fermi
level, which corresponds to the highest occupied Kohn-Sham state of the
ab initio calculations. As the partial DOS of the s- and p-bands of the Pd
and M element are small compared to the partial DOS of the d-bands and
the contribution of the other elements to the overall bonding does not
change significantly [24], the DOS analysis focuses on the electrons in
the d-bands of Pd and M, which dominate the total density of states
(DOS). Hence, the d-band electrons dominate the electrical conductivity
of the Pd-based glass alloys, regardless of the resistivity magnitude. This
observation is consistent with reports for various transition metal based
MGs [45-47], while the s- and p-electrons gain importance with an
increasing amount of main group elements [15,20].

As indicated by the non-metallic temperature behavior and its origin
in electron-electron scattering [19], an important factor in the electron
transport properties of MGs is the hybridization and hence localization
of electrons. In fact, the DOS show an overlap of peak positions and
shapes between the d-bands of Pd and Ir (Fig. 4). Hence, PdAlY-Ir ex-
hibits hybridization between Pd and Ir d-bands. Significantly less hy-
bridization is observed in Fig. 4 between the d-bands of Pd and Au/Ni,
[24], where the Ni/Au d-band occupies only a narrow energy range
which is not dominated by the Pd d-band. However, this narrow energy
range populated by the d-electrons is close to the Fermi level for
PdAIY-Ni, while it is in the energy range of —6 to —4 eV for PdAlY-Au.
Therefore, hybridization is strongest in the PdAIY-Ir MG and lowest in
the PAAIY-Ni MG [24]. This is consistent with electron localization [19]
and the temperature coefficient of resistivity in Fig. 2.

To further inspect the electronic structure differences between the
alloys, the crystal orbital Hamilton population (COHP) is inspected, i.e.
weighting the DOS by band structure energy [48]. The COHP analysis is
done in Fig. 2a of reference [24]. A positive COHP indicates an
anti-bonding contribution to the overall bonding, whereas negative
COHP imply bonding contributions [49]. The DFT calculations yield
positive COHP values for all glasses close to the Fermi level, hence, all
three glasses exhibit anti-bonding states ([24], Fid. 2a). Integrating over
the contributions in the vicinity of Fermi level between —0.5 and 0.5 eV,
which are relevant for electrical resistivity, shows that the resistivity
scales with an increasing amount of anti-bonding states around the
Fermi level (Fig. 5). Similar results are obtained for different integration
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intervals. In the light of the similar short-range order and the scaling of
the resistivity with anti-bonding states around the Fermi level, we
induce that the electrons in metallic glasses cannot be treated as
“nearly-free” as in the Faber-Ziman theory [44]. Instead, the room
temperature resistivity is dominated by the electron-electron
interactions.

In conclusion, the amount of anti-bonding states as determined by
the COHP close to the Fermi level determines the room temperature
electrical resistivity of the PdAlY-based thin film MGs. The electrical
resistivity has been shown to scale with integrated COHP in the sur-
roundings of the Fermi level, indicating that the electron-electron
interaction are the origin of the resistivity, since the topology of the
three PdAlY-(Ir, Au, Ni) MG is similar. To understand the temperature
coefficient of resistivity in the future, changes of the anti-bonding states
close to the Fermi level with temperature need to be understood, which
is cannot be probed with available ground-state DFT methods.
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