JOURNAL OF NANO- AND ELECTRONIC PHYSICS
Vol. 11 No 6, 06032(3pp) (2019)

MYPHAJI HAHO- TA EJIEKTPOHHOI ®I3HKH
Tom 11 Ne 6, 06032(3cc) (2019)

Short Communication

Study of Phonon Dynamics of CueiZrz0Hf10Tii0 Bulk Metallic Glass Using Pseudopotential

Aditya M. Vora®

Department of Physics, University School of Sciences, Gujarat University, Ahmedabad, 380009 Gujarat, India

(Received 25 June 2019; revised manuscript received 01 December 2019; published online 13 December 2019)

In the present paper, the computations of the vibrational phonon frequencies of the longitudinal and
transverse branches in a quaternary CueoZrzo0Hf10Ti10 bulk metallic glass (BMG) using simple Hubbard-
Beeby (HB) model approach have been presented. Ashcroft’s empty core model pseudopotential is utilized
in conjunction with Hartree screening of conduction electrons with and without the inclusion of correlation
effects by employing various forms of local field correction functions for the first time. The phonon frequen-
cy observations reproduce the typical features of the dispersing nature. Also, the thermodynamic and elas-
tic properties of the said BMG are calculated through the elastic limit of the dispersion bends.
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1. INTRODUCTION

Bulk amorphous metallic alloys or bulk glassy met-
als or bulk metallic glasses (BMGs) signify new type of
materials in the modern era of the materials science.
They can be formed from the melt by its cooling with a
sufficiently high cooling rate in order to avoid the crys-
tallization in the temperature range between liquidus
temperature and the glass transition temperature 7.
Meanwhile, much effort has been devoted to the pro-
gress of BMGs for both fundamental scientific research
and industrial applications. As a result, many unique
and useful properties of BMGs have been shown and
studied significantly [1-4]. Looking to the applicability
of the BMGs, the vibrational dynamics of
CueoZr20Hf10Tiio BMG is reported for the first time in
the present article with the help of Ashcroft’s empty
core model pseudopotential [5]. Hartree (H) [1], Taylor
(T) [1], Ichimaru-Utsumi (IU) [1], Farid et al. (F) [1]
and Sarkar et al. (S) [1] local field correction functions
are used for showing the screening dependency on the
aforementioned properties. The phenomenological
model proposed by Hubbard and Beeby (HB) [6] in the
random phase approximation (RPA) is considered to
make the phonon dispersion curve (PDC) with Wills-
Harrison (WH) [7] approach of the pair potential.
While, static and thermodynamic properties such as
longitudinal sound velocity v;, transverse sound veloci-
ty vy, isothermal bulk modulus Br, modulus of rigidity
G, Poisson’s ratio o, Young’s modulus Y and Debye
temperature 6p are also reported from the elastic limit
of the dispersion curve.

2. COMPUTATIONAL METHODOLOGY

The interatomic pair potential is the fundamental
component for learning the vibrational dynamics of
BMGs. In the present work, the following equation is
used to compute the pair potential [1-3, 7]:
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V(r)zVS(r)+Vb(r)+Vr(r). (1)

The contribution from the s-electron to the intera-
tomic pair potential Vg(r) is obtained from the equation

V()= {z;ﬂ +(2§J jF(q)F";(’f”)}qu e

r

where Qo is the total atomic volume of the mono-
component fluid. Here, the s-electron contribution, i.e.
Zs=1.5, is obtained by mixing the partial s-density of
states, which results from the self-consistent band
structure computation for the entire 3d and 4d series.
The d-electrons, contributing to the interatomic pair
potential, are described in terms of the number of d-
electrons Zq, d-state radii r; and the nearest neighbor
coordination number N as given below [1-3, 7]
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where Vi(r) allows the Friedel-model band broadening
to influence the transition metal cohesion
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Here, Vi(r) rises from the repulsion of the d-electron
muffin-tin-orbital on different sites by the reason of
their non-orthogonality. The effects of the s-band and
d-band have been studied by Wills and Harrison (WH)
[7]. Also, F(q) is the energy wave-number characteristic
in Eq. (2) given by [1-3]
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where f(g) is the local field correction function and Wa(q)
is the Ashcroft’s empty core model pseudopotential [5].
For present BMG, the model pseudopotential parameter
rcis calculated from the well-known formula [1, 2]
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where rgis the Wigner Seitz radius of the BMG.

The theory of computing the vibrational dynamics of
BMGs, the RPA model proposed by Hubbard and Beeby
(HB) [6], is used in the present work. The notations for
longitudinal @, and transverse @y phonon frequencies
are computed from
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Here, M and p are the atomic mass and density of
the BMGs, while V'(r) is the second derivative of the
interatomic pair potential and g(r) is the pair correla-
tion function, respectively. The elastic and thermody-
namic properties such as viz. longitudinal sound veloci-
ty v, transverse sound velocity vy, isothermal bulk
modulus Br, modulus of rigidity G, Poisson’s ratio o,
Young’s modulus Y and Debye temperature 6p are cal-
culated directly from the elastic boundary of the dis-
persion curves [1-3].

3. RESULTS AND DISCUSSION

The inputs utilized in the current calculation are
tabulated in Table 1.

Table 1 — Input parameters and constants

Z N M (amu) | Qo (au)? Zd re (au)

220 | 12 79.01 105.84 6.70 | 1.3074

The computed pair potentials of CueoZrzoHf10Ti10
BMG are displayed in Fig. 1, which clarifies that the
incidence of the various local field correction functions
hardly changes the nature of the pair potentials, except
around the first minima. The well depth is slightly rising
due to the effect of various local field correction functions
compared to H-function. The first zero position of the
pair potentials is shown at r =ry = 3.17 au for T-function
and those for others are shown at r=ry= 3.6 au. Thus,
the occurrence of the exchange and correlations on the
V(r = ry) is found significantly in the nature of the pair
potential, while the potential well width increases com-
pared to H-screening function. The well depth of current-
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ly computed pair potentials is shifted to the left direc-
tion. Also, it can be noted that the Coulomb repulsive
potential part controls the fluctuations due to ion-
electron-ion interactions, which displays the flattened
shape of the potential after r~ 10 au, which converged
towards a finite value nearer to zero in repulsive region.
Only oscillatory nature is observed for T- and F-
functions because of ion-electron-ion interaction effect,
which shows short-range order oscillation.
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Fig. 1 — Pair potentials for CueoZr20Hf10Ti:0 BMG
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Fig. 2 — Phonon dispersion curves for CueoZraoHf10Ti10 BMG
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The screening dependences of phonon dispersion
curves with longitudinal and transverse branches for
CusoZr20Hf10Tiio BMG computed using HB approach
are shown in Fig. 2. It is observed that the present
outcomes of the phonon branches due to T, IU and S-
screening functions are seeing between H- and F-
screening functions.

Table 2 — Thermodynamic and elastic properties

SCR H T IU F S
vix10°cm/s | 5.82 | 6.09 5.82 6.53 | 5.82
vx105cm/s | 3.36 | 3.51 3.36 3.77 | 3.36

Brx10'! dy/em?| 15.75 | 17.25 | 15.79 | 19.83 | 15.77
Gx10'" dy/cm2| 9.45 | 10.35 | 9.47 | 11.90 | 9.46
o 0.25 | 0.25 0.25 0.25 | 0.25
Yx10'! dy/cm? | 23.63 | 25.87 | 23.69 | 29.74 | 23.65
6p (K) 444.13| 464.73 | 444.66 | 498.25 | 444.31

The first minima in the longitudinal mode are made
from the place almost around g ~ 3.1 A-! for most of the
local field correction functions. Also, the first minima of
the longitudinal branch are displayed at higher g-values.
The lowest minima in the longitudinal mode clarify ac-
curacy and constancy of the interatomic pair potential.
Such reproductions were also detected in the transverse
branch. Besides, it is detected that the fluctuations are
further projecting in the longitudinal phonon branches
with respect to the transverse branches because of the
presence of joint excitations at higher momentum trans-
fer owing to the longitudinal phonons and the ambiguity
of the transverse phonons due to the anharmonicity of
the atomic vibrations in the BMG system. Although, in
the higher wave vector region damping of phonons gov-
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erns the transverse mode which shows the fluid type
nature i.e. monoatomic of the amorphous system. In
transverse mode, the phonon frequencies rﬂise with the
wave vector ¢ and then saturate at ¢ ~ 2.5 A-1, which is
found in connection with Thorpe model [8]. The trans-
verse phonons are absorbed for frequencies higher than
the lowest eigenfrequencies of the largest band.
Additionally, the elastic and thermodynamic prop-
erties computed from the elastic limit of the phonon
dispersion curves are given in Table 2. The percentile
impact of various screening functions with static H-
function is found between 0-25.85 %. It is observed that
the screening functions play a dynamic role in the es-
timation of the thermodynamic and elastic properties of
BMG. The experimental or theoretical data are not
available for such BMG for further comparison.

4. CONCLUSIONS

The computed data of phonon dispersion and their
related properties using HB approach are exposed reli-
able fallouts. The screening effects are also observed in
the present work by using various local field correction
functions. Because of non-availability of experimental
figures of such properties, present results formed very
valuable information of particular BMG for additional
researches.
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Busuyennsa nunamiku poHoHiB 06’emuoro merasiesoro ckina CueoZrzoHf10Ti0
3 BUKOPHUCTAHHAM ICEBIONOTEHIIALy
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V¥ craTTi mpeacTaBiieHO 00YMCIIEHHS KOJMBAJIBHUX YaCTOT (POHOHIB 10310 B3KHBOI TA IIOIIEPEYHOl TJIOK Y
YOTHPUKOMIIOHEHTHOMY 00’ emHoMy MetaseBomy ckii (BMG) CusoZraoHf10Tii0 3 BUKOpHCTAHHAM IIPOCTOrO
MOIeJILHOrO maxoay Xaboapa-bioi. Ilcepmomorentrian momesi Enkpodra 3 moposkHiM SapoM 3aCTOCOBYETHCS
CITIJIBHO 3 €KPaHyBaHHSAM XapTpl eJEeKTPOHIB IPOBIIHOCTI 3 Ta 0e3 BRJIIOYEHHS KOPEJSI[IMHUX edeKTis,
BIIEpIIe BUKOPUCTOBYIOUM PidHI (popME KoperyBajbHUX (QYHKINH JIoKagbHOro moJsa. CmocrepesxeHHS ¢o-
HOHHOI 4aCTOTH BiATBOPIOIOTH TUIIOBI PUCH AucIepciitHoro xapakrepy. Kpim Toro, TepmMonumaamivmi Ta mpy-
sKH1 BiacTuBocTl sraganoro BMG po3paxoByIOThCs Yepes MesKy MPYsKHOCTI IUCIIePCIMHUX BUTHHIB.

Knwouosi cnosa: Ilosmossxkai Ta momepeuni domnomni wacroru, O6’emue meranese ckio (BMG), Tepmo-

JUHAMIYHI Ta IIPYKHI BJIACTUBOCTI.
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