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The phonon dispersion curves for bulk metallic glasses (BMGs) PdsoNiioCusoP20 and PdesNiicP20 are computed for the longitudinal
and transverse phonon frequencies using the simple model given by Bhatia and Singh. Different dielectric screening functions are
employed for the longitudinal mode. We obtain the values of the force constants f and d calculated from the elastic constants of the
material of the respective BMGs for computing the dispersion curves. The computed phonon dispersion curves show appropriate
behaviour for both the longitudinal and transverse modes. The transverse sound velocity and the longitudinal sound velocities with
various dielectric screenings are calculated in the long wavelength region from the computed dispersion curves for both the BMGs.
The first peak position of the static structure factor is predicted from the dispersion curves. The values of sound velocities and the
first peak of the static structure factor estimated from the computed dispersion curves show excellent agreement with the
experimental values reported in literature for the BMGs under consideration and the results may be used for correlating other
properties of the BMGs.
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The advent of bulk metallic glasses (BMGs) has attracted a lot of interest due to its novel properties and
applications in diverse technological areas [1-3]. Pd-based BMGs due to their unique mechanical and thermal
properties have shown potential applications as electrode, jewelry and medical materials [4-5]. However, the
understanding of phonon dynamics and atomic structure configuration are essential for understanding their mechanical
and thermal properties [6-9]. The phonon dynamics of metallic glasses have been studied experimentally [10-11] using
neutron scattering. Theoretically computed phonon frequencies have been investigated by many researchers [12-17] for
correlating them with mechanical and thermal properties in a variety of metallic glasses. Three main theoretical
approaches, namely Hubbard and Beeby [15], Takeno and Goda [16] and that of Bhatia and Singh [8] are widely used
for computing phonon frequencies of metallic glasses.

In this paper, the phonon dispersion curves of Pd4NijoCusoP2 and PdgsNij¢P20 BMGs are computed using the
simple model given by Bhatia and Singh [8]. This model assumes a central force which is effective between the nearest
neighbours and a volume dependent force. Bhatia and Singh [8] determine the values of force constants & and B using
the value of longitudinal and transverse sound velocities along with the calculated value of force constant x.. However,
in the approach adopted by us, we fix the values of force constants 4 and  used in the computation of dispersion curves
by using the value of bulk modulus (B) and shear modulus (G) of the respective BMGs along with the calculated value
of #.. This method of determining the values of 6 and P from the elastic modulii of the BMGS for computing phonon
frequencies using the simple model is applied for the first time for the PdsoNijoCusoP20 and PdesNiigP20 BMGs. The
dielectric screening due to conduction electrons in the long wavelength region of the phonon frequencies is quite
significant. To study its effect on the phonon frequencies, various dielectric screening functions [13] namely, Bhatia and
Singh (BS), Hartree (H), Hubbard (HB), Geldart and Vosko (GV), self-consistent screening due to Shaw (SCS) and
Overhauser (OH) are employed for the longitudinal mode.

The longitudinal sound velocities (V;) are computed for different dielectric screenings and the transverse sound
velocity (V) is computed from the longitudinal and transverse dispersion curves respectively in the long wavelength
region for both the Pd4NijoCusoP2 and PdeNiieP20 BMGs. The first peak position of the static structure factor S(g)
denoted by g, provides key structural information and elastic properties of amorphous materials [7]. The value of g, is
estimated from the dispersion curves, where it occurs around the first minimum of the longitudinal vibration mode [9].

THEORY
The details of this theory of the simple model employed are given by Bhatia and Singh [8] and others [12-13]. The
equations for the longitudinal phonon frequencies (w;) and transverse phonon frequencies (wr) as given by Bhatia and
Singh [8] can be written as

2N K7ra?[6(qrs)]?
of = e Pl + 81+ S T O

and
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here ¢ is the momentum wave vector; f3, d and «. are force constants. B and 6 are defined in terms of the first and second
derivatives of inter-atomic potential W(r) atr = a, as
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In equation (1), the relevant force constant x, due to the conduction electrons based on the Thomas—Fermi model can be
written as

3

K, = 4mn,n;ze? Kz, 5)

where e is the electron charge, n; is the ionic density, n, = n;z is mean electron density and z is the mean valence of
the glassy system; K2z = (4 kp/ma,) is the Thomas-Fermi screening length with a, as the Bohr radius.

The [G(q7,)]? in equation (1) is the shape factor to take into account the cancellation effects of kinetic and
potential energies inside the core of the ions and is of the form

) _ 2
[G(qrs)]z _ [3(sm(qrs)(q(fsgss) Cos(qrs))] ’ (6)

where 1, = [3/(4mn;)]'/3 is the radius of the Wigner- Seitz sphere.

The term €(q) in equation (1) is the dielectric screening function. We employ various dielectric screenings [13]
namely Bhatia and Singh (BS), Hartree (H), Hubbard (HB), Geldart and Vosko (GV), self-consistent screening due to
Shaw (SCS) and Overhauser (OH) in equation (1) to study the effect on phonon frequencies in the long wavelength
region.

In equations (1) and (2), I,, can be written as [8]

I, = foﬂ sin § cos™ @ [sin2 G qa cos 9)] de, (7)

so that with x = qa, I, and I, are respectively,

sinx
Io(x) = 1_ )
1 . 1 2 2cosx
L) =3 —sinx[f -5 -2,

for the limiting case ¢ — 0, equations (1) and (2) give the longitudinal and transverse sound velocities respectively,
V.(0) = w,/q and V7(0) = wr/q as

pVE() =N (5B +38) +re . ®)
1 1
pvg(0)=1v(§[;+§5). 9)
In terms of the elastic moduli of the glassy material [8]
Ciy = pVP(0) = B +3G, (10)

Caa = pVF(0) =G . (11)

The value of B and & can be determined using equations (8), (9), (10) and (11). The sound velocities for both
Pd4oNijgCusoP20 and PdesNijeP20 BMGs are estimated for the longitudinal mode (V,) with different dielectric screenings
and transverse mode (V) in the long wavelength region from the respective dispersion curves. The first peak of the
static structure factor for both the BMGs is also estimated from the dispersion curves.

CALCULATIONS
For the PdoNijoCuszoP20 BMG, the experimental values of B, G and p [2] are 172.60x10° Nm™, 35.50x10° Nm™
and 9.259x103 kgm™ respectively and for the PdsNij¢P20 BMG, the experimental values of B, G and p [2, 17] are
taken as 172.00x10° Nm2, 32.80x10° Nm2 and 10.08x10° kgm™ respectively. The values of n; is calculated using the
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relation p = n;M and found to be 7.57x10% m3 for PdsoNijoCusoP2 and 7.26x10?® m™ for PdesNiisP20. The two
BMGs under consideration are of FCC structure and using the relation a®n; = V2, gives a = 2.65x10" m and
a=2.69x 10'10 m for Pd4oNi10CU30P20 and Pd64Ni16P20 respectively.

The value of x. calculated using equation (5) for PdNijoCuzoP2 with z = 1.90 is 153.50x10° Nm™ and for
PdsNij6P2 with z = 2.20 is 182.75x10° Nm. Taking N=12 for FCC structure for both the BMGs Pd4oNi;oCuzoP2 and
PdesNiisP2o, the values of the respective force constants £ and J for both the BMGs are obtained by substituting the
respective values of B, G and . in equations (8), (9), (10) and (11). Hence all the input parameters for computing
phonon dispersion curves for both the BMGs are known and are listed in Table 1.

Table 1.
Parameters used for computing phonon dispersion curves of Pd4oNi;oCu3oP20 and PdesNijsP20 BMGs.
Pd4oNi;oCuszoP2o PdssNii6P20

n;(10% m?) 7.57 7.26

. (10° Nm™) 153.50 182.75
kg (10°°m™) 1.62 1.68
7, (101%°m) 1.47 1.49
K2 (10*m™?) 3.90 4.04
£ (10°Nm™) 5.01 8.18
6 (10°Nm™) 19.33 0.11
z 1.90 2.20

RESULTS AND DISCUSSION

The phonon dispersion curves computed for the BMGs Pd4oNi;oCusoP2 and PdesNi P2 using the simple model
given by Bhatia and Singh [8] are shown in Figure la and 1b respectively. The phonon frequency curves for the
longitudinal mode employing different dielectric screening functions, namely Bhatia and Singh (BS), Hartree (H),
Hubbard (HB), Geldart and Vosko (GV), self-consistent screening due to Shaw (SCS) and Overhauser (OH) for the
BMGs PdsoNijoCuszoP20 and PdesNijeP2o are obtained on the basis of equation (1). Similarly, the phonon frequency
curves for the transverse mode (T) for the Pd4oNiioCusoP20and PdssNiisP20 BMGs are obtained on the basis of equation
(2) without dielectric screening. The dispersion curves for both the longitudinal mode (w;-¢g) as well as the transverse

mode (w7-q) show linear dispersion curves in the long wavelength region and reproduce all the characteristic features as
shown in Figure 1a and 1b.
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Figure 1. The transverse (T) phonon frequencies on the basis of equation (2) and longitudinal phonon frequencies due to dielectric
screenings viz. BS, H, HB, GV, SCS and OH on the basis of equation (1) for the BMGs (a)Pd4oNiioCu30P20 and (b) PdssNiisP20

As seen in Figure la and 1b, the dielectric screening functions have significant effect in the long wavelength
region of the w;-q dispersion curves for both the Pd4NijoCusoP20and PdesNiicP20 BMGs. The height of the first peak of
the longitudinal vibrations mode depends on the type of dielectric screenings employed for computing the phonon
frequencies. From the Figure 1a and 1b, it is evident that the difference in w;-q curves for different dielectric screenings
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for both the BMGs increases with the wave number ¢ and becomes more prominent at the first maxima and starts
decreasing, and the curves converge at the g value corresponding to the first minima of w;-g curves.

The position of the first peak of the w;-q curves for the Pd4Ni;oCusoP2 BMG are found at ¢ = 1.3x10'"m! for BS,
HB, GV, SCS and OH, and at g = 1.2x10'"°m! for H. In the case of PdssNiisP20 BMG, the position of the first peak for
w;-q curves are found at ¢ = 1.2x10'°m™!' for BS, H, HB and OH, and at ¢ = 1.3x10'°m"!' for GV and SCS. The first
minima of the w;-g curves for PdsNijoCuszoP20 and PdesNij¢Pao are obtained at ¢ = 2.9x10'm™ and ¢ = 3.0x10'"m"!
respectively, independent of the dielectric screenings employed.

The first peak position of wr-g curves for PdsNijoCusoP2 and PdesNijeP2o are obtained at ¢ = 1.9x10'°m! and
g =1.7x10" m! respectively. For both the BMGs Pd4oNi;oCusoP2 and PdesNijePao, the first peak position for wr-g
curves is at a higher ¢ value than the first peak position of w;-¢g curves for all dielectric screenings. As expected, the
wr-q dispersion curves for both the BMGs increases and attain peak value with the increase in wave number g and
thereafter gets saturated around the first peak with a small variation.

In the long wavelength region (¢—0) of the dispersion curves, the sound velocities of the longitudinal and
transverse modes are estimated for both the BMGs. The values of longitudinal velocities (V;) computed from the
longitudinal dispersion curves for different dielectric screenings and the transverse velocity (V) computed from the
transverse dispersion curves for both the BMGs Pd4oNiioCusoP20 and PdesNiisP2o are listed in Table 2. The dielectric
screenings have significant effect on the longitudinal sound velocity. The experimental values of the longitudinal sound
velocity for PdyoNijgCusoP20 is 4.874x10° cms™ [2] and for PdgsNi 6Pao is 4.560 cms™' [2,17]. The values of V, computed
from the dispersion curves for both the BMGs under consideration show closeness to the experimental value for the
dielectric screening due to OH. The value of V; computed from the dispersion curves due to OH screening is
4.839x10° cms™' for PdsNijoCusoP20 and 4.606x10°cms™ for PdesNijgP. As shown in Table 2, the values of V;
computed for different dielectric screenings for both the BMGs are screening sensitive in the long wavelength region.

Table 2.
The transverse sound velocity (V) and longitudinal sound velocities (V,) for different dielectric screenings for the
BMGs Pd40Ni10Cll30P20 and Pd64Ni16P20.

Dielectric screenings Pd4oNiioCusoPao PdgsNiieP2o
V. (10° cms™) Vr(10° cms™) V. (10° cms™) Vr(10° cms™)
BS 5.358 1.827 5.181 1.735
H 5313 5.133
HB 4.949 4.722
GV 4.664 4.405
SCS 4.232 3.931
OH 4.839 4.606
Experimental 4.874[2] 1.959 [2] 4.560 [2,17] 1.790 [2,17]

The transverse sound velocity (V) computed from the slope of the dispersion curves in the elastic region for
Pd4oNijoCuszoPa is 1.827x10° cms™! and for PdssNijsP20is 1.735%10%cms™!. The experimental values of transverse sound
velocities reported for PdsNijoCusoP20 and PdesNii6P2o are 1.959 cms™ [2]and 1.790 cms™ [2,17] respectively. Thus, the
computed transverse sound velocities are very close to the experimental values reported for PdioNijoCuzoP2 and
PdsaNiisP2o.

From the w;-g curves of the BMGs under consideration, we estimate the first peak position (g,) of the static
structure factor S(g). The first minimum of w;-¢q curves occurs around the same value of the wave number ¢ where the
first peak (g,) of the static structure factor S(g) occurs [9]. The position of the first minimum estimated from the w;-q
curves for the BMGs PdoNijoCusoP20 and PdesNij6P20 occur at g = 2.9x10'° m™! and ¢ = 3.0x10'" m™! respectively,
independent of the dielectric screenings. The computed values of ¢, for both the BMGs are given in Table 3. The
experimental reported value of the first peak position g, of the static structure factor for Pd4NijoCusoP20 is
g =2.9x10""m" [7] (Table 3). However, no experimental data for the static structure factor of PdesNiicP20 BMG is
available, we estimate from the theoretical phonon dispersion curves to be at ¢ = 3.0x10'"m!.

Table 3.
The position of the first peak (g,) of static structure factor estimated from the dispersion curves of BMGs.
BMGs q, (10"°m™)
Pd4oNi10CU30P20 29, 29 [7]
PdesNij6Pao 3.0

The computed values of g, for both the BMGs are slightly less than 2k, where kg is calculated using the relation,

kp = (37r2ne)1/3 . The calculated values of kg are 1.62 x10'°m! for Pd4oNijoCuzoP20and 1.68 x10'°m™! for PdgsNii6P20
(Table I). The ratio of 2kr/q,, is 1.12 for both the BMGs Pd4oNiigCusoP20 and PdssNii6P2. This is in agreement with the
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stability of metallic glasses [18]. Since the peak position of the structure factor provides key structural information in
understanding atomic network for amorphous materials, it is used for correlating with elastic properties of BMGs [7].
From the results obtained from the dispersion curves, we can infer that the value of g, is not affected by the dielectric
screening functions, though the dielectric screenings have a significant effect on the values of the longitudinal sound
velocities for the BMGs.

CONCLUSION

We have computed the phonon dispersion curves for PdioNiigCusoP20 and PdesNiigP20 BMGs employing various
dielectric screenings using the simple model by Bhatia and Singh. The force constants ¢ and B used in the computation
of the phonon frequencies are determined using the experimental values of bulk modulus (B) and shear modulus (G)
along with the calculated value of force constant x. of the BMGs under consideration for the first time. The computed
dispersion curves reproduce the main characteristic of phonon frequencies of transverse and longitudinal modes. The
values of the transverse and longitudinal velocities estimated from the dispersion curves show excellent agreement with
the experimental values reported for both the BMGs. The position of the first peak of the static structure factor for both
the BMGs are estimated from the dispersion curves and show excellent agreement with the available value reported in
literature for Pd4oNijoCusoP2. Since the experimental data for phonon frequencies are rare and the limitation of the
experimental techniques for describing the micro-structure of metallic glasses, the approach presented in this paper
using the Bhatia and Singh model can be employed for computing phonon frequencies. It is expected that appropriate
theoretical computation of phonon dispersion curves will give insight in understanding the structural information and
elastic properties of metallic glasses.
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BILIUAB JIEJEKTPUYHOI EKPAHI3ALIII HA ®OHOHHI YACTOTH I AKYCTHYHI BIACTHBOCTI
METAJITYHUX CTEKOJI HA OCHOBI Pd
P.P. Koiipeur®®, I1.C. Arapsan‘, Aabnana I'okpy?
4V psaoosuii konedac Campama [lpumsipadsca Yayxana, Aosxcmep-305001, Padscacman, Inoia
bHayionanonuii incmumym oceimu (NCERT), Hoto-Zleni-110016, Indis
¢Pecionanvnuii incmumym oceimu (NCERT), Bxybanewsap-751022, Ooiwa, Inois
Kpusi gucnepcii ¢ononiB miust o6'emuux MetaneBux crekon (OMC) PdaoNiioCuszoP2 Ta PdeaNiieP20 oGumciroroTsest st
03/I0BXKHBOI Ta MOMEPEYHOi 4acToT (HOHOHIB 3a JOMOMOTrOI0 MPOCTOI Mozei, HaxaHoi bxariero ta CiHrxom. J[jisi mO310BXHBOTO
PEKUMY BHKOPHUCTOBYIOTHCS Pi3HI (YHKINI TICICKTPUYHOTO €KpaHyBaHHS. MM OTpUMaiM 3HAYEHHS CHJIOBHX KOHCTAHT [ i 0,
PO3paxoBaHuX 3 MPY)KHUX KOHCTAHT MaTepiaiy BiamoBimaux OMC mis o6urciaeHHss KpuBUX aucnepcii. OGuucieHi KpuBi aucmepcii
(OHOHIB IEMOHCTPYIOTh HAJEKHY HMOBEAIHKY SIK Ul MO3IOBXKHBOI, TaK 1 AJs momepeyHoi Moj. IlomepeyHa MIBHIKICTH 3BYKY Ta
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MMO3I0BXKHI IIBHIAKOCTI 3BYKY 3 PI3HHM Mi€JICKTPUYHAM CKPaHYBAaHHSIM OOUYHCIIOIOTHCS B OOJACTI JAOBKHHH JOBKHHH XBHI 3
obOuncineHux KpuBuX mucrepcii aas 06ox OMC. IMonoxeHHs mepuioro mika KoedilmieHTa CTaTHYHOI CTPYKTYpH MepeadadeHo 3
JUCTIEPCITHAX KPUBUX. 3HAUCHHS MIBHIKOCTEH 3BYKY Ta MEPIIMN MK KOe]illi€eHTa CTATHYHOI CTPYKTYpPH, pPO3paxoBaHi Ha OCHOBI
O0YHCICHUX TUCIEPCIHHUX KPUBHX, MOKA3yIOTh YyIOBY Y3TOMKEHICTh 3 EKCICPUMEHTAIbHHMH 3HAYCHHSIMH, IO HasBHI B
niteparypi g po3riasHyTHX OMC, 1 pe3ynbpTaTH MOXKYTh OyTH BUKOPHCTaHI I KOpessmii iHmux BiactuBocteit OMC.
KJIIOYOBI CJIOBA: o6'emHe MeTaneBe CKIJIO, JUCHEePCiiiHi KPUBI, Ai€IEKTPUIHUN eKpaH, eTaCTUYHI BIACTUBOCTI

BJIUSTHUE JUSJIEKTPUYECKOMN SKPAHUPOBKU HA ®OHOHHBIE YACTOTHI U AKYCTHUYECKHE
CBOMCTBA METAJIJIMYECKHUX CTEKOJI HA OCHOBE Pd
P.P. Koiipenr®®, I1.C. Arapsan‘, Aabnana I'okpo Gokhroo?
*Vpaoosuii konneoxc Campam [pumsupaoaca Yayxan, Aoxcmep-305001, Padscacman, Hnous
bHayuonanonuii uncmumym obpazoseanus (NCERT), Hoto-enu-110016, Huous
“Pezuonanvnuti uncmumym oopaszosanuss (NCERT), Bxybanewsap-751022, Oouwiu, Huous

Kpussle mucnepcnu ¢ononoB mias oobemusix Meraummdeckux crekon (OMC) PdaoNiioCusoP20 m PdeaNiieP20 mcuncinsrorest s
MPOJIONIFHOM ¥ TOMEpPEeYHOi YacToT ()OHOHOB C IOMOINBIO MPOCTOH MozeiH, npemocraBieHHOi bxatms m Cuarxom. s
MPOIOJILHOTO PEXKKUMA UCTIONB3YIOTCS Pa3IniHbie (PYHKIIMH JUAICKTPUICCKOTO SKPAHUPOBAHUSA. MBI MOTYYHIH 3HAYCHUS CHUIIOBBIX
KOHCTaHT CHJIBI 3 U O, PACCUMTAHHBIX MO YNPYTHM KOHCTaHTaM Marepuania cooTBeTCTBYHOIMX OMC /sl BBIYMCICHHS KPHBBIX
JHCIIepCUH. BrraucieHHble KpUBbie Qucnepcui GOHOHOB AEMOHCTPHPYIOT Ha[UISKAlee MOBEACHHE KaK TSl MPOJIOJIbHOM, TaK U Ui
nonepeyHoir Mox. IlomepeuHas CKOpOCTh 3ByKa M NPOAOJIBHBIE CKOPOCTH 3BYKa C Pa3HBIM AUAIEKTPHUUECKON SKPAaHHUPOBAHHEM
HCYHUCIIIOTCA B 00JAaCTH JJIMHBI AJIMHBI BOJHBI U3 BBIYMCICHHBIX KPUBBIX aucnepcun i ooenx OMC. [lonoxeHne nepBoro muka
ko3 dHUIIeHTa CTATHYECKON CTPYKTYpPhI MPEACKa3aHO W3 IUCIIEPCHOHHBIX KPHUBBIX. 3HAUCHHS CKOPOCTEH 3ByKa M TIEPBBIA MUK
KO3 (HIIMCHTA CTATUYECKONH CTPYKTYpBI, PACCYMTAHHBIC HAa OCHOBE BBIYHMCIICHHBIX KPUBBIX IHCICPCHH, MMOKA3BIBAIOT XOpOIIce
coriacue ¢ SKCIIePHUMEHTAIbHBIMU 3HAYCHUSMHE, HMEIOIINECS B IUTeparype i paccMaTpuBaeMbix OMC, U pe3yIbpTaThl MOTYT OBITh
HCIIOJIb30BAHbI JJIs1 KOppessiuuu 1pyrux csoicts OMC.

KJIFOYEBBIE CJIOBA: 00beMHOE METaLIMYECKOE CTEKIIO, JAMCICPCHOHHBIC KPHBBIC, JUAICKTPHUCCKHN DKpaH, 3JIACTUYHBIC
CBOMCTBa



