Nghién ciru khoa hoc cong nghé

Analysis of the anharmonic thermal expansion coefficient of crystalline silver
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ABSTRACT

The anharmonic thermal expansion (TE) coefficient of crystalline silver (Ag) has been
calculated and analyzed in the temperature-dependent. Based on the anharmonic effective
potential, the calculation model is developed using the correlated Debye model and the many-
body perturbation approach. Thermodynamic parameters of the crystal lattice are derived from
the influence of thermal vibrations of all atoms. The anharmonicity results from phonon-phonon
interactions, with each thermal vibration can be quantized and treated as a phonon. The
obtained expression of the anharmonic TE coefficient of Ag can satisfy all their temperature-
dependent fundamental properties. The numerical results of Ag agree well with those obtained
from the other theoretical models and experimental data at various temperatures in the range
from 0 K to 1000 K. The obtained results indicate the effectiveness of the present model in
investigating the TE coefficient of Ag.
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1. INTRODUCTION

Nowadays, the anharmonic TE coefficient of metals can be measured experimentally with
high precision and is one of the independent thermodynamic properties [1]. Like the heat
capacity and compressibility, many dynamic properties of metals can be defined from their
anharmonic TE coefficient [2], so accurate information about the temperature-dependent thermal
expansion (TE) coefficient of metals is necessary and important in engineering physics, especially
for metallurgy and mechanics [3]. However, thermal vibrations cause anharmonic effects [4] that
change the interatomic distances of atoms and their positions in the crystal lattice [5]. Hence, the
increasing temperature is sensitive to the anharmonic TE coefficient [6], as seen in Fig. 1.
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Figure 1. Thermal expansion of metals with a temperature change.

Hitherto, crystalline silver (Ag) has a face-centered cubic (FCC) structure, which is valued as
a precious metal [7]. It can make jewels, brazing alloys, dental alloys, and mirrors and is used to
produce batteries, electrical contacts, and antibacterial properties [8]. Moreover, Ag nanoparticles
can prevent bacteria from forming unpleasant odors and digesting sweat [9].

In recent years, a quantum anharmonic correlated Einstein (QACE) model can calculate the

anharmonic TE coefficient of metals even in the low-temperature (LT) region [10, 11], but it
cannot mimic the acoustic phonon branches [12, 13]. Meanwhile, the classical anharmonic
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correlated Einstein (CACE) model has the advantage that the obtained expressions are simple in
the dependent temperature [14]. Still, it is valid only in the high-temperature (HT) region [15].

Recently, an anharmonic correlated Debye (ACD) model has been used to effectively treat the
anharmonic TE coefficient of metals [16]. The advantage of this model is that it can calculate well
for crystals having multiple acoustic phonons with low isotropy and symmetry at both LT and
HT regions [17]. Meanwhile, the experimental TE coefficient of Ag was measured by Touloukian
et al. [18]. Therefore, the calculation and analysis of the anharmonic TE coefficient of Ag using
the ACD model will be a necessary investigation for the thermodynamic parameters of metals.

2. PROBLEM

One usually considers an anharmonic effective (AE) potential [19] to determine the
thermodynamic parameters of crystal metals. If ignoring the constant contribution and extending
to the third order, this potential is written in the form [20]:

Vg =k X* /2= kX3, x=r—T, 1)
where k., is the effective force constant, ka, is the anharmonicity force constant, x is the
displacement, and r, and r are the equilibrium and instantaneous atomic distances, respectively.

The FCC structural model of Ag is illustrated in Fig. 2,
which is one of the most stable crystal structures and has the
highest packing density [7]. In this structure, each atom has a
mass of m and is bonded with other surrounding four atoms [21].
The AE potential [12] can be calculated from the pair interaction
potential of atoms, which is written via Morse potential Figure 2. The FCC
parameters as follows [22]: structural model of Ag.

V. =5Da’x*/2-5Da’x* /4 )
where D is dissociation energy and 1/« is the potential width.
Comparing Eq. (1) with Eqg. (2), the local force constants are deduced as follows:
ks =5Da’, k,, =5Da’/4 ©)
The ACD model [23] is perfected based on the correlated Debye (CD) model [24] and the
many-body perturbation (MBP) approach [25] using AE potential that contains correlation

effects [19]. In this model, each thermal vibration can be quantized and treated as a phonon that
corresponds to a wave having a frequency @ described via the dispersion relation [23]:

o=, [sin(ga/2), |a|<z/a (4)
where a is the lattice constant, and q is the phonon wavenumber in the first Brillouin (FB) zone.
In this model, the correlated Debye frequency @, and temperature 6, of Ag characterize
thermal vibrations [16, 17]. They can obtain from the effective force constant k., as follows:

@y = 2,[ky /M =2a,[5D/m (5)

ho, 2ha |5D
0, =—2= — 6
b= y m (6)

where 7 is the reduced Planck constant and kg is the Boltzmann constant.

Normally, the TE coefficient characterizes the net thermal (NT) expansion and can be
determined by [26]:
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a_df_dR_d(r)

T ¢dT  RdT (r)dT

where T is the absolute temperature, ¢ is a particular length measurement, R is the atomic
distance, and < ) is the thermal average and is approximated via the statistical density matrix.

(1)

Usually, the atomic distance R =(r) describes the variance of the real radial pair distribution
(RPD) function and can be presented via a powerful moment <x> of the RPD function [27].
R=(r+x)=r,+(x) |g|<z/a (8)
Substituting the atomic distance R in Eq. (8) into Eq. (7), the TE coefficient is rewritten as

_ d(+(9) _d((x)

T (p+(X))dT  ndT

9)

The general temperature-dependent expression of the powerful moment <x> in the ACD
model was calculated by Hung et al. [23]:

(x) 3arik,, T‘"( )1+ exp {ho(q) ks T }

27k% 1-exp{ho(q)/k,T}

It can be seen this general expression depends on the lattice constant a, so it is not optimized
yet. To solve this limitation in the ACD model [23], we convert the variable q to the variable

p=qa/2 and obtain the following expression:
<x> _ 3nk,, ”j.za)( 1+ exp{—ha)( p)/kBT}
ki) l—exp{—ha)( p)/kBT}
Substituting the expressions of local force constants k., and k,, of Ag in Eq. (3) into Eq.

(10)

(11)

(10), the temperature-dependent powerful moment (x) is written in the form as
o~ 3 71'/2(0( )1+ exp{—ha(p)/keT}
207D« 1 1-exp{~ha(p)/keT }
3h zl2
= 0-Da _([ o(p)coth{ha(p)/2k,T }dp

Using this power moment <x> to calculate the temperature-dependent TE coefficient from Eq.
(8), we obtain the following result:

a =4 {Ta}( p)coth {eo( p)/ZkBT}dp} /dT (13)

(12)

" 207Da L9

Approximating an expression exp{—nha)(p)/kBT}zOWith n>1, we calculate the TE
coefficient of Ag inthe LT limit (T —0) from Eq. (12). The obtained result is

a; = k2T /101, Do (14)

Approximating an expression exp{ha)( p)/kBT}zlJrha)(p)/kBT, we calculate the TE

coefficient of Ag in the HT limit ( T — o0) from Eq. (12). The obtained results are:
o =3kg /201, D (15)
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Thus, the ACD model has been extended to efficiently calculate the anharmonic TE
coefficient of Ag. The obtained expression has been more optimized than the previous ACD
model. This expression also can satisfy all their temperature-dependent fundamental properties.

3. RESULTS AND DISCUSSION

In numerical calculations of Ag, we use the atomic mass m=107,868u [28] and Morse
potential parameters r, =2.877 A, «=2062A"1 and D=0.121eV were determined from the

experimental XAFS data using the method proposed by 1.V. Pirog for metal crystals [29]. From
these obtained comparisons, we analyze and discuss the efficacy of the ACD model in
investigating the anharmonic TE coefficient of Ag.

Use of Egs. (3)-(6), we calculate the thermodynamic parameters of Ag and obtain the local
force constants k, =2.572eVA? and k,, =1326 eVA3 the correlated Debye frequency
@, =3.034x10"Hz, and the correlated Debye temperature @, =231737 K. Meanwhile, the
determined corresponding values from the experimental Morse potential parameters
D=0.3323eV and a=1.3190A"by Girifalco & Weizer [22], which are k, =2.891eVA?,

k,, =0.953eVA?S, @, =3216x10°Hz, and @, =245.654K. And the determined corresponding
values from the experimental local force constants by Newville & Stern [29], which are
kg =2.959 eVA? k =1.298eVAS, @, =3254x10"Hz, and @, =245.654K. It can be seen

that our results are suitable with the obtained values from experiments [25], especially for the

correlated Debye temperature and frequency.
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Figure 3. The position-dependent AE potential ~ Figure 4. The temperature-dependent atomic
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The position-dependence AE potential V,, (x) of Ag in the position range from x =—05Ato0

x=0.5A is represented in Fig. 3. Our obtained result using the ACD model is calculated by Eq.
(2), and other values are obtained from Eq. (1) with the experimental data of the local force
constants determined by Girifalco & Weizer [22] and Newville & Stern [29]. The obtained
results show that the graph representing the AE potential is asymmetric, in which the values at
the positive positions are smaller than those at the negative positions of the same magnitude.

This property is due to the contribution of the anharmonic component (—kanx3) to the AE

potential, especially at positions far from the equilibrium position (x=0) with large thermal
vibrations at high temperatures.

The temperature-dependent atomic distance R(T) of Ag in a range from 0 to 1000 K is
represented in Fig. 4. Our obtained result using the present ACD model is calculated by Egs. (8)
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and (12), and the obtained result using the CACE [15] and QACE [12] models are calculated by
Eg. (8) with the temperature-dependent power moment <x> from Refs. [15] and [12].
Meanwhile, the experimental data at 10 K, 35 K, 80 K, 150 K, 294 K, 313 K, 443 K, 673 K, 820
K, and 952 K are measured by Haug et al. at the HASYLAB (DESY, Hamburg, Germany) [30].
It can be seen that our result agrees well with those obtained using the CACE (exclusion for the
LT region) [15] and QACE [12] models and experimental data [30]. For example, the obtained
results using the ACD model, CACE model, QACE model, and experimental data at T = 294 K
are R=2.9031, R=2.9009A [15], R=2.9014A [12], and R=2.8987 A [30], respectively.
Moreover, the CACE model cannot calculate quantum effects using classical statistical theory
[15], so this model cannot work well in the LT region, and the obtained result approaches zero as
the temperature approaches zero.

The temperature-dependent TE coefficient o (T) of Ag in a range from 0 to 1000 K is

represented in Fig. 5. Our obtained result using the present ACD model is calculated by Eq. (13),
and the experimental values are determined by Touloukian et al. [18]. Meanwhile, the obtained
results using the CACE [15] and QACE [12] models are calculated by Eq. (9) with the

temperature-dependent power moment (x) determined from Refs. [15] and [12].
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Figure 5. The temperature-dependent TE coefficient of Ag is obtained
using the theoretical models and experimental data.

It can be seen that our result increases rapidly with increasing temperature T and approaches
those obtained using the CACE model [15] in the HT limit, which fits perfectly with Eq. (13)
and shows that the present ACD model can efficiently describe the anharmonic effects. The
obtained result using the CACE model [15] is constant and is not satisfied with the experimental
values in the LT region. It is because the temperature-dependent atomic distance is a linear
function, and the quantum effects are not considered in this model.

Table 1. The TE coefficient of Ag is obtained using the theoretical models and experimental data.

Quantity Value

T (K) 5 25 50 100 200 293 400 500 600 700 800 900 1000
a(x10°KhH2 0.02 024 050 1.09 186 213 226 232 235 237 239 240 240
a (x10°KhH> 0.00 0.02 0.28 098 166 193 209 219 225 230 233 236 239
a (x10°KhHe 0.00 019 082 142 178 1.89 197 206 215 226 237 248 259

0ur values are obtained using the present ACD model.
*The values are obtained using the QACE model determined from Ref. [12].
‘The values are obtained from the experimental data determined by Touloukian et al. [18].

The obtained values of the TE coefficient using different methods are given in Table 1. It can
be seen that our values agree with those obtained from the QACE model [12] and experimental
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data [18], especially in the HT region. Moreover, in the LT region, the obtained values using the
QACE model [12] are smaller than those obtained using the present ACD model. It is because
both these models take into account the quantum effects, but the QACE [12] uses only one
effective frequency without considering the frequency dispersion as in the present ACD model.

4. CONCLUSIONS

In this investigation, we have performed an efficient ACD model in analyzing and calculating
the anharmonic TE coefficient of Ag. The calculated temperature-dependent TE coefficient using
the present ACD model can satisfy all its fundamental properties. This ACD model has used the
AE potential, so this model contains the correlation effects between atoms in the many-body
perturbation approach.

The rapid increase of the TE coefficient with increasing temperature T shows that the lattice
expands more strongly at high temperatures. This result can indicate the influence of anharmonic
effects in the HT region and the influence of quantum effects in the LT region on the anharmonic
TE coefficient.

The good agreement of our results of Ag with those obtained using the QACE model and
experimental data at various temperatures demonstrates the efficacy of the ACD model in
investigating the anharmonic TE coefficient. The present ACD model can be used to calculate
and analyze the anharmonic TE coefficient of other metals in both the LT and HT regions.
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TOM TAT
Phin tich hé sb gidn né nhiét phi diéu hoa ciia tinh thé bac

Hé s6 gidn né nhiét phi diéu hoa (TE) cua tinh thé bac (Ag) da dwoc tinh todn va phin
tich trong sy phu thudc vao nhiét do. M6 hinh tinh toan dwoc phat trién duwa trén mé hinh
Debye twong quan va phirong phdp nhiéu loan nhiéu hat bang cach sir dung ham thé hiéu
dung phi diéu hoa. Cdc tham s6 nhiét dong ciia mang tinh thé bdt nguon tir dnh hong ciia
cdc dao dong nhiét cua tdt ca cac nguyén tw. Tinh phi diéu hoa dwoc xem nhie la két qua
cua cdc twong tac phonon-phonon voi moi dao dong nguyén tur co thé dwoc heong tir héa
va coi nhu la mot phonon Biéu thire thu dwge cia hé so TE phi diéu hoa cia Ag cé the
théa man tdt ca cdc tinh chdt co ban phu thudc vao nhiét dg ciia chiing. Két qua tinh s6
cia Ag phii hop tot véi cdc két qua thu dwoc tir cdc mé hinh 1y thuyét khdc va dir liéu thuc
thuc nghiém o cdc nhiét do khac nhau trong pham vi tir 0 K dén 1000 K. Két qua thu dwoc
cho thay mé hinh hién tai hiéu qud trong viéc nghién ciru hé so TE phi diéu hoa ciia Ag.

Tir khéa: Hé sé din né nhiét phi diéu hoa; Tinh thé bac; M6 hinh Debye tuong quan phi diéu hoa.

Tap chi Nghién citu KH&CN qudn su, 89 (2023), 103-109 109


https://www.google.com/search?rlz=1C1CHBD_viVN944VN944&sxsrf=AOaemvL-FyCGL0_csraco4tVT94uEoIe2g:1634721532021&q=%22Steven_H._Simon%22&stick=H4sIAAAAAAAAAOPgE-LRT9c3zEg3yU0uMy1R4tLP1TdIycnOLczWkslOttJPys_P1i8vyiwpSc2LL88vyrZKLC3JyC9axCqoFFySWgYU9dCLD87Mzc9T2sHKCAAKEbkpUQAAAA&sa=X&ved=2ahUKEwi6yOOh1NjzAhWBOnAKHaIMD1AQmxMoAXoECDEQAw

