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We formulate a theory of thermal expansion based on the self-consistent phonon (SCP) theory, which
nonperturbatively considers the anharmonic effect. We show that the Griineisen formula holds within the SCP
theory by replacing the phonon frequency by the SCP frequency. By comparing it with the quasiharmonic
approximation (QHA), we derive explicit formulas of the correction to the QHA result. We show that the phonon
anharmonicity gives a small correction of 0((04)/ (02)) to the thermal expansion coefficient v, where 02 and
U, are the harmonic and the quartic terms of the potential energy surface. On the other hand, we show that
the phonon anharmonicity gives two correction terms to the temperature (7')-dependent phonon frequency shift
which are comparable to the original QHA term. In strongly anharmonic materials such as NaCl and MgO, these
two correction terms tend to cancel out each other, which explains why QHA sometimes gives reasonable values
for the T'-dependent phonon frequency shift while it fails for thermal expansion.
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I. INTRODUCTION a nonperturbative way. While SCP theory has been employed
for the numerical calculation of stress tensor, pressure, and
thermal expansion of materials [22,23], the effect of phonon
anharmonicity to the thermal expansion and related phenom-
ena has not been fully clarified by analytical calculation. We
prove that the Griineisen formula exactly holds within the
SCP theory by redefining the Griineisen parameter using the
SCP phonon frequency. This result also applies to strongly
anharmonic materials for which QHA breaks down. We com-
pare the theory with the quasiharmonic theory and derive an
explicit form of the correction that the lattice anharmonicity
gives to the physical quantities. We show that the lattice an-
harmonicity gives a correction of O((U;)/(Us)) to the thermal
expansion coefficient «, where U, and O, are the harmonic
and the quartic terms of the PES. On the other hand, we
show that the anharmonicity gives a correction that consists of
two different contributions to the temperature (7')-dependent
phonon frequency shift, which are both comparable to the
QHA term.

Our theory explains why QHA often fails to correctly
describe the T'-dependent phonon frequency shift even for
harmonic materials. For example, the optical mode of silicon
softens around seven times more rapidly than the prediction
of QHA when the temperature rises. In addition, QHA gives
the wrong sign for the 7-dependent shift of the transverse
acoustic (TA) mode of silicon [11,24,25]. It has seemed like
a paradox that QHA quantitatively reproduces thermal expan-
sion although QHA fails to accurately calculate the phonon
frequency shift because the thermal expansion coefficient o
can be rewritten by using the Griineisen parameter

Controlling thermal expansion is one of the most crucial
goals in material science because the volume change of ma-
terials is often problematic in various situations. Recently,
materials that show negative thermal expansion have been
intensively studied for their potential application to cancel
out the total thermal expansion of objects [1-6]. Therefore,
understanding the physics of thermal expansion and clarifying
the application limit of the approximations in the calculation
are essential for the effective search for materials with desired
properties, as well as interesting as a problem of fundamental
science.

The quasiharmonic approximation (QHA) is the most
widely used approximation in the first-principles calculation
of thermal expansion of materials since it gives reasonable
results for the thermal expansion coefficient @ = %(BV/ oT)p
of many materials with relatively small computational cost
[7-11]. QHA is based on the assumption that the potential
energy surface (PES) is nearly harmonic and disregards all the
anharmonic effects except for the volume (V') dependence of
the phonon frequency. However, the effect of the neglected
intrinsic anharmonicity, i.e., phonon-phonon interaction, on
thermal expansion is still unclear, which needs to be clari-
fied for understanding the physics of thermal expansion and
rationalizing the assumption of QHA [12,13].

In this research, we start from the microscopic anharmonic
Hamiltonian and formulate a theory for thermal expansion
based on the self-consistent phonon (SCP) theory [14-21],
which incorporates the effect of the lattice anharmonicity in
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TABLE I. The summary of the analytical formulas and the results of the perturbation expansion of QHA and SCP that are derived in Sec. II.
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according to the Griineisen theory [11,26], which is based
on the same assumption as the QHA. Here, wy; (V) is the
volume (V) dependent frequency of the Ath phonon with
wave number k. This Griineisen parameter j4; describes the
phonon frequency shift when the system undergoes ther-
mal expansion. Our theory validates that QHA successfully
applies to the thermal expansion of weakly anharmonic ma-
terials that satisfy |(U;)/(0,)| < 1, even when QHA fails
to correctly reproduce the 7-dependent phonon frequency
shift.

Furthermore, we perform the first-principles calculations
on several insulators such as silicon and diamond (covalent
crystals), NaCl (ionic crystal), and MgO (oxide) to numeri-
cally test our theory and quantify the applicable limit of QHA.
Notably, the QHA works better for the phonon frequency
shift than for the thermal expansion in NaCl and MgO, which
have strong anharmonicity. This is because the two terms
of the anharmonic correction to the phonon frequency shift
have opposite signs when (U,) > 0, and they cancel out each
other. We speculate that this fortuitous cancellation occurs in
a broad range of anharmonic materials. On the other hand,
our results make it clear that the agreement of the phonon
frequency shift with the experimental result does not the-
oretically justify the use of QHA to materials with strong
anharmonicity.

II. THEORY

In this paper, we consider the isotropic case, in which the
expansion of the system is parametrized by a single parameter
V (the system volume) or a (the lattice constant). It is straight-
forward to extend the discussion below to the anisotropic
cases. The formulas we derive in this section are summarized
in Table I.

A. The Griineisen theory of thermal expansion and the
quasiharmonic approximation (QHA)

We first review the Griineisen theory of thermal expansion
[11,26] and the quasiharmonic approximation (QHA), which
are equivalent theories. See Appendix A for the details of the
derivation.

In the Griineisen theory and QHA, it is assumed that the
PES is nearly harmonic at each volume, i.e., we disregard all
the lattice anharmonicity except for the volume dependence of
the phonon frequency wg; (V). Then, the corresponding free

energy is

1
Foua(V, T) = Egna(V) + ) [Ehwkx(m
ki

+kgT log(1 — eﬂﬁwﬂ(w)}, 2)
where Eg,q(V) is the V-dependent electron ground state en-
ergy, and kg is the Boltzmann constant.

In the QHA, the T dependence of the volume is determined
by minimizing Foua(V, T) at each temperature as V(T') =
argminy Foua(V, T). The Fgua is calculated by using the
Egna(V) and wy;.(V), which can be obtained using the first-
principles calculation.

In the Griineisen theory, we continue the analytical calcu-
lation to get the Griineisen formula

QHA 1 1

. 1 QHA . QHA
- B(T)HA Vv

o v Yo,
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kA
where By is the bulk modulus. c?l,jf is the mode specific heat

onp(hwg,)
—ar “4)

with ng(hw) being the Bose—Einstein distribution function,

TV, T) = hoy,

and ylgHA is the Griineisen parameter
1% dwg (V)
QHA (2
V)y=—- . 5
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From the assumption of the theory, the T-dependent phonon
frequency shift is

dka _ d(!)k)\(V) av
dr

QHA

(6)

QHA
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B. The self-consistent phonon (SCP) theory

The self-consistent phonon (SCP) theory is based on the
variational principle of the free energy. The effective harmonic

Hamiltonian
N . 1
Ho = %: 197% <nkk + 5)

)

is employed as the trial Hamiltonian, where the frequencies
Qy;, are the variational parameters. We assume that the change
of the polarization vectors by the anharmonic renormalization
can be neglected and use the fixed-mode approximation. The
variational free energy is

FWV.T.Q =Fo+(H-Ho)g,. B
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where Fy = —kgT log Tre #*0_ By calculating the stationary
condition of the variational free energy with respect to the
variational parameters, we get the SCP equation

o0
1
2 _ 2
Qk’»_wk)~+2(n_1)gNzl—l Z
n=2

L SUSTRR, My
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where as(k)», —kXx, - ky_1Ay—1, —ky_1X,—1) is the recipro-
cal space representation of the 2nth order interatomic force
constant (IFC), which is defined in Appendix B. Here, we
define g(Q2) = %(ng(hﬂ) + %) for notational simplicity. For
the detailed derivation of the SCP equation, see Appendix C.
We call the ;, which is the solution of the SCP equation,
the SCP frequency. This SCP equation, which is based on
the Taylor expansion of the PES, is a generalization of the
previous results [18] to infinite orders and is equivalent to the
other forms of the SCP equation [15,20].

However, this SCP frequency is not necessarily inter-
preted as the experimentally observed T'-dependent phonon
frequency. Instead, one should use the Hessian of the SCP
free energy [21]. Here, we consider the diagonal part of the
Hessian of the SCP free energy because we fix the polarization
vector. When a static atomic displacement is introduced in
the system, the expectation values of the normal coordinate
operators g, which is defined in Appendix B, become finite;
we denote this as g, without the hat on g. We calculate the
Hessian for the uniform displacement (k = 0) in Appendix C,
which gives

32 F, Bi | ®(—kAy, ki, O0)|?

- ~Q2 4
gy, L4 Qo2
y (3”3(}%9]()”) _ 2}13(th)\1) + 1)
Q, 282,
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_ nB(thM) + nB(thkz) + l)
Qi + S, '

(10)

This result reproduces the k = 0 case of the SCP+QP[0]
theory [27] implemented in the ALAMODE package, which
adds the static (w = 0) part of the bubble self-energy to the
quasiparticle (QP) phonon frequencies and is consistent with
the previous result that uses another formalism of the SCP
theory [21]. While the SCP free energy incorporates only the
even-order anharmonicity, this Hessian frequency includes the
odd-order anharmonicity as well. We can derive the more
general result of the Hessian for finite k in a similar way by
considering a commensurate supercell. When the Hessian is
positive semidefinite, we define the frequency calculated from

this Hessian as

, 92F,
o= o (11)
qkr9qy;,

where the right-hand side (RHS) can be calculated similar to
Eq. (10). For later convenience, we define the frequency shift
from the SCP frequency as
AR = QU — Q. (12)
It should be noted again that we interpret this Q,E'fs, not the

SCP frequency 2, as the frequency measured by the exper-
iments such as the inelastic neutron scattering.

C. SCP theory of thermal expansion

In the SCP theory of thermal expansion, the optimum vol-
ume is calculated by minimizing the SCP free energy, as in
QHA. In this subsection, we derive an analytical formula for
the thermal expansion coefficient based on the SCP theory, in
analogy with the Griineisen theory.

We start with the SCP entropy, which is calculated by
differentiating the SCP free energy JF; and organizing the
result using the SCP equation,

SV.Ty=-Y" [kB log(1 — e Pty @ng(m“)],
.28
13)

which is consistent with the results derived from the different
formalisms of SCP [16,28]. See Appendix D for the detailed
derivation of the SCP entropy. The SCP entropy has the same
form as the entropy of the harmonic Hamiltonian except that
the phonon frequency is replaced by €2, . Starting from this
SCP entropy, we follow the scheme of the derivation of the
Griineisen theory, which is explained in detail in Appendix A.
Then, we prove that the Griineisen formula [Eq. (3)] rigor-
ously holds for the SCP theory of the thermal expansion

11

o0 =—=— c , 14
By V - v, kA Vien (14)

which have been overlooked in the previous research. Note
that the mode specific heat ¢, x; and the Griineisen parameter
Vi, are redefined using the SCP frequency €2; as

ang(hQ2
Codr(V, T) = Iy, (%)Q
_ %) e %) + 1 15
= Wﬂg( ) (np(hQ2) + 1), (15)
v Q. (V, T)
mwj”‘ﬂM%ﬂ( oV )' (o

It should be noted that ¢, x; here is not the mode specific heat
in a rigorous sense because ﬁk > i Coko. # Cv where Cy is the
total heat capacity of SCP. However, we conventionally call
¢y.k». the mode specific heat. This result applies to the strongly
anharmonic cases. The T-dependent shift of the anharmonic
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phonon frequency is

aQ,§;S> <asz“) <3AQ}§§S>

— | =—aQuyu + t\—7 )

( T Jp aT )y T )p
(17)

where additional two term appear compared to Eq. (6). This
gives us insight that the QHA is a good approximation for
calculating the thermal expansion but not for the frequency
shift. In the following subsection, we perform perturbation
expansion to examine this idea.

D. The perturbation expansion

We consider the case in which we can treat the lattice
anharmonicity as a perturbation and investigate how the lat-
tice anharmonicity affects the thermal expansion and the
T-dependent phonon frequency shift. In this subsection, we
implicitly assume that the system volume V at which we
calculate wy; and €2, are the same when comparing QHA
and SCP. However, this is not exactly true because the former,
which we call the QHA volume Vgya, is determined by mini-
mizing the Foua and the latter, which we call the SCP volume
Vscp, is determined by minimizing the SCP free energy Fj.
We later show that the effect of this difference is negligible in
Appendix E 3.

1. The SCP frequency

From the SCP equation, the lowest order term of 2, — wi,
is

Q. — gy, =~ — A KA ) g(wpes),

N 2(,()]‘7)L
(18)

where g(w) = %(ﬂg(ﬁ(x)) + %). Because the lowest order
terms of the expectation values of the harmonic and the quartic
terms of the potential are

A 1 1
(O2) = 3 Shows (w(ﬁw) + 5) (19)

kX

A 1 1
AR [E(ng(hwkx) + 5)
kx
1
X J—
NZka

Zcp(m —k k' k')»’)g(wkr,v)j|,

we get the average estimate of the frequency difference as

A

Q. — W, X W, X ﬂ‘ (20)
(U2)
This is a reasonable estimate because the sign of Q2 — @y, is
the same for all the phonon modes in each material which we
calculated. The next dominant contribution to $2; — wg; can
be calculated as

(04) 0\ 3(0s)
k). — Wiy = Wjj, X |:(U2) (<02>2> 20 :|

1)

in the same manner, which is shown in Appendix (E 1).

2. The Griineisen parameter, the mode specific heat, and the
thermal expansion coefficient

Using the result of 2, — wy;, we can perform the pertur-
bation expansion for other quantities because the SCP free
energy can be calculated from €2;. Differentiating the SCP
equation [Eq. (9)] by the system volume V, we calculate the
anharmonic correction to the Griineisen parameter yx; as

(Us) P4
22
(0>) Pz } 22

Vi = Vg X [
where ykciHA is the Griineisen parameter calculated in
QHA. The detailed derivation of this result is explained in
Appendix E2. C is weakly temperature dependent and takes
the value of 1 ~ 2. P, and P, are defined as

P=yx D (oo e 3) @

—1 3 AD(kh, —kA, k'), —k'\))

IN 1%
kx k'

Py~ 8(S2)8(2yr ).

(24)

We call these terms P, and P, because they are related to the
SCP pressure, which we explain in Appendix (E 2). We then
calculate the correction to the ¢, ;. At high temperature,

hQ
Co _kB[l - —( k;) } (25)

_ QHA
ACu,kk = Cykr — Cv,kk

N 1]{ ha)k,\ ZACL)k)L
6\l ) on

Thus

1 ( ho \> (Os)
_QHA 1 kA 4 26
o X 6<kBT) oy

In the low-temperature range of 7 < ®p, where ®p is the
Debye temperature, the modes with high frequency (kg7 <
hawy;) do not contribute to the thermal properties. Thus, we
can consider that
_ e 1109
Aok =6 X G,
holds for the modes that contribute to the thermal proper-
ties. The anharmonic correction to the bulk modulus can be
neglected when considering the correction to the thermal ex-
pansion coefficient, which we discuss in Appendix E 2.
Substituting Eqs. (22) and (27) into the Griineisen formula
[Eq. (14)], we get

13 (Ug) Py
~ QHA —
o~a X (1 (6 +C) (Uz) PZ). (28)

27)

In a fairly rough estimation, Py/P> ~ o((Us) / (U,)) because
P, and Py are proportional to the derivatives of the harmonic
and the quartic IFCs in the definition. Therefore, QHA gives
an accurate result for the thermal expansion coefficient if
[(U4)/(Us)] < 1, which weakly anharmonic materials satisfy
at ambient conditions.
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TABLE II. The range of applicability of the QHA.

Weakly harmonic materials

Strongly anharmonic materials

Thermal expansion coefficient always good

Phonon frequency shift

poor when (U,) < 0

deviation of 0(%)

empirically good because (U,) is usually positive

3. The temperature-dependent phonon frequency shift

We have shown that the anharmonic corrections to « and
Yir are of order O((Uy)/(U»)). Thus, from Eq. (17), the
condition for QHA to give an accurate result of the phonon
frequency shift is

0% dAQles
Q 985k
o 20 Vi | > ‘( aT )V + ( T ),

There is no guarantee that the two terms in the RHS of Eq. (29)
cancel out each other because (9 AQEfS /9T )p is always neg-
ative while the sign of (02, /97T )y depends on materials.
Therefore, for QHA to accurately reproduce the T-dependent
phonon frequency shift not by an accidental cancellation, the
system must satisfy both

(29)

|2 |>>‘<8Q“> (30)
QS2kA Vi
aT ),
wwunt>|(2E) [
ey Vi .
T ),

The order estimation of the phonon frequency shift is difficult
because it is not a thermodynamic quantity, so we focus on
the condition of Eq. (30) and show that it is hard to sat-
isfy for ordinary harmonic materials. As for the condition of
Eq. (31), we note that the magnitude of |[(0€2; /07T )y| and

J

|(8AQE§S/8T)p| is comparable according to the results of
our first-principles calculation. For silicon and diamond, the
two terms of the RHS of Eq. (29) have the same sign and
|02 vien| 1s smaller than [(02; /0T )y + (8AQ?§S/8T),)|.
As a result, QHA gives a bad estimate of the T-dependent
phonon frequency shift for these materials. For NaCl and
MgO, (9S2,./dT )y is positive, for which the positivity of (U,)
is important because of Eq. (20) and because Q2 (V,T) —
wi (V) is roughly proportional to the temperature. For these
materials, an accidental cancellation occur in the RHS of
Eqg. (29) and QHA accidentally gives a good result for the
phonon frequency shift even though the conditions Eqgs. (30)
and (31) are not satisfied. Thus, QHA seems to produce a
better result for the phonon frequency shift than for the ther-
mal expansion coefficient because |(Us)/(U>)| of NaCl and
MgO are not so small. We infer this applies to many materials
with strong anharmonicity because (U,) is usually positive in
these materials, which makes them stable when the bottom
of the potential well is nearly flat. For the order estimation
of Eq. (30), we use the following typical orders of physical
quantities

Yir ~ O(1), (32)

a~107-107° K. (33)

The lowest order contribution to |(0€2x, /97 )y | is estimated as

Ele) 1« A DA, kA, KV, —K')) 3 1
b)Y ~ ¥y C —(np(hSu,,) + =
or J, N 4 WO 3 oT

Ky

11 7 DkA, —kr, kN, —k'))

2

TN 44
K\

wr,  (Us)

~ — X

Substituting Egs. (32)—(34) into Eq. (30), the condition that
Eq. (30) is satisfied is

(Us)

0 <1073 ~107* (35)
2

at T ~ 10> K. This condition is much more strict than the
condition for QHA to be an accurate approximation for the
thermal expansion and is not satisfied even by weakly an-
harmonic materials such as silicon. The discussion on the
accuracy of QHA is summarized in Table II, in conjunction
with the analysis of the numerical calculation in the later
section.

W) Wy

<n3(mkm) + %)

(34)

II1. SIMULATION METHODS

A. QHA and SCP calculation of thermal expansion

We perform the first-principles calculation on silicon, di-
amond (covalent crystals), NaCl (ionic crystal), and MgO
(oxide). We use the Vienna ab initio simulation package
(VASP) [29] for the electronic structure calculation and
ALAMODE [18,19,30] for calculating the phonon properties.

In the QHA calculation, we calculate the harmonic phonon
dispersion by using the small displacement method. We dis-
place the atoms from their equilibrium positions by 0.01 A
and extract the harmonic IFCs from the force-displacement
patterns by using the least-square method implemented in
the ALAMODE package [30]. The free energy is calculated
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by using Eq. (2) for 10-20 different lattice constants, and
the optimum lattice constant is determined by fitting the free
energy by the Birch—-Murnaghan equation of state [31,32] at
each temperature.

For the SCP calculation, we truncate the Taylor expan-
sion of the PES at the quartic order and fit the potential
by U, + 03 + Us. We fix the harmonic IFCs at the values
calculated by the small displacement method and optimize
the cubic and quartic IFCs. The optimization is performed by
the compressive sensing method [18,33], which enables us to
efficiently extract the IFCs from a small number of displace-
ment patterns. We run the SCP calculation and calculate the
SCP free energy for several lattice constants, which is again
fitted by the Birch-Murnaghan equation of state to determine
the optimum lattice constant at each temperature. The VASP
package is used for the force calculations of the displace-
ment patterns and for calculating the electronic ground state
energies.

B. Expectation values of the harmonic and quartic terms in the
potential energy surface

We calculate the 7 dependence of (U4)/(0,). As the
lowest-order approximation, the expectation value is taken
with respect to the density matrix of the harmonic potential
Us. (0) is calculated using the analytic formula from the har-
monic phonon dispersion. (Uy) is estimated using a stochastic
method. We generate random configurations that obey the
density matrix of the harmonic Hamiltonian [20], and calcu-
late the DFT energy for each configuration. Assuming that the
contribution from the higher-order terms are negligible, (U)
is estimated as

<U4>:§ >

. ~ .
it configurations

(Ui - Uharm,i)» (36)

where U; and Up,m,; are the DFT energy and the energy in
the harmonic approximation of the potential of the ith con-
figuration, respectively. To remove the contributions from the
odd-order terms of the PES, the configurations are generated
so that the displacements in the 2ith configuration and those
in the 2i + 1th configuration are in the opposite direction with
the same magnitude.

C. Simulation details

We use 2 x 2 x 2 cubic supercell, which is generated from
the conventional cell, for the phonon calculation. The super-
cell of each material contains 64 atoms. In order to check
the convergence with respect to the supercell size, we also
calculated the harmonic IFCs, which tend to be more long
ranged than the anharmonic IFCs, using a3 x 3 x 3 supercell.
The calculation results of the harmonic phonon dispersion are
well converged for all the materials we calculate.

For the electronic structure calculations, we use the VASP
implementation of the PBEsol exchange-correlation func-
tional [34] and PAW pseudopotentials [35,36]. For NaCl and
MgO, the Born effective charge is calculated by density func-
tional perturbation theory [37,38] to get the nonanalytic part
of the dynamical matrix. The Brillouin zone integration is per-
formed over the 4 x 4 x 4 Monkhorst-Pack k mesh, which we

Ta L
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:'
~ 1 [~ HA -_——-——
3 Middelmann, et al(2015) ——
0 Okada, Tokumaru(1998 | I
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0 400 800 1200 1600
temperature [K]

FIG. 1. Linear thermal expansion coefficient ¢, of silicon cal-
culated by SCP and QHA. The experimental results are taken from
Refs. [39-41].

checked is sufficient for the convergence of the total energy.
We set the convergence criteria of the SCF loop as 1078 eV
and use the accurate precision mode, which reduces egg-box
effects and errors. The basis cutoff we use are 500 eV for
silicon and 600 eV for diamond, MgO, and NaCl.

IV. RESULT AND DISCUSSION
A. Silicon

The calculation result of the thermal expansion coefficient
of silicon is shown in Fig. 1. We find that both the SCP
result and the QHA result are in reasonable agreement with
the experimental results. It should be noted that we plot
the linear thermal expansion coefficient o = 6—11(861 /dT)p for
direct comparison with the experiments. The linear thermal
expansion coefficient can be written as oy, = o /3 for isotropic
materials, where « is the volume thermal expansion coeffi-
cient. In Fig. 2, we compare (o scp — or,QHA)/or,QuA and
(U4)/(0,) of silicon. The spiky structure in Fig. 2(a) occurs
because the thermal expansion coefficient changes its sign at
~200 K. At higher temperatures, (o7, scp — ¢/z,QHA)/®L,QHA
and (U,)/(U) are in the same order, which is consistent with
our theoretical considerations [Eq. (28)].

Figure 3 shows the frequency shift of the transverse opti-
cal (TO) phonon of silicon at high-symmetry points. As the
temperature rises, the SCP frequency of silicon softens more
rapidly than the QHA frequency, which is consistent with the
negativity of (U4) [see Fig. 2(b)]. AQ};‘;S further softens the
frequency because AQ,I:IfS is always negative and its magni-
tude gets larger at higher temperature. Consequently, the TO
mode of silicon softens much faster than the QHA prediction,
which was also pointed out in the previous research [24]. We
plot the frequency shift of the TA mode of silicon in Fig. 4.
The QHA frequency gets larger when the temperature rises
because its Griineisen parameter is negative. However, the
experimentally measured frequency gets softer [25]. This dis-
crepancy is resolved in 2, or Q,I:Ifs which correctly consider
the effect of phonon-phonon interaction.

B. diamond

As shown in Fig. 5, SCP and QHA produce almost the
same result for the thermal expansion coefficient, which
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FIG. 2. (a) Relative difference of the QHA result and the SCP re-
sult of the linear thermal expansion coefficient o, of silicon. (b) The
calculation result of (Uy)/(U,) of silicon.

agrees very well with the experimental results. This is be-
cause the effect of the lattice anharmonicity is small in
diamond.

Figure 6 represents the 7-dependent phonon frequency
shift of diamond. In diamond, both the 2;; — wy; and AQ}({fS
are negative, which resembles the tendency in silicon. Al-
though the agreement with the experiment is not perfect, the
Q. and Q,ijs explain the fact that the frequency softens more
rapidly than the QHA result. We also calculated the T depen-
dence of (U;)/(U») for diamond, but we could not obtain a
meaningful result for () within our method because |(Uy)]
was smaller than the statistical error.

C. NaCl

As is depicted in Fig. 7, there is a clear deviation be-
tween the thermal expansion coefficient calculated by QHA
and SCP, which signifies that the lattice anharmonicity plays
a significant role in NaCl. QHA overestimates the thermal
expansion coefficient from low temperatures, but this trend
is suppressed in SCP. In a previous work by Ravichandran
and Broido [46], they additionally consider another term of
the free energy, which consists of squared cubic IFCs. We
consider that the volume dependence, which is essential for
the term to affect the thermal expansion, of this term is small
because our calculation result is consistent with theirs in the
temperature range of our calculation. In Fig. 8, we can see
that (aL,QHA - aL,SCP)/O‘L,QHA ~33x (U4)/<U2>, which is
in very good agreement with Eq. (28) when we assume that
P4/ P; is relatively small.

As for the phonon frequency shift, we plot the 7-dependent
frequency shift of the TO mode of NaCl at the I" point in
Fig. 9. We can see that €; — wy; and AQ}({fS cancel almost

o

" point

|
™)
S

\
N
(an)

frequency shift [cm™]

\

B

S o
:

\
.
(an)

frequency shift [cm ]

—A— Oy
—40{ B wk

frequency shift [cm™]

0 250 500 750 1000
Temperature [K]

FIG. 3. Temperature-dependent frequency shift of the TO modes
of silicon at the I" point (top), the L point (middle), and the X point
(bottom). The frequency shift is measured from the frequency at zero
temperature in the same calculation method or experiment. QF® and
Q4. are defined by Eq. (11) and Eq. (9), respectively. Note that 2}
is considered to correspond to the experimentally measured phonon
frequency. wy; is the QHA frequency, which is explained in Sec. IT A.
The experimental data is taken from Ref. [42] (black open triangle)
and Ref. [43] (magenta open diamond).

entirely with each other. As a result, the QHA result agrees
well with the 2} and accidentally explains the experimental
trend. This cancellation occurs because (Uy) is positive, which
makes Q) — wy, positive. For a detailed discussion on the
sign of the phonon frequency shift, see Sec. IID 3. Conse-
quently, the QHA works better for the phonon frequency shift
than for the thermal expansion coefficient in this material. We
consider that this trend is common to a wide range materials
with strong anharmonicity because (Uy) tends to be positive
when the curvature of the PES at the potential minimum is
small, which we present in Table II. However, special care
must be taken when applying QHA to anharmonic materi-
als because this cancellation is not theoretically ensured. In
addition, this result shows that we cannot necessarily justify
the use of QHA when the phonon frequency shift agrees with
experiments.
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FIG. 4. Temperature-dependent frequency shift of the TA modes
of silicon at the L point (top) and the X point (bottom). The frequency
shift is measured from the frequency at zero temperature in the same
method or experiment. Q,Iffs and €, are defined in Eq. (11) and
Eq. (9), respectively. Note that 2} is considered to correspond
to the experimentally measured phonon frequency. wy; is the QHA
frequency, which is explained in Sec. I A. The experimental data is
taken from Ref. [42].

D. MgO

According to Fig. 10, the thermal expansion coefficient
calculated by SCP agrees well with the experimental results
while QHA overestimates the thermal expansion coefficient.
From Fig. 11, (ozqua — orscp)/ar.Qua ~ 4 X (Us)/(Ua),
which is consistent with our estimation of Eq. (28). Figure 12
is the T-dependent frequency shift of the optical modes of
MgO at the I" point. The effect of the quartic anharmonicity
in SCP is positive and cancels with AQE;S. This explains why

Qay, [1046 Kgl]

Slac‘k, Bartra‘m 1975 O 7

200 400 600 800 1000
temperature [K]

Q
Thewlis Daveygl9563 A
\

FIG. 5. The linear thermal expansion coefficient oy of diamond
calculated by SCP and QHA. The experimental results are taken from
Refs. [41,44].

frequency shift [cm ™!

0 200 400 600 800 1000
Temperature [K]

FIG. 6. Temperature-dependent frequency shift of the optical
mode of diamond at the I point. The frequency shift is measured
from the frequency at zero temperature in the same calculation
method or experiment. Q,}ffs and Qp;are defined in Eq. (11) and
Eq. (9), respectively. Note that Qf¥* is considered to correspond
to the experimentally measured phonon frequency. wy; is the QHA
frequency, which is explained in Sec. I A. The experimental data is
taken from Ref. [45].

the QHA works well for the phonon frequency shift in this
material.

V. CONCLUSION

We formulate a theory of thermal expansion based on
the self-consistent phonon (SCP) theory to take into account
the effect of the intrinsic lattice anharmonicity, i.e., phonon-
phonon interaction, in a nonperturbative way. We compare the
theory with QHA to derive the explicit formulas for the an-
harmonic corrections to the physical quantities regarding the
thermal expansion. We show that the Griineisen formula rigor-
ously holds within the SCP theory by replacing the frequency
in the original Griineisen theory with the SCP frequency. In
addition to the QHA term, the phonon frequency shift have
additional two contributions that come from ), — wg). and
AQE;S. By performing perturbation expansion, we show that
the QHA can calculate the thermal expansion coefficient with
an accuracy of O((Us)/(U,)), while |(Uy)/(U>)| have to be

50 \ —- \ \
40 - -~ Pni0p) U U _
T
30 A
©
o
=20 + —
~
g SCP ——
10 ~ %HA —_———
Yates, Panter (1962 O
‘ ‘ E‘nck7 ]?omme‘l 196‘3 \D
0

0 50 100 150 200 250 300 350 400 450
temperature [K]

FIG. 7. Linear thermal expansion coefficient o; of NaCl calcu-
lated by SCP and QHA. The experimental results are taken from
Refs. [47,48].
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FIG. 8. (a) Relative difference of the QHA result and the SCP
result of the linear thermal expansion coefficient o, of NaCl. (b) The
calculation result of (Uy)/(U,) of NaCl.

much smaller than 1073 ~ 10~* for Q; — wy, to be much
smaller than the corresponding QHA term, which is too strict
a condition for many existing materials.

Furthermore, we verified our theory by performing the
first-principles calculations on silicon, diamond, NaCl, and
MgO by utilizing the VASP and the ALAMODE package.
We numerically showed that the two main anharmonic contri-

butions of the phonon frequency shift Q) — wy, and AQ}?{‘S

0 A A A
T
g
SN
= —10+
=
w0
5\' Hes
= —201 —©— Q)
% —A— Qg
b= o = )
—301 kX
0 100 200 300 400

Temperature [K]

FIG. 9. Temperature-dependent frequency shift of the transverse
optical (TO) modes of NaCl at the I' point. The frequency shift is
measured from the frequency at zero temperature in the same cal-
culation method or experiment. Q,Iffs and y; are defined in Eq. (11)
and Eq. (9), respectively. Note that Q= is considered to correspond
to the experimentally measured phonon frequency. wy; is the QHA
frequency, which is explained in Sec. Il A. The experimental data is

taken from Ref. [49].

20
18 ="
16 == _|
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FIG. 10. Calculation results of linear thermal expansion coeffi-
cient oy of MgO compared with experimental results taken from
Refs. [50,51].

are in the same order. When (Uy) is positive, the two terms
tend to accidentally cancel with each other, which can explain
why the QHA correctly reproduces the T-dependent phonon
frequency shift in some materials. We infer that this cancella-
tion occurs in a wide range of anharmonic materials because
(U4) is usually positive. On the other hand, this cancellation
also shows that the QHA does not necessarily give reliable
results for thermal expansion even when it appears to repro-
duce experimental T dependence of phonon frequencies. We
summarize the above discussion on the applicable limit of the
QHA in Table II.

| (r.quA — apscp)/oLQHA
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(=]
!
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!
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o o
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&
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FIG. 11. (a) The relative difference of the QHA result and the
SCP result of the linear thermal expansion coefficient o, of MgO.
(b) The calculation result of (U,)/(U,) of MgO.
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FIG. 12. The temperature-dependent frequency shift of the lon-
gitudinal optical (LO) mode (top panel) and the the transverse optical
(TO) mode (bottom panel) of MgO at the I' point. The frequency
shift is measured from the frequency at zero temperature in the
same method or experiment. Q,'jf“ and € are defined in Eq. (11)
and Eq. (9), respectively. Note that Q8 is considered to correspond
to the experimentally measured phonon frequency. wy; is the QHA
frequency, which is explained in Sec. Il A. The experimental data is
taken from Ref. [52].
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APPENDIX A: THE DERIVATION OF THE GRUNEISEN
FORMULA FOR THERMAL EXPANSION

We review the derivation of the Griineisen formula [26] by
following the derivation in Ref. [11]. By using Maxwell’s rela-
tion, the product of the volume thermal expansion coefficient

J

where

. 1
U, = 5 E q>/41-~u/,(R1ala te 7Rnan)uR10(1/l.| CcUR =

{Rorju}

o= %(BV/BT)p and the bulk modulus By = —V (aP/oV)r
can be written as

P aS
o= (iz), = (%), "

In the Griineisen theory or QHA, we neglect all the anhar-
monic effect except for the V dependence of the phonon
frequency. Differentiating the QHA free energy

1
Foua(V, T) = Ega(V) + ) [5hka<V>
kX

+ kgT log(1 — e"sﬁw’“(v)):l, (A2)

we get the entropy in this theory as

oF
14

i
-y [kB log(1 — ¢ P — 224 nsmwm]
ka
(A3)

By substituting Eq. (A3) into Eq. (A1), we get

QHA 11 QHA_ QHA (A4)

o = BQHA ‘7 Codr Yio, >
T ki

Q

HA L
ok and the Griineisen param-

where the mode specific heat ¢

eter yk%HA are defined as

B 2
AW, 7y = T2y oy g s + 1)
B
onp(h
=hwm%, (A5)
QHA NV (dka(V)>
Yo, V)= oo\ "av ) (A6)

APPENDIX B: THE TAYLOR EXPANSION OF THE
POTENTIAL ENERGY SURFACE (PES)

To formulate a theory that can incorporate the effects of
lattice anharmonicity beyond QHA, we start from the Taylor
expansion of the PES:

oo
U= Z 0, (B1)
n=0
! ~ X X
T D Sk, BUAL o Kah) i G, (BD)
’ 78

Here, figy,, is the w(=x, y, z) component of the displacement of the atom « in the unit cell R. The quantities defined as

(Dp,l---/l.,l(Rlals e

s Rnan) =

a"u

8uR|0t|M1 T auRnﬂtnl/«n "

(B3)
=0

are called the nth order interatomic force constants (IFCs) in real-space representation. In particular, the second-order IFCs are
called the harmonic IFCs, the third-order IFCs as the cubic IFCs, and the fourth-order IFCs as the quartic IFCs. The Fourier
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transformation to the reciprocal space can be readily performed using the normal coordinate defined as

1 —1 * ~
G = 5 "RG0 Matira, (B4)

Rop

where M, is the atomic mass of atom «, and € o, is the p component of the polarization vector. Then, the IFCs in the

reciprocal-space (k-space) representation become

~ 1

Skiry, - k) = N
{Rap}

. Ekn)hmarx/‘vn

2 : €kyhy oy
V O‘l Man

Note that A is the index of the phonon mode, which diagonal-
izes the harmonic part of the PES as

1,( —ka,kpB)
Z M ,3 €k, pv = Wkr€kr,aps (BS5)

Bv VM,

@, (—ka, k) = Z @, (Ra, 08)e * R (B6)
R

APPENDIX C: THE SELF-CONSISTENT
PHONON(SCP) THEORY

In this Appendix, we show the detailed calculation of the
SCP equation and the Hessian of the SCP free energy. The
self-consistent phonon (SCP) theory is based on the varia-
tional principle of the free energy. The effective harmonic

J

A 1 N
FiV, T, Q) = Fo+ (H—Ho) g, = Up + Z [zmm + kg T log(1 — e‘ﬁ”%} +(H = Ho) g,

1
=@, [Em’“ + kgT log(1 — e ﬁmﬂ)]

+ Z (@, — Q) (i) + Z nINm—1

€kyhp o eikl-Rl L.

Z ©[l,1---pl.”(Rlal7 e sRnan)

Z qD;L]mun(Rlal, ce

Ry-Ry—

Z Dy rr, —kihy, -
ki kidy,-,n

€Ryhn, 0 kR

VM,

SRy 1oy, Ocy)e

VMo,

i(ky-Ri+ky—1-Ry1)

(

Hamiltonian

1
= hQu (fzkk + 5) (1)

k.

is employed as the trial Hamiltonian, where the frequencies
Q. are the variational parameters. We assume that the change
of the polarization vectors by the anharmonic renormalization
can be neglected and use fixed mode approximation. It should
be noted that the definition of 7, or d; and a,t/\ depend on
the value of ,. The variational free energy is calculated
analytically as

A

) kn)"na _kn)\n)g(hgzkl)q) e g(th,,)\n)1

)\‘n

(€2

where g(2) = %(ng(hﬁ) + %). By calculating the stationary condition with respect to the variational parameters, we get the

SCP equation

Q. = wio, +Z — 1)'N” 1
L SUSTRI, My ]

Here, we move on to the calculation of the Hessian of the
SCP free energy. We calculate the Hessian of the SCP free
energy because it is interpreted as the renormalized anhar-
monic phonon frequency [21], instead of the SCP frequency
Q.. We consider the diagonal part of the Hessian because
we use the fixed-mode approximation. When a static atomic
displacement is introduced in the system, the expectation val-
ues of the normal coordinate operators g, become finite; we
denote this as g, , without the hat on g. Taylor expanding the

Z Dk, —k, ki Ay, —kihy, - -

Jkn—1hn—1, —kn—l)»n—l)g(Qk,Al) X 'g(Qk,,,lA,,,l),

(€3)

(

PES with respect to the atomic displacements from the new
static positions corresponds to replacing the g, in Eq. (B2) by
qi;. + gr,.. The SCP free energy F; is a function of V, T, and
q = {qr:.}, where F is calculated by using the SCP frequency
that satisfies the SCP equation at each point in the (V, T, q)
space.

We calculate the Hessian for the k = 0 case. The final
result, which is equivalent to the SCP+QP[0] theory [27] im-
plemented in the ALAMODE package, is shown in Eq. (10).
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The result can be extended to finite k by considering a com-
mensurate supercell.

32.7:1 W, T,q)
aqﬁ)\
(2, 5 0(Qys,) 0
~ \ 9qw dqon  9(227,.,.)
Khsha Khsha

d () 0 )
X — 4 e -Fl(vaT’q’ Q)’
( 990, k,\XA: g0 9 (lec,\,h)
(4

where Qkxl 5, are the components of the Q? matrix, which
extend the SCP frequency to include the off-diagonal terms,
whose dominant contribution is given by <I>( —k\i,k)\y). The
off-diagonal terms appear because the atomic displacements
change the harmonic IFC and the polarization vector. Be-

A2, )

KN Ioghg
cause (g.-+ D ks - —a(%} 4)) is a derivative along
the solution of the SCP equation in the (V, T, g, 2) space,
the variational condition is maintained along this direction.

Therefore,

Zw<i

Kindo 9q0 9qox

Y 3(%?

kA.3)\.4) a )
Khahs 9901 8(Ql%x3x4)

(C5)

0F1(V,T,q, Q)
8(912()\,1)»7)
~ 0,

(Co)

where we used that the diagonal part of %
kiihy

due to the variational condition. Thus, we get

vanishes

PF(V,T,q)
gy,
_PF(V.T.q,Q) 0(Ur) PFV.T. 4. Q)
B 395, k%% dqon 3‘10)\8( k,\m)
(C7)
The first term of the RHS of Eq. (C7) is calculated as
PFIV, T, q,Q 11
l(aqﬁx = = ot ; aIwkl,\];k,,xn
X B(—0%, 0%, kyag, —kidp, -+, —kyhy)
X 8(Qun,) - 8()
-2 (C8)

by using the SCP equation.

Because the dominant contribution to QI%A] o is

5(—kkl ,kX,), its derivative is approximated as

(s 1
W) o+ LG o kna,on

C9
9905 \/_ ©

Thus, we get

92 F, 0 0
= 8(Q2%,1)
8‘1013(91{;\ A ) 8(9120\3,\4) 9903 k,%kz ]

X C;IAIA’ED(_kl)\lakl)\Z)CkIAZA’

0
:W Z 8(S2, )

k)LS)% kl)\,)hl)\z

1 ~
X chlklx/q)(—kl)\l,kl)tz, 00)Cre, 50
h 0
D Swbis
‘/Nm],\ T2 8(9120\/)
y (nB(th)d) + 1/2>
Qv

X C,;k A A/a)(—klkl, k])nz, OA')CkMZA’

Ck)»)\.’
Q _ mimA
\/— Zg( k)» 8(92

AMAido kk3k4)

X ®(kir1, kihz, 00)Cryin

1
75 > 8 Q)G

Mk
X ®(—kiAr, kirz, O1)
0Ck, 1,
XSl )
3(2,,)

where Cp v = Za " e,’:k’a L €KX apn describes the change of po-
larization vector induced by the static atomic displacements.
The A(without prime) denotes the modes with the fixed po-
larization vector, and the A’(with prime) denotes the new
polarization vector which is changed by the atomic displace-
ments. Note that the summations in the last two terms in the
RHS of Eq. (C10) are taken for modes that satisfy Sz, #
Q, because it is possible to eliminate the contribution from
the degenerate modes due to the freedom in the choice of
polarization vectors. Because €,/ diagonalizes Q,%M 5, WE can
show that

(C10)

* *
8Ck)\1)\/ _ Z Ck)ng)u’ck)ut)»l’ "
2 2 02 kA
a (Qk)q)m) My Qk}»’ Qk)\']

830 B0
oo (€1D
o kA4
0Ck,n Corsny Cirane
—— =) G5
B(lef)n)u‘) Z o Qk)n’ - Qk)\’
8A PP
oo (€12)
K o8

Note that Cy;, = 6, at ¢ = 0, which we are considering.
Substituting Egs. (C10)—(C12) into Eq. (C7), we get

PF Bi |®(—kAi, kAy, OL)|?
A4y, o ey 4 Q2
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5 (3nB(EQkAI)  2np(hSus,) + 1)

Qs 28,
S 1 |D(—khy, ks, OL)2
4 Qo Queny

Fhi 2o (S # oy )
5 (nB(thM) — np(FiS%s,)
Qk}\.] - Qk)»z
B nB(th,\,) + nB(thAZ) + 1)
Qi + Qs '

(C13)

APPENDIX D: THE DERIVATION OF THE SCP ENTROPY

The SCP entropy is calculated by differentiating the SCP
free energy J. Because the final form of the SCP entropy has
been derived in the previous research that uses different for-
malisms of SCP [16,28], we show another derivation that uses
the direct expansion to infinite orders. Using the variational
condition with respect to

AF (V. T)
T ),

oF1(V, T, Q)
B _< oT )V,Q
Z(asm) (8]-'1(V, T, Q)>
—\ oT J, FIo v
oF1(V, T, Q)
- _< oT )vg

By differentiating Eq. (C2) and using the SCP equation, we
get

S(V.T) = —<

(D)

19753

SV, T)=— Z |:kB log(1 — e—ﬂhsm) _
28

_Z 1. (0np(hS2)
2 T )

kx

o0
1
2 2
A W =P

kidyky—1hp-1

np (M, ):|

x DK, —kh, kihy, —kiAL, - Ky, —Knhy)
X g(leM) e g(ananfl) }:|

h<2
-y [kB log(1 — ¢ #1) — 0 nB(ﬁQkx)}-
kx

(D2)

It should be noted that the SCP entropy has the same form
as the entropy of the harmonic Hamiltonian except that the
phonon frequency is replaced by ;..

APPENDIX E: THE PERTURBATION EXPANSION

In this Appendix, we show the details of the derivations or
the calculations that are skipped in Sec. IID.

1. The SCP frequency

In Sec. IID 1, we showed that the lowest-order estimate of
Q). — wy;, 1s given by

(Us)
Qi — Wk = W, X .

El
(Uz) (ED

In this Appendix, we consider the higher-order terms of the
expansion of Q; — wg,.. The next dominant contribution can
be the following two terms. The first one is the correction by
that we displaced €2; in the RHS of the SCP equation by $2;
in the estimation of Eq. (18).

A1 (R, — wr)
1 3 Dk, —kr, kN, —k'))

= ()
N Qoo o0
1 1 Dk, —kr, K'N, —K'\)
N Z 3 o0 8lwyy)
/%
O\ 2
~a)kkx0<<<A4>> ) (E2)
(U2)

The second one is the next lowest-order term of the RHS of
the SCP equation:

Ar (2 — i)

11 Z Dk, —kA, kyhy, —kihy, kahg, —kody)

T 22N2 15)
ki kada e

x g(wk,n, ) 8(@kais)- (E3)

By using

N 1 ~
(Us) >~ N2 Z Dkhy, —kihy, -+ k3ks, —k3)3)
{ka}
X g(wkl)ul)g(wkzlz)g(wkﬂ\s)
1 1 h
= Z |:§<n3(hwkx) + 5) X oz Z
ki ki koo

Dk, =k, kihy, —kihy, kara, —kahs)
X

Wk,
X g(wky2y ) 8(@kys)s (E4)
we get the average estimation of this A, as
3(Us)
Ao (Qpp — wpp) = Wy X —= (E5)

\S)

Uz

To summarize the above discussion, we get

_ (O | (007 30s) |
Q. — Wy = gy, X |:<02> +0<<02>2)+ — + - :|

>

064112-13



MASUKI, NOMOTO, ARITA, AND TADANO PHYSICAL REVIEW B 105, 064112 (2022)

The higher-order expansion can be performed in a similar 2. The Griineisen parameter, the mode specific heat, the bulk
way, but the result will get extremely complicated as we go modulus, and the thermal expansion coefficient
to the higher orders. Differentiating the SCP equation by the system volume, we
get
|
ko) 9 °° dBUA, —kd, kyhr, =it -+ Kyt hne 1, —Kn—ihn
2, B‘jk - 2ka o Z (n— ])!Nn 1 Z ( - : laV e 1)
n=2 n kyhpky—1dn—1
o0 1 N
Xg(le)u) e g(an—l)wrl) + Z m Z cb(k)\’ _k)h kl)"la _kl)\ls Tty knfl)anlv _knfl)\nfl)
n=2 VST Ay -
d h 1\ [ 02,2,
X 8(rny ) - 8(S2k, 12, —[ <nB hiQ,5,) + —>]—] (E6)
) ) s (i) 5 )| 5
(
Thus, the dominant correction to the Griineisen parameter is This formula is equivalent to the previous result that uses
another formalism of SCP theory [23]. We define
QHA
Vi = 2 Vk)\ 1 oy 1
Q2 Py= 5 x Z—h avk <n3(h§2kx) + 5) (E10)
1% ADUkn, —kr, K'\, —k'\)
- 2% N Z % 8(8) - Z dD (e, —k, kw —K')) Qe Qer)
L2 = N ~ 8 Sap )8 ey s
/ It
2912“\ ; CD(kA —kM KN, =K' (E11)
5 | INT9O from the RHS of Eq. (E9). Note that P, is half of the second
x [ <nB(th,N) + _>] el 2% term in the RHS of Eq. (E9) because the second term includes
O L Q2 2 oV the contributions from the kinetic energy and the harmonic

_ yk%HA T Ao+ Aoy + Asvi, (E7) term of the potential. Thus, the average estimation of Ay, is

P
where yk%HA is the Griineisen parameter calculated in the Ao Vi =~ )/k?\HA X 174. (E12)
QHA. We investigate each term in the RHS of Eq. (E7). 2

2((7 ) Next, we continue with Azyg;.
4
Y+ Ay = Qz J/,fﬁHA ~ (1 - — )V;SHA (E8)

(Uz) A3y = Dkr, —kr, k'\, =K'\
o 3k ZQI%A Z ( )
To get an estimation for the Ay, we calculate the SCP L
pressure from the SCP free energy. a 1 1 BQk »
x np(iS) + 5 (E13)
P (3}—1(T, V)) an/)J Qk’k’ aVv
-\ Ty 1% h~
Wy 3 2 &k, —kn, KA, K
(o), 2 () (5
N WV )ra vV ) \oua /) vy 3 1 1
2 x5 [ (nB(hw”) + E)}yk‘?;f‘* (E14)
x Fi(T,V, Q) ' L og
AF(T,V, Q) o o Using the low-temperature and high-temperature form of the
= (T) (variational principle) Bose distribution function ng
7,9
L e o (fiw > kgT)
_ 0% d np(ico) + - { e ( B (E15)
=T v e < oV )g(Q’“) ST T e (ho < kT,
00 ] we get
a Z nINn—1 Z o [ 1 1 1 1
n=2"" PSR ¥ ng(hwg,.) +3 —— | ne(iwi;.) +3)xC
-~ Bka W), a)k/\
x aq)(kl)\'l’_kl)\'la"' akn)\na_kn)"n) (E16)
v
where C >~ 1 ~ 2 is a constant which is dependent on the
X8 (ka) 8 (an'\n)' (E9) mode and the temperature. Therefore, the estimation for the
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Azyi, is

(Us)
Asyio = y 3™ x (— CA—“), (E17)

(Ua)
where C is the average value over all the phonon modes. To
summarize the above discussion, the anharmonic correction to
the Griineisen parameter is given by
(U. > P, 4]
({O) P

The calculation of the anharmonic correction to the mode

specific heat ¢, g, is as shown in Sec. II D 2.

1 (Us)

Ac ~ A T

RT3

Before we calculate the correction to the thermal expansion

coefficient, we consider the bulk modulus. We start with the
QHA case. The QHA free energy is

Yo = yah x [ (E18)

(E19)

1
Fona = o + Z |:§ha)k,\ + kgT log(1 — e~ Bhow. ):|
kX

(E20)
Thus the pressure and the bulk modulus can be derived as
0FQHA
P = -
QA oV

_ _ﬂ _ Zha“’“ <n3(hwkx) + %) (E21)

92 Jw, 1
QHA __ 0 (78
By =V 8V2 8V |:Zh (nB(ﬁwk)\) + §>:|

(E22)

= Bro + ABI™,

The correction to the bulk modulus from the vibrational free
energy is known to be much smaller than the dominant term
which comes from the electronic ground state energy, i.e.,

|Br.ol > |AB(T2HA| [53]. Here, we calculate the SCP bulk mod-
ulus. By differentiating Eq. (E9), we get

0 02 d
Br =V
’ [(aV> +§< oV )Taszkj

X I:aa(‘);o + ZZa)k)\(aav )g(Qkk)
22 nINn— 1 Z

kiAy-kphy

) kn)\m _kn)wl)

y DU Ay, =k Ay, - -
A%

8(un) - 'g(anxn)]

(E23)

Thus,
ABy =By —

0 ). Owg 1
—v(= 7 2 Q) + ~
(aV>T§[ e g (i + 5)

QHA
By

_ piom (ngmwm + %)}

Vv
9 =1
() | S X
n=2 kiiy, kyhy
aa(kl)"la _kl)\'l’ tte 7kn)\nv _kn)‘-n)
x Y%
8(u) - 'g(anxn)}

= ABr + ABrs. (E24)

The two terms in the RHS of Eq. (E24) are estimated as
follows:

0 W, dwp 1
ABpy~V P e
i (aV>T§[ (szkx ) v (”B( o) )

dwg
h
+ 1%

<n3 (h2%y.) — np(hogy, ))i| (E25)

Because it is possible to use the relation

A

(Us)

ng(hQ;.) — np(fiwg,) = —npg(hwg,) X —— (E26)
(Us)

for the phonon modes that contribute to the sum, we get

3 (Us)
o= (57), 255

Tk

0
x I ;‘)‘ﬁk (ng(mkn - nB(rzw“)ﬂ
0n) 0P, (O)
{Uy) oV (U)

~

(E27)

where we assumed that W% is not very large. The other

term in the RHS of Eq. (E24) is estimated as

) 1
ABr, >V
r2 (av) |:2N 2

kiki koo

3Dk A1, —kih, kahg, —kaha)
X
aVv
0P,

Xg(ka)g(QkMZ):| ~_y (3_"4)T (E28)

Thus,

ABp ~ ABIIA o (iU | LOR/OV
’ 0,)  203Py/0V

< |ABF'| <« 1By ). (E29)
Therefore, the anharmonic correction to the bulk modulus
is much more minor than the correction to the other physi-
cal variables and thus is negligible in the calculation of the
thermal expansion. Therefore, as explained in Sec. IID 2,
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we get

13 ) P
a ~ oA (1 — <— +C) (l{4> + —4>.
6 (U) P

3. The difference between the QHA volume and the SCP volume

(E30)

Because the difference of the Voua and Vscp can affect the
calculation result through the change of IFCs, we consider the
V-dependent change of the IFC .

Vscp oD
D (Vscp) = (Vo) + dVW (E31)
Vo
Vaua oD Vscp od
— @(vo)+f dV—+/ v, (E32)
% V" Jog OV

where Vj is the volume at the zero temperature, at which
the difference of Voua and Vscp can be neglected. When the
thermal expansion coefficient is calculated with accuracy of

O((Uy)/(Ur)), it is possible to estimate the IFC at Vscp as

0
D (Vscp) ~ D(Vo) + 8Doua + SPoua X 0(%)
2

(E33)

v . . .
where §®qua = [, " dV 3 Since the harmonic phonon dis-
persion of materials in ambient condition does not drastically

change with the temperature, we can conclude

U.
D(Vo) > 6Pqua > 6Poua x 0(( A“)), (E34)

(Un)

at least for the harmonic IFCs. This shows that the order of
the effect of the difference of Voua and Vscp is smaller than
Qp;. — wy,.. Therefore, the above discussion of the leading cor-
rection by the lattice anharmonicity, which implicitly assumes
VQHA = Vscp, is justified.
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