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Peltier effect of phonons driven by electromagnetic waves
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Steady current in metals induces a thermal gradient, a phenomenon known as the Peltier effect. The Peltier
effect is one of the fundamental phenomena in the thermoelectric properties of materials and is also used in
applications such as refrigerators. In this work, we show that an analogous phenomenon occurs by phonons in
a noncentrosymmetric insulator, e.g., ferroelectrics, subject to linearly polarized light. Under light illumination,
an energy current of phonons occurs through a nonlinear optical effect similar to the bulk photovoltaic effect.
We formulate the nonlinear Peltier coefficient of the energy current carried by phonon photocurrent using
nonlinear response theory. From the general formula, we show that the phonon photocurrent occurs only in
a noncentrosymmetric system with two or more optical phonon bands. We demonstrate the generation of the
energy current using a one-dimensional ion chain with three ions in a unit cell, which predicts the generation of
an experimentally observable energy current using available THz-infrared light sources.
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Introduction. In semiconductors, a steady electric current
causes a temperature gradient in a material, which is known as
the Peltier effect [Fig. 1(a)] [1,2]. The thermoelectric proper-
ties of materials are not only important from the viewpoint of
transport phenomena but also for applications such as refrig-
erators. As the thermoelectric effects are related to the energy
current carried by the electric carriers, analogous phenomena
can occur by a flow of other quasiparticles, such as magnons
and phonons. In fact, a spin current analog of the Seebeck
effect called the spin Seebeck effect is observed in magnetic
insulators [3,4], in which case magnons and spinons carry the
spin angular momentum. On the other hand, as accelerating
magnons and phonons by the electromagnetic field is diffi-
cult, generating magnon and phonon current is often done by
introducing a thermal gradient, such as in the thermal Hall
effect experiment [5—17]. Therefore, an analog of the Peltier
effect, that is, externally controlling the temperature gradient
by inducing the flux of quasiparticles, remains challenging.

A possible solution to controlling the flux of magnons and
phonons is to utilize nonlinear optical phenomena in non-
centrosymmetric materials. The nonlinear response of bulk
materials, especially the bulk photovoltaic effect, has received
renewed attention from the viewpoint of application and the
nontrivial contribution of electronic structures, such as the
Berry phase [18-23]. In addition, recent studies on the optical
response in magnetic materials found that the spin current of
magnons [24-26] and spinons [27] can be induced by a non-
linear response. As these carriers also carry energy, the Peltier
effect of charge-neutral particles may also occur by light illu-
mination [Fig. 1(b)]. Among the charge-neutral quasiparticles
in materials, phonons are promising in this prospect as the
heat transport in materials is often dominated by phonons
[2,28,29]. Hence, a nonlinear response of phonons might be
a route to realizing novel thermal functionalities.

In this work, we explore the possibility of the Peltier effect
of phonons and attempt to understand its basic properties.
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Using the nonlinear response theory for bosons [26] as a
reference, we formulate a general theory for the light-induced
energy current. Based on this theory, we argue that a dc
phonon current occurs by illuminating a linearly polarized
light to noncentrosymmetric insulators. Unlike the bulk pho-
tovoltaic and magnon photovoltaic effects, we show that at
least two optical modes (more than three phonon modes,
including acoustic modes) are necessary for realizing the
Peltier effect of phonons. In the last, using a minimal one-
dimensional model, we argue that the magnitude of energy
current induced by this mechanism is comparable to those
observed in the heat conductivity measurement.

Nonlinear Peltier coefficient. The temperature gradient oc-
curs if a flow of energy or heat occurs in a material. The flow
is described by energy current density, which is defined by
the continuum equation 9;pg(x, 1)+ V - Jo(x,t) = 0. Here,
pe(x,t) and Jo(x, t) are the energy and energy current den-
sities at position x and time ¢, respectively. Hence, evaluating
the Peltier effect reduces to evaluating the average energy cur-
rent flowing in the material. Phenomenologically, the energy
current induced by a nonlinear optical effect reads

dw
A _ 2) .
JQ(Q) = MEV / pr HMW(Q,(D, Q- w)E, (0)E, (2 — w).

ey

Here Jé(Q) = fJé(t)e*iQ’dt and E,(0) = [E,(t)e " dt
are, respectively, the Fourier transforms of the spatially aver-
aged energy-current density Jé(t) with frequency €2 and the
w1 component of electric field £, (¢) of the applied electro-
magnetic wave with frequency w. Note that we approximate
the electric-field component of light by the spatially uni-
form oscillating electric field with a frequency w lower than
the electron gap. The averaged current density is defined as
JH(t) = ¥ [ I5x, t)dx? with V being the system volume and
d being the dimension of the system. Equation (1) defines the
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FIG. 1. Schematic of (a) Peltier effect in n-type semiconductor
and (b) that by phonon current in insulators. A temperature gradient
is induced by electric current in the Peltier effect, whereas phonon
current induces the temperature gradient in the Peltier effect of
phonons. (c) An example of the noncentrosymmetric insulator in
which the Peltier effect of phonon occurs. The blue, orange, and
green balls represent A, B, and C sublattice ions, respectively. The
m, and g, (a = A, B, C) are, respectively, the mass and charge of ath
ion, and C,, (a, b = A, B, C) are the strength of quadratic coupling
between a and b ions.

nonlinear Peltier coefficient Hf\ ) >
of this paper.

We note that the nonlinear Peltier effect occurs only in
noncentrosymmetric phonon systems. This is shown by the
symmetry argument. By acting the inversion operation, the
energy current and electric field transforms as Jo — —Jp and
E, — —FE,. Hence, Eq. (1) transforms JQ =n®? E.E, —

A;
J* 1-[(2) e
0=~ Ay

which we study in the rest

E,E,. Therefore, similar to the photovoltaic

effect in semiconductors, H(Az;fw = 0 in centrosymmetric sys-
tems.

To study the basic properties of energy current carried by
phonons, we consider a general low-energy Hamiltonian for
phonons of a crystal in d dimension with n,. atoms in a
unit cell:

A2
. b; N )
A=Y 2ﬂ + D fiapAiag, ool jpo- 2

iap a iap, jbv
Here, Ajqu,jby is the coupling constant, i, is the displace-
ment along the u axis of a(=1,---,n, ) sublattice atom
in ith unit cell, and pj,, is the conjugate momentum of fi;,;,
satisfying [#qy, Pjpv] = 148;j8apd,v; B is the Dirac constant.
The excitation of A is described by free bosons called phonon
[30]. Using the phonon representation, H reads

A PN 1
A=Y how (b,ikbnk + 5), 3)
nk

where b, (Isjlk) is the annihilation (creation) operator of a
phonon with band index n and momentum k, and w,y is the
phonon frequency. Here, we define n such that w < W
when n < m.

We investigate the Peltier effect in this phonon system by
calculating the energy current induced by an ac field E, (¢).
For the sake of generality, we consider an ac perturbation term

A = ZI?"EM(t), )
"

where the operator B* coupled to the field E (1) 1s defined as

B" = Z 'Bnkb”k + ) bjzk’ ®)

with g/, being the coupling constants. Equation (5) includes
most of the basic coupling between the ion charge and
the electromagnetic field [31]. For instance, the coupling
of ion charge to the spatially uniform electric field A’ =
- Zi,a,n qaEy (t)liq, reads

= «|n0), 6
" qu ,/‘Mawn0 (6)

and Briewo = 0. Here, qq is the charge of ath sublattice
ion, m, is the mass of ath sublattice ion, N is the size of
the system, |nk) is the nth eigenmode of dynamical matrix
A,m,;,v (k), which is an n,.d x n,.d matrix whose elements are
Aguink) =Y, JW% e e ia=Ton) ¢ corresponds to the eigen-
vector of nth phonon mode, i.e., a)nklnk) Agppv(k)|nk).

A general formula for J carried by phonons is given in
Ref. [32], in which J ¢ is quadratic in the phonon creation and
annihilation operators. For the phonon Hamiltonian of Eq. (2),
the A component of the energy current operator reads [32]

T = Z bl vk )by + Z bl v (0)b!

n,m,k n,m,k
+ Y byt )by + Y by (OB (D)
n,m,k n,mk

where

. _ T + Wk ) (nk |0, A (k)| mk)

A

Unm( Sv/\/ Wk Dmk ’
A _h(wnk - wmk)(nk|akAA(k)|mk)
nrh(k) -

8V\/a)nkwmk '
Mwn — k|o A(k)|mk
= M = ow ekl Adk)
8V\/a)nka)mk

T + i) (nk| 3y, A (k)| mk)
8V  Onk Omi '

We note that, in the above equation we can always
take vt (k) = vi.(—k), v}.(k)=v}.(—k), and v (k)=
U (— k) without reducmg the generahty For the sake of
convenience, we call v (k) and vml(k) the intraband ele-
ments of velocity matrix, and the other terms the interband
elements.
The formula for the nonlinear Peltier coefficient is obtained
by extending the nonlinear-response theory [26,33] (see also
Refs. [34,35] therein). The formula for the dc (2 = 0) Peltier

®
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Y

) = =

L020303-2



PELTIER EFFECT OF PHONONS DRIVEN BY ...

PHYSICAL REVIEW B 110, L020303 (2024)

coefficient at temperature 7' reads

(2)
HA A

- 2nh2 Z
2nh2 Z

k,n,m

2nh2 Z
2nh2 Z

Here, © = t(T') is the phenomenological phonon lifetime at
T. The absence of boson distribution function is reasonable
considering that an arbitrary number of bosons can occupy the
same state, which is in contrast to the fermion case. If 8, =
0 for k # 0, which is the case for the uniform electric field,
only k = 0 terms in Eq. (12) contributes to the Peltier effect.
Note that, for the coupling in Eq. (6), B!, is proportional to the
charge of ions. Therefore, Jé = (O if all ions are charge neutral.
The general formula with nonzero 2 s 0 is also given in the
Supplemental Material [33]. For the materials with inversion
symmetry, one can show that there exists an eigenstate basis
such that the numerator of Eq. (12) is zero [33], which shows
the necessity of inversion symmetry breaking.

Three-ion chain. As a demonstration, we consider a one-
dimensional lattice model with three ions in a unit cell whose
ions move only along the chain direction (Fig. 1), i.e., we as-
sume that there are only longitudinal modes. The Hamiltonian
reads

i () + v (—IO1B),
)(a)nk + ok + 2‘[)

a) Wpk —

) [Wim(—H) + van (1B, ;)"
w+wnk — )@k + Ok — 5-)

¥ [ (k) + Vi (—FO1(BY)”
)(a)nk WDmk + 5)

(ﬂnk)*[vmn(k) + vﬁﬁz(_k)] mk

w + One — 2t ) (w”k Omk — 77 )

a) Wk —

12)

P ] A
= 5 -+ Z)cabwm—u,-b)z, (13)

i,a (ia, jb

where i, is the displacement of an atom at a = A, B, C sub-
lattice of ith unit cell from its equilibrium position, p;, is
the momentum conjugate to i;,, M, is the mass of atom at
a sublattice, and C,, is the coupling constant between the
nearest-neighbor a and b sublattice atoms [Fig. 1(c)]. This
model has one acoustic and two optical modes, as shown in
Figs. 2(a) and 2(b).

Using this model, we computed the phonon Peltier effect.
While there are many different mechanisms that couples the
ions to electromagnetic waves, for concreteness [31], we focus
on the direct coupling of ion charges to the electric field given
in Eq. (5). Figures 2(c) and 2(d) show the w dependence of
H(l?fl (0, w, —w). Here, we used the constant relaxation time,
which is an approximation widely used in related studies
[18,20,21]. The Peltier effect of phonons occurs when the
frequency of incident light matches the energy of an optical
mode (w = wyg, wszg for the cases in Fig. 2), similar to the
resonance effect. However, no peak exists at w = 0, which
corresponds to the energy of the acoustic mode.

Absence of coupling to the acoustic modes. To under-
stand the absence of a resonance peak at w = 0, we look
into the acoustic mode terms, n =1, ---. In the case of a

8
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FIG. 2. Phonon bands of the three-ion model with (a) Cap =
Cpe =Ccp=1,My =2/3, Mg =1, Mc = 4/3, and the lattice con-
stant ay = 1, and (b) Csp = Ceq = 50 kg/s?, Cpe = 40kg/s>, M, =
48 Da, My = 50 Da, M- = 52 Da, and ay =4A. (c), (d) The w
dependence of nonlinear Peltier coefficient I1%) (0; w, —w). (c) The

XXX

real and imaginary parts of I1{?) (0; @, —®) for the model in (a) with
the relaxation time t = 10, and (d) the relaxation-time dependence

of I? (0; w, —w) for the model in (d).

XXX

translationally symmetric system, g, for acoustic modes
become g, o >, g, for the H’ in Eq. (5) [33]. Hence,
in Eq. (12), we can effectively neglect the contribution
from acoustic modes in a charge-neutral system, i.e., when
Y 24qa = 0. In this case, the summations in Eq. (12) can be
replaced by the summation over optical modes only;

opt

222

m,n

Thereby, the nonlinear Peltier effect occurs only in materials
with optical modes.

Interband terms in velocity. We also note that the phonon
dispersion in Fig. 2(a) is symmetric about the k = O line,
which indicates that the group velocity of excited phonons,
Orwnk, 18 zero at k = 0; hence, the diagonal terms in Eq. (7)
are zero. The observation implies that the nonlinear Peltier
effect occurs not by the selective excitation of phonons with
a finite velocity but by some other mechanism. To provide a
physical intuition, we point out that Eq. (12) becomes

e 0; 0, —o)

_ 1 Z 2T n 2T
S 2V 144t — o) 144130 + o)

X 00 [l + (U)o B (14)
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for the coupling in Eq. (6), where /3,’1‘k = | ﬂ | and
a* (k) = i(nk|0y, |nk) is the Berry connection of phonons
[36,37]. The formula for a more general case is given in the
Supplemental Material [33].

This formula resembles that of shift current, in which the
photocurrent is related to the intracell position of electron
[18,19]. Similarly, a’ (k) is understandable as the center of
lattice vibration [33]. Unhke the electron shift current, which
is related to the difference of Berry connections of valence
and conduction bands, the phonon Peltier effect is related to
the Berry connection a’, (k) of one photo-excited phonon.
The difference between the formulas for the shift current
and phonon Peltier effect reflects the difference in physical
processes. In view of the many-body wave function, creating
a phonon corresponds to enhancing lattice vibration. In non-
centrosymmetric materials, the enhanced lattice vibration may
occur asymmetrically, which is related to a, (k). Hence, the
energy current is related to the intracell position of the excited
phonon. The phonon Peltier effect discussed here is another
phenomenon related to the nontrivial optical transition, not
described by the selective excitation of a phonon with a finite
velocity.

We note that a contribution similar to the nonlinear Peltier
effect is known in the spin photocurrent [25,27]. However, as
the phonon energy current is related to the interband elements,
multiple optical modes are necessary for realizing the Peltier
effect of phonons (the acoustic modes do not contribute to
the Peltier effect as discussed above). In fact, for the Hamil-
tonian in Eq. (2), one can show that the group velocity at
k =0, v},(0) is zero if the phonon bands are nondegenerate at
k = 0; therefore, the intraband contribution vanishes. From a
physical viewpoint, the vanishing intraband terms in velocity
manifest time-reversal symmetry. Hence, two or more optical
bands [at least three bands, including the acoustic mode(s)]
are necessary for realizing the Peltier effect of phonons.

Relaxation-time dependence. To gain further insight into
the nature of the nonlinear Peltier effect, we next look into
the relaxation-time dependence which is relevant to the tem-
perature dependence and magnitude of the Peltier effect. In
Eq. (12), the temperature dependence appears in the relaxation
time t. Hence, understanding the temperature dependence
of TI® reduces to analyzing the t dependence of IT.
Figures 2(b) and 2(d) show the IT1® with different relaxation
time 7. The figures show a monotonic increase of I with
increasing T when w = wyy. Indeed, at ® = *w,9 and wT >
1, the real part of I1® in Eq. (12), after assuming only k = 0
terms contribute, reads

Re[l’[fle)w (0; £wpo, :FwnO)]

Z Im 'BnOUnm(O)IB ]

m(n) Wno + Wpo
Wpo — Wno

The t-linear dependence is distinct from that of the shift
current, whose leading order term in t is independent of
[18,20]. Rather, it resembles the spin photocurrent using mag-
netoresonance effect [26], whose spin-current conductivity is
proportional to 7. Experimentally investigating the t depen-

dence via the temperature dependence of t may provide a
route to experimentally delineating the nonlinear Peltier effect
from other phenomena.

In the T — oo limit, the Peltier coefficient reads

opt
00, —w) = Y YSTR Bl (0B

m0%mn

(2)
HA SV

m#n

X |:—5(Cl) + C!)m()) - 8(&) - wm())

1
+iP
w + Wno

+iP

], (16)
W — Wino

where a’, (k) = i(nk|d,|mk) is the non-Abelian Berry con-
nection of phonons, defined in a similar manner to the Abelian
Berry connection [36,37]. Here, we used the fact that aﬁm(())

and B, are real, which holds for Eqgs. (2) and (6). The real
part of H(A?LV(O; o, —w) shows a sharp peak at w = w0, as
expected from the relaxation-time dependence.

Magnitude of nonlinear Peltier effect. In the last, we discuss
the magnitude of the energy current and the possibility of
experimental observation. The results in Fig. 2(d) indicate
that the Peltier coefficient is around TI® ~ 1 uW/V? at the
resonance frequency, which is typically in THz to infrared
range. Therefore, assuming the relative electrical permittivity
€ = 10, the energy-current density induced by an ac electric
field of |[E| =10° V/m is Jj ~ 107> W/cm?. This result
should be compared to the energy current measured in thermal
conductivity experiments. The energy-current density induced
by the temperature gradient can be estimated from the thermal
conductivity «. In the case of an insulator with x ~ 0.1 — 10
W /mK, the thermal gradient of AT = 10° K/m induces Jj; ~
1072 — 10° W /cm?. As the energy current in our estimate is
similar to those measured in thermal transport experiments,
the Peltier effect of phonons should induce an observable
temperature gradient in candidate materials.

Summary. In this work, we theoretically studied the pos-
sibility of the Peltier effect of phonons induced by the
illumination of THz to infrared electromagnetic waves. In
this phenomenon, the flow of phonons induces energy cur-
rent, which results in a thermal gradient. However, unlike the
Peltier effect by electric current, the phonon current is driven
by a nonlinear response similar to the bulk photovoltaic effect.
To formulate the Peltier effect, we focused on the energy
current of phonons induced by the illumination of electro-
magnetic waves. The general formula for energy current is
derived using the nonlinear response theory. This formula
is directly applicable to arbitrary phonon models. Using the
formula, we generally showed that at least two optical phonon
modes are necessary for inducing the energy current, and the
coupling to acoustic mode does not contribute to the phonon
Peltier effect. In the last, we demonstrated the Peltier effect
using a three-ion model whose phonon bands consist of one
acoustic and two optical modes. The result shows that the
Peltier effect of phonons occurs when the frequency of the in-
cident electromagnetic wave matches the frequency of optical
modes.

The noncentrosymmetric crystal structure, multiple optical
modes, and the existence of charged ions are often met in
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ferroelectrics. Hence, they might be a good candidate for
realizing the Peltier effect.

Recently, thermal imaging techniques have enabled spatial
resolution of temperature in small devices [38]. As the nonlin-
ear Peltier effect induces a temperature gradient in an isolated
device, it should be observable using the thermal imaging
method.
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