PHYSICAL REVIEW B 106, 085202 (2022)

Theory of shift heat current and its application to electron-phonon coupled systems
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We propose a heat current analog of the shift current, “shift heat current.” We study nonlinear heat current
responses to an applied ac electric field by a diagrammatic method and derive a microscopic expression for
the second-order dc heat current response. As a result, we find that the shift heat current is related to the shift
vector, a geometric quantity that also appears in the expression for the shift current. The shift heat current directly
depends on and can be controlled through the chemical potential. In addition, we apply the diagrammatic method
to electron-phonon coupled systems, and we find that even if only the phonons are excited by an external field,
the amplitude of the shift heat current is determined by the energy scale of electrons, not of phonons.

DOI: 10.1103/PhysRevB.106.085202

I. INTRODUCTION

The nonlinear optical response is a subject of recent
intensive research. For example, second-order optical re-
sponses such as second harmonic generation have been
attracting much attention and studied both theoretically and
experimentally [1-22]. Recently, it is also pointed out that
even in nonlinear regime quantum geometry and topologi-
cal properties of materials are important to understand the
electric/optical responses [9,20]. Among them, the bulk pho-
tovoltaic effect is an important issue for both applications
and fundamental physics. The bulk photovoltaic effect, or
sometimes called photogalvanic effect, is the generation of
photocurrents that can occur in noncentrosymmetric materi-
als, and a mechanism called shift current is proposed and well
established [3,7-9,13,20]. The shift current is characterized
by a quantity called shift vector R, and for two bands systems
with the time reversal symmetry (TRS), the shift current J M
induced by an electric field E can be written as [3,9]

JEN o 2 / dks(ey (k) — e.(k) + hQ) vy (k)|*R(k), (1)

where ¢.(k) and ¢,(k) are the dispersion of the conduction
band and the valence band, /2 is the energy of the input
photon, v,.(k) is the matrix element of the velocity operator.
Physically, the shift vector R can be interpreted as the spatial
shift of an electron wave packet during the interband transi-
tion due to an excitation by light [Figs. 1(b) and 1(c)] and
contributes to the dc electric current. The shift of wave packet
can contribute other types of transport. Kim et al. pointed
out that the shift can contribute to spin current and proposed
a phenomenon named shift spin current [14]. In the present
work, we propose another current induced by the shift: shift
heat current.

Electrons carry not only charge and spin, but also heat.
Therefore it is natural to expect that there exists a heat current
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analog of shift current. In fact, heat transport phenomena and
thermoelectric responses are closely related to electric/optical
responses. It is well known that several universal relations
between thermal responses and electric responses, such as the
Wiedemann-Franz law and the Mott relation, hold [23]. These
universal relations can be derived theoretically by the semi-
classical Boltzmann theory [23], or quantum linear response
theory [24-27]. Within the linear response regime, the Mott
relation or the Sommerfeld-Bethe relation [27] indicates that
the amplitude of the electric current J, and the heat current Jy
when an electric field is applied can be roughly related to each
other as

¢
Jo~ —1,, 2
o~ ()

where e is the charge of an electron and ¢ is the characteristic
energy scale an electron carries as heat. If we assume that
the relation between J, and Jyp in Eq. (2) holds even for
nonlinear responses, there should be nonlinear heat responses
corresponding to the shift current, namely, shift heat current.
One can also expect that the shift heat current are related to the
geometric property of the material as the shift current does.

Although the electric current responses and heat current
responses are closely related, the theoretical investigation on
heat transport and thermoelectric effects has not progressed
compared with that of the electric conductivity or the optical
responses. In particular, thermoelectric responses of macro-
scopic systems in nonlinear regime are rarely discussed in
contrast to aforementioned optical responses. In previous
studies, nonlinear thermoelectric effects were studied mainly
for mesoscopic systems [28—-33], where large temperature bias
can be relatively easily applied. Although there are several
studies on nonlinear thermoelectric responses to dc external
fields in macroscopic systems [34—37], heat current responses
to ac external fields including the shift current-like responses
have not been studied so far.

©2022 American Physical Society
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FIG. 1. Schematic pictures of shift current and shift heat current. (a) Illuminating light of frequency w induces dc electric current (shift
current) and dc heat current (shift heat current). (b) In the momentum space, an incident photon excites an electron from the valence band
(with dispersion ¢, (k)) to the conduction band [with dispersion ¢.(k)]. (c) In the real space, the center of a wave packet is shifted during the
interband transition. This shift of the electron wave packet (indicated by the black arrow) induces an electric current, the shift current, and
simultaneously induces the shift of energy of (e, + €,)/2 — u (indicated by the red arrow), which results in the shift heat current.

In this work, we study the dc heat current responses to
an ac electric field. We extend the diagrammatic method to
calculate nonlinear responses proposed in Ref. [17] to heat
current responses, and find that the relation in Eq. (2) also
holds for the shift current. In particular, for two-band systems
with TRS, the shift heat current response Jgh‘ft) can be written
as

Jéshifl) o E2 / dkS (e, (k) — ec(k) + HQ) vy (k)|*R(k)

<8c(k)+8u(k) )
X|———u).

> 3

We also find that the shift heat current directly depends on the
chemical potential © and thus we can control the shift heat
current through the chemical potential.

Furthermore, we also discuss the phonon-induced shift
heat current. Recently, the phonon-induced shift current is
experimentally observed in BaTiO3 [38]. There, although the
energy of the input photon (~1 meV) is much smaller than the
band gap of BaTiOj (~1eV), phonons are excited by photons
and then induce a large electric current of the order of 10 A.
Although the mechanism is different from the usual shift
current, we can also expect the similar relation as Eq. (2). We
theoretically derive the expression for such electron-phonon
coupled systems, and find again that the relation (2) holds. It
should be noted that, although photons excite phonons only,
the energy scale 7 in Eq. (2) is still that of electrons, not of
phonons.

This paper is organized as follows. In Sec. II, we describe
the theoretical formalism used to calculate the shift heat cur-
rent. In Sec. III, we present the calculation results for the
shift heat current. In addition to the most general formula of
shift heat current, formulas for systems with TRS and TR
symmetric two band systems are also given. In Sec. IIID,
we apply our theory to the Rice-Mele model as an example.
In Sec. IV, we study the phonon-induced shift heat current.
Section V is devoted to discussions.

II. CALCULATION METHOD

In this paper, we calculate the nonlinear responses of the
heat current to an electric field. To this end, we follow the

formalism adopted in Ref. [17]. We first summarize our no-
tations regarding the basics of the band theory. We introduce
Bloch Hamiltonian and covariant derivative of k-dependent
operators, which is convenient to expand the Bloch Hamil-
tonian with respect to the applied external field. Then we
introduce the electric current operator, the energy current op-
erator, and the heat current operator.

A. Band theory and covariant derivative

Let us consider a tight binding model of noninteracting
electron systems in a periodic potential, written as

Ao =Y ViHrrVr. )
R.R

Yr = R, Yr2,s - VRS ©)

V=g 1 Voo V) (6)

Here, R specifies the position of a unit cell. 1/;11,1‘ (1/}13. ;) is an
annihilation (creation) operator, which annihilates(creates) an
electron in the i-th orbital of the unit cell at R. Hg_g is an
s x s matrix. Note that we denote the operator in the Fock
space a symbol with a hat(") while its matrix representation is
denoted by a symbol without”.

The Hamiltonian in the momentum space representation is

Hy =" Hok) Y. )
k

(HO(k))tj — Ze—ik»(R-H'i—rj)(HR)ij, (8)
R

where Vi = \/LN Y g e K E®HTOGy . N is the total number of
unit cells, and R + r; is the position of the ith orbital in the
unit cell at R.

By diagonalizing the Hamiltonian, one obtain the represen-
tation in the energy eigenstate basis:

& = U, Hy(k)Ug, ©

where Uy is a unitary matrix and & is a diagonal matrix and
its element (Ex)qp = Sapck.a gives the dispersion of the a-th
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band.Then the Hamiltonian can be written as

Hy =" ti&xtx. (10)
k

where I/fk = Ukék-
For convenience, we introduce a covariant derivative. Con-
sider an operator of the following form:

O0=> Y0ty =" ¢, (1)
k k
Ok = U, O(k)Uy. (12)

The covariant derivative appears when one considers the k
derivative of the operator, namely,

D[O]:=) ¥ ViOk)i. (13)
k

Substituting x = Uréy leads to the expression in the energy
eigenbasis,

D01 =) ¢ DIO . (14)
k

DI[Ox] := VO — i[AOk], (15)

where Ay is the interband Berry connection defined as Ay =
i Uk' Vi Ux. Here, D is the covariant derivative. We note that the
Leibniz rule holds for the covariant derivative:

D[0,0,] = (D*[011)0; + O (D[0:]). (16)

B. Electromagnetic interaction

Next, let us consider the Hamiltonian describing the elec-
tromagnetic interaction, and expand it with respect to the
applied electric field.

To express a spatially uniform external electric field E(¢),
we use the velocity gauge. In this gauge, the electromagnetic
interaction with a spatially uniform electric field does not
violate the translational symmetry and is incorporated by the
minimal substitution as

Aa() = Y Hak)n, (17
k
Hy (k) = Ho(k —_ %A(t)), (18)

where e < 0 is the charge of an electron, and A(¢) is a vector
potential satisfying 0A(¢)/0t = —E ().

To treat the external field perturbatively, we expand the
Hamiltonian with respect to A () up to second order,

Ha (k) = Ho(k) + (= JA™ (03, Ho (k)

2
+ %(—%) A“(OAP (13,95 Ho (k). (19)
Here 0, = 9/0;, and oy is a spatial index. (In this paper,
greek indices u, o, B, ... always represent the spatial indices
with an implicit summation henceforth). This expression is
in the basis 1/7;(. For analytic calculation, it is convenient to
move to the energy eigenstate basis, ¢;. As already discussed,
the k-derivative in the basis ¥, becomes the covariant deriva-
tive P in the basis ¢. Therefore, up to O(A?), the Hamiltonian

reads
Hy(t)=Hy +V, 20)
V=2 &k +Van)ix, @b
k
with
Vik = ( e)A“(r)h“ - / 401 peyeong,  (22)
Lk=\"p =) 27 hay @ k
1 e\2
Vo = _<——) A% (AP (t)he?
=5 (=5) awat g
_ L[ e puigyemion
2 2 h(,()l
dw, ie ;
__Eﬁ —zu)zthwﬁ7 23
X / o fiom (w2)e k (23)
where h*!% is defined as
R = DN DY [E]. 24)

Although h** depends on k, we omit k from its notation.
(We often omit k-dependencies in other quantities as well in
the following.) E*(w) is the Fourier transform of the electric
field and is related to the Fourier transform of the vector
potential A*(w) as

E%(w) = / dte E% (1) = iwA%(w). (25)

C. Particle current operator, energy current operator,
and heat current operator

Here we will introduce current operators used in this work.
The current operators defined below change their form in the
presence of an external electric field, and thus we expand them
with respect to the external field, as we did for the Hamiltonian
in the previous section.

It is well known that the total particle current operator J is
given by the k derivative of the Hamiltonian, i.e.,

o 1 sl N
I=5 ; A = VieHy (k) (26)

where V is the volume of the system. Note that the application
of an electric field changes the form of the electric current
operator in this gauge. This can be rewritten in terms of the
covariant derivative and ¢ as

=N g dod =Y e (T4 ) + T1 () + T4 (k) .
k

k
27)
with
1

Ty k) = ﬁh", (28)

1 dow ie .
ity = = | L2 2 pa(g)eionpue 29
T hfzﬂhw (@)e 29)

1 dw; ie .
H k) = — _—_E“ —iwgt
J> @ ZE/ 3 T ©(@1e

do, i A
x / 992 1€ BB (wy)e @ hiB. (30)
2 ha)z

(Note again that we omit k from the notation of A% %)
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When we ignore the interaction between electrons, the
total energy current operator in longitudinal responses to an
external electric field is given by

. 1 el A
= 5 U S HAGRT ) + T ()HA )
k

1 | R
= ; A ﬁquA(k)z)wk. (1)

Equation (31) shows that the application of an electric field
changes the form of the energy current operator in the ve-
locity gauge. This is similar to the electric current operator,
which also changes its form in the presence of a vector
potential.

The energy current operator can be rewritten in terms of
the covariant derivative and ¢ as

. 1 1
J’E‘ = VZ jﬂck = ‘7 Zé;i(j]éto + Iéjl + IIELZ)ék
k

k
(32)
with
N 1
) _gu’ (33)
dow ie
(k) = / 3 o @) g, GY
1 d(l)l ie « —iw
]’i‘z(k) - 2_h—E ( )6 1t
/da)z ie L EB(wy)ein! ghab (35)
2w hawn t
where gﬂal"'a” is defined as
gun = %Z)O” LD [Slzc] 2

The heat current operator J is defined as

Jo=Jr —nJ
N %w(%mm)z — kHAG) i
k
= é PR %WHA(k) — 1V (37)
k

where u is the chemical potential. Therefore one obtains the
heat current operator by replacing & in Eq. (32) with & — u,
which yields

Zélﬂ"‘czc— DIACEH
k

+~751 +j82)ék

(38)
with

Tholk) = —g, (39)

1) = f d—”ﬁw Je g, (40)

dw; ie

1
T k) = 2_hf2_%Ea(w )e

d
x / w2 te AU C T SN
27 hw

and
1
g = 5Z)"“ LD — )P (42)

Our goal is to calculate the expectation value (fg @)).
The heat current responses are characterized by the tensors

Q-G (t 1y, ... 1,) as
oo l n
(o) = Z E/ []‘[ dtkE“k(tk):|a““1“2"'“”(t;tl,t2, ).
n=0 k=1
(43)
By Fourier transformation, we can write
(75 (@) = / dte"‘”(f’é(t))
d(,()k @
—Z 2 B @0
n!
x a““‘“z "‘”(w;a)l, W2, ... W), (44)
alre S (wwy, wa, ... w,)
i dt
:f /[ = ""”“:|oz“°““2 Gttty . ty).
2w
(45)
In particular, the second-order response coefficient

"B (w; wy, w,) can be written with functional derivatives as

o P (w; wy, w3)

/ fdtl f dtz 1(wt7w1117w212)

——(Jp @) (40)

X
SE“(II)SE’S(Q) E—0

Note that we need to take functional derivatives in the time
domain because we are considering nonlinear regime as in the
case of the electric current responses [17].

We notice a formal similarity between the current operator
and the energy/heat current operator. The current operator
[Eq. (26)] is given by the k-derivative of the Hamiltonian,
while the energy current operator is the k-derivative of the
squared Hamiltonian. By replacing the Hamiltonian H in the
energy current operator with H — u, we can also obtain the
heat current operator. Because of this similarity, we can cal-
culate the heat current response in the same manner as the one
used for the shift current. Because the rest of the formulation
is almost the same as Ref. [17], we only present the results in
the next section.

III. SHIFT HEAT CURRENT

In this section, we present results for the second-order dc
responses of heat current with respect to an electric field with
frequency €2, which we call “shift heat current.” We derive a
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FIG. 2. The Feynman diagrams which contribute to shift heat
current. Solid lines with an arrow and wavy lines represent propa-
gators of electrons and photons, respectively, and black dots with n
photons denote vertices for ~*!** and cross dots with n photons are
the vertex for g*1—.

™ (2in; Q + in,

1 62 fab
—-Q in) — — = ~xxa SXX X
+”7) VXk:QZ[Zu:gZaf +a2b:g)((1b ba(£ub+9+in+

general expression for the shift heat current, and then reduce
the expression to cases for time reversal invariant systems, and
especially, time reversal symmetric two band systems.

A. General expression for shift heat current

We focus on the second-order dc responses to an electric
field with the frequency 2. We also restrict ourselves to longi-
tudinal responses, namely, o™*(2in; Q2 + in, —Q2 + in) where
n is an infinitesimal positive quantity. First we calculate o™
within the imaginary time formalism, and then continue the
result to the real time expressions. From now on, we set i = 1
for simplicity.

The Feynman diagrams which contribute to the second-
order heat current responses are shown in Fig. 2. After
performing the Matsubara frequency summation, we obtain

Eab — Q+ln) ;gfw 8ub+2”7

a,b,c

1 2 !
> = [Z wfet LR,

P LA R TR
Eac + 2”7 Eab + Q+ ”7

feb

A T _Q)ﬂ @7)
Sab Sfab )

(‘9017 +Q + Eap — Q — lﬂfab(é({:‘ub - Q) —+ B(Sab + Q)))

+ Z gfzb ba Z gftc Zlcbh

a,b,c

fab + fcb
Eab T Q Ebe — Q

—ir Z 8::. _’L_bzba (fab(s(gab + Q) + fcb‘s(gbc - Q) + (Q — Q)):| (48)

where &, = &, is the band dispersion, f, = f(&,), f(e) =
(exp(B(e — )+ D7, fap = fa— for €ab = €a— €, and
T, v are the temperature and the chemical potential. In the
last line, divergences due to terms such as 1/e,, with ¢, = &
should be interpreted as zero. This is a general expression
for shift heat current in noninteracing electronic systems. By
replacing g with h, we can see that the expression for o™*
reduces to the expression for the electric current response
derived in Ref. [17]. The last term in Eq. (48) diverges as
o1/n if TRS is broken. This term can be interpreted as the
heat current analog of the injection current [6,17,20], and
should explicitly depend on the scattering rate. We also note
that the heat current observed experimentally should include
other contributions. For example, impurities and disorder
can affect the momentum distribution of electrons resulting
in finite ballistic contribution to the dc heat current as in
the case of the electric current [4,21,39,40]. Some of these
contribution does not necessarily depend on the scattering
rate explicitly [21,39] as in the case of the side-jump

(

contribution to the anomalous Hall effect [41]. Therefore it
would be difficult to fully distinguish the shift heat current
contribution and other contribution due to the scattering in
experiments.

B. Shift heat current under TRS
If the system has TRS, i.e., the Hamiltonian satisfies

Ho(k)" = Ho(—k), (49)

then the matrix element g and % have the following symmetry:
(g;czn+ 1 )) g7(_2n+ 1) (50)

(&) =8%. 1)

(hl(czn+1))T —h(_2,:l+]), (52)

(") = . (53)
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With these symmetry properties, most of the terms in Eq. (48) cancel and only the terms with a delta-function remain.
Specifically, «™*(2in; 2 + in, —2 + in) will be

[ . . 1 —ime? .
Qi Q4 i, —Q i) = ; o [ aZbgf;,,hbafab(&sab — Q)+ 8(ear + Q)

1
+ Y B (farS(Ean + Q) + fepd(ere — Q)+ (2 — —9))}. (54)
Eac + 2in

a,b,c

Noting that the last term vanishes due to TRS when a = ¢, one can remove the 2in in the denominator of the last term. By using
TRS, this can be rewritten as

XXX . . . 1 nez ~XX 1,X
RN Q+in, —Q +in) = v §§[§ Im[g5 1, | fan(8(eap — Q) + 8(eap + )

+ Z LA (fand(eap + Q) + ferd(€he — Q) + (2 — 9))}

a,b,c

2 a
= — Z re |:ZI )lghia fab(s(gab - Q) + Z Im g/:, ]fb(a(gab + Q) + 8(8017 - Q)):|

a,b,c

(55)

One can also verify that the last term for @ = b or b = ¢ vanishes in the presence of TRS. It is clear that for ¢ = b the term
vanishes due to f,;,. For b = c, using the relation between g* and h*,

Eq+ &b

gfth ) hZha (56)

one can conclude Im[g, Ay, | Im[|hxb|2h’b‘b] =0, and thus the b = ¢ terms vanish. Therefore the last term in Eq. (55)
represents three band contributions. In contrast, the first term corresponds to two band contributions.

C. Two band systems with TRS

Let us consider a two band model with TRS. Such description is justified when a TR symmetric system is effectively described
by only two bands near the Fermi level. In this case, the three band contribution can be neglected, and we obtain

Zne

Qi 2+ in, —Q + in) = Z Z m[ &5, fard (Eap — Q). (57)

By using the Leibniz rule for the covariant derivative [Eq. (16)], one can verify

Eq+ &p
2

Because we are considering a two band case, for a # b Im[g} ;] can be rewritten as
~ Ea+ &b
Im[gsht,] = ( - M)Im ihs] + Zlm [hE hE

_ (ga +8b

2 = 5 O DUE — 1D = (L )i+ B (58)

— ) Im[igyin, | + Im ([ Frgyhy, | + T i 1 ]

_ (sa-l-Sb y,)lm nohy,| + Im[ (K, + I )’h | ]
_ ({;‘u + Ep M)Im h;zhia (59)

Therefore o™*(2in; Q2 + in, —2 + in) is given by

xxx 1 2 Ea + 24 XX 7.X
Qin: @+ in. —@+in) = - 3 = ( — - M)Im[habhba] Furd(Ear — Q). (60)
k ab
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Furthermore, the matrix element Im[/;A; ] in a two band system can be transformed into [9,17]

Tm[h5h5, | = [ (9, — LA R )y, | = Im[ |12, | (8, In i, — i(AL, —
| X

h
_Im|:|h b| (O, In By, — i(A;, — A)) + a

ab

where ¢7, = ImIn/,, and R}, = 0 ¢, — (A%,

(h-;a—hm} (0 — (2 — 8,) =

50)) + Al (g = )]

|h h| Rab’

(61)

— A;,) is the quantity called shift vector, which also appears in the expression

of the shift current [6]. Therefore the expression for the response coefficient is simplified to the following form:

Qi QL+ in, —Q+in) = Z Z

This is almost the same form as the one for the shift current,
o™ Q2in; L +in, —Q +in):

o™ Q2in; L+ in, —Q +in)
1 2me’
v Z Z 02 |h2b| R, fapd(eap — Q). (63)
k ab

They only differ by the factor (g, + ¢,)/2 — p in «. From
these expressions, one can interpret o™ (2in; Q + in, —2 +
in) as the dc heat current that originates from the difference
in the intracell coordinate between conduction and valence
bands. Since this coordinate difference is represented by the
shift vector R,, we call this nonlinear thermal response as
“shift heat current.” The shift heat current does not explicitly
depend on the scattering rate as in the case of the expression
for the shift current Eq. (63). The independence of the scatter-
ing rate of the shift heat current might be useful to distinguish
from other contributions that explicitly depend on the scat-
tering rate. However, we again note that some contributions
due to impurities and/or disorder do not necessarily depend
on the scattering rate [21,39] and thus it would be difficult to
fully distinguish the shift heat current contribution from those
due to the scattering in experiments.

D. Shift heat current in Rice-Mele model

In this section, to exemplify our theory, we present a nu-
merical calculation of the shift heat current for Rice-Mele
model [42] which is a representative 1D model with broken
inversion symmetry. The Rice-Mele model can be used to
describe, for example, one dimensional dimerized systems
[42,43], single-layer monochalcogenides [44], and perovskite
materials [45]. The Hamiltonian for the Rice-Mele model is
given by

H =) (tatlslhy + tsal) ) 4éus + He)

n

+ Z tAAéjt-&-l ACna + tBBé;rL-H,Bé”’B + H.C.)

+ Z [(eo + ) &l + (80 - %)e,ﬁgéng)}. (64)

Here n is the index for unit cells, A and B represent the
two sites in a unit cell, and their positions in the unit
cell are given by r4, rg. The system breaks the inversion

27 e? (aa + &

)‘h b} Ry fapd(€ab — ). (62)

(

symmetry when, for example, A # 0 and t45 # tg4 and thus
nonvanishing shift current and shift heat current appear.
The second-nearest-neighbor hopping is necessary to break
particle-hole symmetry; otherwise heat current becomes zero
[see Eq. (62)]. We show a schematic picture of Rice-Mele
model in Fig. 3.

We perform the numerical calculation of o™*(2in; Q2 +
in, —2 +in) by directly applying the expression Eq. (47).
The energy broadening n needs to be large enough compared
to the spacing between adjacent energy levels Ae but small
enough compared to the other energy scale. Ag can be es-
timated as Ae ~ /N with the energy scale of the system
t and the number of unit cell N, and thus the condition
for n is t/N < n < t. We also perform the calculation for
o™ (2in; 2 + in, —2 + in) in the same manner.

In Fig. 4, we show the band structure, the response
coefficients o™ (2in; Q +in, —2 +in) and o™ (2in; 2 +
in, —Q +in) for a parameter set and several chemical po-
tentials « shown in the caption of the Fig. 4. We set the
second-nearest neighbor hopping t44 = tpp = 0.1¢, and the
other parameters are set following Ref. [45] where ferroelec-
tric Perovskite BaTiOj; is discussed with the Rice-Mele model
(without second-nearest-neighbor hopping) and the Hubbard
interaction. One can see from Fig. 4 that both the shift current
and the shift heat current becomes large at the band gap
around /€2 ~ ¢t as expected from Eqgs. (62) and (63). When
W is set to zero, i.e., the middle of the conduction band and
the valence band, the shift heat current is small reflecting the
factor of (e, + €5)/2 — wu in Eq. (55). By varying i, the shift

FIG. 3. An illustration of the Rice-Mele model [Eq. (64)]. In
order to break the particle-hole symmetry, next-nearest-neighbor
hoppings 44, tpp are included in the model.
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FIG. 4. The shift heat current and the shift current for the Rice-Mele model. We used the parameters: tap = 0.9¢, 154 = 1.1¢, 144 =
0.1z, 155 = 0.12, 74 = 0, rp = 0.5a, A = 2¢, &y = —0.20 with lattice constant a and an energy scale 7. &, is determined so that the middle
of the minimum of the conduction band and the maximum of the valence band is zero. The temperature 7 is set to be zero (T = 0). The total
number of the unit cells N is set to be 10 001, and we set n = 0.01¢ so that /N < n < t with the energy scale ¢. (a) The band structure of the
Rice-Mele model for the given parameters. The black, red, and blue dashed lines correspond to the chemical potential u = 0, —0.1¢, 0.1z,
respectively. (b) The response coefficients for shift heat current ™ (2in; Q2 4 in, —2 4 in) and shift current o**(2in; Q@ +in, —Q +in)asa
function of the photon energy 2. o™ is calculated for © = 0, —0.1¢, 0.1f and o™ is calculated for u = 0.

heat current changes even its sign. We discuss on the sign and
the chemical potential dependence of the shift heat current in
Secs. VB and V C.

IV. PHONON-INDUCED SHIFT HEAT CURRENT

Based on the diagrammatic method that we established for
calculation of general heat current responses, in this section,
we apply the formalism to electron-phonon coupled systems.
Recently, it is experimentally shown that the optical excitation
of phonons in a semiconductor induces large shift current
responses in THz regions [38]. Specifically, a semiconductor
BaTiO3 shows large second-order responses to an electric
field with frequency much smaller than its band gap energy.
This can be understood as a phonon-induced shift current [38].

The physical picture for the phonon-induced shift current
is as follows. In general, excitation of phonons in noncen-
trosymmetric systems is accompanied by finite electronic
polarization P due to the electron-phonon coupling. When
phonons are excited by illumination of light, the number of
phonons will increase in time, and thus the polarization P
also increases accordingly even at steady state in noncen-
trosymmetric systems. Since the polarization P is related to
an electric current J through J = dP/dt, the excitation of
phonons results in a dc electric current. A more detailed the-
oretical description is given in Ref. [38]. It should be noted
that the electrons are excited only virtually in this mecha-
nism. This is in sharp contrast to, for example, a proposal in
Ref. [46], where phonons create real excitations of electrons
in a narrow gap quantum well. If the band gap of the system
is sufficiently large compared to the energy of phonons, the
phonon cannot create real excitations of electrons, in which
case the contributions studied in Ref. [38] and the present
paper are dominant.

From the analogy between shift current and shift heat
current, we can also expect that the shift heat current can be
induced by phonon excitations. Namely, we expect “electronic
heat polarization® Py is induced through electron-phonon cou-
pling along with P when phonons are excited, and it also

increases in time, resulting in finite dc heat current Jy =
dPg/dt. Following Ref. [38], let us calculate the phonon-
induced shift heat current. We consider only one mode of
phonon with wave vector ¢ = 0 for simplicity. The Hamilto-
nian for the phonon is

Hy = epnd’a, (65)

where @ (a") is the annihilation (creation) operator of the
phonon, and &, is the energy of the phonon. The electron-
phonon interaction is described by the following Hamiltonian:

N . Ak
Hoph =Y ef—=a@" +a). (66)
T Ly
where Ay is an s x s hermitian matrix (k in A; is often

suppressed below). The diagrams corresponding to phonon-
induced shift heat current are shown in Fig. 5. By calculating

iw
ia)l
iw2
iw(iwy)
ia)]
1w, (iw)

FIG. 5. The Feynman diagrams which describe the phonon-
induced shift heat current. Here, curly lines are phonon propagators
and open dots are the electron-phonon interaction. Solid lines rep-
resent propagators of electrons. Black dots and crossdots represent
vertices for £ and 2 as in Fig. 2.
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these diagrams, oz‘”(zw iwy, iwy) is obtained as

ozgﬁx(iw; iwy, iwy) = A(iw; )D(iwy)B (iwy, iw>)

+ A(iw))D(iw1)B (iwy, i)

+ (iw) < iwy), (67)
with
Alion) = Z > —habG (itn + i1)Gp(i€n)hpa
k a,b,e,
1 ie . bas
=5 Z Z o Malapls" (1), (68)
B (iw), iwn) = Z > raGalie, + lwl)—gzacmn)
k abe,
== Z Z —)»abg)iu b i), (69)
k ab,e,

Bz(iwl, iwr)

= — Z > —G (ien)85 Geligy + iw)Aep

k a,b,c s,,
x Gyplie, + iwr)hy, + — Z Z —G (ien)g.,
k ab,.c sn
X G(ign — iw)hpcGpliey — iwr)hy,

— Z > = te [ihaali, 5 e, o)

k a,b,c
+ gﬁaxbchzblg*”%—iwz, —iw))], (70)
and D(iw) is the propagator of the phonon,
) 1 1
D(iw) = - - - . (71)
Iw — &ph 1w+ &ph
By analytic continuation iw; — Q4 in,iv, > —Q +

in, iw — 2in, we obtain the phonon-induced shift heat
current. In the following, we assume that (> 0) is much
smaller than the band gap and of the order of the phonon
energy, Eph.

In the presence of TRS, A satisfies

M=k (72)

After the analytic continuation, the following relations hold:

AQ) =AQ+in) =A(—Q + in) = A(—RQ), (73)
Bi(Q2, —Q) = B;(Q + in, —Q2 + in)
= —Bi(—Q+in, Q+in)
=-Bi(—-2,Q) (i=1,2), (74)

for inifinitesimal 7). Therefore the expression for o™ after the
analytic continuation reduces to

oy (2in; Q + in, —Q + in)

= —27i8(Q — £pn)A(R)(B1(R, —Q) + B2(Q, —R)).
(75)

For simplicity, we consider a two-band case with TRS
below. By straightforward calculation, we obtain

AQ) = — ZZIm Dbty f”“QZ, (76)

Bl(Q)——ZZRe v f”“_gb“z, (77

By(Q) = 2% ZZfab[

[g);b)‘ba] (h hib)

k a<b
—1 Re|g, ", |(A A
+55b_92 e[g’;m ab]( aa — bb)
82b+§22
————Re[hanl, | (%oa — 8) |- (78)
e

This is almost of the same form as the phonon-induced shift
current. One can obtain the expression for the phonon-induced
shift current by replacing g by .

V. DISCUSSIONS

A. Symmetry condition to observe shift heat current

In order to observe shift heat current, the system needs to
break the spatial inversion symmetry. This is obvious from
symmetry consideration of the nonlinear response tensor, but
we can also confirm explicitly that the response coefficient

o™ vanishes in centrosymmetric systems as follows. If the
system preserves the spatial inversion symmetry, the Hamilto-
nian satisfies

Hy(—k) = PTHy(k)P, (79)

where P is the unitary matrix which expresses the spatial
inversion. For example, in the case of Rice-Mele model in
Sec. lIIC, P = o,, where o, is the Pauli matrix.

Under the inversion symmetry, the matrix element g and A
have the following symmetry:

g’;can) _ —é(_ZZH)’ (80)
g =%, 81)
h;czn+1) — —h(_2,:’+1), (82)
h](czn) — h(f,'f), (83)

where g(’") denotes (1/2)(D*)"[&;] and similar for h,(""). We
also explicitly show the k-dependence of g and /. Therefore
all the terms in Eq. (48) are odd in k and vanish after the k-
summation. This means that the spatial inversion symmetry
breaking is necessary to induce the second-order response of
the heat current, as in the case of the electric current.

One can also verify that the phonon-induced shift heat
current vanishes under the inversion symmetry by using Ay =
Ag.

B. Sign of shift heat current

The sign of shift heat current is determined by two factors.
One is the shift vector or equivalently the polarity of the
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system, and the other is the factor of (¢, + &5)/2 — u ap-
pearing in Eq. (62). The shift vector represents the inversion
symmetry breaking of the system, and it also determines the
direction of shift current. If the polarity of the system is
reversed, the shift vector will be also reversed, hence shift heat
current changes its sign. In noncentrosymmetric systems, the
inversion symmetry breaking often results in finite polariza-
tion. In that case, the polarity of the system and the direction
of shift heat current can be reversed by applying an electric
field. This property is the same as shift current.

The other factor, (¢, + €5)/2 — u, is characteristic to heat
transport and its sign is determined in a similar way to the
Seebeck coefficient. Let us consider the case of insulators with
finite band gap. If (¢, + €5)/2 — u < O where g, represents
a conduction band while ¢, represents a valence band, the
chemical potential is closer to the conduction band. Therefore
the situation is quite similar to a Seebeck effect where the
dominant carrier is electron and the Seebeck coefficient is
negative. However, we note that we are considering insulators
here and thus there is almost no carriers nor the concept of the
dominant carrier itself. A more appropriate interpretation may
be the following: in the shift heat current, a pair of an electron
and a hole excited by an incident photon carries the heat of
(¢4 + €»)/2 — p in total. In this case, the number of excited
electrons and holes are the same, but the net heat carried by
them is finite.

C. Chemical potential and temperature dependence
of shift heat current

As seen from the definition of the heat current Eq. (37),
the heat current explicitly depends on the chemical potential
. In the case of linear dc responses in metals or doped
semiconductors, only the carriers in levels near i contributes
to the transport and the change of w results in change of
both the electric current and the heat current. In contrast, shift
current and shift heat current occur in insulators. In this case,
as long as the change of Fermi distribution function due to the
change of chemical potential is negligible, the shift current
is almost independent of w while the shift heat current does
depend on u, as seen from Eqs. (63) and (62). Therefore, if the
chemical potential is shifted by Au because of, for example,
impurities, the shift heat current changes by ~(A/e)J M
with shift current J®MV. (Here we neglect the change of
the shift current.) In other words, one can control the shift
heat current by varying the chemical potential. Since the
chemical potential in insulators strongly depends on the ex-
istence of impurities, we can also expect that a small amount
of impurities induces a large shift of the chemical potential
and thus drastically changes the magnitude of the shift heat
current.

The temperature dependence of the shift heat current
in insulators is determined almost only by the temperature
dependence of the chemical potential. If the change of tem-
perature AT satisfies kg AT < Eg, then the shift heat current
Eq. (62) changes by ~(Aw/e)J M where Ay is the change
due to the temperature variation.

For example, if the density of states of conduction band and
that of valence band are respectively given by D (¢ + &,9) =
Ace’ and Dy(e,0 — &) = Aye®™, where eq0) is the bottom

(top) of the conduction (valence) band and A, A,, s., and s,
are constants. If one further assumes that .o — u > kgT,
W — &y > kT and the charge neutrality condition

/ ﬂwawwe=/vﬂ—f@M%@M& (84)

o0

then the temperature dependence of chemical potential is

. €v0 T Eco
-2
kg T A, TGy + 1)
Bllm( o —s)InkgT |. (85
+ 2[HQQN&+D)+“ S)HB] 5

Here, I'(x) = fooo e~ 't*~'dt is the Gamma function. In par-
ticular, if both the conduction and valence band are parabolic
with effective mass m,., m,, then s, = s, = (d — 2)/2 with the
spatial dimension d and
£00 + &c d v
P A (86)
2 4 me
Therefore A o< AT and thus the shift heat current is linearly
dependent on the temperature in this case.

D. Candidate materials and order estimation

Materials that break inversion symmetry can support
nonzero shift heat current responses. Because of the simi-
larity between shift heat current [Eq. (62)] and shift current
[Eq. (63)], one can expect that materials which exhibits large
shift current responses also shows large shift heat current
responses. Namely,

shi t i
Jghlft) ~ ;Je(shlfl)’ 87)

where Jghlm and J N are the shift heat current and the shift
current, and ¢ is the characteristic energy scale corresponding
to the factor (¢, + €5)/2 — o in Eq. (62). As mentioned at
the end of Sec. VB, the factor 7 can be interpreted as a net
heat carried by the excited electron and hole, and Eq. (87) is a
generalization of Eq. (2) to the second-order response. We can
expect that the relation (87) holds also for general multiband
systems with an appropriate modification of an expression for
t, because the general expression for o™ (Eq. (48)) differs
from o*** only by g in place of A.

One representative material which shows the shift current
response is SbSI [16,19]. SbSI exhibits shift current of the
order of 0.1 nA when illuminated by a cw laser with fiw =
1.95eV, and 10 A at peak when irradiated by a pulsed laser
with fiw = 2.05eV and the power 0.6 J [16]. In this case, as
the energy scale ¢ is estimated as t ~ 1V, the expected shift
heat current is J(QShlft) ~ 0.1nW for the cw excitation, while

Jghiﬂ) ~ 10 uW at peak is expected when the laser pulse is

applied.

Another promising candidate is TaAs. TaAs is a Weyl
semimetal with broken inversion symmetry that shows large
shift current responses [18]. It is experimentally observed
that a photocurrent ~1 A can be induced by a laser with
wavelength 10.6 um (117 meV) and power ~100 mW. If we
assume that the Weyl semimetal TaAs has Hamiltonian of
the form H = vok + v*’k*o”, where @, v run over x, y, z,
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then ¢ for photon with energy 7w can be estimated as ¢ ~
(vo/2v)hw — . Furthermore we estimate Z—ZO ~ 0.2 and u ~
10meV [47], thent ~ 10 meV and one obtains from Eq. (87),

Jg" ~ 10nW. (88)

As for the phonon-induced shift heat current, a material
which exhibits a large shift current is promising as well. Since
the expressions for the phonon-induced shift heat current is
different from that of the electric current only by the factor g
in the place of &, Eq. (87) also holds for the phonon-induced
currents. We emphasize that ¢ is determined by the energy
scale of electrons even for the phonon-induced currents. In
an experiment, it is observed that BaTiO3; shows a phonon-
induced shift current as large as ~10 uA [38]. Assuming
t ~ 1eV for BaTiOs3, the phonon-induced shift heat current
is estimated as

TP~ 10 i W, (89)

which is quite large compared to the response of TaAs.

We also note that by varying chemical potential, the
shift heat current in the above materials can be changed by
~(Ap/e)JSN ag discussed in Sec. V C.

In conclusion, we have established a diagrammatic formu-
lation of the nonlinear heat current response to an ac electric
field, and calculated the second-order response, which we call
shift heat current. We have derived the microscopic expression
for the shift heat current and confirmed that the shift heat
current is determined by the shift vector, as in the case of
the shift current. The amplitude of shift heat current J(QSh‘ﬂ)

is roughly estimated as J(QShm) ~ (t/e)J M where ¢ is the
characteristic energy scale of electrons, and can be controlled
by changing the chemical potential. We have also calculated
the phonon-induced shift heat current and found that even
for phonon-induced cases, Jg ML) (1 /€)J SN gtill holds

and the amplitude of Jghiﬁ) is determined by the energy scale

of electrons, not that of phonons.
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