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Nonlinear optical conductivity of U (1) spin liquids with large spinon Fermi surfaces
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In this paper we study the nonlinear current response of U(1) spin liquids with large spinon Fermi surfaces
under the perturbation of a time-dependent ac electric field E(¢) within the framework of an effective U(1) gauge
theory. In particular, the third-order nonlinear current response to ac electric fields is derived. We show that as
in the case of linear current response, an in-gap power-law (~w") response is found for the nonlinear current

at low frequency. The nonlinear susceptibility may also induce through process of third harmonic generation
propagating EM wave with frequency 3w inside the spin liquids.
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A quantum spin liquid state is a Mott insulator without any
long-range magnetic order down to the lowest temperatures
[1,2]. For a long time, this exotic state exists only in
the theorists’ models. Recent experimental progress on the
organic compound k — (ET),Cu,(CN); [3-7] and a few other
candidate materials [8—14] have changed the situation. In the
case of k — (ET),Cu,(CN)s, the system is described by a
nearly isotropic spin-1/2 Hubbard model on the triangular
lattice, and it is believed that the insulator state is near the
Mott transition, where the charge excitations are gapped and
the spin-1/2 spinons form a Fermi surface. The dynamics of the
spin liquid state is described by an effective U(1) gauge
theory [15,16]. Several experimental results have confirmed
the Fermi-liquid-like behavior like the linear temperature
dependence of the specific heat [7], the Pauli-like spin
susceptibility [3], the nearly unity Wilson ratio, etc. [7,17].
These experiments suggest a deep relationship between the
unfamiliar spin liquid state and the well-studied Fermi
liquids.

The key feature of the U(1) spin liquids is the emergence
of an internal gauge field, which leads to unusual properties
of the spin liquid system [15]. As shown in Ng and Lee
[16], although the spinons are neutral and cannot respond
to the external gauge field directly, the emergent internal
gauge field will indirectly couple the external gauge field to
the chargeless spinons, yielding a power-law linear optical
conductivity inside the Mott gap. In the continuum limit,
existing theoretical studies suggested that these spin liquids are
described by an effective U (1) gauge theory Lagrangian [18]:

Leit = LY, Wy ,a0,2) + Ly(ap,a),

1
L=Ylid, —ao— Ao)Ws — %I(V —ia— iAWY, %
(1)
171 /0a\>
L, = E[§(5> —(V x a)z} + £(ao) + L (ao.a).

Here I/f; (¢¥,) are spin-o fermion creation (annihilation) op-
erators, A, = (Ap,A) is the external applied electromagnetic
field, and g and v, are the coupling constant and effective ve-
locity of the internal gauge field a,, = (ao,a), respectively. We
seth =c = linEq. (1). E;z) is the effective (quadratic) action
for the longitudinal gauge field ay. The dynamics of the internal
gauge field can be derived from, for example, integrating out
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the charge degree of the system in the slave-rotor approach [15]
or from an effective Landau Fermi-liquid-like approach [18],
typically to second order in f},, = d,a, — d,a,. The Landau
Fermi liquid theory approach can be understood most easily
by neglecting E(g“) and integrating out the internal gauge field
a in L. It is easy to see that an effective current-current
interaction between fermion fields iy is obtained, which can
be identified with the Landau interaction F;(¢g,w) in the small
q,o limit [18].

The charge current carried by quasiparticles in Lan-
dau Fermi liquid theory is given by j= (m/m*)(1+
F7(0,0)/d)j©, where j© is the charge current carried by the
corresponding noninteracting fermions. Zhou and Ng [18]
note that the current-current interaction derived from the
gauge theory Lagrangian L. corresponds to the special point
1+ F{(0,0)/d — 0, suggesting that the fermionic system is
in a special state where spin-1/2 quasiparticles do not carry
charge current in the long wavelength, low frequency limit,
which is exactly what we expect for spinons in quantum spin
liquids.

In this paper we keep also the fourth order terms in L,

LP(a,a) ~ bi(e-e)’ + by(b - b)’
+bs(e - e)(b - b) + by(e - b)%,

where e = —v;'9,a — Vap and b =V x a are the internal
electric and magnetic fields associated with the internal gauge
field a,,, respectively. These terms arises naturally in a lattice
gauge theory model [15] that respects time-reversal, inversion,
and rotational symmetry. The dynamics of internal gauge field
are all expressed in terms of the field strengths e and b because
of gauge invariance associated with internal gauge field in the
insulator state [15].

Previous studies in the electrodynamic properties of spin
liquid states mainly focused on the linear response of the
system, i.e., the conductivity tensor and dielectric function
[16,19]. In this paper we study the nonlinear response of U (1)
spin liquids with large Fermi surface to external EM fields. We
shall focus on the ¢ — 0, w # 0 responses in this paper and
shall derive the third-order electric conductivity o® (w) for the
spin liquid state. In particular, we are interested in examining
whether a nonlinear I — V relation I ~ V!*#(8 > 0) may
exist in spin liquid states. This is driven by the predicted
existence of power-law linear conductivity oM(w) ~ w**
in U(1) spin liquids [16]. The power-law conductivity leads
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to nonlinear /-V relation in many one-dimensional Luttinger
liquid systems [20].

Our approach consists of two steps: First we derive an
equation of motion for the fermion (spinon) current under
the perturbation of a time-dependent but spatially uniform
electric field E(¢) from which the nonlinear responses of the
spinons to the total electric field can be computed. The equation
of motion is supplemented by an equation determining the
internal electric field e, and the two equations of motion are
solved self-consistently to determine the nonlinear responses
of the spin liquids to external electric fields.

I. EQUATION OF MOTION FOR FERMION
(SPINON) CURRENT

We first consider the equation of motion for the fermion cur-
rent under a time-dependent but spatially uniform electric field.
The time-dependent center-of-mass position vector R(r) =
1/N ) ;(r;(¢)) (N = total number of fermions) satisfies the
equation of motion:

moR(1) = %/ddrn(r,t)é’(r,t)— %/ddrn(r,t)VU(r)
+ %/ddrj(r,t) x B(r,1), 2)

where n(r,t) = (D, 8(r — r;)) is the time dependent particle
density distribution function, and

J@x, 1) = jo(r,t) — M(A(r,t) + a(r,1))
m

is the total current density where jo(r,r) = (3, [2m08(r_

r;)+46(r — r,)2 1) is the canonical current density, p =
canonical momentum. £ = E + e and B = B + b are the total
electric and magnetic fields (E and B are the external electric
and magnetic fields, respectively), and U(r) is a background
disordered scalar potential the fermions see. The meaning of
this equation is clear: The first term on the right hand side is
just the electric force, the second term comes from disordered
potential, and the last term corresponds to the Lorentz force
contribution. The equation can be analyzed most conveniently
by performing a transformation to the center of the mass frame
of the spin liquid system [21] where the background disorder
potential becomes time dependent, i.e., U(r) — U(r — R(?)).

In the CM frame where n(r,t) =ncy(r—R(),1) =
ney(r',t), we obtain for small A from linear response
theory:

nem(,t) = ng)l)w(r’) + A/ddr” / dt” xa(c' X"t — ")

xu(r” —R(")),

where x, is the density-density response function for the
system in the absence of impurities. Putting this into Eq. (2)
and considering as usual disordered potentials U(r) = Au(r)
that satisfy

= |u|*8(r — r). 3)

(@) =0, (u@u))
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‘We obtain after average over disorder [21]:
! /ddr (r,))VU(r)
__ n(r,
N
)“2|u|2 d 1 1 ’
it N dr | dt’ Vixas(r —R@),r — R(@),t — 1),

_ )\.2|M|2 d / / ’
= —— | &' VroxaR®) =Rt = 1), @)

where n = N/V and we have used the translational invariance
of the (clean) system in the last step. The result is valid to
second order in A.

The expression can be simplified further if the applied
electric field E(r) ~ Ege ™" is weak and its frequency
is small. In this limit R(z) is slowly varying and we may
approximate R(¢z) — R(#') ~ R(t)(t -+ /2)R(t)(t t')?
and neglect higher order time-derivative terms. Then for a
system with inversion symmetry xq(—q,») = xq(q,®), the
right hand side of Eq. (4) is related to the density-density
response function through [21]:

/ d' Ve xaR(@) — RA)t — 1)

2

= Zlq( - _q R(I) ,Z)Xd((bw)'w_qR(l) (5)
q

Putting together Egs. (2), (4), and (5), we obtain the equation
of motion:

m-R(@) = %/ddrn(r,t)é'(r,t)

)\'2|u|2

> " qImyy(q.q - R(»)
q

4 % / d/rj(r,1) x B(r,1), (6)

where the effective mass is given by:

)\2|M|2 q2 32
2n d dw

——Rexa(q.0)y—qrey (D

where d = system dimension. Notice that the second order
term R(#)(t — t')* only leads to a weak mass renormalization
that is proportional to the strength of disorder A%. For simplicity
we shall ignore this mass renormalization in the following and
shall use m = m to denote the mass of the fermions.

As Imy,(q,w) # 0 only at |w/qvr| < 1, the leading order
contributions to the imaginary part of the density-density
response function is given by:

w w 3
Imy,(q,w) ~ a1(g)— +az(q)<—> +--, B
quF quF

where even order terms are zero, «(g) and wy(g) are w-
independent parameters. In 2D, we obtain for noninteracting
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fermions [20]
1 q ? 4
5(@) + O((q/2kr) )],

5( ¢q 3 5
Z(%) + O((q/2kr) )],

/ A" Ve xaR(@) — RA)t — 1)

ai(g) = N(O)[l-i-

1
a(g) = N(O)[E +

and we obtain
)“2|u|2

n

_om s
= —?R(t) + ym R(R(2)*, )]

in the small w limit where 7 and y are related to «;(¢) and
ax(q) by

1 )"2 2

= Jul /dquqdoz1(q)00529,

T nkg
)\2 2

y =— '”3| /dquzq"az(q)COS“@- (10)
nky.

Therefore in the absence of external magnetic ﬁe}d, the
equation of motion for the charge current j(¢) = ngeR(¢) in
the weak field limit is:

mj(t) = noe’E(t) — ?j(r) + nge? / d?r [ng + Sn(r,t)]e(r,t)

L oo ol + & f drj(r.1) x b(r.1)
e @) -j v rj(r,r) x b(r,t),
(11)

where we have decomposed the particle density n(r,?) into
a constant part ny and a time-dependent part én(r,t). The
varying part can be determined by the continuity equation
d;6n + V - j = 0, or after Fourier transformation, —wén + q -
j = 0. Therefore, in the ¢ — 0, w # 0 limit we consider in this
paper, én(r,t) — 0. Similarly we can show using £, (ag,a) that
b — 0in this limit. In particular, Eq. (11) reproduces the usual
Drude conductivity if the nonlinear j* term and the internal
electric field e = —va‘lata — Vay are neglected.

II. THIRD ORDER NONLINEAR CURRENT RESPONSE

To solve the above equation we need to determine the
internal gauge field a. Assuming that the internal gauge fields
are in the weak-coupling phase where charges are not confined,
the internal gauge field a can be determined to leading order in
g by the Lagrangian equation of motion §L.sr/8a = 0, which
leads to the classical equation of motion (in the Coulomb gauge
and in the limit q — 0):

82
27 50+ 4b1—[<afa(r D) da(r,nl = gir,n. (12)

Equations (11) and (12) together determine the current
response under the time-dependent electric field E(z), which
contain nonlinear effects up to third order in E. To solve
the equations, we first Fourier transform Eq. (12) in the
limit ¢ — O,

—e(w) +4biio ) e(@)le(@,) - e(@,)] = gi®),
(Imn)

PHYSICAL REVIEW B 93, 245109 (2016)

where D0 = 2000, (@ — @ — @y — w,). Therefore
up to third order, the internal electric field e(w) is related
to the total current j(w) by

Z .](wl)[.](wm) .](wn)]

W] Wy Wy

e(w) =

(Imn)

where b = 4b; g>v3. Lastly, we insert this result into Eq. (11),
obtaining

m(—iw)j(w) = noe’E(w) + noe gszl(_w) - ﬂJ( )

(n() )2 (%) |: wlwmwn]

x j(@)(@m) - jwn)]. 13)

where b = n0e4b/ym
It is easy to see that up to third order in the external electric
field E the total current is given by:

j(w)=0“)(w)E(w)+)70“)(w)Z[1+ a }

W] Wy W
(Imn) | Wi Wy

x o D)o V(@)oo M (w,)E(w)E(wy) - E(w,)),
(14)

where 7 = ym?3/nje* and oV(w) is the linear conductivity
given by:
o V(@) = —220D_ (15)
 ~+ ifoo(w)
where op(w) is the ac Drude conductivity op(w) = o9/(1 —
iot) and B = gv?. We note that there is no distinction
between longitudinal and transverse currents in the limit
q — 0. The linear conductivity o"(w) is consistent with
the result obtained through Ioffe-Larkin composition rule in
the framework of U(1) gauge theory [16,18], which leads
to the power-law optical conductivity in the Mott gap. The
nonlinear terms are results of nonlinearity in the quasiparticle
scattering (Imy,) and the presence of £{V. In the small-o
limit, 0 V(w) ~ w/(ipB), and the nonlinear response reduces to
a simple form:
i) ~ —;—fo“kw) > E@)E(wy) - E(@,)). (16)

(Imn)
Therefore our theory predicts that in the low frequency
limit, there is a third-order correction to the current, i.e.,
(@) = 0o V(@E@) + Y 0w + on + on)E)
(Imn)
X (E(wn) - E(@y)), (r7)
with 0@ (w) proportional to oV(w). In particular, we do not

find any instabilities in our nonlinear equations, suggesting
that there is no nonlinear /-V relation in the spin liquid state.

III. NONLINEAR OPTICAL WAVE GENERATION

The nonlinear conductivity leads to another interesting
consequence when the optical response of the system is
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considered. We note that the spin liquid system can be treated
as a nonlinear medium, where the linear electric susceptibility
% and the third-order nonlinear electric susceptibility
are given by:

iop(w)

o + ifoo()’ (158)

xV(w;w,) =

ib
x(w; w0, 0,) = ?x“)(w)[l + —}
W Wy Wy,
x o V(oM (wn)oP(@,). (18b)

As shown in Ma and Ng [19], the complex linear sus-
ceptibility leads to surface plasmon modes propagating along
the interface between a linear medium and the spin liquids
in the linear response regime. Assuming a boundary along
the y direction at x = 0, the surface mode has a form
Es(r,t) = Aj(w)e’®mio" 4 c.c., where kK, = (ky,,k,0) is the
wave vector, and A(w) is the amplitude of the electric field.
The components of the wave vector k; are given by [22]:

2 [€))]
2 _ @ &8 (@) ’ (19a)
c? g9+ eW(w)
2 (D) 2
2 _ o 7)) (19b)

572 gy + e(w)

where gy is the dielectric constant of the linear medium
(the vacuum), and eV (w) = 1 + 4 xV(w) is the dielectric
function of the nonlinear medium (the spin liquids). We are
interested at surface modes where k is nearly real and ki
is nearly imaginary. It was shown in Ma and Ng [19] that a
sizable frequency range where this condition is met is found
in spin liquids (with large spinon Fermi surfaces) close to
metal-insulator transition.

The surface wave will induce a nonlinear electric polariza-
tion:

P3(30) = e3x P (Bw; 0,0,0) A3 (@)™ T3 (20)

where e3 is the direction of the polarization vector, and
ks; = 3Kk;. The nonlinear polarization P3(3w) acts as a source
term in the nonlinear wave equation

3 2
V XV x E,Go) — 2L D30) . E, (o)
c
47 (3w)? ,
_ dmCoy 2‘”) e3 P3(3w)e’* " (21a)
c
and generates radiation with frequency 3w [23,24]. The
solution of the nonlinear wave equation contains a particular

part with wave vector k3, and a homogeneous part with wave
2 .
vector k3 where k3 = (3%)8(1)(&0), ie.,

E,(3w) = Asp(3w)e™ ™ + AsyBw)e™ ™. (21b)

In the presence of boundary, the particular and homoge-
neous solutions are coupled. Solving the wave equations with
an incoming wave with frequency w at angle 6; upon the
boundary at x = 0 (see Fig. 1), we find that the particular
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FIG. 1. The surface modes (with frequency w) supported by the
linear complex susceptibility & (Here the Otto configuration has
been used to excite the surface modes: The three layers (1]2|3)
are prism, linear medium (e.g., the vacuum), and the spin liquids,
respectively.) will induce the waves with frequency 3w that can
propagate in the spin liquids. If the propagation angle 0; < /2,
it can be distinguished from other surface waves and is detectable.

solution can be chosen as [23,24]:

47 P;(3w) . ki (ks - €3)
£,30) — eDBw) \ i ’

2

where &;(3w) = Wki. Matching the phase factors at the
boundary leads to Snell’s law:

ks.y = kas., = 3k, 22)

A3p(Qw) =

and the amplitude of the homogenous part is found to be:

47 P3(3w) /€0 €0s 035 + +/&;(3w) cos b,
&;(3w) — eMBw) /g5 cos 3 + /eD(3w) cos b, ’

where 63, and 65 are the propagation directions of the particular
part and the homogenous part, respectively. 03, is related to 6;
and o through Snell’s law:

e sinf; = /eW(w) sin bs;. (23)

The particular part (with wave vector ks, =3k; =
(3k15,3k,0)) decays rapidly in the nonlinear medium as
ks is nearly pure imaginary when k is real. However the
homogeneous part decays rather slowly and can propagate
in the nonlinear medium [19]. The propagation direction of
the waves is given by

k3. 3k
tanf; = —= = . 24
k3 x \/(3%)28(1)(30)) — (3k)2

Aszg =

For 63 « m/2, the wave will propagate away from the
boundary and can be distinguished from the other surface
waves as shown schematically in Fig. 1.
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20

FIG. 2. Real and imaginary parts of the propagation angle 65 of
the waves with frequency 3w. We take T~! = 0.lw in the calculation
[19]. It clearly shows that in some frequency region, the angle is
nearly real 6; < /2. If we choose ¢(co) = 2.5, for incident wave
with frequency w = 0.4wp, the propagation angle is about 6; ~ 52°.

For the U(1) spin liquids, the linear dielectric function can
be written as [19],
o}

eD(w) = e(c0) — (25)

2 — 0l +iot’

where ¢(00) is the background dielectric constant, and a)ﬁ =

,Bw%, /4m with wp the plasma frequency. With Eq. (24), it is
straightforward to show that in the limit T — o0, 3 < /2 if

1 1 1
- —, (26)
eWBw)

eD(@) &

where we choose ¢P(3w) > 0. For nonzero t this condition
is satisfied in a narrower frequency region. The real and
imaginary parts of 63 is shown in Fig. 2 for t = 0.1w with
a background dielectric constant e(oo) = 2.5. We see that
there is a finite frequency range where Imé; is small and
Ref; < 7 /2. In particular, the propagation angle of the waves
in third harmonics generation with frequency 3w is 6 & 52°,
generated by an incident wave with frequency w = 0.4wp,
which also lies in the frequency range where the surface
plasmon mode exists.

Lastly we estimate the magnitude of the nonlinear effect.
We consider the nonlinear susceptibility

xPCw; w,0,0) = yX<”(3w)[1 + i|[a(1)(a))]
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In the typical frequency scale wp ~ 10'2s~! where the
surface plasmon emerges, the linear conductivity lies in the
scale oV(w) ~ Q7 'em™! [19], and the magnitude of the
linear susceptibility is of order xP(Bw) ~ oV Bw)/3w ~
107'° Q~'m~'s. From Eq. (10), we also find y ~ 1/(k%r) ~
171 /(2mer), where € ~ 10 meV is the Fermi energy. Choos-
ing T ~ 10725 and 0V(w)/op ~ 1 and 7 = ym*/nle* =
ye?t3/o;. The first term of the nonlinear susceptibility is thus
of order:

oD(w)

0o

xPBw) ~ ——xPGBw )[ } ~ 107" m*/VZ.
For the second term, g is a dimensionless coupling constant of
order unity [15], and a simple dimension analysis gives b; ~
1/gv2E?, where E, is a microscopic energy scale for charge
fluctuation. For system close to metal-insulator transition,
E.~ ep,and v, ~ vp ~ 10~*c. Thus, as a rough estimation,
the second term is of order

PR
xVGw) ~ blx V(@] ~ =5 [ V@)t ~ 1072 m? V2,

viey

which is smaller than the first term in the frequency scale
considered. We can see the magnitude of the nonlinear
susceptibility is comparable with the typical value x©® ~
1072 m?/V? [24]. Thus we expect the third harmonic gen-
eration process can be observed experimentally in the U(1)
spin liquids.

IV. CONCLUSION

Summarizing, we study in this paper the nonlinear response
of U(1) spin liquids under the perturbation of a time-dependent
but spatially uniform electric field within the framework of a
U(1) spin liquid theory. The third-order optical conductivity
o (w) is determined where we show that it has the same low
energy power-law structure as the linear optical conductivity
oD(w). We show that the nonlinear optical conductivity leads
to an interesting, observable phenomenon where the surface
modes with frequency @ supported by the complex linear
susceptibility generates through the third-order process an
EM wave with frequency 3w which can propagate inside the
nonlinear medium. This excited mode can be detected in an
Otto configuration.
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