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Ultrafast laser-driven dynamics in metal/magnetic-insulator interfaces
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The nearly free-electron metal next to a localized Mott-insulating state has been recently proposed as a way to
probe Kondo lattice physics and to gain insight into how the two extremes of localized and delocalized electron
states interact [V. Sunko et al., Sci. Adv. 6, eaaz0611 (2020)]. Although high harmonic generation has been used
extensively to investigate the gas phase, its extension to solids is relatively recent, and has not yet been applied
to interfaces. Here, we investigate the field-induced dielectric breakdown at the metal/Mott-insulator interface
using high harmonic generation, emitted when the interface is subjected to an ultrafast laser pulse. We show

that the intensity of high harmonic emission correlates closely with doublon production and the corresponding
loss of short-range antiferromagnetic order. For strong interlayer coupling, the harmonic intensity is defined by
a phase transition between states that do not exist in a pure Mott-insulator case. For weak interlayer coupling,
the threshold for dielectric breakdown is considerably lowered due to the presence of a metallic layer. This
suggests that interlayer coupling can be used as an additional knob to control magnetic-insulator breakdown,
with implications for using Mott insulators as memristors in neuromorphic circuits.
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I. INTRODUCTION

The creation and efficient control of material interfaces has
always been pivotal in the development of new technology.
From the basic transistor to the ongoing pursuit of ultrafast
optical control of magnetic states in spin electronic devices
[1-3], the interaction between materials of different elec-
tronic properties at the interface consistently introduces novel
and useful physics. Of particular importance is the interface
between a correlated insulator and metal, which provides a
setting for the interaction between the localized and delocal-
ized extremes of electron motion in a solid. Metal-insulator
(M) interfaces have seen applications in several systems such
as in the development of memristor technology [4], control of
magnetic properties through spin pumping across the interface
[5], and others. As such, it is of great importance to develop
both a theoretical understanding and an experimental probe
for the charge dynamics in such systems.

Parallel to these developments has been the discovery and
application of high harmonic generation (HHG). This phe-
nomenon was first reported in atomic gases [6], where the
optical response of the gas produced frequencies many multi-
ples greater than that of the input light, and was subsequently
utilized in the development of attosecond science [7,8]. More
recently, HHG has been observed in semiconductors [9—-11]
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and nanostructures [12,13], accompanied by the theoretical
development of the mechanism for HHG in solids [14,15].
Currently, there is mounting interest in the production of HHG
and the accompanying ultrafast charge dynamics in strongly
correlated materials [16—19], for which the single-particle
picture breaks down. The applications of this effect are nu-
merous, ranging from quantum control [20,21] to single atom
computing [22]. Of particular relevance to this present work is
the use of HHG as a spectroscopic probe for not only different
phases in a solid [23], but also material characterization and
identification [24].

In this paper, we combine these avenues of investiga-
tion, and study an optically driven metal/magnetic-insulator
interface. We find that the presence of the interface has a
significant impact on both the optical response and internal
spin dynamics of the system, where a critical strength of
interlayer coupling demarcates different dynamical phases
with distinct response profiles. Additionally, we find that the
peak optical emission of this system is well correlated with
doublon density, indicating that the optical response can be
used to infer critical information on the state of the system.
The behavior of such driven interfaces suggests a number
of potential applications, including high-precision metrology
and logic components.

We wish to understand the characteristics of both the
strong-field optical response and internal dynamics of a
metal/Mott-insulator interface, and how this might differ
from a pure Mott insulator investigated previously in a sin-
gle Hubbard leg with half filling [17,20,25]. For the pure
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FIG. 1. (a) Model system with hopping parameters #, and g,
and Hubbard repulsion U. Leg A models the correlated insulator
layer and leg B models the metallic layer. (b) Vector potential A(z),
in atomic units, with duration N = 10 periods, carrier frequency
wo/ty = 0.262, and peak field strength Fy, = 0.769%,/a, where a is
the lattice constant. The duration of the pulse, ¢/, is 300 fs.

Mott-insulator case, dielectric breakdown, accompanied by
high harmonic emission and the loss of short-range antiferro-
magnetic ordering, is observed when the driving field strength
exceeds a critical value given by [17,20,25],
A

28’

where A is the Mott gap [26], and & is the doublon-hole
correlation length [25].

We find that the presence of weak coupling across layers
facilitates doublon-hole pair production, owing to a lower
threshold value of F. From Eq. (1), this can be explained by
adecrease of A or an increase in €. In fact, we expect some de-
crease of A, since coupling to a metal will lead to an increase
in kinetic energy of the system, while keeping the Hubbard
interaction constant [27]. Nevertheless, we find that in the
small interlayer coupling regime, it is the large increase in
correlation length & that is primarily responsible for lowering
the threshold value of F.;. We explain this large increase by
considering the metal’s role in enhancing charge fluctuations
in the magnetic insulator. Our conclusions are supported by
density matrix renormalization group (DMRG) calculations,
which indeed show a dramatic increase of & for small values
of the interlayer coupling. On the other hand, in the presence
of strong interlayer coupling, we find that an increase in the
coupling leads to an increase in the effective band gap A [see
Eq. (1)], leading to an increase in the threshold value Fg;
needed to create doublon-hole pairs.
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II. MODEL AND RELEVANT OBSERVABLES

We employ the asymmetric two-leg ladder depicted in
Fig. 1 as a model for a metal-insulator interface. The static
model has been used in [28] to study the Kondo lattice physics
of PdCrO,, a magnetic oxide metal with a layered structure
of alternating metallic and Mott-insulating layers. This model
consists of an insulating layer labeled as A with on-site in-
teractions, which is coupled to the free leg B which models
the metallic layer across the interface. The kinetic term on
each leg is parametrized by the intrachain hopping parameter
to = 0.52 eV, while the coupling strength between the chains
is given by the tunable hopping g. The value of 7y is chosen
in line with Refs. [17,25]. The on-site repulsion on the A leg
is parametrized by a tunable U, and provides the simplest
introduction of repulsive interactions between the electrons.

The single-leg Hubbard chain has been used previously to
investigate HHG in strongly correlated systems [17-20].

A prior theoretical study of the undriven system shown
in the left panel of Fig. 1 found rich behavior with differ-
ent states that depend on the values of on-site repulsion and
the two hopping parameters. In particular, in addition to the
Luttinger liquid phase present in a single Mott-insulator chain,
prior work [29,30] found a Kondo-Mott insulator, a spin-
gapped Mott insulator, and correlated band insulator states,
with successive onset corresponding to increasing values of
the interlayer coupling parameter g, respectively. Focusing in
particular on low and high values of g, we find a qualita-
tively different relationship between the on-site interaction U
and the strength of high harmonic emission, suggesting that
HHG can be used as a phase-sensitive spectroscopic probe
of correlated electron dynamics at interfaces. Moreover, we
demonstrate a clear correlation between the intensity of the
nonlinear optical response, doublon production, and the loss
of short-range antiferromagnetic order that accompanies the
breakdown of the Mott insulator.

In our model, we introduce a dipolar coupling to an electric
field driving both the metal and insulator parallel to the leg
direction. The Hamiltonian describing this system is

Ly
H@) =—1 Z Z e_’d’(’)cia‘ocrﬂqa,a +H.c.

o,0 r=1

Ly
— gZ Z CZA’UC,,,B’J —+ H.C.
=1

a I

L
il 1 1
+U Z (nr,A,T - 5) <nr,A,¢ - §>, 2)
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where ¢, o (c:a) is the annihilation (creation) operator on site
r, respectively, n,, = ciacm is the local density operator,
o = {A, B} sums over the Hubbard leg A and free leg B, re-
spectively, while ¢ = {1, |} sums over the electron spins. The
dipolar coupling to a short strong-field pulse is incorporated
via the Peierls substitution t, — foe @), with ¢(t) = aA(?).
Here,a =4 A, again consistent with Refs. [17,25], and A(¢) is
the driving field vector potential given by a transform limited
field described by

A(r) = fo sin® (w—ot> sin (wot) 3)

[Oh) 2N 0
Here, the parameters for hopping and the lattice constant
mimic that of a Mott insulator for Sr,CuO;3 [25]. Unless
otherwise stated, the amplitude and frequency parameters are
set as Fyp = 10 MV/cm with frequency wy = 32.9 THz [17].
The choice of laser parameters puts us comfortably in the
strong-field tunneling regime corresponding to the Keldysh
parameter y = fiwy/EFy < 1, where £ is the doublon-hole
correlation length [31].

Simulations for the quantities presented in this paper are
performed via exact diagonalization in QUSPIN [32], fixed at
half filling (i.e., Zmﬂ nq.c = 2L,) and periodic boundaries
in the leg direction, with L, = 5. The initial ground state is
calculated as the lowest-energy eigenstate of the Hamilto-
nian [Eq. (2)] and evolved to obtain the time-dependent state
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FIG. 2. Color plots showing the response of the Hubbard leg: (a) the change in doublon density §D [Eq. (6)], (b) the maximum of the
spectral response max,,[S(w)] on a log scale, and (c) the change in nearest-neighbor spin-spin correlations 8, all as functions of U /#, and g/t.
The green line separates the spin-gapped Mott insulator from the correlated band insulator phases.

W, (). The quantities D(¢), n(t), and J(¢) (defined below) are
then obtained as the expectation values of the corresponding
operators in the time-evolved state Wy (f), summed over the
lattice sites.

The optical response of this system (via the Larmor for-
mula) will be proportional to %, where J(t) = (J(¢)) is the
current expectation. The current operator is itself defined via
a continuity equation, and the contribution from each leg is

LX

Ju(t) = —iaty Y " Y " e ¢}, Crirao —He, (4

o r=I1

such that J = J, + Jp. The spectral response of the current,
corresponding to the intensity of high harmonic generation
(HHG), is given by S(w) = F [%], where F is the Fourier
transform operator.

Importantly, the emission of high harmonics is accom-
panied by the breakdown of short-range antiferromagnetic
ordering in the Mott chain, resulting in doublon-hole pair pro-
duction, as shown in Fig. 2. The magnitude of this breakdown
is reflected in the average doublon density given by [25]

Ly

1
Do) = 7= D (Ve Oltraitira [ Wes @) (5)

* =1

Hence when the critical field amplitude of the driving laser
field is exceeded, we expect to see an increase in this density
over the course of the evolution. Defining §D as a measure of
this change,

1 Z Dy (1) — Dy(0)

8D = -
D, (0)

5 ; (6)

we expect 6D > 0 when Fy > F.y, where Fy is the min-
imum amplitude of the laser field required to observe high
harmonics [17].

A closely related quantity is the nearest-neighbor spin-spin
correlation

LX

1
M) = D (W OIS SrialYes ), (D)

X
r=1

which initially would be negative because of the antiferromag-
netic nature of the unperturbed Hubbard chain, and would

increase with time as doublon-hole pairs are produced and
short-range antiferromagnetic ordering breaks down. We can
define 67 similarly to Eq. (6). As Fig. 2 shows, there is a close
correlation between all three of the above defined quantities,
S(w), 6D, and 67).

III. RESULTS AND DISCUSSION

For an uncoupled Hubbard chain, corresponding to g = 0,
a broad white-light-like spectrum is produced where the peak
of the spectrum shifts to higher harmonics N according to
N ~ a% [17]. This uncoupled case is shown in the left panels
of Fig. 3. Here, we see the expected combination of the free
leg’s well-defined peaks at odd harmonics together with the
broader spectrum of the Hubbard leg. Introducing a small in-
teraction g = 0.2f, for Fig. 3 (right panels) significantly alters
the overall spectral response. This is particularly apparent at
lower harmonic orders, where harmonic intensity becomes
comparable for all plotted values of U/fy. Note that the har-
monic intensity is plotted on a log scale, showing an orders
of magnitude increase in harmonic intensity for the highest U
case (corresponding to U/ty = 8). The increase in harmonic
intensity due to the interface coupling term is also reflected in
the doublon production (compare green curves in the left and
right panels of Fig. 3). Overall, it is clear that the presence
of the interface lowers the threshold for doublon production
and the corresponding breakdown of the Mott insulator. This
is also clear from the top panel of Fig. 4, where increasing
values of interfacial coupling g lead to an overall increase in
doublon production, as well as a shift to larger values of U
where this production and the corresponding HHG intensity is
maximized. This dramatic enhancement in optical response
due to the presence of a metallic layer can be interrogated
by considering how the correlation length £ is modified by
the introduction of the interlayer coupling g. In particular,
longer & will lower the critical driving amplitude for dielectric
breakdown, per Eq. (1). To calculate &, we performed DMRG
calculations on the 2 x 64 ladder with the open boundary
conditions. We kept the 4096 SU(2) multiplets, discarding
weights smaller than 10<=7. These calculations show that
the correlation length increases substantially with interfacial
coupling g [see Supplemental Material (SM) [33] for a graph
of results]. This can be understood via Fig. 5, as the interface
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FIG. 3. (a), (c) D(t) and S(w) for uncoupled chain g/fy = 0. (b), (d) D4(t) and Ss(w) showing the response of the Hubbard leg for finite
coupling g/ty = 0.2. Note how U /f, = 8 shows the breakdown for g/7, = 0.2 in contrast to the uncoupled case, as indicated by an increase in
D(t). This response can be experimentally measured as a significant increase in the low-order HHG spectrum (bottom panels). The red HHG

plot is the response for the U /fy = 0 case, used for reference.

provides another mechanism for the creation of doublon-hole
pairs. In the single chain a pair with separation ka would
requite k& hoppings with amplitude 7y, with a rate of doublon
production I ~ (#y/U Y inthe U > to limit [25]. On the other
hand, the creation of a doublon-hole pair in the coupled metal-
insulator system can in principle be achieved with just two
g hoppings. This explains why the presence of the interface
dramatically increases the correlation length, as observed in
our DMRG simulations.

The above analysis is fully compatible with the results
shown in the upper panel of Fig. 4, where increasing g from
zero leads to a dramatic increase in doublon production, going
to substantially higher values of U. This is accompanied by
an increase in correlation length &, and hence a reduction
in the critical field amplitude F.; [see Eq. (1)]. Note the
contrast to the uncoupled insulator, where the chosen field
amplitude Fj is only sufficient to cause dielectric breakdown
up to U ~ 6.81.

A dramatically different response occurs at high values
of g, corresponding to the region around the correlated band

insulator and the spin-gapped Mott-insulator phases [29,30].
In particular, the transition between these two phases occurs
at a critical value of g, given by g = 2fp in the limiting case
of U = 0 and going to higher g values with increasing U
(see Fig. 1 of Ref. [30]). A striking response, which corre-
sponds to a transition from the correlated band insulator to the
spin-gapped Mott-insulator phase with an increasing value of
U, is shown in the lower panel of Fig. 4. In particular, for a
given value of g, there is a minimum value of U above which
doublon production takes place. For instance, for g/t) = 2.5,
this minimum value is given by Unin/fo =~ 20, as can be seen
in the lower panel of Fig. 4.

This is of course the opposite of the small g case, shown
in the upper panel of Fig. 4, where for any g value, there is a
response for small U, which disappears as U increases above
a certain threshold U, where the value of U, increases
with g. Hence for values of g/fy corresponding to 0, 0.5, and
1, Uit /1o corresponds to roughly 5, 10, and 15, respectively.
Note that Fig. 4 includes the response from both legs, while
Fig. 2 includes only the Hubbard leg. In the metal, the initial
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FIG. 4. Change in doublon density over the course of the system
evolution. For small g, doublon production occurs at much larger
values of U compared to the uncoupled case. When g > g, the
doublon behavior changes dramatically, and there is a minimum U
required for doublon production.

doublon density is higher, and there is little change in doublon
density during the laser excitation process in the metal leg.

To understand the loss of spectral response to the driv-
ing laser field above g, let us turn to the easily solvable
U = 0 metallic limit. In this limiting scenario it is possible to
understand the sudden change in response analytically. In this
case the spin index is superfluous and can be suppressed,
while the Hamiltonian can be diagonalized. One would then
obtain a two-band Bloch Hamiltonian with band energies
given by

e (k) = —2tg cos[ka — ¢(1)] + g. ®)

From this perspective it is clear that g./fo = 2 corresponds
to the point at which a gap opens between the two bands in
the noninteracting electron limit. It is also worth noting that
gapping the system kills off the response completely in this
U = 0 band limit, regardless of the strength of the light pulse.
This is because the k dependence in the Bloch Hamiltonian
appears solely in the identity matrix term, meaning that the
coupling of the light through k — k — eA becomes trivial.
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FIG. 5. (a) In the uncoupled chain, we rely on many #, hoppings
to create a pair of size £. (b) In the coupled system, a doublon-hole
pair of arbitrary size can be created by just two hoppings g.

In particular, the dynamical equation for the density matrix
ip = [H, p] is unaffected by the introduction of the pulse.

As U increases from zero, the value of g marking the
transition from the spin-gapped Mott insulator to the cor-
related band insulator increases as well, consistent with the
lower panel of Fig. 4 [29,30].

In the dimer limit, corresponding to g > fy, the gap is
described by (see SM [34] for details)

A2V (2P + U/ — Vg + U] — 4. (9)

For large U, this gap can be approximated by A ~ 12¢%/U —
41y, explaining the g o< ~/U dependence plotted as a green line
in all panels of Fig. 2, and predicting a paradoxical effect that
it is possible to lower the gap by increasing U. Note that this
green line marks a transition between the spin-gapped Mott-
insulator and correlated band insulator phases, demonstrating
that high harmonic emission can be used as an experimental
probe of phase transitions in correlated materials.

IV. CONCLUSION

In conclusion, we show that the presence of a metallic
layer coupled to a magnetic-insulator interface, modeled by
the Hubbard chain, considerably alters the nonlinear corre-
lated electron response driven by the ultrafast laser field. The
change in the underlying dynamics as the interfacial coupling
g increases is explained by an increased doublon-hole corre-
lation length in the weak-coupling regime, and an increased
Mott gap in the strong-coupling regime. In the former case,
the threshold electric field required to achieve dielectric break-
down is lowered, while in the latter case, strong coupling
prevents doublon-hole pair production by pushing the sys-
tem into the correlated band insulator phase. We furthermore
show that the U and g-dependent phase transition from the
correlated band insulator to the spin-gapped Mott insulator is
accompanied by a broad plateau spectrum of high harmon-
ics, which easily distinguishes the magnetic-insulator layer
response from the well-defined lower cutoff harmonic peaks
coming from the metallic layer. Across all parameters, the
doublon density correlates with nonlinear optical response,
suggesting that harmonic emission can be used as a direct
probe of internal spin dynamics in interfacial systems, which
themselves display a much richer range of driven behaviors
than a pure Mott insulator.
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The existence of a critical interlayer coupling g which com-
pletely eliminates the optical response may seem surprising
given that it appears to be insensitive to both the amplitude
and frequency of the driving. This binary behavior has natural
appeal as a physical substrate for logic gates, and it is possible
to envisage an “optical transistor” controlled via interlayer
distance, which will determine g. For weak interlayer cou-
pling, the dependence of the Mott-insulator breakdown on
the tunable value of g suggests applications to neuromorphic
circuits, where the Mott insulator has been proposed as a
memristor [4,34]. In particular, lowering the response thresh-
old of a circuit by increasing interlayer coupling g could be
used to model long-term potentiation, which is a physiological
mechanism that underlies learning.

Finally, highly tunable cold atom systems in optical lattices
may be used to realize different experimental regimes investi-
gated in this work, including the high g regime. In particular,
the two-leg model can be simulated by cold atoms, with the
legs of the ladder corresponding to two internal states that
can be coupled by a Raman transition. The laser can then
be simulated by lattice shaking. Alternatively, high interlayer

coupling relative to hopping can be realized in solid hydrogen
with U = 0 in both legs. In this case, the g bond is a covalent
intramolecular bond, while the #) bond corresponds to the
weaker intermolecular bond.
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