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High harmonic generation (HHG) is a typical high-order nonlinear optical phenomenon and can be used
to probe electronic structures of solids. Here, we investigate the temperature dependence of HHG from
Pry6Cap4MnO; in the range of 7-294 K, including the charge ordering (CO) transition and magnetic transition
temperatures. The high harmonic (HH) intensity remains almost constant in the high-temperature charge-
disordered phase. However, as the temperature is lowered, it starts to increase near the CO transition temperature
where an optical gap related to the CO appears. The anomalous gap energy dependence resembles the one
recently reported in a Mott insulator. We attribute the suppression of the HH intensity at high temperatures to
the destructive interference among HH emissions from thermally activated multiple charge configurations. Our
results suggest that HHG is a promising tool for probing the fluctuation of local order in strongly correlated

systems.
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High-order harmonic generation (HHG) is typical of non-
perturbative nonlinear optical phenomena where the energy
scale of the light-matter interaction reaches the typical en-
ergy scale of the material. An early report of HHG in a
nonperturbative regime was in a gas material [1]. After the
nonperturbative HHG in a bulk solid was reported by Ghimire
et al. [2], this extreme nonlinear phenomenon has attracted
attention from not only researchers in atomic and molecular
physics but also those in condensed matter physics.

The origin of HHG is attributed to sublaser-cycle carrier
dynamics driven by the electric field of the laser. In crystalline
solids, the high harmonics (HHs) originate from the motion
of Bloch electrons in a periodic potential, meaning that HHG
measurements allow us to probe the properties of the material
[2-9]. For example, the momentum-dependent band gap of
ZnO along the I'-M direction was reconstructed by using HHs
from a two-color laser pulse [5].

The HHG process in typical semiconductors can be intu-
itively understood by a semiclassical three-step model like
that in atomic gasses [10], consisting of Zener tunneling,
acceleration, and recombination of Bloch electrons [11-13].
However, this simple picture does not necessarily hold in
strongly correlated systems (SCSs) because the strong cou-
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pling of charge with multiple degrees of freedom modifies the
charge dynamics driven by the laser field, which emits HHs.
Although authors of many theoretical studies have predicted
unique aspects of HHG in SCSs [14-21], only a few experi-
ments have been performed [22-24].

A recent HHG measurement of a Mott insulator Ca;RuQOy4
has demonstrated that HHG in SCSs offers unique nonlinear
optical phenomena peculiar to SCSs and has the potential to
probe many-body states in SCSs [24]. In the measurement,
the intensity of the harmonics increased as the gap energy
increased with decreasing temperature. This is contrary to
what one would intuitively expect from the three-step model,
where the tunneling probability should be smaller as the gap
energy increases. This unusual gap energy dependence was
qualitatively reproduced in the simulation of a single-band
Hubbard model at finite temperatures [21]. The authors of
Ref. [21] proposed a scenario that the temperature-dependent
spin background affects the charge dynamics through spin-
charge coupling as follows: In the ground state, the spins are
arranged antiferromagnetically (AFM). That is, if one site has
an electron with spin up, the next neighboring site should have
an electron with spin down at the ground state. As the tem-
perature of the system gets higher, more spin configurations
different from the AFM ordered ground state are thermally
activated. Considering that there is spin-charge coupling, the
emitted light resulting from the charge motion would have
different phases for different spin configurations. Therefore,
the destructive interference of HH emissions from thermally
disturbed multiple spin configurations may suppress the HH
intensity at finite temperatures.

The above scenario is not restricted to the materials with
spin-charge coupling but could apply more generally to
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FIG. 1. Several ordered phases in Pr;_,Ca,MnOs. (a) Magnetic and electronic phase diagram as a function of doping level x. PM, C, and
FM denote the paramagnetic, spin-canted, and ferromagnetic phases, respectively. For 0.3 < x < 0.5, the antiferromagnetic (AFM) insulating
phase exists in the charge-orbital ordered (CO/OO) phase. The canted-AFM (CAF) phase also appears for 0.3 < x < 0.4 (from Ref. [30]).
(b) Schematic pictures of charge and orbital arrangements in the charge disordered (above Tro) and charge ordered (below To) states in
Prj sCay4sMnOj;. Below T¢o, checkerboard charge ordering appears accompanied by the e,-orbital ordering within the orthorhombic ab plane,
as shown in fig. 3 in Ref. [25] (arrangements of spins are omitted). (c) Temperature dependence of the gap energy previously reported (reprinted

with permission from Ref. [33]).

materials where other degrees of freedom are coupled to
charge dynamics. A material with a charge-ordered phase is an
attractive candidate to verify the universality of the scenario.
In its charge-ordered ground state, charges are periodically
localized in space. As in the case of the AFM phase, the charge
configuration is thermally disturbed and deviates from the
ground state at finite temperatures. If the charge ordering (CO)
is strongly coupled with the charge dynamics, this system
may exhibit HHG properties like those reported for the Mott
insulator [21].

In this letter, we report on the temperature-dependent prop-
erties of HHG in manganese oxide with several electronic
phases including the charge-ordered phase. Our purpose is to
clarify the effect of the couplings of the charge dynamics with
the multiple degrees of freedom on HHG.

Pr;_,Ca,MnOj; is a prototypical system that exhibits CO.
It has an orthorhombically distorted perovskite structure
composed of transition metal ions surrounded by oxygen oc-
tahedra around Mn ions. At room temperature, the crystal
structure is slightly distorted and is almost like a cubic (a ~
bxc/ «/E), so it is also called pseudocubic. It exhibits various
magnetic and electronic phases depending on the valance of
the transition metal ions, temperature, and the presence of
external magnetic or electric fields [25-29]. Figure 1(a) shows
the magnetic and electronic phase diagram of Pr;_,Ca,MnO;
(x = 0-0.5) as a function of x [30]. These phases result from
the couplings between spin, orbital, and charge degrees of
freedom [31,32].

We chose the hole-doping level of x = 0.4 to investigate
the effect of the electronic phase on the properties of HHG. As
indicated by the black arrow in the phase diagram [Fig. 1(a)],
PrpCap4MnOs is a charge-disordered paramagnetic insula-
tor (PI) at room temperature and undergoes three successive
phase transitions at Tco, Ty, and T¢ to phases that are called
CO, AFM, and canted-AFM (CAF), respectively [30]. The
checkerboard CO pattern in the ab plane (in the orthorhombic
Pbnm setting) below the CO transition temperature Tco ~
240 K is illustrated schematically in Fig. 1(b). The transi-
tion metal cations with different valency Mn** and Mn*+
are placed alternately in the orthorhombic ab plane. The CO
accompanies orbital ordering (OO) where Mn e, orbitals align
within the orthorhombic ab plane, as shown in the right side of

Fig. 1(b). Thus, this phase is denoted as the CO/OO (charge-
orbital ordered) phase in Fig. 1(a). In the following, we call
this phase the CO phase. Pry¢Cag4MnO3 exhibits an optical
gap 2A(T) below Tco, and it increases with lowering temper-
ature, as shown in Fig. 1(c) [33]. The origin of the gap opening
is the intersite Coulomb repulsion between neighboring Mn
ion sites, leading to CO formation [34].

The HHG measurements were performed with midinfrared
(MIR) pulses with a photon energy fw,y of 0.26 eV, repeti-
tion rate of 1 kHz, pulse duration of 100 fs, and intensity
of 0.3 TW /cm? at the sample surface. Figure 2(a) shows the
schematic configuration of the experimental setup in reflection
geometry (details are shown in Fig. S1 in the Supplemental
Material [35]). The power of the MIR light was controlled by
a pair of wire-grid (WG) polarizers. The polarization direction
of the MIR light was controlled by a combination of a liquid
crystal retarder (LCR) as a quarter-wave plate and a WG
polarizer. The MIR light was focused on the sample using
a reflective objective lens with the 20° angle of incidence.
Indium tin oxide (ITO)-coated glass was placed as a mirror
that reflects the MIR light and transmits visible light.

The PrysCap4MnOj; bulk crystal was mounted in a cryo-
stat, whose temperature was controlled from 7 to 294 K with
an accuracy of ~1 K. This allowed us to compare the HHG
properties in several electronic and magnetic phases which
include PM, CO, AFM, and CAF. From the reflectance mea-
surement of the MIR light, we confirmed that the temperature
dependence of the Fresnel losses of the incident light is neg-
ligible (<20%) for our discussion on temperature-dependent
HHG (for more information on the reflectance measurement,
see Sec. S2 in the Supplemental Material [35], including
Ref. [36]).

Figure 2(b) is an optical image of the sample surface. Two
pseudocubic axes pc; and pc, corresponding to Mn-O bonds
are in the surface plane. One of the pseudocubic axes pc; is
parallel to the ¢ axis, and the other one pc; is perpendicular
to the ¢ axis (see Sec. S3 in the Supplemental Material [35],
including Ref. [36]). The crystal was grown using the floating
zone (FZ) method. The surface roughness was reduced to <
1 um by polishing and buffing.

Figure 2(c) shows the HH spectra measured at two tem-
peratures, at 294 K above Tgo (black dashed line) and at
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FIG. 2. High harmonic generation (HHG) in Prj ¢Cay4MnOs. (a) Schematic configuration of the HHG measurement in reflection geometry.
WG and LCR denote wire-grid polarizer and liquid crystal retarder, respectively. (b) Optical image of Pry¢Ca4MnO; bulk sample. (c) High
harmonic (HH) spectra were obtained at 7 K (blue solid line) and 294 K (black dashed line) with the midinfrared (MIR) light linearly polarized
along the pc, axis. The MIR photon energy (0.26 eV) indicated by the blue solid line is a little higher than the gap energy at the ground state
(0.18 eV) shown by the green dashed line. (d) Polar plots of the third harmonic intensity as a function of the polarization angle 6 of the MIR
excitation light. It takes local maximum values when the MIR polarization is in the direction of the Mn-O bonds (8 = 0°, 90°, 180°, and 270°).

7 K below T¢ (blue solid line), with the MIR intensity of
0.3TW/cm? and polarization along the pc; axis. The emis-
sions of the third and fifth harmonics were observed at 294 K
and the seventh harmonics at 7 K. Even-order harmonics were
not observed at all temperatures, although inversion symmetry
is broken below T¢o. This missing may be due to the mi-
crotwin structure of the sample. As for symmetry analysis of
HHG, see Sec. S4 in the Supplemental Material [35], includ-
ing Refs. [37-39]. The HH intensity result indicates that phase
transition causes a drastic change in the HHG properties.

Figure 2(d) shows polar plots of the third harmonic inten-
sity as a function of the MIR polarization angle at 294 K
above Tco (the black plots in the center) and at 7 K below
Tc (the blue plots). The polarization angle 6 of the MIR
light was rotated with respect to the pc; axis (6 = 0 indi-
cates linearly polarized MIR light along pc;). At 294 K, the
HH emission is larger along the two pseudocubic directions,
exhibiting almost fourfold symmetry reflecting pseudocubic
lattice structure. The monotonic increase of the HH emission
with lowering temperature is the same along both axes, but the
rate of change is different. At 7 K, the HH emission is much
more enhanced along pc; than along pc,, exhibiting twofold
symmetry reflecting structural transition from pseudocubic to
a lower symmetry (pseudo-orthorhombic) phase below Tco
(more information on the orientation dependence of the third
harmonic intensity is in Sec. S5 in the Supplemental Material
[35]). In the following, we will focus on the HHG results
with linearly polarized MIR light excitation along the pc
axis (8 = 0°). Along the pc, axis, the temperature-dependent
gap energy is always relatively smaller than the MIR photon
energy (0.26 eV) at any temperature [see Fig. 1(c)].

Figure 3 shows the MIR intensity dependence of the HHG
yields. In all other experiments, we set the MIR intensity to
0.3 TW/cmz, where the electric field strength is 10 MV/cm
(in air). It is sufficiently strong to induce the large amplitude
of charge motion and enable the HHG to enter the nonper-
turbative regime. The third and fifth harmonic intensities are
approximately proportional to I{};, with m = 1.9 (third) and

m = 2.7 (fifth), respectively. These values are deviated from
that in a perturbative regime (m = n for nth harmonics), in-
dicating the direct evidence for a nonperturbative regime (for
more details, see Sec. S6 in the Supplemental Material [35],
including Refs. [2,3,40,41]).

To further investigate the relationship between HH intensi-
ties and material phases, we measured detailed temperature
dependences, as shown in Figs. 4(a) and 4(b). The HH
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FIG. 3. Midinfrared (MIR) intensity dependence of the high har-
monic (HH) intensity above and below Tco (295 and 77 K). The third
(left panel) and fifth (right panel) harmonic intensities are plotted as
a function of MIR intensity. The harmonic intensities are normalized
by the values at the highest MIR intensity. The open markers are
measured at 295 K, and the solid markers are measured at 77 K.
The top axes of each panel are the ratio of Bloch energy Egjocn
to the photon energy of the incident light Ziwy. See Sec. S6 in the
Supplemental Material [35], including Refs. [2,3,40,41], for their
definitions and further discussion.
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FIG. 4. Enhancement of high harmonic generation (HHG) below
Tco under midinfrared (MIR) with the polarization angle 6 = 0°.
The temperature-dependent intensities of the (a) third and (b) fifth
harmonics normalized at 294 K. The dashed lines at 240 and 180 K
indicate the charge-orbital ordering transition temperature (7¢o) and
Néel temperature (7y), respectively. Error bars are estimated by
considering the fluctuations of the power of the MIR excitation light
during the measurement.

intensity remains at almost the same value in the PI phase
above Tco. On the other hand, it starts to increase as the
temperature is lowered below T¢o. No noticeable change takes
place around the magnetic phase transition temperatures 7y or
Tc. Therefore, we conclude that the CO, rather than the mag-
netic ordering, strongly influences HHG in Prj ¢Cap 4MnOs.

The gap energy 2A for E_Lc (6 = 90°) could be a good
indicator of charge order. As plotted by filled squares in
Fig. 1(c), it decreases monotonically with increasing temper-
ature and is not affected by AFM spin ordering at 7y [33].
This temperature dependence of 2A(T) reflects that thermal
activation of charge configurations different from the ground
state suppresses the CO with increasing temperature.

To reveal the relationship between the HH emission pro-
cess and charge order, we plot the HH intensity (third
harmonics: filled circles; fifth harmonics: open squares) as
a function of the gap energy, as shown in Fig. 5(a) us-
ing temperature dependences of the HH intensity and the
gap energy [33]. We found that the HH intensity increases
almost exponentially as the gap energy increases. We per-
formed the fitting of the nth-order harmonic intensity with
I,(A) = 1,(0) exp(a, A) using an exponent of ¢, as the fitting
parameter [dashed lines in Fig. 5(a)]. The larger value of
as = 12.3 eV~! than a3 = 5.46 eV~! indicates the stronger
correlation between higher nonlinear optical response and the
CO. The relationship between HH intensity and the gap en-
ergy resembles those found in a previous experimental study
on the Mott insulator Ca,RuQ, [24] and theoretical study in
half-filled Mott-Hubbard model [21], in which the exponent
is larger for higher harmonics.

The important difference between the previous theoretical
study (Ref. [21]) and this letter is whether the mechanism
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FIG. 5. (a) Gap energy dependence of the high harmonic (HH)
intensity below To. The intensities of the third (closed circle) and
fifth (open square) harmonics are normalized at 294 K. Here, a3 and
as are fitting parameters for each line. (b) Snapshots of charge con-
figuration within the orthorhombic ab plane with small gap energy
(left side) to large gap energy (right side).

of the gap opening depends on the spin ordering or not. In
Pry6Cap4MnO;3, it is reasonable to suppose that thermally
disturbed charge configurations [see Fig. 5(b)] play a role like
thermally disturbed AFM spin configurations in a Mott insula-
tor. Our results imply that the scenario proposed by Murakami
et al. [21] applies not only to spin systems but also to systems
with CO which is unrelated to spin ordering. That is, the
temperature-dependent charge order and its fluctuation affects
the charge dynamics as follows: As the temperature of the
system becomes higher in the CO phase, more configurations
different from the charge ordered state are thermally activated,
where the CO region is shrunk, as shown in the left panel of
Fig. 5(b). In this material, there exists a strong coupling be-
tween the local charge configuration and an itinerant electron.
Consequently, each of the charge configurations can modulate
the motion of the charge driven by an electric field, differently.
Then the emitted light resulting from the charge motion would
have different phases for different configurations. Thus, the
destructive interference of HH emissions from thermally dis-
turbed multiple charge configurations may suppress the HH
intensity at finite temperatures. Finally, above T, where CO
disappears and any charge configurations are allowed, HH
intensity becomes independent of temperature observed in our
experiment.

Such a sensitivity of HHG to the fluctuation of local order
in SCSs is no surprise. Authors of a recent study have suc-
ceeded in the reconstruction of the valence band and electron
density with a spatial resolution of the order of several tens
of picometers, using HHs [9]. Authors of another theoretical
study showed that the disorder of the atomic arrangement sup-
presses the HH intensity in solids [42]. These studies indicate
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that HHG is sensitive to the local structure with atomic-scale
resolution. Our claim is consistent with these previous studies:
HHG can be a probing tool for the fluctuation of local order
in SCSs. Further comprehensive experimental and theoretical
studies may lead to a deeper understanding of the physics
behind the observed results, including the microscopic mech-
anism.

In summary, we performed HHG measurements in
Pro6Cap4sMnO; over a wide range of temperatures. We
found that the charge disordering to CO transition drastically
changes the properties of HHG. Below T¢o, we encountered
an anomalous gap energy dependence of the HH intensity
which resembles the one found in the Mott insulator Ca,RuQO4
[24]. The resemblance between our experimental results and
those reported for Ca,RuQO,4 suggests that a scenario like the
one proposed by Murakami ef al. [21] may occur in a variety

of ordered phases in SCSs whether spin ordering is involved
or not. We concluded that the main factor in the suppression of
the HH intensity at high temperatures in our measurements is
the strong coupling between the charge configuration and the
charge dynamics. Our results provide additional evidence for
the applicability of HHG as a probing tool for the fluctuation
of local order in SCSs.
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