PHYSICAL REVIEW RESEARCH 4, 1L.032032 (2022)

Light-induced magnetization driven by interorbital charge motion
in the spin-orbit assisted Mott insulator a-RuCl;

T. Amano®,' Y. Kawakami,! H. Itoh®,! K. Konno,' Y. Hasegawa,' T. Aoyama®,' Y. Imai®,' K. Ohgushi,! Y. Takeuchi,'
Y. Wakabayashi LK. Goto,? Y. Nakamura,? H. Kishida®,2 K. Yonemitsu®,? and S. Iwai®!-
' Department of Physics, Tohoku University, Sendai 980-8578, Japan
2Department of Applied Physics, Nagoya University, Nagoya 464-8603, Japan
3Department of Physics, Chuo University, Tokyo 112-8551, Japan

® (Received 1 November 2021; revised 10 June 2022; accepted 8 July 2022; published 19 August 2022)

In a honeycomb-lattice spin-orbit assisted Mott insulator «-RuCls, ultrafast magnetization is induced by
circularly polarized excitation below the Mott gap. Photocarriers play an important role, which are generated by
turning down the synergy of the onsite Coulomb interaction and the spin-orbit interaction realizing the insulator
state. An ultrafast 6 fs measurement of photocarrier dynamics and a quantum mechanical analysis clarify the
mechanism, according to which the magnetization emerges from a coherent charge motion between different
1y, orbitals (dy.-d,.-d,) of Ru*" ions. This ultrafast magnetization is weakened in the antiferromagnetic (AFM)
phase, which is opposite to the general tendency that the inverse Faraday effect is larger in AFM compounds
than in paramagnetic ones. This temperature dependence indicates that the interorbital charge motion is affected
by pseudospin rotational symmetry breaking in the AFM phase.

DOLI: 10.1103/PhysRevResearch.4.1.032032

Emergent properties of strongly correlated charges and
spins enable us to expect a pathway for light-induced
spatial/time-reversal symmetry breaking [1-6]. Spin-orbit as-
sisted Mott insulators exhibiting quantum frustrations [7—10]
are promising candidates for realizing light-induced magne-
tization (or equivalently time-reversal symmetry breaking)
because of their charge-orbital-spin entanglement. Note that
the materials for light-induced magnetization have been
discussed mainly in antiferromagnets (AFMs) or weak ferro-
magnets [11-14].

The layered insulator o-RuCl; with a honeycomb lattice
[left side of Fig. 1(a)] has attracted much attention as a
spin-orbit assisted Mott insulator [8—10,15-19]. The strong
spin-orbit interaction (SOI) splits the 7, states of a Ru** ion
into pseudospins Jegr = % and % Thus, the Mott insulating
state of this compound is realized by the synergy of the onsite
Coulomb interaction U and the SOI [20]. In the edge-sharing
octahedron [right side of Fig. 1(a)], no long-range order
is allowed if only the bond-dependent anisotropic exchange
interaction (Kitaev interaction) exists between the Jeg = %
pseudospins on the honeycomb lattice. In fact, magnetic
orders are not detected down to Ty, although a zigzag AFM or-
der in the honeycomb plane (ab plane) is reported below Ty =
7-14K which depends on the volume fractions of R3 and
C2/m (Supplemental Material 1 [21]) [22-30]. Here, intersite
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hopping ¢ between different 1, orbitals (such as d,.-d,.) of Ru
ions is essential. Because of this characteristic intersite hop-
ping, peculiar charge and spin dynamics on the ultrafast time
scale are expected. Another important characteristic is in-gap
states below the Mott-Hubbard transition (Egp = 1.2eV <
50K [31-35]) [Fig. 1(b)] that were discussed in terms of
orbital excitations influenced by the SOI. They were recently
assigned to excitations from Jeg = % to % states [lower inset
of Fig. 1(b)] [32-34]. The in-gap states have a broad and
overlapped &, spectrum in the range 0.2-0.9 eV [Fig. 1(b)].
The three peaks (0.31, 0.53, and 0.72 eV) roughly reflect
different numbers of Jegr = % holes substituting for Jeg = 1

2
holes in the Mott insulating background with one Je = %
hole at each site [32]. Because of the spin-orbit assisted nature
of this Mott insulator [20], an excitation of these spin-orbit
coupled (SOC) in-gap states in «-RuCl; may take advantage
of charge degrees of freedom in light-induced phenomena.

In this letter, we report that a circularly polarized excitation
below the Mott gap produces magnetization perpendicular
to the honeycomb plane of «-RuCl;. Ultrafast dynamics of
photocarriers and a quantum many-body analysis show that
the ultrafast magnetization is driven by the hopping ¢ between
different t,, orbitals (d,.-d,;, dx.-dy, and d,,-d,.).

The samples used in this letter were prepared by the
chemical vapor transport method [35]. We performed tran-
sient polarization rotation (A#@) and transmission (AT /T)
measurements for circularly polarized excitation using the
pump-probe method with the time resolution of 100 fs.
The probing spectral range covers 0.5-1.1 eV for the
pump light with 0.30, 0.62, 0.89, and 1.55 eV. Here,
AR/R spectra are measured for excitations of 0.62 and
0.89 eV. In addition, we measure AR/R with higher time-
resolution by utilizing a carrier-envelope phase stabilized 6 fs

Published by the American Physical Society
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FIG. 1. (a) Honeycomb lattice of «-RuCl; and hybridization be-
tween t,, orbitals of Ru and ligand p, orbital of Cl which causes
hopping ¢ between different #,, orbitals (such as d,.-d,.). (b) Imag-
inary part of the permittivity spectrum in mid- and near-infrared
regions [31]. The low-energy part < 0.9 eV (magnified 25 times) is
attributed to spin-orbit coupling (SOC) in-gap states [31-33]. The
experimental configuration of the optomagneto measurement (polar-
ization rotation induced by a circularly polarized pump pulse) and
the excitation from J.i = % to % states [32] are schematically shown.

near-infrared pulse for investigating ultrafast charge coher-
ence [36,37].

(a) (b)

The upper panel of Fig. 2(a) shows time evolutions of
A0 (probe energy E, = 0.62¢€V, ||ab plane) induced by the
circularly polarized pump pulse (pump energy E,,, = 0.89¢V,
intensity Iy =4mJ/cm?) at 4 K (dashed curves, T < Ty)
and 17 K (solid curves, T > Ty). The helicity (6™, o7) of
the pump pulse and the direction of the rotation angle are
defined as those in the right-handed system [upper inset
of Fig. 1(b)]. The helicity-dependent responses as large as
4.5°-5.5° within the time resolution (~100 fs) in Fig. 2(a) are
attributed to the Faraday rotation reflecting an ultrafast mag-
netization perpendicular to the ab plane (_Lab) at both 4 and
17 K (Supplemental Material 2 [21]) [38]. The observation of
such large A6 without any long-range order at 17 K contrasts
with the ultrafast inverse-Faraday effect in AFM compounds
[11-14]. The transient transmittance (AT /T) in the lower
panel of Fig. 2(a) shows concomitant charge dynamics with
a finite decay time, indicating real excitation of in-gap states.
In fact, A6 normalized by the thickness (~50 pum) and I«
(4mJ/cm?) is 20 times larger than that of a prototypical AFM
magnet NiO (111) (1.14° for Ep, =0.97eV, E,;, = 1.59¢V,
I, = 10mJ/cm?, thickness 100 pum [14]). It is 400 times
larger than that of a paramagnet terbium gallium garnet (0.15°
for Epy = Epr = 1.55eV, Iy =3.1 mJ/cm?, thickness 1 mm
[39D).

The temperature dependence of A6 at time delay (74) of 0
ps in the upper panel of Fig. 2(b) shows an abrupt change
near Ty = 7 K. The reduction of A6 (of ~15%) below Ty
indicates that the ultrafast magnetization (_Lab) is weakened
in the AFM phase, which is opposite to the general tendency
that the inverse Faraday effect is larger in AFM compounds
than in paramagnetic ones. Above 20 K, A6 is insensitive to
the temperature (Supplemental Material 3 [21]).

The helicity-independent slower component of A6 [ x 10
forty > 1psin Fig. 2(a)] is attributed to a melting of the AFM
order (Supplemental Material 4 [21]) [40]. In fact, A8 at 10 ps
drops near Ty [lower panel of Fig. 2(b)]. In contrast to the
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FIG. 2. (a) Time evolutions of A (upper panel) and transmittance (AT /T) (lower panel) of a-RuCl; (E,, = 0.89¢€V, Ix = 4mJ/ cm?,
E, =0.62¢eV, ||ab plane, o*: red curves, o ~: blue curves) at 4 K (dashed curves) and 17 K (solid curves). (b) Temperature dependences
of A@ at ty = Ops (upper panel) and at t; = 10 ps (lower panel). Optomagneto spectra (17 K) of (c) Af and (d) An for (i) E,, = 0.30eV,
(ii) Epy = 0.62¢€V, and (iii) E,, = 0.89¢eV. The upper panel of (c) shows the imaginary permittivity spectrum [31] (x25 for < 0.9eV). The
maximum values of Af for E,, = 0.30-0.89¢eV are shown by the red dots. A schematic illustration of the optomagneto two-step process is

shown in the upper panel of (d).
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FIG. 3. (a) Imaginary part of the permittivity spectrum at 10 K [31] around the Mott gap. AR/R spectra for (b) E,, = 0.62eV and (c)
E, =0.89eV. I =1m] /em?, 17 K, t4 = O ps (red dots), 0.5 ps (orange circles), 1 ps (green circles). The insets of (b) and (c) show the
I« dependence of AR/R at E,, = 1.2¢eV. The circles with the dashed curve in (c) show AR/R for E,, = 1.55eV (4 mJ/cm?, x0.17, 4 K,
tq = 0ps). (d) Time profiles of AR/R (E, = 1.2¢V) for E,, = 0.62¢V (blue circles) and Ej,, = 0.89¢eV (red circles x0.6). (e) Time profile of
AR/R measured by using a 6 fs near-infrared pulse (E,, = 0.55-0.95¢V, E,,; = 0.60¢eV (with polarization perpendicular to that of the pump
pulse), I = 1.0mJ/cm?, 17 K). The red curve shows exponential decay with a time constant of 0.17 ps. The oscillating component is shown
in the inset [green circles: 17 K, blue circles 300 K, red curve: oscillation with a period of 36 fs (Supplementary 9 [21])].

temperature-sensitive nature of A8, AT /T do not indicate any
temperature dependence near Ty [as shown in the lower panel
of Fig. 2(a)], showing that the temperature dependence of A6
is not attributed to a change in the steady-state absorption
coefficient («) at Ey,. A large AT /T ~ 0.6 (Aa/a of 0.3)
reflects excited carrier dynamics which will be discussed later
along with AR/R around the Mott-Hubbard band.

To investigate a mechanism of light-induced magne-
tization under the excitation below the Mott gap, we
measure optomagneto spectra [A6(Ey,): rotation angle and
An(E,): ellipticity] by changing E,,. Figures 2(c) and 2(d)
show the AO(E,) and An(E,) spectra, respectively, for
(1) Epu = 0.30¢eV, (ii) Epy, = 0.62¢eV, and (iii) £,y = 0.89eV
(Ix = 1 mJ/cm?). As shown in (i) and (ii) of Figs. 2(c) and
2(d), the energy where A6 = 0 (A6 = 0 intersection: green
arrow) is equal to the energy where An has a peak (Ap
peak: orange arrow), and it is ~0.9 eV for E,, =0.30eV
and ~0.6 eV for E,, =0.62eV. The Af =0 intersection
and the An peak correspond to the resonance energy Eies
in the magneto-optical spectrum 6 = %Im(sxy) and n =
— %Re(sx},) (&,y: off-diagonal component of the permittivity,
n: refractive index, and /: sample thickness) for the single
resonance oscillator [41]. The red dots in the upper panel
of Fig. 2(c) show the maximum values in the respective
A0 spectra (i.e., the excitation spectrum of A) for E,, =

0.30-0.89¢eV. Since a probe light with energy >0.9 eV is
not transmitted, a true maximum cannot be detected for a
pump light <0.3 eV. Thus, the excitation spectrum of Af is
underestimated at £p,, = 0.3 eV. Even in this limited situation,
the tendency of the excitation spectrum in the upper panel of
Fig. 2(c) is like that of &; in the sense that A6 becomes large
for lower excitation energies. The ultrafast magnetization is
absent for the excitation above the Mott gap (Supplemental
Material 5 [21]). It is noteworthy that Epy, + Eres = Egqp =
1.2V is satisfied for Ep, = 0.30 and 0.62 eV. This relation
suggests that a third-order nonlinear [x®)] process (Ep, +
Ey = Egyp) through a virtual excitation by pump light may
partially contribute, although photocarriers are generated.

These results show that the probe pulse further excites
the in-gap states during their lifetime (<100fs) to a state
just above the Mott gap. This lifetime is comparable with
the inverse of the bandwidth (~100 meV) of each peak in the
&, spectrum [Fig. 1(b)] and is supported by the results of the
ultrafast measurement using a 6 fs pulse [Fig. 3(e)]. The large
A6 in «-RuClj is characteristic of the real excitation below
the Mott gap and the two-step excitation at £, + E,; which is
resonant to the Mott gap.

The insulating state is affected by the excitation below the
Mott gap, as shown in the transient reflectivity (AR/R) spectra
for E,, = 0.62eV [Fig. 3(b)] and 0.89 eV [Fig. 3(c)]. The
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FIG. 4. (a) Honeycomb lattice structure of «-RuCl; used in the calculation. It has 3 u.c., each of which consists of two sites A and B.
Periodic boundary conditions are used to maintain the threefold symmetry. X;, Y, and Z; connect nearest-neighbor sites, and X5, ¥>, and Z,
connect next-nearest-neighbor sites. (b) Calculated optical conductivity spectra for the ground state (red and blue curves are used for ||a,
||b). The spectra < 0.9 eV are magnified by 15 times. (c) Calculated time profiles of photoinduced magnetization in the direction of Lab. An
electric field amplitude times intersite distance F (V) of 0.2 (an electric field amplitude of 5.8 MV/cm), frequencies /iw (eV) of 0.3, 0.6, and a

pulse width of 96 fs are used.

steady-state reflectivity (R) is shown in Fig. 3(a) for reference.
The bleaching near the Mott-Hubbard transition at 1.2 eV is
clearly detected, where the two-photon (2 x Ep,) absorption
of the pump pulse is ruled out as the origin of the bleaching
because of the linear dependence of AR/R on I [insets of
Figs. 3(b) and 3(c)]. This fact shows that photocarriers are
generated by the excitation below the Mott gap as well as the
excitation above the Mott gap [black circles with dashed curve
in Fig. 3(c)] [40,42] (Supplemental Material 6 [21]). This is
consistent with the fact that the Mott insulating state of this
compound is realized by the synergy of the onsite Coulomb
interaction U and the SOI [20] (Supplemental Material 7
[21]). Analyses of the time profiles of AR/R [Fig. 3(d)] by
using a multi-exponential function (Supplemental Material 8
[21]) show that the components with the decay time constants
of <0.1 ps (50-60%) and 0.25 ps (~35%) are dominant. They
are consistent with the time constants of AT /T [Fig. 2(a)],
confirming that the time profiles of AT /T reflect the photo-
carrier dynamics (Supplemental Material 8 [21]).

The fast (<0.1 ps) component of the recovery of AR/R is
comparable with that of A6 in Figs. 2(a) and 2(b). This fact
indicates that the ultrafast magnetization is induced by the
photocarriers. The early-stage dynamics of the photocarriers
are captured by the AR/R measurement utilizing a 6 fs pulse
(Epu = 0.55-0.95¢€V, E,; = 0.60€eV) [36], although a coher-
ent polarization effect observed at 7y = —0.05 to 0.05 ps is
nonessential to the photocarrier dynamics. In addition to the
exponential function with a time constant of 0.17 ps (red line)

which is roughly equal to those in Fig. 3(d) (0.25 ps), the time
profile of AR/R in Fig. 3(e) has an oscillating component
with a period of 36 fs, as shown by the green circles in the
inset (Supplemental Material 9 [21]). Since the oscillating
period [36fs = h/(0.11eV)] corresponds to the energies of
the intersite hopping (0.1-0.2 eV) [43-45], the oscillation
would be related to the intersite hopping processes including
the interorbital one. Note that phonon energies are restricted
to a range <40meV [15-17,34]. Such coherent charge mo-
tions are often realized by the simultaneous application of
a light-field force to many electrons that are correlated by
the Coulomb interaction [46,47] (Supplemental Material 9
[21]). The dephasing time of the oscillation (60 fs; Supple-
mental Material 9 [21]) reflecting the coherence time of the
intersite charge motion is approximately equal to the decay
time of A#. Therefore, the ultrafast magnetization is related
to the coherent charge motion, and its coherence time is
consistent with the spectral bandwidths of SOC in-gap states
(~100 meV). This oscillation survives even at 300 K, as
shown by the blue circles in the inset of Fig. 3(e). This is
consistent with the temperature-insensitive A6 up to 300 K
(Supplemental Material 3 [21], Fig. S3)

Here, we theoretically study photo-induced dynamics of
the spin and orbital degrees of freedom to analyze the mech-
anism for the photo-induced magnetization in a-RuCls;. We
consider a Hubbard model consisting of d,;, d.;, and d,, or-
bitals on each site of the honeycomb lattice [43—45], shown in
Fig. 4(a) (Supplemental Material 10 [21]) [48,49]. Figure 4(b)
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shows calculated linear optical conductivity (o) spectra for ||a
and ||b. Below the Mott gap of ~1 eV, some infrared peaks
are found in the spectra. They are attributed to excitations
from Jir = 3 to 1 states [32-34] (Supplemental Material 10
[21]). Because of the finite-sized effect, the excitation spectra
are quite discrete even above the Mott gap. The pseudospin
dynamics are calculated based on numerical solutions to the
time-dependent Schrodinger equation. Photo-excitation by a
circularly polarized pulse is introduced through the Peierls
phase (Supplemental Material 10 [21]) [48,49]. The magne-
tization Mpy, [Fig. 4(c)] in the direction of Lab is given by
Mp, = —2j/?, where the pseudospin density j'/? is defined
in Supplemental Material 10 [21]. The helicity-dependent M,
grows during the excitation of 96 fs (=pulse width) with
hiw = 0.3 or 0.6 eV, showing that the magnetization arises
within the pulse width (where the direction of My, is from
the back to the front of Fig. 4(a) for o ™).

To interpret the photo-induced dynamics, we use a high-
frequency expansion in the framework of quantum Floquet
theory to evaluate an effective magnetic field. This effective

field emerges from the commutators among the kinetic op-
erators on the three bonds (Supplemental Material 11 [21])
[50]. Thus, the charge hopping between different #,, orbitals
(dy;-dy;-d,,) [Fig. 4(a)] is essential to the photo-induced mag-
netization. The reduction of the ultrafast magnetization below
Ty indicates that the interorbital charge motion is affected by
pseudospin rotational symmetry breaking in the AFM phase.
The coherent charge response in Fig. 3(e) shows a very im-
portant perspective for coherent control of the light-induced
magnetization.

In summary, in this letter, we demonstrate the ultrafast
magnetization in the multiorbital electron system «-RuCl; by
measuring the helicity-dependent polarization rotation. The
light-induced magnetization is induced by the charge motion
between different £, orbitals.

This letter was supported by JST, CREST (JPMJCR1901),
Q-LEAP (JPMXS0118067426), and JSPS KAKENHI
(20K03800, 18HO01144, 20H05147, 22H00102, 20H01850,
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