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Fig. 1 (Color online) Second-harmonic generation (SHG) in the
GaFeO; using the resonant effect at the Fe 3p edge. (a) Exci-
tation scheme in the SHG. The notations g, n’, and n
represent the ground, intermediate, and excited state, respec-
tively. (b) Crystal structure of the GaFeOs. (reprinted figure
with permission from Ref. 10. Copyright (2018) by the
American Physical Society).
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Fig. 2 (Color online) Overview of the measurement scheme of second-harmonic generation (SHG) using a soft-x-ray
free-electron laser at SACLA. (a) Schematic diagram of the measurement system. (b) Fe M-edge x-ray absorp-
tion spectrum of GaFeOs;. (c¢) Intensity of reflected light with the «w component, I,,, as a function of incident-light
intensity, I,. at the photon energy Aw=27.5 V. (d), (e) Intensity of reflected light with the 2w component, I,
as a function of I, at 2w =>55¢€V, and 53 eV, respectively. (reprinted figure with permission from Ref. 10.

Copyright (2018) by the American Physical Society)
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Fig. 3 (Color online) I, vs I, for 2hw=55¢€V, 57 €V, and 59 V.
1, vs Iy for haw=27.5¢V is also indicated for comparison.
The I, depends quadratically on I,. (reprinted figure with
permission from Ref. 10. Copyright (2018) by the American
Physical Society).

m

£ 125 T

2 10 @ Pl

5%0.8* %§§

=~ 0.6-

T 0.4t &

N Chi

s o2t if

soob?®., 0 o de®s 0 & ]

= 5 10 15 20 5 10 15 20 5 10 15 20
lo (wJ) lo (WJ) lo (1)

Fig. 4 (Color online) Temporal variation of the I,-I; diagram ex-

tracted from (a) 320, (b) 1280, and (c) 10800 FEL shots.
Data points are derived by averaging every 16 points after
sorting in the order of the I, intensity. I,,-I, plot can be
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Fig. 5 (Color online) Possible double-resonant mechanism in the
SHG from GaFeOj;. Electronic levels of O 2s, Fe 3p, and 3d
are shown for each excitation state.
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(Color online) (a) X-ray photoelectron spectrum obtained with the photon energy zw = 56 eV at room tempera-

ture. The energy zero corresponds to the Fermi level. Solid line is the fitting composed of two Gaussian functions.
Gaussian-fitting results are given by the dotted lines. (b) Two nonequivalent Fe3" sites, Fel, and Fe2 of GaFeO;.
Local density of states at the (c) Fel and (d) Fe2 site are derived by the first-principles calculation. (reprinted
figure with permission from Ref. 10. Copyright (2018) by the American Physical Society).
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Fig. 7 (Color online) Square of the second-order susceptibility ten-
sor, |xSHG, |2, (left) is compared with the I, (right) which
is normalized so that the I,,, equals to the | ySHG |2 at 2hw =
53 eV. The |xSHG__ |2 is calculated assuming the transition
process shown in the inset (i), which corresponds to the case
of GaFeOs;. (b) |xSHO, |2 values caused by the excitation
process of the inset (i) are compared with that caused by the
inset (ii). The inset (ii) is the ideal configuration regarding
the double resonance where the intermediate level locates at
the very middle of the ground and the excited state. (reprint-
ed figure with permission from Ref. 10. Copyright (2018) by
the American Physical Society).
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Fig. 8 (Color online) Schematic diagram of electronic processes
for (a) second-harmonic generation (SHG), (b) sum-fre-
quency generation (SFG), and (c) Resonant inelastic x-ray
scattering (RIXS). (a), and (b) is the coherent process and
two seed photons interact in a medium. On the other hand,
(c) is the sequential process where a low-energy excited state
is passed by.
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Abstract

We present results of soft-x-ray second-harmonic generation from a bulk transition-metal oxide
with lack of space-inversion symmetry. In the visible and the hard-x-ray range, coherent amplifica-
tion of nonlinear signals has been used in a transmission geometry. However, soft-x-ray light put
limitations on the transmission geometry due to its strong absorption by materials. Here, we ob-
served the second harmonics in a reflection geometry through the combination of an ultrabrilliant
soft-x-ray free-electron laser and the inner-shell resonant-enhancement effect. This resonant
scheme in the soft-x-ray range provides information on inversion symmetry with element selectivi-
ty. In addition, future prospects of the soft-x-ray nonlinear-optical effects will be discussed.
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