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We have investigated the ultrafast spin and charge dynamics in the course of a photoinduced phase
transition from an insulator with short-range charge order and orbital order (OO) to a ferromagnetic metal
in perovskite-type Gdg 55S1g45sMnOs. Transient reflectivity changes suggest that the metallic state is
formed just after the photoirradiation and decays within ~1 ps. The magnetization, however, increases
with the time constant of 0.5 ps and decays in ~10 ps. The relatively slow increase of the magnetization is
attributable to the magnetic-field-induced alignment of ferromagnetic domains in the initially produced
metallic state and its slow decay to the partial recovery of the OO.
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New methods for control of the magnetization by other
than magnetic fields are strongly desired from fundamental
and technological viewpoints [1-3]. Recent developments
in femtosecond (fs) laser technology provide a promising
route to ultrafast control of magnetization [4]. In most
cases, however, the observed changes of magnetization
are the photoinduced demagnetization as a result of rapid
temperature increase of the spin system. This is because a
spin state can hardly be changed by optical excitation due
to the selection rule. Nevertheless, several attempts for the
nonthermal optical control of magnetization were success-
fully performed: for example, the generation of a ferro-
magnetic order by photogenerated carriers in paramagnetic
(In, Mn)As/GaSb heterostructure [5], the excitation of
coherent magnons coupled with optical phonons at a fer-
romagnetic Gd surface [6], and the ultrafast coherent con-
trol of magnetization by way of the inverse Faraday effect
in a weak ferromagnet DyFeO; [7].

In the present study, we investigate another way of
nonthermal optical control of magnetization on an ultrafast
time scale. A key strategy is to utilize the phase competi-
tion between antiferromagnetic and ferromagnetic states
[8]. Typically in a correlated electron system, the strong
coupling among spin, charge, and orbital degrees of free-
dom of electrons will make it possible to control magnetic
properties via cooperative effects induced by optical exci-
tation. A material appropriate for this purpose is a perov-
skite manganite, R,_,A.MnO; (R: rare-earth ion, A:
alkaline-earth ion). Around x = 0.5 the charge and
orbital-ordered insulator (CO-OOI) phase accompanied
with the antiferromagnetic (AF) spin state is observed in
a number of manganites in common, and competes with
the ferromagnetic metallic (FM) phase stabilized by the
double-exchange (DE) interaction [9]. Recently, several
attempts to achieve the photoinduced CO-OOI to FM
transition have been made on the manganites [10,11].
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In fact, the CO-OOI to metal transitions have been re-
ported in Pryss(Ca;_,Sr,)o4sMnO; thin film [12] and
Gd 555104sMnO;5 single crystal [13] located near the
boundary between CO-OOI and FM phases. The photo-
induced magnetizations, however, have not been investi-
gated in these materials.

As a candidate for the investigation of the ultrafast spin
dynamics in the CO-OOI to FM transition, we adopt
Gdg 5551)4sMnO5. Figure 1(a) shows the phase diagram
of the R 5551745MnQOj5 series as a function of the averaged
ion radius r4 of the A site (R 5551g45) ions [14]. The
compounds with r4, > 1.32 A are in the FM phase below
the critical temperature 7. With decrease of r,, the one-
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FIG. 1 (color online). (a) The phase diagram consisted of
mainly R 5551y 4sMnO; series [14]. (b) Reflectivity spectra of
Gd0_558r0A45MnO3 and EUO‘5SSI'0_45MI’IO3. (C) The differential
reflectivity spectrum AR/R just after photoexcitation (~0 ps,
circles) and the numerical one [R(Eu) — R(Gd)]/R(Gd) (solid
line) at 10 K.
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electron bandwidth is decreased and the quenched disorder
is enhanced due to the large difference of the ionic radius
between Sr’* and R3™, resulting in the destabilization of
the FM phase as observed in the decrease of T.. When
ra < 1.32 A, the FM phase disappears. Instead, the spin
glass insulator (SGI) phase with short-range CO-OO ap-
pears below the spin glass transition temperature 7, e.g.,
in  Gdys5Srg4sMnO; (T = 44 K) [the triangle in
Fig. 1(a)]. As shown in Fig. 1(b), the reflectivity spectrum
in Gd 55519 4sMnO5 characteristic of CO-OOI changes to
the metallic one in Eug 5551)4sMnO5 locating on the left
edge of the FM region [the diamond in Fig. 1(a)].

Recent pump-probe (PP) reflection spectroscopy on
Gd 5551945Mn0O5 has revealed that a large reflectivity
change (AR/R) over a wide energy region was induced
by a fs photoexcitation [the solid circles in Fig. 1(c)] [13].
The AR/R spectrum right after the photoexcitation is
similar to the differential reflectivity spectrum between
those for Gd0.55Sr0.45MnO3 and Eu0_55Sr0_45MnO3 at 10 K
[the solid line in Fig. 1(c)]. This suggests that the CO-OO
is melted and the metallic state is produced within the time
resolution [13]. To confirm photoinduced ferromagnetism
and clarify the spin-charge correlation in the photoinduced
transition, it is necessary to detect the spin dynamics as
well as the charge dynamics on an ultrafast time scale. In
this Letter, we report on the time-resolved magneto-optical
Kerr effect (TRMOKE) in Gd 5551 45MnO5. By compar-
ing the magnetization dynamics with the charge dynamics,
we discuss the microscopic mechanism of the photoin-
duced CO-OOI to FM phase transition.

A single crystal of Gd, 55Sr)4sMnO; with pseudocubic
perovskite structure was grown by a floating zone method
[14]. A specimen cut from the crystal rod was polished and
annealed at 1000 °C in oxygen atmosphere for optical
measurements. For the fs PP spectroscopy, a Ti:sapphire
regenerative amplifier with the wavelength of 800 nm
(1.55 eV), the pulse width of 100 fs, and the repetition of
1 kHz was used as the light source. The output of the
amplifier was divided into two beams: one was used for
the pump light and the other was frequency doubled
(3.1 eV) and used for the probe light. The spot diameters
of the pump and probe light are 1.1 and 0.28 mm, respec-
tively. At 3.1 eV, the static Kerr rotation angle 6., reaches
the maximum, reflecting the magnetization of the mangan-
ites, as demonstrated in Lag ¢Sty 4,MnOs [15]. In fact, it was
ascertained that the temperature variation of 6., at this
energy is very similar to that of the magnetization. In the
TRMOKE measurements, the polarization change A of
the reflected probe light from the sample is detected by a
balanced detection technique. A magnetic field of ~0.25 T
was applied normal to the sample surface. The photoin-
duced Kerr rotation change Afke, = %[AH(M) —
AO(—M)] was measured by changing the sign of the
magnetic field to eliminate the contribution from the
pump induced optical anisotropy. The schematic of the
experiment is shown in the inset of Fig. 2(d). We also

measured transient reflectivity change AR/R at 0.12 eV
as well as at 3.1 eV and used it as a probe of charge
dynamics. The probe light at 0.12 eV was generated by
using an optical parametric amplifier.

First, to see the photoinduced charge dynamics, in
Figs. 2(a) and 2(b) we show the time evolutions of AR/R
at 10 K, which were probed at 0.12 and 3.1 eV. The
excitation density of the pump pulse is 0.42 mJ/cm?
(~0.01 photons/Mn site). At 0.12 eV, the time profile
consists of two components: the ultrafast component
within 1 ps and the slower one dominating AR/R from 1
to 40 ps. The time profile at 3.1 eV also seems to include
two components with the similar time constants, although
the sign of the ultrafast component is negative. The small
oscillatory signal on AR/R with the period of ~10 ps is
attributable to an acoustic shock wave transmitting from
the surface into the inside bulk [11]. To analyze these
components, the data at 0.12 eV were fitted by the sum
of the two exponential functions with the decay times 7,
and 75, I(1) = Ie /™ + I,(1 — e~/™)e~"/™ In Fig. 2(a),
the fast and slow components obtained by taking into
account the response function of the measurement system,
and the sum of the two components are represented by the
dotted, broken, and solid lines, respectively. The first com-
ponent rises within the time resolution (~200 fs) and de-
cays with 7; = 0.25 ps, and the second one shows a grad-
ual increase following the decay of the first component and
then decays with 7, = 4.3 ps. The first and second com-
ponents are attributable to the photoinduced formation and
decay of the metallic state and the electron-lattice thermal-
ization process, respectively [13]. A reverse sign of AR/R
in the first component for 0.12 and 3.1 eV is the expected
one for the FM component, as seen in Figs. 1(b) and 1(c).
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FIG. 2 (color online). Time evolutions of AR/R at 0.12 and

3.1 eV (a),(b) and Afk,,, at 3.1 eVat 10 K (¢),(d). The excitation

density is 0.42 mJ/cm? in common. In (a), the solid, dotted, and

broken lines show the result of fitting (see text). The schematic

of TRMOKE is shown in the inset of (d).
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Next, we discuss the spin dynamics. In Figs. 2(c) and
2(d), the time evolutions of Afg., are presented. The
excitation density (0.42 mJ/cm?) is the same as that in
the AR/R measurements. In the figures, the positive and
negative A6y, signals correspond to the increase and de-
crease of the polar component of the magnetization, re-
spectively. As seen in Fig. 2(c), Afg., rapidly increases
upon the photoexcitation, indicating the increase of the
magnetization with the rise time of 0.5 ps. Judging from
the temperature dependence of the magnetization mea-
sured with the field-cooled (FC) run under 0.25 T shown
in Fig. 4(a), the increase of the magnetization should be
attributed not to photoinduced heating, but to a purely elec-
tronic process [16]. After the rapid increase, A6fke,, recov-
ers to zero within ~10 ps, and then further decreases, be-
ing negative for the delay time 7, > 10 ps [Fig. 2(d)]. It is
reasonable to consider that the rapid increase and subse-
quent (<10 ps) decrease of A6, (the fast component) are
associated with the generation of the ferromagnetic state
and its recovery to the antiferromagnetic state. The nega-
tive Afke,, (the slow component) is likely due to the de-
magnetization by the spin-lattice thermalization. As for the
latter, note that the magnetization M =~ 0.3 uz/Mn is ori-
ginally present at 10 K under 0.25 T [see Fig. 4(a)]. The
static O, in this condition is roughly evaluated to be
~15 mdeg by taking account of the fact that in the ferro-
magnetic manganite such as Lag ¢Sty 4,MnO; the magneti-
zation of 4 5 /Mn causes Ok, of ~0.2 degat 3.1 eV [15].
The observed negative A6k, of ~6 mdeg corresponds to
the reduction of 40% of the magnetization by the
photoirradiation.

Figures 3(a) and 3(b) show the time evolutions of Afk.,,
at 10 K for different excitation densities on short (~5 ps)
and longer (~2 ns) time scales, respectively. With increas-
ing the excitation density, the fast positive component
increases, suggesting that the photogenerated FM region
becomes larger. The slow negative component also in-
creases with the excitation density. In Figs. 3(c) and 3(d),
we show the time evolutions of Af.,, for 0.42 mJ/cm? at
different temperatures. As the temperature is increased
from 10 K, both the fast and slow components become
smaller, and finally disappear. To investigate the tempera-
ture dependence in detail, we show the maximum (positive
or negative) values of A6y, for the fast and slow compo-
nents as a function of temperature in Figs. 4(b) and 4(c),
respectively. The fast component grows up from a slightly
higher temperature than 7; and gradually increases toward
low temperatures. This suggests that the onset temperature
of the photoinduced ferromagnetic order is related with T
for the FM compound locating near the SGI-FM boundary
[see Fig. 1(a)]. Comparing the magnitude of Oy,
(~0.2 deg) in LagSrg4MnO; with Afg., ~ 1.7 mdeg
for 0.42 mJ/cm? in Gd,s5Sry4sMnOs, we can see that
the polar component of the magnetic moment is about
1% of the full moment, although the metallic state is
formed immediately after the photoexcitation. As seen in
Figs. 3(d) and 4(c), the values of Afk.,, are almost satu-
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FIG. 3 (color online). Time evolutions of Afy., at 10 K for
different excitation densities (a),(b) and for 7, = 0.42 mJ/cm? at
different temperatures (c),(d).

rated for ¢, > 100 ps, indicating that the magnetization is
fully thermalized within 100 ps. The temperature variation
of the slow component is similar to the thermally induced
change of the magnetization, AM = M(T + AT) — M(T)
[the solid line in Fig. 4(c)], ensuring that the slow demag-
netization process occurs through the thermalization of the
spin system.

On the basis of the results, the photoinduced magnetiza-
tion or demagnetization processes [Fig. 4(d)] can be inter-
preted as follows. First, the photocarriers melt the CO-OO
and the metallic state is formed within the time resolution
(~200 fs) [13], as observed in AR/R shown in Fig. 2(a). It
should be noted that the ferromagnetic spin arrangement
and the metallic behavior are strongly tied via the DE
interaction in the manganites [9]. Namely, the ferromag-
netic spin arrangements are indispensable for the formation
of a metallic state. However, Afy.,, is never detected at this
stage as shown in Fig. 2(c). This suggests that at the initial
stage the magnetization of the photogenerated FM domains
in the host of the spin glass state are randomly oriented and
that the macroscopic magnetization is almost zero. Such a
photoinduced state can be viewed macroscopically as a
ferromagnetic cluster glass composed of the microscopic
FM domains [the left panel of Fig. 4(d)]. At the second
stage, the increase of A6y, occurs through the rotation of
the microscopic FM domains toward a magnetic field
direction with the time constant of 0.5 ps [the central panel
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FIG. 4 (color online). (a) Temperature dependence of magne-
tization measured with zero-field-cooled (ZFC) and field-cooled
(FC) runs under 0.25 T. (b),(c) Temperature dependence of
(b) fast and (c) slow components of Afg,, at 100 ps and 1 ns
for 0.42 mJ/cm?. The maximum value of the fast component
(ABker ~ 1.7 mdeg) corresponds to about 1% of the full mo-
ment. The thermally induced change of magnetization, AM =
M(T + AT) — M(T) with AT = 50 K, is shown by the solid line
in (c). (d) The schematics of ultrafast ferromagnetism and
subsequent demagnetization processes.

of Fig. 4(d)]. Here, we should note that the metallic state
initially produced decays with 0.25 ps. It is, therefore,
natural to consider that the ferromagnetic spin alignment
at this stage is not completed. As a result, the observed
Afk., is small. Subsequently, the ferromagnetic spin ar-
rangement returns to the antiferromagnetic one after about
10 ps [see Fig. 2(d)]. Meanwhile, the ferromagnetic insu-
lating state, which is perhaps stabilized by OO, is formed
in the time region of ~0.3 to 10 ps. Finally, Afg., is
further decreased with a time constant of ~50 ps for ¢, >
10 ps through the increase of the temperature of the spin
system. Thus, the transition to the paramagnetic (PM) state
occurs [the right panel of Fig. 4(d)].

An important feature of the present photoinduced tran-
sition is that the ferromagnetic spin arrangement occurs
very fast. A possible scenario is as follows: the photo-
irradiation generates the charge excitation from Mn3" to
Mn**, which will destruct the CO and make the charges
delocalized. In the delocalized state the DE interaction will
make spins align ferromagnetically. As described in

Ref. [13], the time scale of the formation of the FM state
is expected to be ~20 fs when we assume the effective
energy for the DE interaction to be ~0.2 eV. Subse-
quently, the alignment of ferromagnetic domains also oc-
curs very fast (0.5 ps). Such a surprisingly fast rotation
process of the magnetization might be explained by the
enhanced magnetic resonance energy (or the k = 0 mag-
non frequency) of the FM domains as exchange biased by
the adjacent antiferromagnetic region [17].

In summary, we demonstrated the ultrafast photo-
induced ferromagnetism in a perovskite manganite,
Gd, 55517 4sMnQO5. The microscopic FM state is photogen-
erated within 200 fs through the double-exchange interac-
tion, while the macroscopic FM state is formed in 0.5 ps.
Such an ultrafast photocontrol of magnetism based on the
switched-on double-exchange interaction as well as the
enhanced magnetic resonance energy may provide a useful
basis for the future spintronics.
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