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Observation of the spin-charge thermal isolation of ferromagnetic Ggo/Mn o6AS
by time-resolved magneto-optical measurements
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The dynamics of magnetization under femtosecond optical excitation is studied in a ferromagnetic semicon-
ductor Gg ¢/MngoAS With a time-resolved magneto-optical Kerr effect measurement with two-color probe
beams. The transient reflectivity change indicates the rapid rise of the carrier temperature and relaxation to a
quasithermal equilibrium within a few ps, while a very slow rise of the spin temperature of the order of 500 ps
is observed. This anomalous behavior originates from the thermal isolation between the charge and spin
systems due to the spin polarization of carrigrsles contributing to ferromagnetism. This constitutes experi-
mental proof of the half-metallic nature of ferromagnetic,Ging ogAs arising from the large exchange
energy of carriers compared to Fermi energy.
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Carrier-induced ferromagnetism is one of the most visitedk-ray absorption dat&, which indicate that the holes have
spontaneous symmetry-breaking phenomena in the solidrery little d component. Hence at present researchers are
state physics. The underlying physics of this phenomenoiooking for a third way which compromises the above two
deeply involves fundamental aspects of quantum physics irapproaches and many hypotheses have been proposed.
cluding interactions between localized and delocalized carri- The pronounced spin polarization of conducting carriers
ers, where many-body quantum correlation plays an essential several ferromagnetic materials, which are often referred
role. to as half-metals in which the density of state is nonzero for

The discovery of diluted magnetic semiconductorsonly one spin direction at the Fermi surface, makes these
(DMS's) with high Curie temperature, which have becomematerials very attractive for spintronics applicatidfs.
available due to recent advances in molecular beam epitaxfmong highT, ferromagnetic semiconductors, a half-
and transition-metal ion doping techniques, has opened nemetallic nature has been suggested for Mn-doped GaAs.
horizons in exploring of carrier-mediated ferromagnetist. Such a suggestion is supported by results of polarized electro
In particular, the compatibility of DMS’s with conventional luminescenc¥ and tunneling magnetoresistance
semiconductor technology is very promising to employ themeasurement$ along withab initio calculation of the band
spin degree of freedom in practical devices. Correspondstructure of this materiaf The half-metallicity is very im-
ingly, along with extensive efforts to clarify the microscopic portant not only for applications but also for putting a strong
mechanism of the ferromagnetism, much work has been deonstraint on the theories to explain the ferromagnetism.
voted to the search for systems with higfigr.*~8 Nevertheless, since the exchange interaction energy is of the

In the initial stage of the research for the origin of the same order as the Fermi and potential fluctuation energy, the
ferromagnetism, two mechanisms of the interaction betweepxisting experimental data do not allow us to arrive at a
the local moments were considered. The first was based aecisive conclusion on the electronic structure of Mn-doped
the Ruderman-Kittel-Kasuya-Yoshid&®KKY) mechanism, GaAs and its half-metallicity.
in which the ferromagnetic interaction of localized spins is  Simultaneous probing of the spin and carrier dynamics by
mediated by nearly free carrietd his model reproduces the time-resolved magneto-optical Kerr effé@iR-MOKE) mea-
observed concentration dependence of Curie temperatures snrements gives us a chance to reveal the half-metallic nature
1-VI DMS.®° of the material. The TR-MOKE technique was first applied

However, recent photoemission experiments in Mn-dopedo the investigation of the picosecond photoinduced demag-
GaAs have revealed a rather low density of state, which innetization of Ni*® The phenomenon is analyzed by a “three-
dicates a localization of carriéfsand thus we need to con- temperature model” which describes the dynamical process
sider a mechanism beyond the simple RKKY model. Theof the thermal interaction among sub systécharge, spin,
second one was based on the double-exchange mechanisind lattice systemsWe have employed the TR-MOKE tech-
which is suggested by a band calculation of IgMn,As.® In  nique to investigate the photoinduced spin and charge dy-
this approach, the ferromagnetic coupling between localizedamics in the ordered double perovskite,FMoQs’,
spins is induced by the presence of carriers with strongvhich is known to show very large magneto resistance at
d-band-like character. These carriers originate fromroom temperature. In particular, we have discovered that the
transition- metal impurities and essentially contribute to theresponse of the spin system is much slower than the charge
conductivity of the material. This model was also confrontedsystem and shown that such a spin-charge thermal isolation
with the difficulty from both the photoemission and soft originates from the half-metallic nature of FeMoG;. In
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turn, the observation of the spin-charge thermal isolation 02F ' '

may be suggested as an experimental criterion of the half-
metallic nature of a material.

Although TR-MOKE is a uniqgue method to probe the
ultrafast dynamics of magnetization, the extraction of the
pure magnetization component from the MOKE signal is an
important experimental problem because a photo induced
change of the refractive index also contributes to the pump-
induced TR-MOKE signal. In the experiment with ferromag-
netic metal films, the magnetization component of the signal
has been extracted by comparing the results of linear and FiG. 1. Magneto-optical Kerr spectrum on §GaVing ogAs under
nonlinear magneto-optical measurements in both reflectiog magnetic field of 0.2 T at 77 K. The open circles show Kerr
and transmission geometri&s. rotation. The dotted line shows the Kerr ellipticity. Two arrows

In this paper, we propose and develop a two-color prob&how the photon energy of the probe pulse used in the TR-MOKE
method of TR-MOKE applicable to opaque DMS’s, which measurement.
allows us to extract the magnetization component in reflec-
tion geometry. With this method, we investigate the magnemore, the strong dependence of the temporal profiles on the
tization dynamics in GggMng ogAs which has the highest probe frequency clearly shows that TR-MOKE signals do not
Curie temperature, T.=110 K among ferromagnetic directly give information of magnetization. In order to ana-
semiconductor8.The extracted magnetization dynamics re-lyze these signals, let us present the Kerr rotation and ellip-
veals that spins thermalize much more slowly in comparisotticity in the following form:
with holes, indicating the half-metallicity of this material,

T T
Gay g4Mn; ogAS
77K, 0.2T

probe t
1.5

2.0
energy(eV)

25

supporting some band calculatidhdased on a large ex- 0=Ff,M, n=f,.M, (&N
change energy. A sample of EaMngoAs with 1.05u m
thickness was grown by molecular beam epitaxy on a ] F L IS B B B
GaAd001]substrate and annealed at 280° C. 8.0x10° 7 3 Gag g4Mng ogAS (a)]
The measurements of the linear spectra and TR-MOKE ¢« 20 % iiK’o'iT N
were performed in the polar Kerr configuration under a mag- 5 ] 0'_ M, BTN N gy ]
netic field of 0.2 T by alternating the field direction in a e I AR/R %"“’"?‘WM
liquid N, flow cryostat. A detailed description of the experi- 0.0 . A 1'556\./ A
ment was given in the previous papéin the TR-MOKE 15x10” —AD ' e
measurements, a Ti-sapphire regenerative amplifier system at 1.55eV (b)
with a photon energy of 1.55 eV, a pulse duration of 150 fs, € 10
and a repetition rate of 1 kHz was used as a light source. The 5§ 5 . o
pulses at the fundamental and doubled frequencies were used & ,«f”"
as a probe and a pump, respectively. The intensity of the or R N
pump pulse was 4&.J/cnt, which corresponds to a carrier 3 ’ ’ ’
density of 6.2 10%m 3. We also performed a TR-MOKE _ 3o _ Ae at1.77eV (¢) ]
measurement at different probe photon energy under the § 20 N 4 A
same pump condition. Part of the white light continuum ob- ‘<<:T g Y |
tained with sapphire crystal was spectrally filtered and used < 10~
for the probe pulse with 1.77 eV photon energy. The stability
of the light source limits the sensitivity of our measurements, L T R R B e

typically 1 mdeg at 1.77 eV, and 0.2 mdeg at 1.55 eV. The 0.1 1 10 100 1000

temporal resolution of 0.3 ps was limited by the pump pulse time(ps)

duration. 20x10" % F—rr .
Figure 1 shows the Kerr rotation and ellipticity spectrum 151-(d) — C X A8

at 77 K. The arrows in Fig. 1 indicate the photon energies of
the probe pulse§l.55 and 1.77 eYused in the TR-MOKE
measurement. Figurg@ shows the dependence of the dif-
ferential reflectivity at 1.55 eV under a 0.2-T magnetic field
at 95 K on the time delay between the pump and probe
pulses. One can observe a resolution-limited rapid reflectiv-
ity change, while a very slow relaxation is observed after

FIG. 2. Temporal evolution of reflectivity changeR/R (a) and

several 100 ps. The temporal evolution of the Kerr rotationkerr rotationA 6 and ellipticity A  at 1.55 eV(b) and 1.77 e\c)

A6 and ellipticity A » at 1.55 eV and 1.77 e\Figs. 2b) and

probe photon energy, respectively, under a magnetic field of 0.2 T at

2(c), respectively are more complicated in comparison with 95 K. The pump photon energy is 3.1 eV. The pump fluence is

that of SgFeMoQ;." In particular,A 6 at 1.55 eV is initially

negative, however, it changes its sign at a later time. Furthestant andA % in the initial process at 1.55 eV
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s a_, "o 1556V | Now we discuss the temporal responses\é&¥/ R shown
- 30x10 e N 1776V | in Fig. 2@ andAf, andAf, of Eq. (2). In semiconductors,
£ S these changes are driven by the photoinduced change in the
£ . =500ps o M As complex refractive index caused by the band filling effects
% 0.9470.06 and successive carrier heating. In,GaMn,As as well as
' 95K.02T 4 other low-temperature-grown GaAs, the excess arsenic at-
L L oms form high-density As antisites~(10*° cm™3), which
1000 2000 3000 act as deep donor levels. The photogenerated electrons are

time(pe) immediately trapped in such levels and nonradiatively re-

FIG. 3. Temporal evolution of the extracted magnetization com-combined within 1 ps? It is known that the additional ac-
ponent(the open circles are from # andA» at 1.55 eV, and the ceptor doping lowers the Fermi level and promotes the ion-
open squares are fromd andA » at 1.77 eV. The open circles and ization of deep donor levels, which enhances electron
squares are normalized at the maximum point. A positive directiofrapping. In the present experiment, the high-density Mn
shows demagnetization. A solid line shows a result obtained usingoping brings acceptor levels with density as high as
the three-temperature model considering thermal diffusion. 10'° ¢cm~3. Thus the trapping and nonradiative recombina-

hereM is th o hile. andf . d q h tion of photoexcited carriers should be very efficient and the
whereM Is the magnetization, while, andt,, depend on the - ., e Jitetime is less than 1 &2 The resolution-limited

electronic properties of the material and can be presented i - .
terms of the refractive index and absorption coefficient. Cor-f%l st decay oRAR/R within 1 ps corresponds to such a rapid

. ) . . non radiative recombination process. The nonradiative pro-
respondingly, the photo induced changefiand » consists cess heats up the lattice and preexisting holes. Comparin
of two components P P 9 ' paring

with the temperature dependence of the linear reflectivity
AB()~F, AM)+AF (M, spectrum, we estimate the temperature increase of the holes
after the fast decay as 3-5 K. Considering the small heat

- capacity of holes, which is four orders smaller than that of

An()=t, AMU+AT,(OM. @ the lattice, the estimated small temperature increase of holes

At the probe frequencies of the present experimént) and  indicates that the holes and lattice should have reached a

7<0 (see Fig. 1 i.e., both coefficients ,<0 andf,<O0. thermal equilibrium during the nonradiative recombination

Thus, the reduction of magnetization leads the positive signdrocesses. The slow decay observed\iR/R over several

for both A9 and A from the first terms of Eq(2). The  hundred ps is due to thermal diffusion.

second termaf, andAf, are the photo induced change of  After the nonradiative recombinatiod,n induced by the

Kerr signals associated with the complex refractive indexemperature increase of holes governs the temporal responses

change An) caused by photoexcitation. At a probe energyof AR/R andAf, andAf,. As we have noted, all the sig-
of 1.55 eV[Fig. 2(b)], we observeA #<0 andA »>0 right ~ hals are described with a single dynamical parameter shown

after the excitation. This indicates that the rapid changes in in Fig. 2d). . o
and n are governed by the second term of m Now we discuss the origin of the slow thermalization of

Figure. 2d) presents temporal profiles af¢ andA» at ~ the extracted magnetization in Fig. 3. The observed slow
probe 1.55 e\[Fig. 2(b)] within the 2-ps time interval. By thermallzatl_on of spin systems is rather unusual fo_r GaAs-
multiplying A 6 by — 4.6, both curves fit well. This indicates Pased semiconductors because the valence band is strongly
that in this time interval, bott # andA » are governed by a gﬁected by the spin-orbit interaction and thg heavy—holg and
single dynamical parameter. Therefore, we can takg(t) ~ llght-hole bands are degenerated at thepoint. The spin
=CAf,(t) whereC is a constant in the whole temporal re- relaxation time for the hole in pure GaAs is known to _be
gion. By substituting this equation into E¢@) we readily ~ aoout 110 fSRef. 23. Moreover, with doping the magnetic
arrive at the conclusion that the value © 6— A 5 is pro-  MPUrity, the spin relaxation time decreases due to the spin-

portional to the magnetization changév (t): flip scattering by magnetic impurities. _
However, our experimental findings indicate that the spin

(Cfy—f )AM(t)=CAB(t)—An(t). (3y  temperature rises slowly towards the hole and lattice tem-

7 perature. According to the three-temperature mddigie ris-
Equation(3) shows that we can extrastM from the mea- ing speed of the spin temperature is determined by the heat
sured values of the MOKE and TR-MOKE signals and pa-capacities and heat flow rates. The heat capacity of the spin
rameterC, which depend on the probe frequeriéiflo exam-  system is 18 J/K fy which is much smaller than those of
ine the validity of this procedure, we analyzed the data forattice and hole systems, XA® JKm’ and 1.8
the probe at 1.77 eV to obtain the parame@end extracted X 107 J/K m?, respectively?’> Therefore, we need to consider
AM. Figure 3 shows that the normaliz€l\ /—A » at 1.55 anomalous thermal isolation of spin systems. This resembles
eV (open circlesand 1.77 eMopen squargshow the same what we have observed in the half-metallic ferromagnet
temporal behavior. The chosen valuesCofire —4.6 and 1.2 S,FeMoQ,.’
for 1.55 eV and 1.77 eV, respectively. Our results clearly After the rapid nonradiative relaxation, the subsequent
show that we can extract the magnetization component froroarrier scattering mainly occurs near the Fermi surface.
the TR-MOKE signals. Therefore, the demagnetization rate of carriers strongly de-
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pends on their spin polarization near the Fermi level. In par- In conclusion, we observe the magnetization dynamics in
ticular, if the density of states for one spin direction is muchGa, oMy ofAs over a wide temporal range from ps to ns
smaller than that of the other direction, the spin flipping isusing two-color TR-MOKE measurements. We discover that
inefficient. This situation occurs for a system where the exthe spin system thermalizes much slower than the hole and
change splitting of the carrier bands is larger than the Fermjattice systems, indicating spin-charge thermal isolation. This
energy, leading to the half-metallic el_ectrpnic_ structure.experimental finding confirms that §aMn, o6As has a half-
Therefore, the observed slow demagnetization invokes thigetallic electronic structure, making it a prospective material
condition which holds for GgeMnoeeAs as well as for o spintronic applications. The half-metallicity indicates a
SrFeMoG. large exchange energy of the carriers compared to the Fermi

. Tr;et %bts)erveq t(;:rr]nptohral rtesponsets can 68b§|hnumﬁgca”¥nergy, which plays an essential role for the magnetism and
simuiated by using the three-lemperature m € soli e'[ransport properties of this material.

curve of Fig. 3 shows that this model can reproduce th
temporal evolution of spin systems within a wide time inter-  The authors would like to thank Yu. P. Svirko for a critical
val. The rising time of the spin temperature is found to bereading of the manuscript. This work was supported by a
500 ps. It is necessary to emphasize that the obtained corant-in-Aid for Scientific for COE researdPhase Control
pling constant between the charge and spin systems is muaf Spin-Charge-Photon Coupled Systgnamd a Grant-in-
smaller than that in Ni. The observed spin relaxation atAid for COE ResearcifQuantum Dot and Its Application
longer time delay might be due to spin-lattice coupling,from the Ministry of Education, Culture, Sports, Science,
which stems from the magnetic anisotrdfy. and Technology of Japan.
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