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Photoexcited spin-glass state in „Mg,Fe…ˆMg,Fe,Ti ‰O4 spinel ferrite films
Yuji Muraoka, Hitoshi Tabata, and Tomoji Kawaia)

ISIR–Sanken, Osaka University, 8-1 Mihogaoka, Ibaraki, Osaka 567-0047, Japan

~Received 17 July 2000; accepted for publication 28 September 2000!

Spin-glass states above room temperature have been found in~Mg, Fe!$Mg,Fe,Ti%2O4 spinel ferrite
thin films formed on Al2O3 ~0001! and SrTiO3 ~111! substrates. The films show a long-time
relaxation of the magnetization in zero-field-cooled operation and a frequency dependence of the
cusp temperature in ac susceptibility measurement, both of which are typical characteristics of a
spin glass. This high-temperature spin-glass state has been achieved by the fine tuning of spin states
through the control of composition, random oxygen deficiencies, and the stress induced by the
film/substrate lattice mismatch, all of which give rise to effects that enhance the exchange
interaction of spins in the ferrite films. We have demonstrated the change of magnetic state by
means of light irradiation from spin glass to a ferrimagnet over a wide range of temperatures below
290 K. The direct photoexcitation of spins with photon energy in the visible-light region~1.7–3.2
eV!, which corresponds to the spin excitation energy of crystal field for Fe ions located in both
tetrahedral and octahedral sites, is effective for realizing photoinduced magnetization. ©2000
American Institute of Physics.@S0021-8979~00!05601-8#
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I. INTRODUCTION

Spinel ferrite oxides, A21Fe2
31O4, are one of the typica

magnetic materials, and show various magnetic proper
depending on the composition. The most advantageous
ture of spinel materials is that various ions can be place
tetrahedral (A21) and octahedral (Fe31) sites within the
structure@see Fig. 1~a!#, which allows us to control the mag
netic properties. In addition to ferromagnetism and antifer
magnetism~ferrimagnetism!, another unique spin state, th
so-called ‘‘spin glass,’’ can be assigned in the case of sp
ferrites.

The spin-glass state occurs due to a combination
‘‘randomness’’ and ‘‘frustration’’ in spin ordering, caused b
the randomly mixed state of the ferromagnetic~spin-parallel!
and antiferromagnetic~spin-antiparallel! spin interaction.1 In
order to obtain the spin-glass state for spinel ferrites, Fe i
are substituted by nonmagnetic ions, such as Mg21 or Ti41,
resulting in both the occurrence of dilution of magnetic
teractions~randomness! and the competition of exchange in
teractions~frustration!.2–4 Figure 1~b! shows the model of
the spin-glass phenomenon in spinel ferrite AFe2O4. The
nearest neighbors of metal ions via the O22 anion in the
spinel ferrite are shown in Fig. 1~b!. A corresponds to the
tetrahedral site cation and B stands for the octahedral
cation. Arrows indicate the spin of the Fe ion. The MgFe2O4

compound, without Ti41 ions, shows the ferrimagnetism
with a Curie temperature (Tc) of 715 K. Cations of Mg21

and Fe31 are distributed on A and B sites and the formula
given as~Mg0.33Fe0.67!$Fe1.33Mg0.67%O4.

5 In this material, all
spin interactions are well defined as nearest-neighbor a
eromagnetic, withuJABu@uJBBu.uJAAu @J̄ in Fig. 1~b! shows
the average value of the spin interactions#. Thus,JAB renders
the undiluted spinel ferrimagnetism, with all A-site momen

a!Electronic mail: kawai@sanken.osaka-u.ac.jp
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oriented antiparallel to all B-site moments, with BB and A
bonds remaining unsatisfied@left side, Fig. 1~b!#. On dilution
of Fe31 ions in the B site by Ti41-ion substitution, magnetic
order is broken and the frustration of certain moments occ
for BB and AA bonds@right side, Fig. 1~b!#.

Other than spinel materials, spin-glass behavior has b
reported so far in perovskite oxides,6,7 dilute magnetic
alloys,8–10 and amorphous materials2,3,11 ~spin freezing tem-
perature,Tf53 – 50 K). In many cases, spin-glass states
observed at temperatures below 50 K (Tf<50 K). An excep-
tion is spinel cobalt ferrite with a polycrystalline or amo
phous form, which is known to exhibit a highTf near room
temperature (Tf5284 or 320 K!,12,13 but such examples ar
few.

The spin-glass system consists of various metasta
states, depending on the degree of ‘‘spin freezing.’’14,15 Ac-
cordingly, applying appropriate external fields such as lig
perturbation to the spin-glass state can cause a ‘‘melt’’ of
frozen spins and accelerate the magnetic relaxation, giv
rise to an increase in magnetization up to a new steady-s
value @Fig. 1~c!#. This type of photoexcited magnetizatio
has been demonstrated for amorphous spin glass
oxides,16–18 although the operating temperature is low~<2
K!, due to the lowTf(<6 K) of the materials. If such spin
glass control can be obtained at sufficiently high tempe
tures, it could be applied to many magneto-optical device

According to the three-dimensional Heisenberg the
for anisotropy,D,19 the spin-freezing temperaturesTf are
related as

Tf;J•~D/J!1/4,

whereJ is the exchange interaction, thusTf depends heavily
on the absolute value ofJ in materials. Hence, the spine
oxides, especially spinel ferrites, are one of the most suita
materials for achieving a higherTf because of their highTc ,
3 © 2000 American Institute of Physics
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that is, largeJ. Furthermore, the value ofD in spinel ferrites
is controllable by changing their composition.20

In this work, we have focused on ferrimagnetic spin
ferrite ~Mg, Fe!$Fe,Mg,Ti%2O4 ~whose formula is represente
as Mg11tFe222tTetO4). The magnetic-phase diagram of th
bulk material is shown in Fig. 2.4 The material shows a spin
glass or a spin-canting state for 0.4,t,0.85, due to the di-
lution of Fe31 ions by nonmagnetic Mg21 and Ti41 ions,
which results in the occurrence of both randomness and f
tration of spin ordering in the material. TheTf of this bulk
material is .22 K. However, considering the fact tha
Mg11tFe222tTitO4 bulk exhibits a highTc , i.e., has a largeJ
(uJFe–Feu/kB520 K, wherekB is the Boltzmann constant!,5,20

this material has a significant possibility of exhibiting
higher Tf . In this work, we have prepared this material
the form of a film. In order to obtain a highTf , even above
room temperature, the composition has been tuned to

FIG. 1. ~a! Two octants in the unit cell of the spinel structure with latti
parametera. The general formula of compounds with spinel ferrites
A$Fe%2O4. The O22 anions form a cubic close-packed structure, with A io
occupying the tetrahedral sites~A site!, and Fe ions occupy the octahedr
sites~B site!, of O22 anion packing. ~b! Model of the spin-glass phenom
enon in spinel ferrite AFe2O4. The nearest neighbors of the metal ions v
the O22 anion in the spinel ferrite are shown: A: tetrahedral site cation;
octahedral site cation. Arrows correspond to the spin of Fe ion.~c! Sche-
matic representation of the process of an increase of magnetization i
spin-glass state. Spins are frozen in a low applied magnetic fieldH ~left!.
The frozen spin glass is irradiated under a magnetic field, and the fro
spins are melted with their direction aligned parallel to the magnetic fielH
~right!.
Downloaded 27 Dec 2005 to 133.11.199.16. Redistribution subject to AIP
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Mg11tFe222tTitO4 (t50.5– 0.4) which has a highTc of over
200 K, therefore, a largeJ, and substrates have been selec
that have the effect of enhancing theJ value by the strain
induced due to lattice mismatch. We have also controlled
spin-glass state of the ferrite film by means of light irrad
tion.

II. EXPERIMENT

Thin films of ~111!-oriented spinel ferrite were prepare
by a pulsed-laser deposition technique on sapphire~0001!
and SrTiO3~111! planes. The spinel ferrite target
Mg11tFe222tTitO4 (t50.5, 0.45, and 0.4! were prepared by
a normal solid-state reaction. Powders of MgO, Fe2O3, and
TiO2 were mixed in approximate molar ratio and sintered
1200 °C for 4 h under an oxygen atmosphere, and th
cooled to room temperature at a rate of 2 °C/min. During
film preparation, the substrate temperature and oxygen p
sure was maintained at 500 °C and 1.031025 Torr, respec-
tively. The typical deposition rate was about 10 Å/min. T
thickness of the films is 3000 Å for films formed on bo
a-Al2O3~0001! and SrTiO3~111! substrates. All the prepare
films were found to be~111!-oriented single-phase by x-ra
diffraction ~XRD! analysis. X-ray pole figure analysis o
these films was also done, which established its epita
nature against the substrates. All magnetic measurem
were performed using a superconducting quantum inter
ence device~SQUID! ~Quantum design MPMS-5S!. Mag-
netic fields were applied parallel to the substrate surface.
photoinduced magnetization measurement, a Xe lamp
used as the light source. From the absorption coeffic
measurement, the mean-penetration depth into the
~about 1mm depth! is larger than the thickness of the film
itself ~3000 Å!, indicating that a bulk photoinduced effec
rather than a surface effect can be realized.

III. RESULTS AND DISCUSSION

A. High-temperature spin-glass state in ferrite films

Figure 3~a! shows the XRD pattern of the
Mg1.5FeTi0.5O4 film on a Al2O3~0001! substrate. By XRD
analysis, the film is found to be~111!-oriented single phase
The lattice parameter of the~111! out-of-planedIII was de-

:

he

en

FIG. 2. Magnetic-phase diagram for Mg11tFe222tTitO4 in bulk material
~see Ref. 4!.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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termined to be 4.864~1! Å, which is slightly smaller than
that of bulk material@4.870 ~1! Å# with a cubic symmetry.
The x-ray pole figure measurement of the film is also carr
out and the result is depicted in Fig. 3~b!. Figure 3~b! shows
planes of the$100% family of Mg1.5FeTi0.5O4 film, indicating
that the film is in well epitaxy with the substrate. The stru
ture of the film is cubic and the symmetry of the$100% planes
should be threefold for the@111# axis of the film. In Fig.
3~b!, there are six diffraction spots for the film and the ro
tion angles are 60°, meaning that the film may consist
twins or domains. Since twins are also observed in the s
phire substrates of the~0001! plane ~sixfold!, the
Mg1.5FeTi0.5O4 film with twins has grown epitaxially on the
substrate.

Figures 4~a!–4~c! show the temperature dependence
the magnetization for the Mg11tFe222tTitO4 film ( t50.5,
0.45, and 0.4! on the sapphire~0001! substrate under variou
applied magnetic fieldsH. In Figs. 4~a!–4~c! the zero-field-
cooled ~ZFC! and field-cooled~FC! data are shown. In the
ZFC operation, the film was cooled inH50 Oe from 350 to

FIG. 3. ~a! X-ray diffraction pattern of the~111!-oriented Mg1.5FeTi0.5O4

film on an Al2O3(0001) substrate;~b! x-ray pole figure~top graph! and f
scan ~bottom graph! of the $100% family of planes for the~111!-oriented
Mg1.5FeTi0.5O4 film on an Al2O3(0001) substrate, obtained around an a
normal to the film surface.
Downloaded 27 Dec 2005 to 133.11.199.16. Redistribution subject to AIP
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10 K and magnetization measurements were performe
variousH during the temperature rise from 10 to 400 K. Th
temperature sweep rate in the ZFC operation was 2.5 K/m
In the FC operation, variousH were applied to the film at
400 K and then the magnetization was measured while c
ing the film from 400 to 10 K. In Fig. 4~a!, the
Mg1.5FeTi0.5O4 film shows a transition from paramagnetis
to ferrimagnetism at 270 K, which corresponds to the Cu
temperatureTc . Magnetization measurements exhibit a the
mal hysteresis. InH550 Oe, the magnetization in the F
curve increases continuously with decreasing temperat
whereas that in ZFC curve shows a cusp shape at 210 K
increasing applied fields from 50 to 1000 Oe, the cusp in
ZFC curve tends to shift toward lower temperatures, lose
sharpness, and become a broad maximum. These feature
one of the typical characteristics of the spin glass. Intere
ingly, negative magnetization in the ZFC process has b

FIG. 4. Temperature dependence of the magnetization for the~a!
Mg1.5FeTi0.5O4 film, ~b! Mg1.45Fe1.1Ti0.45O4 film, and ~c! Mg1.4Fe1.2Ti0.4O4

film formed on Al2O3(0001) substrates under various applied magne
fields. The magnetic field was applied parallel to the surface of the s
strates.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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observed below 150 K underH550 Oe. Similar results have
been obtained for the other two films, as is shown in Fi
4~b! and 4~c!. Tc of the Mg1.45Fe1.1Ti0.45O4 and
Mg1.4Fe1.2Ti0.4O4 film is found to be 300 and 350 K, respe
tively. The value ofTc increases with decreasing the subs
tuting amount of Ti ions, suggesting the increase of thJ
value in the films. The cusp is observed in the ZFC cur
for both films, and its temperature and shape show the
plied magnetic dependence, similar to the case of
Mg1.5FeTi0.5O4 film, showing the character of a spin-gla
state. Previously, the spin-glass behavior
Mg11tFe222tTitO4 (t50.5, 0.45, and 0.4! has been inter-
preted as a reentrant spin-glass one.4 However, we have ob-
served no obvious plateau or steep decrease of the mag
zation in the ZFC curves for the ferrite film, which is
characteristic feature of a reentrant spin glass, implying
the film may be in a cluster spin-glass state rather than in
reentrant spin glass, as Muraleedharanet al. have mentioned
in glassy Zn0.5Co0.5Fe2O4 ferrite material.12 For the ferrite
film, since the spin-freezing temperature is defined as
cusp temperature in the ZFC curves,Tf in H550 Oe be-
comes 210 K for Mg1.5FeTi0.5O4, 260 K for
Mg1.45Fe1.1Ti0.45O4, and 310 K for Mg1.4Fe1.2Ti0.4O4 film.

The time-dependent isothermal remanent magnetiza
of the Mg1.5FeTi0.5O4 film was also measured. In this me
surement, the film was first cooled from 300 to 50, 170, a
220 K in the ZFC process and then a field of 100 Oe w
applied. As soon as the field was applied, measurem
were started. Figure 5 shows the plot of magnetization,MZFC

vs log(t) at 50, 170, and 220 K. A very small change w
observed with time at 220 K, but at 170 and 50 K the lon
time relaxation characteristic of a spin glass was clearly se
The temperature of 170 K is below the cusp temperat
Tf(5210 K) for dc susceptibility@SQUID, see Fig. 4~a!#;
hence, the long-time relaxation occurs obviously belowTf .

The spin glass in the ferrite films is also confirmed
the ac susceptibility measurement. Figures 6~a!–6~c! show

FIG. 5. Time evolution of magnetizationMZFC in the Mg1.5FeTi0.5O4 film
on Al2O3(0001) at 100 Oe after zero-field cooling from 300 K to 50, 17
and 220 K.
Downloaded 27 Dec 2005 to 133.11.199.16. Redistribution subject to AIP
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the temperature dependence of ac susceptibility for
Mg11tFe222tTitO4 film ( t50.5, 0.45, and 0.4! formed on
Al2O3(0001) substrates, measured under an ac field of 4
at a frequency range between 0.1 and 1000 Hz, with a su
imposed dc field of 50 Oe. Measurements were performe
ZFC operation at a temperature sweep rate of 1 K/min.
Fig. 6~a!, the susceptibility of the Mg1.5FeTi0.5O4 film in-
creases with increasing temperature, exhibiting a cusp,
then decreases. The cusp temperature is found to be at
K, which is consistent with that observed in the dc measu
ment, as shown in Fig. 4~a!. As indicated in the inset of Fig
6~a!, the cusp shows a frequency dependence; it shifts

FIG. 6. Temperature dependence of ac susceptibility of the~a!
Mg1.5FeTi0.5O4 film, ~b! Mg1.45Fe1.1Ti0.45O4 film, and ~c! Mg1.4Fe1.2Ti0.4O4

film on Al2O3(0001) substrates, with an ac field of 4 Oe at a frequen
range between 0.1 and 1000 Hz in a superimposed dc field of 50 Oe.
inset displays the ac susceptibility of the films as functions of frequenc
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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higher temperatures with increasing frequency. This is
other characteristic feature of a spin glass, thus indica
that this film is the spin-glass state below the cusp temp
ture. The spin-glass behavior is also exhibited in b
Mg1.45Fe1.1Ti0.45O4 and Mg1.4Fe1.2Ti0.4O4 films, where the
cusp is observed at 258 and 300 K, respectively, as is sh
in Figs. 6~b! and 6~c!.

B. Oxygen vacancy and strain effects on spin-
freezing temperature

Tf of the films is much higher than the reported value
bulk material~22 K!.4 This can be reasonably interpreted
being caused by oxygen deficiencies and stresses in the
Oxygen vacancies in the film are present because the fil
prepared under an ambient oxygen pressure of
31025 Torr. Since random oxygen deficiencies in the latt
can change the degree of both randomness and frustra
magnetic spin-glass properties in the films become differ
from those of the bulk, which are usually prepared un
atmospheric oxygen pressure or under air.21,22 Figure 7
shows the temperature dependence of magnetization o
Mg1.5FeTi0.5O4 film annealed under 1 atom oxygen pressu
at 500 °C for 4 h. This film is ferrimagnetic with aTc of 250
K. Thermal hysteresis is observed between the ZFC and
curves, and the cusp is found in the ZFC curves undeH
5500 Oe. The cusp temperature and the shape in the
curves change with increasing applied fields, similar to th
observed for the film before oxygen annealing, indicat
that the film is still in a spin-glass state. However, the o
served cusp temperature in the ZFC curve is 150 K un
H550 Oe and around 10 K underH51000 Oe, both of
which are lower than those obtained in nonoxygen annea
film (Tf5210 K underH550 Oe). This result indicates tha
oxygen annealing has the effect of reducing theTf of the
film, in other words, oxygen vacancies in the lattice play
important role in realizing a highTf of the film. Random
distribution of nonmagnetic Ti41 ions in octahedral sites ca
affect the distribution of Fe ions, which can have a simi
effect onTf to that caused by oxygen deficiencies.

Another possible reason for the difference in the film
and the bulk is the lattice mismatch between the substr

FIG. 7. Temperature dependence of magnetization of the Mg1.5FeTi0.5O4

film on the Al2O3(0001) annealed under O2 atmosphere at 500 °C for 4 h
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and the thin films. In order to confirm the strain effect, t
thin films have been prepared on SrTiO3~111! substrates,
which have a slightly larger lattice mismatch between
substrate and the thin films than those on sapphire. Figu
shows the temperature–magnetization curves of
Mg1.4Fe1.2Ti0.4O4 film on a SrTiO3~111! substrate under ap

FIG. 9. Temperature dependence of the magnetization without~closed
circle! and with ~opened circle! light irradiation of ~a! the Mg1.5FeTi0.5O4

film on the Al2O3(0001) substrate underH5350 Oe, ~b! the
Mg1.45Fe1.1Ti0.45O4 film on the Al2O3(0001) substrate underH5500 Oe,
and ~c! the Mg1.4Fe1.2Ti0.4O4 film on the SrTiO3~111! substrate underH
51000 Oe.

FIG. 8. Temperature dependence of magnetization underH550 Oe for the
Mg1.5FeTi0.5O4 film formed on the SrTiO3~111! substrate, together with the
film on Al2O3(0001) substrate.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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FIG. 10. Light-intensity dependence of the increment of magnetizationDM for ~a! the Mg1.5FeTi0.5O4 film (H5350 Oe) and~c! the Mg1.4FeTi0.4O4 film
(H5500 Oe) formed on Al2O3(0001) substrates. Measurements were performed at 10 K using a 532 nm double-harmonic YAG laser.DM was measured
after 50 s of waiting with light irradiation. Optical absorption spectrum at room temperature and quantum efficiency at 10 K for~b! the Mg1.5FeTi0.5O4 film
and ~d! the Mg1.4FeTi0.4O4 film on Al2O3(0001) substrates.
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plied fields ofH550, together with the result of the film o
an Al2O3~0001! substrate. For the film on SrTiO3(111), Tc is
found at around 400 K and the cusp in the ZFC curve
observed at 340 K, which is 30 K higher than that obtain
in the film on Al2O3~0001!. Considering the lattice paramete
of the ~111! out-of-planedIII of the film on SrTiO3~111! is
determined to be 4.872~1! Å, which is slightly larger than
that of Al2O3(0001)@4.866(1) Å#, suggesting that more
compressive stress is applied to a~111! in-plane film. This
compressive stress for a~111! in-plane film makes the bond
angle close to 180° between cations on tetrahedral and o
hedral sites bridged through an oxygen anion in the sp
lattice, which enhances the exchange interactionJ, and there-
fore, increasesTf of the ferrite film. Another small cusp in
the ZFC curves appears around 50 K for the film
SrTiO3~111!, but this cusp temperature does not exhibi
magnetic dependence. The measuredTf is 310 K for the film
on the Al2O3~0001! substrate, and 340 K for the film on th
SrTiO3~111! substrate, indicating that both films are in th
spin-glass state, even at room temperature.Tf of these films
is very high. Considering the fact that the energy of the
tainedTf is comparable to that of the phonon frequency
gion ~i.e., a few hundred cm21!, there may be some possibi
ity of using spin-lattice coupling to explain the highTf of
our films.

C. Photoinduced magnetization in spin-glass spinel
films

Using light irradiation, we have controlled the spin-gla
state of the Mg11tFe222tTitO4 films (t50.5, 0.45, and 0.4!
Downloaded 27 Dec 2005 to 133.11.199.16. Redistribution subject to AIP
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formed on Al2O3~0001! and SrTiO3~111! substrates. White
light from a Xe lamp was guided via an optical fiber~200–
1060 nm! into a SQUID magnetometer for illumination o
the film. The light intensity was 100mW/mm2. The magne-
tization in the ZFC operation was measured in every step
10 K from 10 to 320 K at a temperature sweeping rate of
K/min for both cases, without and with light irradiation
Measurements were started at each appropriate temper
after 10 s of wait for the case without light irradiation an
after 30 min of wait for the case with light. By irradiatio
under a magnetic field, the initial spin-glass state of the f
rite film is expected to change toward the ferrimagnetic st
with increasing magnetization, which corresponds to
changes observed between the ZFC and FC curves in Fi
Figure 9~a! shows the temperature dependence of the m
netization of a Mg1.5FeTi0.5O4 film on an Al2O3(0001) sub-
strate with and without light irradiation under an applie
field of H5350 Oe. Without irradiation, the ZFC curv
shows a cusp at 140 K. With light irradiation, the magne
zation in the ZFC curve increases with temperature be
160 K, whereas no change is observed in the FC curves.
result suggests that the spin-glass state in this film chan
namely, the melt of the frozen spins in the spin-glass stat
accelerated by the irradiation and the glass state approa
the more stable ferrimagnetic state~FC curves!. This tem-
perature region is much wider when compared with the p
viously reported value~up to 2 K!.16–18Figures 9~b! and 9~c!
show the temperature dependence of magnetization with
without light irradiation for the Mg1.45Fe1.1Ti0.45O4 film on
Al2O3(0001) and the Mg1.4Fe1.2Ti0.4O4 film on SrTiO3(111),
 license or copyright, see http://jap.aip.org/jap/copyright.jsp



0

i
e

n
b

el
to

r
t
ffe
ne
n,
c

eg

w

t
1

22
e

3
n
eV

h

e
ti-
a

ex
f

ng
e)

by
ld-
ent,
era-

the
ect
ve

even
rgy
he
t of
za-

s.
Y.
ID
the

-

ett.

et.

ys.

-S.

, J.

ha-

pl.

s,

ng.

7229J. Appl. Phys., Vol. 88, No. 12, 15 December 2000 Muraoka, Tabata, and Kawai
respectively. In Fig. 9~b!, the cusp in the ZFC curve is at 22
K without light irradiation underH5500 Oe. With light ir-
radiation, the increment in magnetization in the ZFC curve
found in a temperature range below 220 K, which becom
60 K wider than that shown in Fig. 9~a!. Interestingly, for the
Mg1.4Fe1.2Ti0.4O4 film on SrTiO3(111), such photoinduced
magnetization is observed even up to 290 K, as is show
Fig. 9~c!. In other words, the spin-glass state is controlled
the light irradiation up to room temperature.

D. Effect of direct photoexcitation of spins for
photoinduced magnetization

The reason for the increase in magnetization, i.e., m
ing of frozen spins, could be due to the effects of pho
and/or thermal excitation of spins in the lattice. Figure 10~a!
shows the amount of a photoinduced magnetizationDM of a
Mg1.5FeTi0.5O4 film on Al2O3(0001) as a function of lase
light intensity at 532 nm.DM increases with increasing ligh
intensity, i.e., photon number. This suggests there is an e
of light-induced spin excitation on the photoinduced mag
tization. In the case of film heating due to light irradiatio
DM should show an exponential light-intensity dependen
However, such a dependence is not observed in Fig. 10~a!,
meaning that the thermal heating effect is very small or n
ligible. Actually, the light intensity of 100mW/mm2 is weak
enough to exclude thermal heating~less than 2 K! as the
source of photoinduced magnetization.17 In order to elucidate
the detailed mechanism of photoinduced magnetization,
have measured the optical spectra of the film. Figure 10~b!
shows the absorption spectrum at room temperature and
quantum efficiency of the photoinduced magnetization at
K of this film. Several broad absorption bands at 0.75, 1.
1.70, 2.20, and 2.58 eV are observed in the range betw
0.5 and 3.5 eV, which are basically assigned as thedn

→3dn214s process for Fe ions in both the tetrahedral a
octahedral sites.23 The absorption bands at less than 1.0
suggest the presence of Fe21 ions in the octahedral site,24

indicating the existence of oxygen vacancies in the film. T
quantum efficiency of this film obtained at 10 K underH
5350 Oe is also depicted in Fig. 10~b!. It is clearly shown
that the photon energy in the visible-light region of the X
lamp ~1.7–3.2 eV! contributes to the photoinduced magne
zation, also adding to the evidence that the increase of m
netization under light irradiation occurs due to the photo
citation of spins. The photoeffect has been checked also
the Mg1.4Fe1.2Ti0.4O4 film on Al2O3(0001), and similar re-
sults have been obtained, as is shown in Figs. 10~c! and
10~d!.

IV. CONCLUSIONS

In conclusion, we have shown the high-spin-freezi
temperatureTf , even above room temperature, in (Mg, F
3$Mg,Fe,Ti%2O4 film formed on Al2O3(0001) and
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SrTiO3(111) substrates. The spin-glass state is confirmed
a long-time relaxation of the magnetization in the zero-fie
cooled operation and an ac susceptibility measurem
which shows a frequency dependence of the cusp temp
ture. The high-spin-glass state has been achieved due to
random oxygen vacancies in the film and the strain eff
introduced by the film/substrate lattice mismatch. We ha
also demonstrated a photocontrol of the spin-glass state
up to room temperature in the ferrite film. The photon ene
in the visible-light region has been found to contribute to t
increase in magnetization, showing evidence of the effec
direct photoexcitation of spins for photoinduced magneti
tion.
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