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Photoexcited spin-glass state in (Mg, Fe){Mg,Fe,Ti}O, spinel ferrite films
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Spin-glass states above room temperature have been foyhyjfre{Mg,Fe,Ti,O, spinel ferrite

thin films formed on AJO; (0001 and SrTiQ (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 reioh-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 magnetizatic200@®
American Institute of Physic§S0021-897@0)05601-§

I. INTRODUCTION oriented antiparallel to all B-site moments, with BB and AA
bonds remaining unsatisfi¢t&ft side, Fig. 1b)]. On dilution
Spinel ferrite oxides, A"Fe}"0,, are one of the typical of F&** ions in the B site by Ti*-ion substitution, magnetic
magnetic materials, and show various magnetic propertiegrder is broken and the frustration of certain moments occurs
depending on the composition. The most advantageous fegor BB and AA bonddright side, Fig. 1b)].
ture of spinel materials is that various ions can be placed at  Other than spinel materials, spin-glass behavior has been
tetrahedral (A") and octahedral (P&) sites within the reported so far in perovskite oxid&$, dilute magnetic
structurelsee Fig. 18], which allows us to control the mag- alloys®° and amorphous materiafs** (spin freezing tem-
netic properties. In addition to ferromagnetism and antiferroperature T,=3-50K). In many cases, spin-glass states are
magnetism(ferrimagnetisny another unique spin state, the observed at temperatures below 50K «50K). An excep-
so-called “spin glass,” can be assigned in the case of spinefon is spinel cobalt ferrite with a polycrystalline or amor-
ferrites. phous form, which is known to exhibit a high near room
The spin-glass state occurs due to a combination ofemperature T;=284 or 320 K,'>**but such examples are
“randomness” and “frustration” in spin ordering, caused by fey.
the randomly mixed state of the ferromagnétipin-parallel The spin-glass system consists of various metastable
and antiferromagnetispin-antiparallél spin interactiort. In states, depending on the degree of “spin freezin§® Ac-
order to obtain the spin-glass state for spinel ferrites, Fe iongordingly, applying appropriate external fields such as light
are substituted by nonmagnetic ions, such a$™My Ti**,  perturbation to the spin-glass state can cause a “melt” of the
resulting in both the occurrence of dilution of magnetic in-frozen spins and accelerate the magnetic relaxation, giving
teractionsrandomnessand the competition of exchange in- rise to an increase in magnetization up to a new steady-state
teractions(frustration.”* Figure 1b) shows the model of value [Fig. 1(c)]. This type of photoexcited magnetization
the spin-glass phenomenon in spinel ferrite 4B The has been demonstrated for amorphous spin glass in
nearest neighbors of metal ions via thé Canion in the Oxides:}ﬁ_l8 a|though the Operating temperature is low?2
spinel ferrite are shown in Fig.(). A corresponds to the K), due to the lowT (<6 K) of the materials. If such spin-
tetrahedral site cation and B stands for the octahedral sitglass control can be obtained at sufficiently high tempera-
cation. Arrows indicate the spin of the Fe ion. The MgBg  tures, it could be applied to many magneto-optical devices.
compound, without Ti" ions, shows the ferrimagnetism According to the three-dimensional Heisenberg theory
with a Curie temperatureT¢) of 715 K. Cations of M§"  for anisotropy,D,™ the spin-freezing temperaturd are
and F€" are distributed on A and B sites and the formula isrejated as

given as(Mgg sF& s71{Fe 3Mgo 620,.° In this material, all
spin interactions are well defined as_nearest-neighbor antif- T,~J-(DIJ)¥
eromagnetic, withJag|>|Jgg|>|Jaal [J in Fig. 1(b) shows
the average value of the spin interactibrighus,J g renders

. . . X - ; wherelJ is the exchange interaction, thlis depends heavily
the undiluted spinel ferrimagnetism, with all A-site moments

on the absolute value af in materials. Hence, the spinel
oxides, especially spinel ferrites, are one of the most suitable
dElectronic mail: kawai@sanken.osaka-u.ac.jp materials for achieving a highdr; because of their higfi.,
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) Mg, F&_5Ti;O4 (t=0.5—0.4) which has a high, of over
(c 200 K, therefore, a largé and substrates have been selected
hv that have the effect of enhancing tevalue by the strain
induced due to lattice mismatch. We have also controlled the
spin-glass state of the ferrite film by means of light irradia-
/ tion.
N\
H
Pl \ \ s T T f T Il. EXPERIMENT
T\/ ~,/ hv f t e 1) Thin films of (111)-oriented spinel ferrite were prepared
FREN g — R by a pulsed-laser deposition technique on sappt091)
e o 4 44 3 and SrTiQ(111) planes. The spinel ferrite targets,
\4 . Mg, +Fe_5TiiO, (t=0.5, 0.45, and OYwere prepared by

. . . . __a normal solid-state reaction. Powders of MgO,®g and

FIG. 1. (@) Two octants in the unit cell of the spinel structu_re with _Iattlcg TiO., were mixed in approximate molar ratio and sintered at

parametera. The general formula of compounds with spinel ferrites is 2

A{Fe.,0,. The G anions form a cubic close-packed structure, with A ions 1200 °C fa 4 h under an oxygen atmosphere, and then

occupying the tetrahedral sitéa site), and Fe ions occupy the octahedral cooled to room temperature at a rate of 2 °C/min. During the

o ot o e skt e ey I preparatonthe subsiate temperature and oxygen pres-

the O~ arl?ion in the spineIA%errite are shown:gA: tetrahedral site cation; B: Sfure was malr_1ta|ned at ,5.00 °C and2.1D ° Torr, respec-

octahedral site cation. Arrows correspond to the spin of Fe i¢a. Sche-  tively. The typical deposition rate was about 10 A/min. The
matic representation of the process of an increase of magnetization in thghickness of the films is 3000 A for films formed on both
spin-glass state. Spins_arg frqzen in a low applied magnetic Hie(lebft). a-Al,04(0001) and SrTiQ(111) substrates. All the prepared

Th‘e frozen spin glgss |s‘|rre‘id|at_ed ur]der a magnetic field, and the frozeﬂlmS were found to bé111)-oriented single-phase by x-ray

spins are melted with their direction aligned parallel to the magneticlfield . - ) )

(right). diffraction (XRD) analysis. X-ray pole figure analysis of
these films was also done, which established its epitaxial
nature against the substrates. All magnetic measurements

that is, largel. Furthermore, the value @ in spinel ferrites  were performed using a superconducting quantum interfer-

is controllable by changing their compositiéh. ence device(SQUID) (Quantum design MPMS-5SMag-

In this work, we have focused on ferrimagnetic spinelnetic fields were applied parallel to the substrate surface. For
ferrite (Mg, Fe{Fe,Mg,T#,0, (Whose formula is represented photoinduced magnetization measurement, a Xe lamp was
as Mg, Fe,_,TgO,). The magnetic-phase diagram of this used as the light source. From the absorption coefficient
bulk material is shown in Fig. 2The material shows a spin- measurement, the mean-penetration depth into the film
glass or a spin-canting state for 8.4<0.85, due to the di- (about 1um depth is larger than the thickness of the film
lution of FE* ions by nonmagnetic Mg and Tf" ions, itself (3000 A), indicating that a bulk photoinduced effect
which results in the occurrence of both randomness and frugather than a surface effect can be realized.
tration of spin ordering in the material. THg of this bulk
material is =22 K. However, considering the fact that ||| RESULTS AND DISCUSSION
?f?;:;%(;igboé,bvltlrll(e?)e(:;b;;stﬁ ehggll;;r::n”nhcisngtg;?gg A. High-temperature spin-glass state in ferrite films
this material has a significant possibility of exhibiting a Figure 3a shows the XRD pattern of the
higher T;. In this work, we have prepared this material in Mg, gFeTi sO,4 film on a AlLO5(0001) substrate. By XRD
the form of a film. In order to obtain a high;, even above analysis, the film is found to b 11)-oriented single phase.
room temperature, the composition has been tuned to bEhe lattice parameter of thd11) out-of-planed,;, was de-
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FIG. 3. (a) X-ray diffraction pattern of th&111)-oriented Mg sFeTiy O, -2 - . ‘ - . 4 . -
film on an ALO4(0001) substrate(b) x-ray pole figure(top graph and ¢ 0 50 100 150 200 250 300 350 400

scan (bottom graph of the {100 family of planes for the(111)-oriented Temperature(K)

Mg, sFeTip 50,4 film on an ALO;(0001) substrate, obtained around an axis

normal to the film surface. FIG. 4. Temperature dependence of the magnetization for (#e

Mg, sFeTios04 film, (b) Mgy 4g-er 1Tio 404 film, and (c) Mgy 4F€, Tip.404
film formed on ALO3(0001) substrates under various applied magnetic
fields. The magnetic field was applied parallel to the surface of the sub-

termined to be 4.8641) A, which is slightly smaller than ~STas:

that of bulk materia[4.870(1) A] with a cubic symmetry.
The x-ray pole figure measurement of the film is also carried
out and the result is depicted in Figh3. Figure 3b) shows 10 K and magnetization measurements were performed at
planes of thg100 family of Mg, sFeTi, 50, film, indicating  variousH during the temperature rise from 10 to 400 K. The
that the film is in well epitaxy with the substrate. The struc-temperature sweep rate in the ZFC operation was 2.5 K/min.
ture of the film is cubic and the symmetry of {00 planes In the FC operation, variousl were applied to the film at
should be threefold for thgl11] axis of the film. In Fig. 400 K and then the magnetization was measured while cool-
3(b), there are six diffraction spots for the film and the rota-ing the film from 400 to 10 K. In Fig. @), the
tion angles are 60°, meaning that the film may consist oMg, gFeTi, O, film shows a transition from paramagnetism
twins or domains. Since twins are also observed in the safe ferrimagnetism at 270 K, which corresponds to the Curie
phire substrates of the(000) plane (sixfold), the temperaturd,. Magnetization measurements exhibit a ther-
Mg sFeTiy 0, film with twins has grown epitaxially on the mal hysteresis. IrH=50 Oe, the magnetization in the FC
substrate. curve increases continuously with decreasing temperature,
Figures 4a)—4(c) show the temperature dependence ofwhereas that in ZFC curve shows a cusp shape at 210 K. On
the magnetization for the Mg.Fe,_,Ti;O, film (t=0.5, increasing applied fields from 50 to 1000 Oe, the cusp in the
0.45, and 0.4on the sapphiré0001) substrate under various ZFC curve tends to shift toward lower temperatures, lose its
applied magnetic fieldsl. In Figs. 4a)—4(c) the zero-field- sharpness, and become a broad maximum. These features are
cooled (ZFC) and field-cooledFC) data are shown. In the one of the typical characteristics of the spin glass. Interest-
ZFC operation, the film was cooled =0 Oe from 350 to ingly, negative magnetization in the ZFC process has been
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FIG. 5. Time evolution of magnetizatioM ;¢ in the Mg, sFeTiy 50, film
on Al,0;(0001) at 100 Oe after zero-field cooling from 300 K to 50, 170,
and 220 K.

Susceptibility(a.u.)

observed below 150 K undét=50 Oe. Similar results have
been obtained for the other two films, as is shown in Figs.
4(b) and 4c). T, of the Mg g€ 1TigsOs and R

Mg 4F€ 5Tig 40,4 film is found to be 300 and 350 K, respec- 0 50 100T150 200 250 300 350 400
. . . . . emperature(K)
tively. The value ofT. increases with decreasing the substi-

tuting amount of Ti ions, suggesting the increase of dhe

value in the films. The cusp is observed in the ZFC curves 5 Hye=300e
for both films, and its temperature and shape show the ap- £ Hac™ ‘:?{Z
plied magnetic dependence, similar to the case of the 33

Mg, FeTi, <O, film, showing the character of a spin-glass % g 01Hz

state.  Previously, the spin-glass behavior of 2|2 lomz

Mg . iFe_»TiiO, (t=0.5, 0.45, and 0¥has been inter- £ 280 290 300 310 320

preted as a reentrant spin-glass ditéowever, we have ob- g Temperature(K)

served no obvious plateau or steep decrease of the magneti- “a ©
zation in the ZFC curves for the ferrite film, which is a 0.4

characteristic feature of a reentrant spin glass, implying that
the film may be in a cluster spin-glass state rather than in the
reentrant spin glass, as Muraleedhagaml. have mentioned
in glassy Zg<CoysFe,0, ferrite material? For the ferrite
film, since the spin-freezing temperature is defined as th&!G. 6. Temperature dependence of ac susceptibility of thg

cusp temperature in the ZFC curvé, in H=500e be- M919€ToOs film, (b) MGy 49761 1Tio 40, film, and (¢) Ms 4@, ,Tio.Os

. film on Al,O5(0001) substrates, with an ac field of 4 Oe at a frequency
comes 210 K for MgsFeTios0s 260 K for range between 0.1 and 1000 Hz in a superimposed dc field of 50 Oe. The

Mg ad€ 1Tig 4504, and 310 K for Mg 4Fe, 5Tig 40, film. inset displays the ac susceptibility of the films as functions of frequency.
The time-dependent isothermal remanent magnetization
of the Mg, sFeTip 50, film was also measured. In this mea-
surement, the film was first cooled from 300 to 50, 170, andhe temperature dependence of ac susceptibility for the
220 K in the ZFC process and then a field of 100 Oe wadMg,.Fe,_»Ti;O, film (t=0.5, 0.45, and 0)}formed on
applied. As soon as the field was applied, measurementl,O,;(0001) substrates, measured under an ac field of 4 Oe
were started. Figure 5 shows the plot of magnetizafibg,c  at a frequency range between 0.1 and 1000 Hz, with a super-
vs logf) at 50, 170, and 220 K. A very small change wasimposed dc field of 50 Oe. Measurements were performed in
observed with time at 220 K, but at 170 and 50 K the long-ZFC operation at a temperature sweep rate of 1 K/min. In
time relaxation characteristic of a spin glass was clearly seerkig. 6(a), the susceptibility of the MggFeTip O, film in-
The temperature of 170 K is below the cusp temperaturereases with increasing temperature, exhibiting a cusp, and
T;(=210K) for dc susceptibilityf SQUID, see Fig. @&a)];  then decreases. The cusp temperature is found to be at 200
hence, the long-time relaxation occurs obviously below K, which is consistent with that observed in the dc measure-
The spin glass in the ferrite films is also confirmed by ment, as shown in Fig.(4). As indicated in the inset of Fig.
the ac susceptibility measurement. Figuréa)-66(c) show  6(a), the cusp shows a frequency dependence; it shifts to

0 50 100150200250 300350400 450
Temperature(K)
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FIG. 8. Temperature dependence of magnetization uHdeb0 Oe for the
Mg, sFeTip 50, film formed on the SrTiQ111) substrate, together with the

FIG. 7. Temperature dependence of magnetization of th I
P P J €M 004 film on Al,O5(0001) substrate.

film on the ALO;(0001) annealed under,@tmosphere at 500 °C for 4 h.

higher temperatures with increasing frequency. This is an@nd the thin films. In order to confirm the strain effect, the
other characteristic feature of a spin glass, thus indicatingin films have been prepared on SrEiQLl) substrates,
that this film is the spin-glass state below the cusp tempera¥hich have a slightly larger lattice mismatch between the
ture. The spin-glass behavior is also exhibited in bothSubstrate and the thin films than those on sapphire. Figure 8
Mg, e 1Tip40, and Mg e ,Tiy 4O, films, where the Shows the temperature-magnetization curves of the
cusp is observed at 258 and 300 K, respectively, as is showM91.47€1 2Tio 4O, film on a SrTiQ(111) substrate under ap-

in Figs. b) and Gc).

12

B. Oxygen vacancy and strain effects on spin- o[ eegy FC (@) =05
freezing temperature . "0... on AL,0;(0001)
. . . b 3 ’/D . ="

T, of the films is much higher than the reported value for g  Loa00000000290038g, 7350 e
bulk material(22 K).* This can be reasonably interpreted as ¥ Thv.o’. 8, | lightoff
being caused by oxygen deficiencies and stresses in the film. 4 88 o light on
Oxygen vacancies in the film are present because the film is 21 7rC 8,
prepared under an ambient oxygen pressure of 1 0 . ' . 000000, |
X 107° Torr. Since random oxygen deficiencies in the lattice 0 0 1% Te‘,f,gmjﬁgmf” 300 3%

can change the degree of both randomness and frustration,

magnetic spin-glass properties in the films become different 75 —"0.:.\Fc (b) =04
from those of the bulk, which are usually prepared under %00, 1500 0c O Al03(0001)
atmospheric oxygen pressure or under?&f? Figure 7 25 [ "-... * Tight off
shows the temperature dependence of magnetization of the §5_5 L .°'0., © lighton
Mg, FeTiy O, film annealed under 1 atom oxygen pressure = hv o 99°°°3"o.

at 500 °C for 4 h. This film is ferrimagnetic with &, of 250 45— 09%e" %e,
K. Thermal hysteresis is observed between the ZFC and FC 0000 b zrC o

curves, and the cusp is found in the ZFC curves urtder 0 50 100 150 200 250 300 350
=500 Oe. The cusp temperature and the shape in the ZFC Temperature(K)

curves change with increasing applied fields, similar to those [Foee, 50 -
observed for the film before oxygen annealing, indicating 7{((;) ONNG %"jﬁ 999998298,
that the film is still in a spin-glass state. However, the ob- _F =04 "'... b0l S i
served cusp temperature in the ZFC curve is 150 K under é" L on StTiO4(111) ..“':Tgmﬁgwxsfo
H=500e and around 10 K undé#=10000Oe, both of g I - H=10000e ®oe,
which are lower than those obtained in nonoxygen annealing Hlo i ghton /8900F°°°°°°°°38

film (T{=210K underH =50 Oe). This result indicates that 4 :oooo°°°°°°°°£'z}‘c 8
oxygen annealing has the effect of re(_:lucing ﬂhgof the . 5'0 1(')0 1;0 260 2;0 360 o
film, in other words, oxygen vacancies in the lattice play an Temperature(K)

important role in realizing a higfi; of the film. Random

distribution of nonmagnetic fi ions in octahedral sites can FIG. 9. Temperature dependence of the magnetization withciosed

affect the distribution of Fe ions, which can have a similarcircle) and with (opened circlglight irradiation of (a) the Mg, :FeTh {0,

effect onT. to that caused by oxvaen deficiencies film on the ALO3(0001) substrate underH=3500e, (b) the
f A y OXyg : o . Mgy .ad€ 1Tig 40, film on the ALO;(0001) substrate undefl =500 Oe,

Another possible reason for the difference in the filmsang (c) the Mg, JFe; ;Tip 0, film on the SITIQ(111) substrate undeH

and the bulk is the lattice mismatch between the substrates1000 Oe.
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FIG. 10. Light-intensity dependence of the increment of magnetizatighfor (a) the Mg, sFeTiy O, film (H=350 Oe) andc) the Mg, J~/eTiy 4O, film
(H=500 Oe) formed on AD;3(0001) substrates. Measurements were performed at 10 K using a 532 nm double-harmonic YAGNase&as measured
after 50 s of waiting with light irradiation. Optical absorption spectrum at room temperature and quantum efficiency at 1) khioMg, sFeTiy O, film
and (d) the Mg, JFeTi 4O, film on Al,O5(0001) substrates.

plied fields ofH =50, together with the result of the film on formed on ALO4(0001) and SrTiQ(111) substrates. White

an Al,O5(000)) substrate. For the film on SIT¥OL11), Tcis  Jight from a Xe lamp was guided via an optical fib@00—
found at around 400 K and the cusp in the ZFC curve isj060 nn into a SQUID magnetometer for illumination of
observed at 340 K, which is 30 K higher than that obtainedne film. The light intensity was 10@W/mm?. The magne-

in the film on ALO5(0001). Considering the lattice parameter tjzation in the ZFC operation was measured in every step of
of the (111) out-of-planed,;, of the film on SITiIQ(11) is 10 K from 10 to 320 K at a temperature sweeping rate of 2.5
determined to be 4.87@1) A, which is slightly larger than  «/min for both cases, without and with light irradiation.
that of ALO;(0001Y4.866(1) A], suggesting that more easyrements were started at each appropriate temperature
compressive stress is applied td¥1) in-plane film. This  ager 10 s of wait for the case without light irradiation and
compressive stress for(a11) in-plane film makes the bond g0 30 min of wait for the case with light. By irradiation

anglelclqse tg %80 dbitweeﬂ cations on tetrghedralhand ch?'nder a magnetic field, the initial spin-glass state of the fer-
edral sites bridged through an oxygen anion in the spin€le fiin, i expected to change toward the ferrimagnetic state

Ifatrtlcei;]wrhlch erhapi::s ;hﬁifxﬁnin%n'nssr?dﬁ? therei-n with increasing magnetization, which corresponds to the
ore, increases'y of Ihe fermte - ANOINET Small cusp changes observed between the ZFC and FC curves in Fig. 4.
the ZFC curves appears around 50 K for the film on_.

Figure 9a) shows the temperature dependence of the mag-

SrTiOy(111), but this cusp temperature does not exhibit a_=." ~. . .
magnetic dependence. The measuFed 310 K for the film netization of a Mgg=€Th.£0; film on an ALO5(0001) sub-

on the ALO5(00070 substrate, and 340 K for the film on the strate with and without light irradiation under an applied

) 3 o ) . field of H=3500e. Without irradiation, the ZFC curve
SrTiOy(111) substrate, indicating that both films are in the o . o .
spin-glass state, even at room temperattireof these films ShQWS a cusp at 140 K. W'th light |rra'1d|at|on, the magneti-
is very high. Considering the fact that the energy of the opZalion in the ZFC curve increases with temperature below
tained T, is comparable to that of the phonon frequency re-160 K, whereas no change_ls observed |n.the I_:C_curves. This
gion (i.e., a few hundred cii#), there may be some possibil- result suggests that the spin-glass state in this film changes,

ity of using spin-lattice coupling to explain the high of namely, the melt of the frozen spins in the spin-glass state is
our films. accelerated by the irradiation and the glass state approaches

the more stable ferrimagnetic stateéC curve$. This tem-
perature region is much wider when compared with the pre-
viously reported valuéup to 2 K).*6~*8Figures 9b) and 9c)
show the temperature dependence of magnetization with and
Using light irradiation, we have controlled the spin-glasswithout light irradiation for the Mg g€, 1Tig.4£0,4 film on
state of the Mg, (Fe,_»Ti;O, films (t=0.5, 0.45, and 04  Al,05(0001) and the Mg.Fe, 5Tiy 4O, film on SrTiOy(111),

C. Photoinduced magnetization in spin-glass spinel
films
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respectively. In Fig. @), the cusp in the ZFC curve is at 220 SrTiO;(111) substrates. The spin-glass state is confirmed by
K without light irradiation undeH =500 Oe. With light ir- g long-time relaxation of the magnetization in the zero-field-
radiation, the increment in magnetization in the ZFC curve iscooled operation and an ac susceptibility measurement,
found in a temperature range below 220 K, which becomesyhich shows a frequency dependence of the cusp tempera-
60 K wider than that shown in Fig(8. Interestingly, for the  ture. The high-spin-glass state has been achieved due to the
Mg 4Fe 5Tig 404 film on SrTiOy(111), such photoinduced random oxygen vacancies in the film and the strain effect
magnetization is observed even up to 290 K, as is shown ifhtroduced by the film/substrate lattice mismatch. We have
Fig. 9(c). In other words, the spin-glass state is controlled byalso demonstrated a photocontrol of the spin-glass state even

the light irradiation up to room temperature. up to room temperature in the ferrite film. The photon energy

in the visible-light region has been found to contribute to the
D. Effect of direct photoexcitation of spins for increase in magnetization, showing evidence of the effect of
photoinduced magnetization direct photoexcitation of spins for photoinduced magnetiza-

The reason for the increase in magnetization, i.e., melttion.
ing of frozen spins, could be due to the effects of photo-
and/or thermal excitation of spins in the lattice. Figur¢al0 ACKNOWLEDGMENTS
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