RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 62, NUMBER 2 1 JULY 2000-II

Structural tuning of the magnetic behavior in spinel-structure ferrite thin films
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Epitaxial cobalt ferrite thin films provide a model system for understanding the magnetic properties of spinel
structure ferritethin films We demonstrate that the anomalous magnetic behavior, observed in our antiphase-
boundary-free films, can be explained in terms of cation distribution and lattice distortions. The magnetic
anisotropy is a delicate balance between strain anisotropy, due to internal lattice strain or equivalent external
strain effects, and magnetocrystalline anisotropy, due to cation distribution. By annealing the cobalt ferrite thin
films and hence varying the cobalt cation distribution among the tetrahedral and octahedral sites and the strain
state of the films, we are able to tune the symmetry and the magnitude of the magnetic anisotropy.

Spinel structure ferrites constitute a class of materials thagre occupied by G and F€" ions. The large fraction of
has been recognized to have significant technological poterempty interstitial sites makes the spinel structure a very open
tial in high-frequency applications. In particular, thin ferrite structure conducive to cation migration. Since theé Cimn
films exhibit a variety of nonlinear spin-wave phenomena,is highly anisotropic, it is reasonable that the magnetic be-
which are interesting from a fundamental physics perspectivhavior of the materials will vary with different Go site
as well as from a microwave applications perspective. How-occupation. Lattice strain effects coupled to spin-orbit cou-
ever, spinel structure ferrite thin films have not lived up topling and effects of cation migration are expected to be par-
their expectations as extrapolated from their bulk counterticularly pronounced in CFO where magnetoelastic coupling
parts. Given that they are grown in a nonequilibrium state, iis strong. In our paper we present a compelling picture of the
is not surprising that thin ferrite films, be they grown by arole of lattice strain and cation migration in epitaxial CFO
layer-by-layer methdd or by conventional pulsed laser thin films.
depositior: exhibit some properties very different from bulk ~ We have grown epitaxial CFO thin films at 400°C in 7
ones. Marguile®t al,® as well as other$>®have found that mTorr O, on (110 MgAl,O, (MAO) and CoCs0, (CCO)
microstructure plays an important role in the magnetic propbuffered MAO by pulsed laser deposition with thickness of
erties of these ferrite thin films. For example, antiphases50 A to 9000 A® Microprobe measurements show that the
boundaries(APB) in spinel structure F©, single-crystal stoichiometry of films is consistent with the target composi-
films grown on MgO substrates give rise to anomalous magtion to within 2%. Our films exhibit good crystallinity as
netic properties due to an enhanced intrasublattice supererbserved by x-ray diffraction, Rutherford backscattering
change coupling. Post deposition annealing has been pespectroscopy and transmission electron microsadiisM).
formed with mixed resultd® In the normal incidenc&—26 scans, there is no evidence of

However, APB’s can be eliminated by choosing a spinelthe presence of film or buffer orientations other than those of
structure substrate. In this paper, we elucidate the physicahe underlying substrate. The typical full width half maxi-
origin of anomalous magnetic behavior in spinel structuremum rocking curve widths are on the order of 0.4°. In-plane
thin films that are free of APB’s in terms of lattice strain and alignment of the crystal axes of the film, buffer, and sub-
cation disorder. CoR®, (CFO) is unique among the spinel strate are indicated by the twofold symmetry of #hecans
structure ferrites in that it has a large magnetic anisotropyf the (111) reflections on g110) oriented sample. Grazing
accompanied by large anisotropic magnetostriction. Thereincidence X-ray diffractiofGID) has been used to obtain a
fore effects of strain and cation arrangement, that may havdirect measure of the strain in our CFO thin films. Table |
been masked by other effects such as APB's in spinel ferritshows that with the increase of film thickness, the in-plane
thin films grown on MgO substrates, will be enhanced dra-attice parameters relax toward bulk value and that a com-
matically in the magnetic properties of CFO thin films. plete relaxation of the strain does not occur even at length
While CFO itself is not technologically promising due to its scales of 9000 A. After a post deposition annealing at
very short spin-lattice relaxation constant, it provides al000°C in air, the compressive strain is further relieved
model system for understanding the magnetic properties dfTable ). The TEM diffraction patterns confirm the excellent
spinel structure ferritéhin films Moreover, the characteriza- epitaxial and crystalline quality of the films. Figure 1 shows
tion of CFO, thus far, has been based on a few bulk samples lattice image of a typicdll10) oriented CFO film, in cross
of cobalt ferrite accompanied by little theoretical section, grown under compression. The white line indicates
description’. an extra(111) half plane, which forms a Frank dislocation

CFO has an inverse spinel structure where the O atomwith a burger’s vector ob=1/3(111). The mismatch strains
make up an fcc lattice, an eighth of the tetrahedfdl sites  are relieved by forming these edge dislocations. From im-
are occupied by Fé ions and half of the octahedréB) sites  ages of different regions of the specimen, we estimate that
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TABLE I. In-plane lattice parameters of CFO films grown on CCO buffered MAO.

Thickness(A) In-plane lattice In-plane lattice In-plane straire gy, In-plane straire 4
as-grown parametedy(A)  parameted;(A) (%) (%)

650 8.353:0.006 5.90&0.001 —0.51+0.07 —0.47+0.02
1200 8.359-0.003 5.8970.003 —0.44+0.04 —0.66+0.05
3600 8.369-0.006 5.8990.003 —0.32+0.07 —0.62+0.05
9200 8.374:0.003 5.90&0.001 —0.26:0.04 —0.47+0.02

after anneal

650 8.370:0.003 5.916:0.003 —0.31+0.04 —0.44+0.12
1200 8.386:0.010 5.931%0.010 —0.19+0.12 —0.08+0.17
3600 8.38%-0.004 5.9350.010 —0.08+0.05 —0.02+0.17
9200 8.391-0.004 5.9470.007 —0.06+0.05 +0.17+0.12

Bulk CFO 8.3919 5.9397 / /

the dislocation density is lower than X@0%cn? in our  0.5% and K~1x 10° ergs/cm, so that the stress anisotropy
films. term dominates the total energy, thus makjitd0] the hard
Given the structural characterization, we expect the latticglirection. For CFO films that we have grown ¢100) ori-
strain and relaxation effects to manifest themselves in thented substrates, similar magnetoelastic arguments can be
magnetic properties of as-grown and annealed CFO filmsnade!* As the magnetocrystalline anisotropy energy is
The magnetic anisotropy of as-grown compressively strainedquivalent along thg100], [010], and[001] directions, mag-
CFO thin films can be understood self consistently fromnetoelastic energy only competes with the demagnetization
magnetoelastic theory. We have found CFO films grown orenergy. The calculation shows that stress anisotropy should
(110 MgAl,04 (MAO) and CoCj0, buffered (110 MAO  dominate and make the in-plak&00) directions to be mag-
to exhibit in-plane uniaxial magnetic anisotropy with an easynetically easy and hard in films grown under compression
[001] and a hard110] direction? Assuming bulk magneto- and tension, respectively. These calculations are consistent
striction constants Of\ ;g5~ — 590X 10°% and N111~120  with our observations in Fig. 2.
X 107% and elastic constants,,G=2.73< 10" dynes/crf, If indeed the biaxial compressive strain from the lattice
Cy,=1.06x 10**dynes/cm and G,=0.97x 10" dynes/cri,  mismatch between the film and the substrate is predominant,
we deduce, for th€110 oriented films, the magnetoelastic we should be able to tune such strain anisotropy via the
energy associated with the different in-lane directions to beapplication of external strain. We have performed magneti-

Erlnleo=11589><106 ergs/c, Erlnlel:167%x106 ergs/cm zation measurements on _CFO thin films while qpplyirjg ex-
andE%Oelz 2740: X 10° ergs/cri, wheres is the strairi® For ternal uniaxial tensile strains along th&l0] direction. Fig-

films under compression, stress anisotropy mdRed] the ure 3 shovx_/s that external strains re;ult in shifts of the
magnetically easy anfi110] the magnetically hard direc- am_sotropy field from 4.3'_|'t_o 1.4 T that in turn allows us to
tions. Since we are comparing the in-plane directions, th&Stimate the magnetostriction constantgy+ X115~ —120
demagnetization energy does not play a role here. Howevef 10 = from

there is an additional term_due to the crystalline anisotropy L 3

energy, which renders tHé11] direction the highest-energy AEme:Af H-dM=— — (A oot A119) - A- f YegqmdX,

state. The observed lowest-energy state is determined by the 4

minimization of the total energy. For films grown on CCO where A is the cross-sectional area and Y is the Young's
buffered MAO substrates, the mismatch strain is aroungnodulus of the CFO film. These values for magnetostriction
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FIG. 2. Magnetization loops oft00 CFO films grown(i) on
CCO buffered MAO(solid circles, (ii) on MgO (open circleg, with

FIG. 1. Lattice image of(110 oriented CFO films on CCO the applied field along in-plang010] directions. The inset is a
buffered MAO. The white line indicates an extra hélfL1) plane. detailed plot of(i).
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netic anisotropy similar to the thin-film resulfig. 4(c)].
Since TEM diffraction patterns and normal incidence x-ray
measurements did not contain any extra spots or peaks in
these annealed films, we believe that there is no phase
change during the annealing. Similar experiments of CFO on
bare MAO substrates show no anomalous change in the mag-
netic anisotropy after annealing. Therefore we attribute the
. fourfold symmetry of the in-plane anisotropy of the thick
film to the coexistence of a CFO layer with uniaxial anisot-
ropy plus an interdiffused layer with uniaxial anisotropy of
Applied field [T] opposite sign. To verify the existence of the interdiffused
layer, electron microprobe was used to determine the chro-

MAO without external strespen circley along the easy and hard _mlun;] dlsmblft'on.m an zlinnealed 9000 A g?ICk flln(wj._ By Vﬁry'f
directions and with external tensile stress along the hard directiot'9 the acceleration voltage, we were able to adjust the ei-

(solid circles. External stress shifts the anisotropy field from 4.3 T f€Ctive range of the electron beam in the film. A peak
to 1.4 T. The inset is an expanded plot of feH loop along the corresponding to chromium was observed at a depth around

hard direction without external stress. 3300 A, thus suggesting that interdiffusion occurs during the
annealing process.
Comparing the ionic structures of Cofey with CoCr,0O,
e assume that the interdiffused layer has a composition of

CoFe_,Cr,O,. A theoretical calculation of octahedral site

aton (S6e. Table ) and cation recistribution, we varied the PYefeTence energgts by Paul and Basti shows that C
' ions have much larger octahedral affinity than?Cand

magnetoelastic energy contribution to the.tOt{il ENergy. age+ jons and prefer to stay in the octahedral sites. Indeed
well as the magnetocrystaliine energy contribution. We haV%ulk studies of the cationic distribution in powder cobalt

already explained the twofold symmetry of tli&10 ori- . .
ented as-grown CCO buffered CFO sample in terms of strair&er(”jgr;m':ﬁ ((io;]@e‘xg;’ﬁro‘i‘z) ﬁshogi;?ﬁzagigﬁg d\glluiﬁec;f
due to the lattice mismatch between the film and the sub- ‘.~~~ '

strate[Fig. 4(@)]. When a sample less than 8000 A thick is while the same amount of €bions migrate from octahedral

annealed at 1000 °C in air for 45 min, we see an inversion o%o tetrahedral sites to keep half of the octahedral sites

ic ani i : d* Extended X-ray absorption fine structure
the magnetic anisotropy so that f@91] is the magnetically ~2¢CUP'€ _
hard and thé110] is the magnetically easy in-plane direc- (EXAFS) measurements of films on MgO substratgeown

. ol . P side by side with the buffered MAO substrates during depo-
ﬂﬁglylztrhoar? \;cvr;e a(ig E;(ﬁzi‘:\gaziydf?:ﬁren'é%Ifoetxr:;eggy unsition) indicate that 22.5%2% of the C8" ions are tetrahe-
state!? Annealing samples in Natmosphere produces the drally coordinated in as-grown films. Considering the non-

same results, thus suggesting that oxygen content is not theqU|I|br|um growth of those films, it is reasonable that the

aes- rown CFO film does not have a completely inverse struc-
issue. Annealing thicker filmg000 A) for the same amount 9 P y
of time_gives rise to a fourfold symmetry where b¢001]

ture. By post deposition annealing, we observed that the
and[110] appear to be hard directiofisig. 4(b)]. However CFO film approached its equilibrium state and to within
further annealing results in a twofold symmetry of the mag-
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FIG. 3. Magnetization loops of CFO grown on CCO buffered

confirm the only measure of magnetostriction obtained ir\N
single-crystal CFQ.

+2% all of the C8" ions were in the octahedral sites. For
CFO grown on CCO buffered MAO substrates, due to the
buffer layer signal in the EXAFS data, it is difficult to obtain

400~ = the exact site population of €6 in CFO films only. How-
Z: A ever, for thick as-grown film$>5000 A), where the signal
200 F ,d from the CFO layer should dominate, the EXAFS data
3 [ clearly show a considerable amount of tetrahedrally coordi-
— 0 F @ A nated Cé" ions. A qualitative comparison of the EXAFS
= = spectra between films before and after annealing indicates
\é 200E ’\/\/\/\/ that the cobalt site occupation is very similar in these two
3, - cases. We believe that the tendency of ‘Cions to stay in
= : (b) octahedral sites prevents €oions from migrating into the
o— : —r octahedral sites. The distribution of €oions among the
- / \ two types of sites, in as-grown and annealed samples, deter-
200 mined from EXAFS measurements have also been confirmed
3 / by electron energy loss spectroscdpyyhere a shift of the
- ©) [0 (o1] | [i10]  |00i] Co 2P, peak towards a higher binding energy in annealed
0 0 100 200 300 400 film even suggests an increase of the tetrahedrally coordi-

nated C8" ions.
It is well known that the magnetocrystalline energy in
FIG. 4. Remnant magnetization as a function of in-plane adgle CFO originates from the cations distributed among the tetra-
after in-plane saturation fof) CFO film as-grown(b) CFO film  hedral and octahedral sites. In garnets, for examplé,” Co
after 45 min annealingc) CFO film afte 3 h annealing. ions have been shown to give rise to magnetocrystalline

In-plane angle 0 [deg]
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anisotropies of opposite sign depending on its oxygen envialong the[110] direction, a negative value of,{s required.
ronment(i.e., CG" ions in the tetrahedral site have;K | our case, we believe that the post deposition annealing not
—4 cm Yion, while those on octahedral sites halie~  only decreases the strain anisotropy energy term in the ex-
+27 cm Yion.”). In a study of epitaxial ¥Fe;0;, (YIG) pression for the total anisotropy energy but also enhances the
films, a similar shift of the easy direction, due to post depo-gffect of the negative magnetocrystalline anisotropyde

it i 15
sition annealing has been reported by Del@l> By com- 4 c?* jons on the tetrahedral sites. This results in an over-
paring the magnetic behavior of cobalt doped YIG films to | inversion of the magnetic anisotropy.

that of undoped ones, they concluded that the shift resulted |, summary, we have explained the origin of the anoma-
from the migration of cobalt ions. Similar results have beeng,s magnetic behavior in our epitaxial ferrite thin films in

. 16 . . . . . .
obtained by Zhanget al,™ in their investigation of spinel arms of cation distribution of @3 and internal and external

structure cobalt ferrite. lattice strain effects. By varying these parameters, we are

. From the structural evidence, we can confidently §tate thalple to tune the symmetry and the magnitude of the magnetic
(i) the large amount of tetrahedrally coordinatec? Cions anisotropy.

and (ii) reduction of the strain are responsible for the evolu-

tion of the observed magnetic anisotropy with annealing. Af- We thank Trevor Tyson for the EXAFS measurements on
ter strain relaxation due to post deposition annealing, thepinel substrates. This work was supported by ONR and the
magnetocrystalline term now dominates over the strain ternPackard FoundatioflY.S. and C.B.B. Some structural char-

in the magnetic anisotropy energy. In order to explain theacterization was carried out at the central facilities of the
inversion of magnetic anisotropy and produce an easy axi€ornell Center for Materials Resear@NSF-MRSEQ.
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