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Copper ferrite films have been deposited ons100d MgO substrates by pulsed-laser deposition. The
oxygen pressure used in deposition was varied from 1 to 120 mTorr with the substrate temperature
fixed at 700 °C. Magnetization values are measured to increase with oxygen pressure, reaching a
maximum value of 2480 G, which is a 42% increase over the bulk equilibrium value. Extended
x-ray absorption spectroscopy shows that the Cu cation inversiond fdefined as
sCu1−dFeddtetfCudFe2−dgoctO4g decreases monotonically from 0.72 to 0.55 with increasing saturation
magnetization. ©2005 American Institute of Physics. fDOI: 10.1063/1.1952571g

In the spinel ferrite structure, oxygen atoms form a close
packed lattice with transition metal cations residing at the
interstices. Specifically, 8 of 64 tetrahedrally coordinatedsAd
sites and 16 of the 32 octahedrally coordinatedsBd sites are
filled by magnetic, and often nonmagnetic, cations. The type,
valence, and distribution of these cations influence to a large
degree the material’s magnetic and electronic properties.
Copper ferrite in its bulk form is a mixed spinel, with ap-
proximately 85% of the Cu ions occupying the octahedral
sublattice, with Fe cations filling the remainder of the
sites.1 The structure is described by the formula
sCu1−dFeddtetfCudFe2−dgoctO4, whered is the inversion coeffi-
cient s0.85d. Density functional theory calculations suggest
that if the cation distribution can be varied, that is, increasing
the Cu2+ on the tetrahedral sublattice, the imbalance in sub-
lattice spins will result in an increase in the room tempera-
ture magnetization. Hence, control of the cation distribution
may allow for enhancement of the magnetic properties,
namely, magnetization and anisotropy, valuable for micro-
wave applications.

In this letter, we report the magnetic, microstructure, and
local atomic structural properties of pulsed-laser-deposited
Cu ferrite films ons100d MgO. By applying extended x-ray
absorption fine structuresEXAFSd spectroscopy2–4 to a series
of films deposited under different oxygen pressures, the cat-
ion distribution is determined and correlated with the mag-
netic properties. A maximum value of saturation magnetiza-
tion, 2480 G, was measured for high-pressure deposition and
is 42% higher than the bulk equilibrium value. EXAFS-
determined Cu cation inversiond decreases monotonically
from 0.72 to 0.55 with increasing saturation magnetization.

Copper ferrite thin films were deposited by 8000 laser
pulses at 400 mJ incident energy upon a CuFe2O4 target. The
films were deposited on single-crystals100d MgO substrates;
MgO was chosen for its close lattice match with Cu ferrite.
MgO preserves the cubic structure with lattice parameter
4.216 Å fwhile the lattice parameter of Cu ferrite is 8.445 Å
ssee Ref. 5dg, nearly twice that of MgO substrate, resulting in
a lattice mismatch of,0.15%. The thermal expansion coef-
ficient of spinel ferrites range from 7.5310−6 to 12
310−6 K−1,6 which is comparable to the MgO value of
12.8310−6 K−1.7 Hence, we can expect little strain in the
growing film. Film thicknesses are measured to be of the
order of 1000 Å. At a fixed temperature of 700 °C, a series
of films was grown at oxygen pressures ranging from
1 to 120 mTorr. All the samples were characterized using
vibrating sample magnetometer, ferromagnetic resonance,
atomic force microscopysAFMd, soft X-ray absorption spec-
troscopy sXASd, and EXAFS.8 EXAFS analysis of cation
distribution was first performed by Harriset al. in 1996.3

This approach has been extended by Calvin et al, who, in
2002, performed the first multiedge refinement of the spinel
structure.2 Both Harriset al. and Calvinet al. made use of
theoretical standards generated byFEFF codes of Rehret al.9

together with the well established EXAFS refinement proce-
dures outlined by Sayers and Bunker in Ref. 4. Here, we
report a similar multi-edge refinement of spinel ferrite using
the ATHENA and ARTEMIS codes of Ravelet al.10 and
Newville,11 respectively, to analyze the cation distribution of
samples produced under different pulsed-laser deposition
sPLDd oxygen pressures.

Cu ferrite films reported here have well-defined in-plane
uniaxial anisotropy fields sHad. Values range from
450–550 Oe for samples having a large cation disorderspro-
cessed using moderate to high oxygen pressuresd. The aniso-adElectronic mail: fyang@ece.neu.edu
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tropy field is measured to track the cation disorder with the
highest values corresponding to the lowest oxygen pressures
and the highestd values. These samples also have x-ray dif-
fraction sXRDd peaks that are indexed to the tetragonal spi-
nel phase.12 The source of the magnetic anisotropy is attrib-
uted to the magnetocrystalline anisotropy mechanism.13 The
coercivity is nearly constant for all samples at,200 Oe.
AFM images of films show large cubic crystals, 500 nm on a
side, with an average surface roughness of.5 nm at low
deposition pressuressi.e., 1 mTorrd and smooth featureless
surfaces at high deposition pressuress,1 nm average sur-
face roughnessd.14

Figure 1 shows the variation of saturation magnetization
as a function of oxygen pressure used in PLD. There appears
a clear trend of increasing magnetization with increasing
oxygen deposition pressure up to 90 mTorr, with a sharp
decrease at higher pressure values. We obtained the highest
value of 4pMs—2481 G—for the sample deposited at
90 mTorr. In this figure, the magnetization of the bulk ma-
terial is plotted as a reference. Compared with the bulk, the
sample grown at 90 mTorr has a 42% larger magnetization.
The bulk room temperature magnetization of the spinel cop-
per ferrite is 1700 G.15

The samples prepared at 1, 60, 80, 90, 100, and
120 mTorr were all prepared for EXAFS analysis. The real
part of Fourier transform amplitude of the EXAFS data and
the best fits are shown in Fig. 2. As seen in Fig. 2, the
EXAFS model created for the spinel ferrite closely matches
the experimental data for all samples. TheR factors for the
best fit to the experimental data are consistently below 0.05,
generaly considered a good fit for EXAFS modeling of spi-
nel structures.2 The EXAFS-determined inversion coeffi-

cients and other relevant parameters are listed in Table I. The
subtle differences that exist between best fit and experimen-
tal data arise from the constraints used in the spinel model.5

From this analysis, we can conclude that the lattice param-
eters are reduced compared with the bulk value of 8.445 Å.5

Additionally, it is calculated that thed changes from 0.55 to
0.72. Figure 3 shows the variation of 4pMs as a function of
the d. The saturation magnetization shows a monotonic in-
crease with decreasing inversion parameter. These findings
agree with the density functional theory prediction that an
increase in the fraction of Cu2+ smB=1d on the tetrahedral
sublattice, and the corresponding increase of Fe3+ smB=5d on
the octahedral sublattice, increases the net magnetization of
the structure due to the magnetic imbalance between these
ferrimagnetic coupled sublattices.

The saturation magnetization changes as a function of
pressure and with the changingd. As is seen in Fig. 3, the
samples grown at lower pressures have a reduced magneti-
zation compared with the bulk value. We speculate that the
reduction of the magnetization at low pressures is due to the
incomplete oxidation of the cations, resulting in anion de-
fects in the film. The anion defects have a direct role in
magnetization since the superexchange mechanism relies
upon anion mediation of cation electron wave functions. This
interpretation is supported by high precision,L2,3-edge XAS
of Cu and Fe. It has been reported that white lines ofL3
edges of ferrite materials shift to higher energies, while the
oxidation state changes from +2 to 0.16,17 The energy of the
L3 edge in the sample processed at 90 mTorr is 929.1 eV,
and the multiplets of theL3 edge in 1 mTorr sample are
929.4 and 932.5 eV. Although we cannot quantify the exact
valence of Cu, it can be concluded that the samples pro-
cessed at lower pressures are oxidized to a valence less than
+2.

TABLE I. Results of fitting EXAFS data to a theoretical standard. Uncertainties in the least significant digit are
given in parentheses.

60 mTorr 80 mTorr 90 mTorr 100 mTorr 120 mTorr Bulka

Lattice
parametersÅd 8.376s2d 8.332s3d 8.369s2d 8.343s2d 8.417s2d 8.445

Oxygen
parameter 0.390s1d 0.391s1d 0.392s1d 0.393s6d 0.390s1d 0.38

Octahedrals%d
copper 70.9s2.0d 71.6s2.3d 54.0s6.4d 54.4s4.7d 67.7s2.5d 85

Iron scalculatedd 64.6 64.3 72.9 72.8 66.7 57.5
R factor 0.03 0.03 0.05 0.03 0.04 ¯

aSee Refs. 1, 15, and 16.

FIG. 1. Variation of saturation magnetization of copper ferrite thin films as
a function of oxygen pressure used in pulsed-laser deposition.

FIG. 2. Real part of the Fourier transform amplitude of EXAFS data with
best fits. Panelssad, sbd, and scd are for FeK-edge absorption while panels
sdd, sed, andsfd are for the CuK-edge absorption. Deposition pressures are
denoted on each panel.
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At higher pressures, the frequency of ablated ion colli-
sions within the oxygen plasma is increased, resulting in the
complete oxidation of the cations during film growth. How-
ever, the increase in collisions also results in the loss of ion
kinetic energy and a subsequent reduction in adatom mobil-
ity. This decrease in surface mobility leads to an increase in
the cation disorder, as evidenced by the decrease ind.

To further study the relationship between structure,
disorder, and magnetization, the 90 mTorr sample was an-
nealed at 800 °C for 2 h and slow-cooled in air. The satura-
tion magnetization was found to be reduced from
2450 to 1900 G, 12% higher than the bulk value. Its XRD
pattern showed some peaks that were indexed to the tetrag-
onal spinel phase. Additionally, the sample was annealed
again to 800 °C for 2 h after which it was quenched in air.
As expected, the 4pMs returned to 2480 G. This behavior, as
seen in Fig. 4, confirms that not only the crystal structure and
cation disorder relate to thermal treatment, but the cation
distribution also plays a large role in determining the satura-
tion magnetization. It is noteworthy that bulk Cu ferrite
samples quenched under similar conditions also experience
increased cation disorder.18 However, the degree of disorder
is less than that measured in film samples. We speculate that
lattice strain from both a mismatch in lattice parameter and
thermal expansion coefficient between the film and substrate
may be responsible for enhancing this affect.

In summary, this letter describes studies performed on
Cu ferrite films in which the Cu cation inversion coefficient
is systematically reduced compared with the bulk value of
0.85 to,0.55. As a result of this reduction, the room tem-
perature saturation magnetization is increased as much as
42%. Annealing studies confirm that the cation disorder is
related to the effective quench rate used in processing and to
the magnetization values. These studies demonstrate the abil-
ity to control and enhance magnetic properties relative to
equilibrium values. This approach provides new opportuni-
ties for the design and processing of nonequilibrium spinel
ferrites, which may provide solutions to microwave magnetic
integrated circuit applications.
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FIG. 3. Variation of saturation magnetization as a function of inversion
coefficientd.

FIG. 4. Hysteresis loopssas 4pMs vs Happd of CuFe2O4 films in the as-
deposited 90 mTorr, annealed-slow cooled, and annealed-quenched states.
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