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We demonstrate the stabilization of a magnetic ground state in epitaxial NiMn2O4 (NMO) thin
films not observed in their bulk counterpart. Bulk NMO exhibits a magnetic transition from a
paramagnetic phase to a collinear ferrimagnetic moment configuration below 110 K and to a canted
moment configuration below 70 K. By contrast, as-grown NMO films exhibit a single magnetic
transition at 60 K and annealed films exhibit the magnetic behavior found in bulk. Cation inversion
and epitaxial strain are ruled out as possible causes for the new magnetic ground state in the as-
grown films. However a decrease in the octahedral Mn4+:Mn3+ concentration is observed and likely
disrupts the double exchange that produces the magnetic state at intermediate temperatures. X-
ray magnetic circular dichroism and bulk magnetometry indicate a canted ferrimagnetic state in all
samples at low T. Together these results suggest that the collinear ferrimagnetic state observed in
bulk NMO at intermediate temperatures is suppressed in the as grown NMO thin films due to a
decrease in octahedral Mn4+, while the canted moment ferrimagnetic ordering is preserved below
60 K.

PACS numbers:

I. INTRODUCTION

Oxide spinels exhibit a wide variety of magnetic con-
figurations in their ground states, including collinear,
canted and spiral ferrimagnetic and antiferromagnetic
moment structures.1–4 Recently, there has been renewed
interest in spinels with non-collinear moment configura-
tions due to the multiferroicity created by spiral spin
modulation.5,6 In spinels, the intricate network of mag-
netic exchange interactions between the tetrahedral and
octahedral cations through the adjoining oxygen anions
results in a wide range of magnetic behavior and de-
pends significantly on the cation valences, cation site oc-
cupancies, bond angles and bond lengths present within
the material. Altering one or more of these by non-
equilibrium preparation techniques or epitaxial thin film
strain can cause drastic changes to the magnetic prop-
erties, providing opportunities to achieve new magnetic
ground states in these materials.7–11

NiMn2O4 (NMO) is an intriguing magnetic material
which in bulk exhibits two magnetic transitions as a func-
tion of temperature (T1 = 70 K, T2 = 110 K) with a
collinear moment phase (70 K < T< 110 K) and a canted
moment phase (T < 70 K).4 NMO is known for its appli-
cations as a thermistor material,12 and has recently been
identified as an effective spin filter material in Fe3O4-
based magnetic junctions.13 When spinel structure NMO
is prepared in thin film form by pulsed laser deposition,
we find that the resulting films exhibit only one mag-
netic transition (T = 60 K) as a function of temperature.
While it is not uncommon for magnetic materials to ex-
hibit a reduced Curie temperature when prepared in thin
film form, the intricate moment interactions present in
the bulk form suggests that these non-equilibrium NMO
films may exhibit a distinctly different magnetic ground

state than their bulk counterparts. This possibility of a
new and distinct magnetic material motivates an investi-
gation of these NMO thin films. Furthermore, a detailed
understanding of the chemical and magnetic structure of
these NMO thin films is important in understanding the
behavior of the previous NMO-based magnetic junctions.
Previous work on the magnetism of NMO demon-

strates that the bulk magnetism can be profoundly al-
tered by changing the distribution and oxidation state of
the Ni and Mn cations, while still maintaining a TC of
110 K.4,14–17,19 In general, studies have found that bulk
NMO contains Ni2+, Mn2+, Mn3+ and Mn4+ cations,
and cation inversion parameters (ν) ranging from 0.74 <

ν < 0.95.4,15,16 For reference, cation inversion is defined
along a continuum between ν = 0 ([Ni]Td[2Mn]OhO4) and
ν = 1 ([Mn]Td[Ni,Mn]OhO4) where Td and Oh denote
tetrahedral and octahedral coordination, respectively. In
neutron diffraction of bulk NMO, Boucher et al. exam-
ined three bulk samples with different cation inversions (ν
= 0.74, 0.80, 0.94), and found that the magnetic moment
configurations differ dramatically with cation inversion
as a function of temperature and applied magnetic field,
while still maintaining the same Curie temperature.4

In addition, Lisboa-Filho et al. recently investigated
the magnetism of bulk sintered NMO samples, and con-
cluded that the low temperature canted moment phase
was controlled by the superexchange between the tetra-
hedral Mn2+ and octahedral Mn3+ cations, while the
high temperature collinear moment phase was controlled
by the double exchange between the octahedral Mn3+

and Mn4+ cations.19 In summary, previous work on bulk
NMO magnetism demonstrates that any investigation of
anomalous magnetic properties in NMO must include
studies of the cation inversion and valences.
In this paper, we probe the modified magnetic ground

state exhibited by as-grown epitaxial NMO films com-
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pared to NMO powder (representative of NMO bulk)
and annealed NMO films by investigating the cation ox-
idation states and site occupancies with element-specific
X-ray absorption spectroscopy (XAS), X-ray absorption
near-edge structure (XANES) and diffraction anomalous
near-edge structure (DANES). We find that although the
cation inversion of the as-grown films does not deviate
from the bulk, the relative Mn cation valence concentra-
tions on the octahedral sites deviate markedly from that
of the bulk and annealed films. Through X-ray magnetic
circular dichroism, SQUID magnetometry and resistiv-
ity measurements, we see evidence that this change in
Mn cation valences modifies the relevant magnetic dou-
ble exchange interactions which dominate the collinear
moment phase. This decrease in octahedral Mn4+ results
in a selective quenching of the high temperature collinear
moment phase in the as-grown films, and demonstrates
a means to tune the magnetic ground state in this non-
collinear spinel material through altering the cation va-
lence.

II. EXPERIMENTAL METHODS

NiMn2O4 thin films were deposited by pulsed laser
deposition from a stoichiometric NiMn2O4 target onto
(110)-oriented spinel structure MgAl2O4 (MAO) and
perovskite structure SrTiO3 (STO) and Nb-doped
SrTiO3 (Nb:STO) substrates. The NMO thin films were
grown at 600 oC with an energy density of 1.2 J/cm2 at 10
mTorr of a 99%N2/1%O2 gaseous mixture. To highlight
any differences in the structure, chemistry, magnetism
and resistivity from the as-grown films, the powder from
the NMO sintered target and twins of the as-grown NMO
films annealed at 800 oC for 4 hours in air were also stud-
ied.
The crystallinity and epitaxy of the as-grown and an-

nealed NMO films on the MAO and STO substrates were
characterized by four circle X-ray diffraction with Cu
Kα radiation. Synchrotron anomalous diffraction tech-
niques were utilized to obtain the crucial element- and
site-specific cation information. Element-specific cation
valence information was obtained from L-edge XAS on
Beamline (BL) 4.0.2 and BL 6.3.1 at the Advanced Light
Source (ALS). L-edge XAS was utilized to determine the
relative concentrations of cation valences. Element- and
site-specific cation information is obtained from K-edge
XANES and DANES on BL 7-2 at the Stanford Syn-
chrotron Radiation Lightsource (SSRL). DANES inves-
tigations selectively probe the cation valences populat-
ing the crystallographically inequivalent (octahedral and
tetrahedral) sites of the spinel crystal structure. Model-
ing of the DANES spectra provided information on the
cation inversion.
The bulk magnetism of the as-grown and annealed

NMO thin films and bulk NMO powder was investigated
by SQUID magnetometry both as a function of applied
magnetic field (up to 5 T) and temperature (5 - 300
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FIG. 1: (Color Online) Specular x-ray diffraction of as-grown
and annealed NMO films on (110)-oriented MAO substrates.
Dotted lines represent positions of bulk NMO 220 and 440
reflections.

K). X-ray magnetic circular dichroism (XMCD) on BL
4.0.2 and BL 6.3.1 at the ALS was utilized to probe
the element-specific magnetism as a function of applied
magnetic field, temperature and incident x-ray energy
to study the specific roles of the various cations on the
magnetic behavior of the as-grown and annealed NMO
films. The electrical resistance of the highly insulating
films was investigated using 2-point probe measurements
with a high impedance DC set-up (Keithley 6517A) at
300 K.

III. STRUCTURAL AND CHEMICAL

PROPERTIES

A. X-ray Diffraction

The crystal structures of the as-grown and annealed
NMO films on both MAO(110) and STO(110) substrates
were probed by X-ray diffraction. As seen in Fig. 1, the
films exhibit only the spinel (110)-oriented peaks (i.e.
(220) and (440)), demonstrating out of plane epitaxy
with the MAO (110)-oriented substrates. The same was
seen for the as-grown and annealed films on STO and
Nb:STO substrates. In-plane alignment of the crystal
axes of the NMO films with respect to those of the sub-
strate was confirmed by two-fold symmetry of phi scans
of the (400) and (222) peaks of the as-grown and annealed
NMO films and the STO(110) and MAO(110) substrates.
For the as-grown NMO films, the out-of-plane lattice

parameter was always greater than 8.34 Å (tabulated
bulk value of NiMn2O4) even for 500 nm thick films (8.71
Å).18 Assuming parameters for NMO similar to Fe3O4,
the Mathews-Blakeslee critical thickness for lattice mis-
match between NMO and STO or MAO gives critical
thicknesses much less than 40 Å.21 Thus, the persis-
tence of an elongated NMO lattice parameter for films
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as thick as 500 nm suggests that even with interface dis-
locations, the film parameter does not converge towards
the bulk value and there must be another cause for the
structural difference. An increase of lattice parameter
with decreasing oxygen content is common in oxide thin
films, and has been documented previously in manganite
spinels.20 This trend suggests that the low oxygen growth
conditions may cause this elongation in the out-of-plane
NMO lattice parameter for all film thicknesses. We note
that such lattice distortions could alter the cation-oxygen
bond angles and subsequently the relevant magnetic ex-
change interactions within the as-grown films.25 Upon
annealing in air, the annealed films maintain the epi-
taxial (110)-orientation of the substrate and recover the
bulk NiMn2O4 out-of-place lattice parameter (8.34 Å),
as shown in Fig. 1.

B. L-edge X-ray Absorption Spectroscopy

In order to investigate the chemical valences of the Ni
and Mn cations present in the various samples, L-edge
XAS was performed. Knowledge of the chemical valences
is especially important for the Mn, which has been shown
to be present in three different valence states in multiple
NMO studies (Mn2+, Mn3+, Mn4+).15–17 Fig. 2 shows
the Ni and Mn L-edge XAS spectra for the NMO powder,
as-grown film, and annealed film. The Ni L-edge XAS
spectra for all samples indicate a Ni2+ state which agrees
with earlier NMO investigations.15–17

The Mn L-edge spectra for the as-grown films is
markedly different from that of bulk and annealed films.
The NMO as-grown film spectra in Fig. 2 closely resem-
bles that of well-characterized hausmannite (Mn3O4),
where the Mn cations are in the following valences and
site symmetries: [Mn2+]Td[2Mn3+]OhO4.

22 This suggests
that the as-grown films do not contain a significant con-
centration of Mn4+ as observed in bulk NMO.
Indeed, from Fig. 2, one can see that there is an in-

crease in the absorption intensity at higher photon ener-
gies of the Mn L3 edge in the bulk powder spectra (643
eV), and that this intensity at higher photon energies
is also recovered in the annealed films. De Groot et al.
have shown that absorption at higher photon energies
corresponds to higher Mn valence for Mn L-edge XAS.23

Fig. 2 clearly shows that the NMO bulk and annealed
films show greater absorption at higher energies associ-
ated with Mn4+. Thus, we conclude that the as-grown
NMO thin films exhibit a dramatic decrease in the rel-
ative Mn4+ concentration when compared to the bulk,
and that this Mn4+ concentration is recovered upon an-
nealing the films in air.

C. K-edge X-ray Absorption Near Edge Structure

X-ray absorption near edge structure (XANES) was
used at BL 7-2 at SSRL to further investigate the change

FIG. 2: (Color Online) Ni (top) and Mn (bottom) L-edge
XAS of NMO, giving insight into the cation valences present
within each sample.

in valence of the Mn cations between the as-grown and
annealed NMO films. Fig. 3(a) shows a comparison be-
tween the Mn XANES of the as-grown and annealed
NMO films. For reference, Fig. 3(b) shows a compar-
ison between two Mn valence- and site-specific stan-
dards. LaMnO3 exemplifies the Mn XANES from octa-
hedral Mn3+ cations, while CaMnO3 exemplifies the Mn
XANES from octahedral Mn4+ cations. Fig. 3(c) shows
that the absorption edge as well as feature A move to
higher energies for higher octahedral Mn valence. Both
of these signatures appear in Fig. 3(a) and (b), indicat-
ing a transition in the NMO samples from Mn3+ to Mn4+

upon annealing. Nevertheless, there is still a significant
fraction of Mn2+ present in the NMO films. These Mn
cations also contribute to the Mn XANES spectra and
would make any changes to the XANES spectra based on
the Mn3+ and Mn4+ octahedral cations less pronounced.

D. K-edge Anomalous X-ray Scattering

Anomalous X-ray scattering was performed to investi-
gate the cation inversion of the as-grown and annealed
NMO films. Here we focus on the 222 reflection of the
spinel structure films, as simulations show that this re-
flection displays a noticeable intensity dependence at the
Mn and Ni K-edges depending on the inversion parameter
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FIG. 3: (Color Online) Mn XANES. (a) Comparison between
as-grown and annealed films with feature A marked by arrows.
Inset is extended energy range view. (b) Mn valence specific
standards illustrating that both absorption edge and feature
A shift to higher energy for increasing Mn valence.

(Fig. 4(a)). The anomalous scattering data for both the
as-grown and annealed NMO films is shown in Fig. 4(b).
Nonlinear least squared fitting of both data sets with the
model gives an inversion parameter of ν = 0.88. Since
there are no appreciable changes in the cation inversion
between the as-grown and annealed samples, we conclude
that the dramatic change in magnetic behavior does not
result from differences in cation inversion.

E. K-edge Diffraction Anomalous Near Edge

Structure

Diffraction anomalous near edge structure (DANES)
was performed to investigate the octahedral site valences
of the Mn cations in the as-grown and annealed NMO
films. An extensive analysis of the site-specific cation
valences of the as-grown NMO films will be presented

FIG. 4: (Color Online) Anomalous X-ray scattering of NMO
222 reflection. (a) Simulations with inversion parameters ν

= 0, 0.5, 1. (b) Data from as-grown and annealed films with
nonlinear least square fit of ν = 0.88.

elsewhere.24 These studies show that for the as-grown
films Mn2+ cations dominate the tetrahedral sites, while
the octahedral sites are dominated by Mn3+, Mn4+ and
Ni2+ cations.24 Since the 222 reflection is sensitive to
only the octahedral sites within the spinel structure, we
examine the Mn 222 DANES to focus on only the Mn va-
lences present on the octahedral sites.24 Fig. 5 shows key
changes in the Mn 222 DANES between the as-grown and
annealed NMO films. We see that both the absorption
edge energy increases and feature A (also seen in Fig. 3)
moves to higher energies for the annealed NMO films.
Both of these effects are indicative of a shift to higher
Mn valence upon annealing, and correlate with changes
seen in Fig. 3 in going from Mn3+ to Mn4+. Thus, while
the Mn XAS and XANES investigations show a shift to
higher overall Mn valence in the annealed films, from
the Mn 222 DANES we can directly see that this origi-
nates from an increase in the Mn4+:Mn3+ concentration
on the octahedral sites of the spinel structure. We will
see that this directly affects the magnetic interactions in
the NMO films. To emphasis these differences, we will
subsequently refer to the annealed (as grown) films as
the films rich (poor) in octahedral Mn4+.
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FIG. 5: (Color Online) Mn DANES of the 222 reflection of
as-grown and annealed NMO films, indicating a greater con-
centration of Mn4+ cations on the octahedral sites of the an-
nealed film.

IV. MAGNETIC PROPERTIES

A. SQUID Magnetometry

The bulk magnetization of the NMO powder as a func-
tion of temperature shows two magnetic transitions at
70 K and 110 K, as shown in Fig. 6. This result is con-
sistent with measurements by Boucher et al. where a
star or canted moment was found at low temperatures
and evolved into a collinear moment as the temperature
was increased through 70 K.4 In contrast, the bulk mag-
netization as a function of temperature of the as-grown
(Mn4+

Oh
-poor) NMO thin films shows only one magnetic

transition at 60 K and a decreased moment.
The temperature dependence of the magnetization for

the bulk, the as-grown (Mn4+
Oh

-poor) films, and the an-

nealed (Mn4+
Oh

-rich) films is shown in Fig. 6. At 2 T, the

annealed (Mn4+
Oh

-rich) NMO films exhibit an increased
saturation magnetization and increased transition tem-
perature over that of the as-grown (Mn4+

Oh
-poor) NMO

films and closely resemble that of the NMO powder. Ad-
ditionally, two magnetic transitions as a function of tem-
perature emerge for the 2T data for the annealed (Mn4+

Oh
-

rich) films from the plot of dM/dT (Fig. 6(inset)), again
resembling the NMO powder. Thus, the magnetic state
of the annealed (Mn4+

Oh
-rich) NMO films is akin to that

of the bulk powder.
The magnetization as a function of temperature for the

annealed (Mn4+
Oh

-rich) films differs remarkably between
data taken at 10 Oe and 2 T (Fig. 6(b)). For 10 Oe,
the data exhibits a cusped transition at 70 K, suggesting
that antiferromagnetic interactions play a key role in the
low temperature magnetic phase.25 Meanwhile, the data
taken at 2 T displays magnetic order up to 110 K. To-
gether this suggests the presence of two magnetic phases
in the Mn4+

Oh
-rich films. In order to explore these varia-

tions in the magnetic behavior depending on the magni-
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FIG. 6: (Color Online) (top) Magnetization vs. tempera-
ture for bulk NMO powder and as-grown (Mn4+

Oh
-poor) NMO

film. (bottom) Magnetization vs. temperature for annealed
(Mn4+

Oh
-rich) NMO film showing two transitions at 2 T and

cusped transition at 10 Oe. (inset)Derivative of 2 T curve
showing presence of two transitions with temperature. Curves
are split into two graphs for clarity.

tude of the applied magnetic field, we examine the hys-
teresis loops of the NMO samples.

Hysteresis loops of the as-grown (Mn4+
Oh

-poor) NMO
thin films show a double transition for all temperatures
up to the magnetic transition at 60 K (Fig. 7). Such be-
havior has also been seen in neutron diffraction measure-
ments of bulk NMO and is explained in terms of moment
reorientation between the collinear and canted ferrimag-
netic states upon application of a magnetic field in the
low temperature magnetic phase.4

Although the feature of a double transition with field
was not observed in the NMO powder samples, it was
seen in the annealed NMO film rich in Mn4+

Oh
(Fig. 8). In-

terestingly, it is only at low temperatures that hysteresis
loops with two coercive fields are seen, while above 70 K
the hysteresis loops exhibit only one coercive field. This
behavior indicates the presence of the metastable canted
and collinear phases at low temperatures and strongly
suggests the presence of two magnetic phases as a func-
tion of temperature in the annealed (Mn4+

Oh
-rich) films.

The presence of hysteresis loops with two coercive fields
for both types of samples at low temperatures indicates a
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FIG. 7: (Color Online) SQUID hysteresis loops of as-grown
(Mn4+

Oh
-poor) NMO film at various temperatures, showing

large coercive fields and double transition hysteresis loops
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FIG. 8: (Color Online) SQUID hysteresis loops of an annealed
(Mn4+

Oh
-rich) NMO film at various temperatures, showing sin-

gle and double (arrows) transition hysteresis loops at high
and low temperatures, respectively.

similar magnetic state at such temperatures. It also indi-
cates that the collinear phase dominates above 70 K for
films rich in Mn4+

Oh
as seen in bulk,14 while such a domi-

nant collinear phase is absent in films poor in Mn4+
Oh

.

Finally, the different temperature-dependent behavior
of the annealed (Mn4+

Oh
-rich) film when taken at two dif-

ferent magnetic fields can be explained in the following
way. The low temperature magnetic ground state of the

FIG. 9: (Color Online) Mn and Ni XMCD of as-grown (Mn4+

Oh
-

poor) and annealed (Mn4+

Oh
-rich) NMO films.

annealed film at H = 0 is a canted phase. One can make
the moment collinear at low temperatures by applying
a large enough applied field. Thus, at high fields the
collinear phase persists to 110 K, while at low fields, the
canted phase has a transition at 70 K. In the as-grown
(Mn4+

Oh
-poor) films, the transition temperatures are coin-

cident at 60 K regardless of the magnitude of the applied
field indicating a lack of the collinear phase at higher
temperatures.

B. X-ray Magnetic Circular Dichroism

In order to better understand the complex magnetism
of these NMO films, element-specific X-ray magnetic cir-
cular dichroism was carried out. To our knowledge, the
complex magnetism exhibited by NiMn2O4 has not been
studied by XMCD before.
The Ni and Mn XMCD spectra of the annealed (Mn4+

Oh
-

rich) sample were probed at 13 K. The Ni XMCD spec-
trum closely resembles that of NiFe2O4,

26 where Ni is
present as Ni2+

Oh
(Fig. 9). This result corroborates our

chemical investigations (Fig. 2 and 4). Additionally, one
can see from Fig. 9 that the Mn dichroism at the lower
energies of the Mn L3 edge (corresponding to the Mn2+

cations) is opposite to both the dominant dichroism of
the Ni L3-edge and the dichroism at the higher energies
of the Mn L3 edge (corresponding to the Mn3+ and Mn4+

cations.) This indicates that the Mn2+ cations, shown by
DANES to populate the tetrahedral sites, align antipar-
allel to both the Ni cation moments and the Mn3+ and
Mn4+ cations, all of which predominantly populate the
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FIG. 10: (Color Online) Mn and Ni XMCD hysteresis loops
as a function of temperature for the annealed (Mn4+

Oh
-rich)

NMO film.

octahedral sites.24 The antiparallel alignment of the oc-
tahedral and tetrahedral sublattices is expected in spinel
ferrimagnets.

The Ni and Mn XMCD hysteresis loops of the an-
nealed (Mn4+

Oh
-rich) films as a function of temperature

are shown in Fig. 10. We see that at 80 K both the Ni
and Mn loops have coincident coercive fields and one dis-
tinct switching event, which corroborates the hysteresis
loops seen at similar temperatures in the bulk SQUID
data for this film. However, as the temperature is low-
ered through 70 K to 30K, the behavior of the Ni and Mn
hysteresis loops deviate dramatically from one another.
This indicates a complex magnetic exchange network at
low temperatures giving rise to multiple magnetic sublat-
tices which respond differently to the applied magnetic
field. This is a key signature of the canted moment state
seen at low temperatures in bulk NMO, and is consistent
with the presence of multiple magnetic phases (canted
and collinear) as a function of temperature for the film
rich in Mn4+

Oh
.

We now examine the Ni and Mn XMCD spectra for
the as-grown (Mn4+

Oh
-poor) film and compare them to

that of the annealed (Mn4+
Oh

-rich) films. Since the as-
grown NMO films were highly insulating, epitaxial NMO
films were grown on conductive (110)Nb:STO to mini-
mize charging effects. The measurements were performed
at 48 K to decrease the coercive field and the film resis-
tivity. The Mn and Ni XMCD spectra for the as-grown
film is overlaid with that of the annealed film in Fig. 9.
While the Ni XMCD spectra of the two films are coin-
cident, there are marked differences of Mn XMCD line-
shapes in the two different film types. More specifically,
this evidence suggests that the collinear magnetic state
observed in the annealed films can be attributed to the
double exchange interaction among the Mn3+ and Mn4+

cations. One will note that the spectra are coincident
at energies associated with the Mn2+ cation, but devi-
ate at the energies associated with the Mn3+ and Mn4+

cations.23 This suggests that the drastic change seen in
the octahedral Mn3+ andMn4+ cation valence concentra-
tions can be correlated with the change in the magnetism
between the as-grown and annealed films. The large co-
ercive field of the as-grown film resulted in Ni and Mn
hysteresis loops that did not saturate with the available
0.75 T capabilities of BL 4.0.2. Therefore, the Ni and
Mn moment dynamics could not be deduced from the
element-specific hysteresis loops.
Thus, a clear relationship is seen between the site-

specific Mn valences determined via chemical and struc-
tural measurements in Section III and the magnetic
phases seen via magnetic measurements in Section IV.
The presence (absence) of octahedral Mn4+ results in the
presence (absence) of the double exchange interactions
between Mn sites on the octahedral sublattice, which re-
sults in the presence (absence) of the collinear moment
phase found at intermediate temperatures. Meanwhile,
the canted moment phase is present at low temperatures
regardless of the concentration of octahedral Mn4+, thus
indicating it arises from the superexchange interactions
commonly found in spinel oxides.

V. TRANSPORT PROPERTIES

In addition to its magnetic signatures, double exchange
is also intimately linked to conduction properties in man-
ganites. In order to further assess the double exchange
present in NMO samples, we briefly remark on the mea-
sured resistance of the as-grown (Mn4+

Oh
-poor) and an-

nealed (Mn4+
Oh

-rich) NMO films. Bulk NMO is weakly
semiconducting, and although Ni cations also occupy a
portion of the octahedral sublattice, the literature finds
that the charge transport arises from small polaron hop-
ping between the octahedral Mn3+ and Mn4+ due to dou-
ble exchange.12,27 We find that at room temperature the
Mn4+

Oh
-poor films are highly insulating (9.34 MΩm), while

the Mn4+
Oh

-rich films show several orders of magnitude
decrease in resistivity (187 kΩm). A similar decrease in
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resistivity with increasing oxygen content is seen in poly-
crystalline NMO films throughout the literature.28,29 We
outline the following mechanism to explain this. When
there is an appreciable presence of octahedral Mn4+, dou-
ble exchange occurs between the octahedral Mn3+ and
Mn4+ cations, allowing for charge hopping between Mn
cations on the octahedral sublattice and a semiconduct-
ing behavior. The absence of Mn4+ on the octahedral
sublattice disrupts the double exchange interactions and,
likewise, the charge hopping through the octahedral Mn
sites, resulting in a large resistivity. While the Ni cations
may play a role in the electrical conduction, we note that
the Ni cation valence and distribution are not found to
change significantly after annealing (Fig. 2 and 4), while
the resistivity does. Therefore, the large change in re-
sistivity between the two films indicates a disruption of
the Mn3+-Mn4+ double exchange within the as-grown
(Mn4+

Oh
-poor) films, and a trend towards recovery of dou-

ble exchange in the annealed (Mn4+
Oh

-rich) films.

VI. CONCLUSIONS

In summary, we have grown single phase epitaxial
NiMn2O4 thin films on (110)-oriented MAO and STO
substrates. We observe magnetic properties in the as-
grown NMO films that differ greatly from NMO powder
and annealed NMO films as a function of temperature.
While the bulk powder and annealed films exhibit two
magnetic transitions (70 K and 110 K) and two magnetic
phases, the as-grown NMO films only exhibit one mag-
netic transition (60 K) and one magnetic ground state.
We find that the cation inversion of the as-grown film
does not exhibit a large deviation from bulk values, and
film thickness does not appear to play a significant role in
the magnetic properties. However, chemical valence anal-

ysis shows a decrease in the relative Mn4+ concentration
on the octahedral sites of the as-grown NMO films com-
pared to bulk powder and annealed NMO films. Such
decreases in Mn4+ likely disrupt the double exchange
interactions that dictate the high temperature collinear
magnetic state. This decrease in the Mn4+ concentra-
tion likely arises from the low oxygen deposition condi-
tions, and results in a selective quenching of the high
temperature collinear moment state while preserving the
low temperature canted moment state in the as-grown
films. Although the change in Mn valence due to an-
nealing is not unexpected, what is revealing is that this
valence modification has a dramatic effect on the com-
peting magnetic exchange interactions within this mate-
rial and results in a new magnetic ground state. This
ability to make dramatic changes in the properties of
a magnetically-frustrated system via modest changes in
cation valence may be more broadly applied to other ma-
terials systems with the expectation that new magnetic
ground states may be stabilized.
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