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Local valence and magnetic characteristics of La,NiMnOyg
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Epitaxial thin films of ordered double perovskite La,NiMnOg have been studied by a combination of
high-resolution scanning transmission electron microscopy, quantitative electron energy loss spectroscopy,
x-ray absorption spectroscopy, and x-ray magnetic circular dichroism (XMCD) spectroscopy. Our results show
the nominal oxidation states of Ni and Mn ions to be Ni>* and Mn** thus the ferromagnetism in ground state
is mainly due to Ni**-O-Mn** superexchange interactions. In addition, short-range ferromagnetic correlations
are observed above the Curie temperature (7-~280 K) from XMCD measurement, which are likely induced
by antisite defects against long-range ordering of the Ni/Mn sublattice. The XMCD results also demonstrate
that the Ni** and Mn** ions are ferromagnetically aligned but exhibit large differences in the spin and orbital

contributions to their effective magnetic moments.
DOI: 10.1103/PhysRevB.79.172402

Multifunctional double perovskite oxides La,BB’ O4 (B
=Ni and Co; B’=Mn) have recently gained much interest
both because of their rich physics and prospects for techno-
logical applications.! Ordering in the double perovskites is
generally favored by large differences in ionic radius and
formal charge between B and B’ and it often leads to func-
tional electrical and magnetic properties due to the B-O-B’
interaction.”> Neutron and x-ray diffraction studies on bulk
La,NiMnOy (LNMO) and La,CoMnO4 (LCMO) provided
evidence for long-range ordering of Ni (Co) and Mn cations,

consistent with monoclinic P2,/n or rhombohedral (R3m)
symmetry.'3 Large magnetic-field-induced changes in the
resistivity and dielectric properties have recently been ob-
served in bulk polycrystalline LNMO at temperatures as high
as 280 K—a temperature high enough for realistic device
applications such as solid-state thermoelectric (Peltier)
coolers.!

The magnetic properties of bulk LNMO have been stud-
ied over the years in order to gain better understanding of the
nature of magnetic exchange interactions in this
compound.'-8 It had been suggested that LNMO is a ferro-
magnetic (FM) semiconductor with ordered Ni and Mn ions
and the spin is parallel to the b axis,' as compared to the
antiferromagnetic and paramagnetic (PM) behaviors of
LaMnO; and LaNiO;, respectively. However, according to
the spin states and magnetic interactions, there appear to be
several controversies concerning the real nature of magnetic
coupling. Goodenough et al.® initially attributed ferromag-
netism in LNMO to Mn**-O-Ni** superexchange interac-
tions, where low-spin Ni** and high-spin Mn** are both
Jahn-Teller ions. On the other hand, Blasse” argued that fer-
romagnetism is entirely due to Mn**-O-Ni** superexchange
interactions, which is supported by *>Mn NMR (Ref. 8) and
neutron diffraction studies.” Joly et al’ more recently
showed the existence of two different spin states of Mn and
Ni in bulk LNMO samples synthesized at different tempera-
tures, and a charge disproportionation of the type Mn**
+Ni** —Mn**+Ni** occurs when the low-temperature syn-
thesized LNMO is annealed at high temperatures. Thus, so
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far even the basic issues concerning the electronic and mag-
netic structures have not yet been settled. Since the analysis
of neutron data is model dependent, it is valuable to directly
obtain the site-specific information on local electronic con-
figuration and magnetic properties. In this Brief Report, we
report our studies of the local valence and magnetic structure
by using a complementary combination of scanning trans-
mission electron microscopy (STEM), electron energy loss
spectroscopy (EELS), x-ray absorption spectroscopy (XAS),
and x-ray magnetic circular dichroism (XMCD) spectros-
copy.

LNMO films were grown epitaxially on SrTiO; (STO)
(100) and LaAlO; (LAO) (100) substrates at 750 °C and
oxygen partial pressure of 800 mTorr by the pulsed-laser
deposition technique. Growth and characterization of highly
ordered LNMO thin films have been described in our earlier
publications.!®!! Electron microscopy observations were car-
ried out in an aberration corrected STEM (VG microscopes
HB501UX) operated at 100 keV, equipped with a Nion ab-
erration corrector and a Gatan Enfina EELS. Details regard-
ing the oxidation states were obtained from analysis of the
EELS data of the O K edge around 530 eV and Mn L edge
around 644 eV. XAS and XMCD spectra were performed at
the soft x-ray beamlines 4.0.2 and 6.3.1 at the Advanced
Light Source, Berkeley, CA. All spectra were recorded in
total electron yield mode at 30° grazing incidence in applied
field of 0.6 T parallel to the x-ray beam while varying the
temperature over a range of 100-300 K. The photon helicity
was fixed and the magnetic direction was reversed parallel
and antiparallel to it. The spectra were normalized after a
constant background subtraction. Magnetization of samples
was measured using a superconducting quantum interference
device (SQUID) magnetometer [magnetic property measure-
ment system (MPMS), Quantum Design].

Figure 1 shows the temperature (7)-dependence of field-
cooling magnetization, showing a FM-to-PM transition with
T-~280 K. However, as compared with a simple mean field
theory for spontaneous magnetization, the FM-to-PM transi-
tion is broad. We have used the expression M « (T-—T)# to
fit the M(T) curve, shown as green line. The 8 value calcu-
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FIG. 1. (Color online) T dependence of the magnetization of
LNMO measured in a magnetic field of 1000 Oe. The solid green
line is the fitting curve of Mo (T-—T)# with 8~0.31. The insets
present T dependence of M(H) hysteresis loops, the saturation mag-
netic magnetization, and the coercivity.

lated from the fitting is about 0.31, close to that of the
Heisenberg mode,'> which suggesting that the LNMO be-
longs to the Heisenberg ferromagnet with short-range cou-
plings. Moreover, an existence of a tail structure on the M(T)
curve indicates the possible presence of short-range FM cor-
relations above T-. The T-dependence of magnetic hysteresis
loops, the saturation magnetic magnetization (M), and the
coercivity (H.) obtained from the magnetic hysteresis loops
are shown in the insets of Fig. 1. Both the saturation magne-
tization and coercivity decrease with increasing temperature.

The epitaxial nature of film growth and the electronic
structure of Mn oxidization state have been characterized
with high-resolution STEM and EELS. The results are pre-
sented in Fig. 2. The high-resolution Z-contrast images (see
the inset of Fig. 2) indicate an excellent unit-cell to unit-cell
epitaxial relationship between the film and the substrate.'3
The substrate-film interface is sharp and coherent with no
evidence of formation of secondary phases. The only ob-
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FIG. 2. (Color online) The Mn L, 3 EELS spectra of LNMO
measured at room temperature. High-resolution STEM image near
the interface region is shown in the inset.
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served imperfection is the existence of antisite defects as
described elsewhere in detail.!* In order to gain insight into
the Mn oxidization state of LNMO, we have carried out the
EELS measurement of the excitation spectra of Mn L, 5 edge
of LNMO and the results are shown in Fig. 2. The Mn L, ;
edge is attributed to excitations from the spin-orbit split 2p5),
and 2p,,, core states to higher unoccupied states of Mn 3d
character. The Mn L, ; edges are expected to shift toward
higher energies, increase in intensity, and alter the intensity
ratio I(L3)/I(L,) of the L; by the L, peaks with increased Mn
valency.!* The MnL,; EELS spectrum measured from
LNMO (see Fig. 2) is almost identical to that of CaMnO;
(CMO) but different from that of LaMnO; (LMO).!> Our
analysis shows that the intensity ratio /(L3)/I(L,) of LNMO
is ~2.10+0.15 which is identical to that of CMO, while the
I(L;)/I(L,) of LMO is ~2.70+0.15."5 The similarity of
Mn L, ; EELS spectra of LNMO and CMO indicates that the
oxidation state of Mn in LNMO is Mn*", suggesting the
possible presence of Mn**-O-Ni>* oxidization structure in
the system. Due to the overlaps between the Ni L edge and
the La M edge, it is difficult to quantify the Ni oxidization
state with EELS.

Unique to soft x-ray absorption is that the dipole selection
rules are very effective in determining which of the 2p°3d"*!
final states are reached and with what intensity, starting from
a particular 2p®3d" initial state (n=8 for Ni**, n=7 for Ni**,
n=4 for Mn**, and n=3 for Mn**). This makes the technique
an extremely sensitive local probe, ideal to study the
valence'® and spin!”~!° character in initial states. Figures 3(a)
and 3(b) display the photon flux-normalized polarization-
dependent Mn L, ; and Ni L, ; XAS spectra I* (solid curves)
and I~ (dashed curves) for the LNMO thin film taken at 100
(red curves) and 300 K (blue curves). Here, I and I refer to
the absorption coefficients for the photon helicity parallel
and antiparallel to the Mn/Ni 3d majority-spin direction, re-
spectively. XMCD spectra (AI=I"—1") are shown in Figs.
3(c) and 3(d). For Mn [see Fig. 3(a)], the spectra correspond
to on-site transitions of the form 2p®3d"—2p33d™' and
present two groups of multiplets, namely, the L; (Aiv
=~641-645 eV) and L, (hv=652-656 eV) white line re-
gions, split by the spin-orbit interaction of the Mn 2p core
level. The line shape of the spectrum depends strongly on the
multiplet structure given by the Mn 3d-3d and 2p-3d Cou-
lomb and exchange interactions, as well as the local crystal
field effects and the hybridization with the O 2p ligands. The
Mn L,; XAS spectra are similar to these measured by
Sanchez et al.?° from both CaMnO; and LaMn,, sNi, ;05 but
quite different from those observed from LaMnOs. Thus, the
Mn L, 3 XAS spectra reveal essentially a Mn** state, consis-
tent with our EELS data. The Ni L, 3 edge peaks [Fig. 3(b)]
are relatively week and L; edge one is overlapped with the
very strong La M edge. However, as shown in Fig. 3(e), the
line shape of Ni L, edge is very similar to that of NiO rather
than that of RNiO; (R=Pr and Nd) (the spectra of NiO,
PrNiO;, and NdNiOj; are taken from Ref. 21). The presence
of small satellites in Ni L, edge is well understood in terms
of a covalent ground state of mainly Ni** (3d®) character
plus an anion-dependent fraction of the 3@°L and 3d°L?* con-
figurations, where L stands for an anion (ligand) hole.?!
Therefore, we further confirmed from the Ni L, ; XAS re-

172402-2



BRIEF REPORTS

(a)

MCD (arb.units) XAS (arb.units)

XMCD (arb.units) XAS (arb.units)

(d) Ni
—— 100K
——300K
645 650 655 X 845 850 855 860 865 870
Photon Energy (eV)
.@ L NdNiO, | &
g “w
: _/QO,
)
wn ~
§ CNMO
0.0 0.0
865 870 875 100 150 200 250 300

Photon Energy (eV) T (K)

FIG. 3. (Color online) The XAS spectra I* (solid) and I~
(dashed) at the edges of (a) Mn L, 5 and (b) NiL,; and XMCD
spectra AI=I"—1I" of (c) Mn L, ; and (d) Ni L, 3, measured at 100 K
(red curves) and room temperature (RT) (blue curves). (¢) The en-
larged part of the room-temperature Ni L, XAS edge of LNMO
compared with that of NiO, PrNiOsz, and NdNiOj, (which were
taken from Ref. 21). (f) T-dependence of the normalized intensity of
the Mn L3 XMCD peak compared with the normalized magnetiza-
tion M(T)/M(5 K) and the fitting curve with Mo (T-—T)# and B
~0.31 [see Fig. 1].

sults that the oxidation states of Ni ions are Ni%*, consistent
with the observation of the Mn** state in the Mn L, ; XAS
spectra above, i.e., fulfilling the charge balance requirement.
It is important to note that the XMCD is largely negative at
both the Ni and the Mn L, edges, indicating that the Ni** and
Mn** ions are aligned ferromagnetically with Mn**-O-Ni**
superexchange interactions.

The XMCD intensity decreases as the temperature in-
creases without any appreciable change in the spectral line
shape, corresponding to the decrease in the magnetization
with increasing the temperature [see the T dependence of the
normalized intensity of the Mn L; XMCD peak compared
with the normalized magnetization measured by SQUID in
Fig. 3(f)]. It can be seen from Fig. 3 that the normalized
M(T) curve exhibits a tail structure and XMCD signals are
observed even above T, both indicating the presence of
short-range FM correlations above 7. Very recently, the re-
sults of electron spin resonance? have also revealed the
presence of short-range FM correlations above 7. In addi-
tion, an anomalous phonon softening due to spin-phonon
coupling in the ferromagnetic state of LNMO was observed
extending up to about 400 K, also indirectly suggesting the
presence of short-range FM correlations above T.!'! First-
principles density functional calculations also show the pres-
ence of strong coupling between the spins and phonons.”
The critical behavior of the double perovskite La,NiMnOg
has been studied in detail by Lou et al.,'? and they suggested
that La,NiMnOg4 might be a three-dimensional (3D) Heisen-
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berg ferromagnet with short-range interactions.

The orbital magnetic moment ., and the spin magnetic
moment Ly, of the Mn 3d and Ni 3d states in the ground
state can be estimated by using the XMCD orbital sum rule**
and spin sum rule,”

4( f AI(E)dE + f AI(E)dE)
L Ly

3

S(I I(E)dE+f I(E)dE)
L L,

3

Morb = — (10_N3d)v (1)

2 f AI(E)dE - 4 f AI(E)dE
L L,

Iuspin+7IU’T=_ ; (10_N3d)’
(f I(E)dE + f I(E)dE)
L L,

3

2)

where N3, is the 3d electron occupation number and g is
the magnetic-dipole moment which in octahedral symmetry
is a small number and negligible compared to /Lspm % Ny,
was deduced from the cluster-model analyses®’ to be 3.8 and
8.2 for Mn** and Ni%*, respectively. Usmg these equations,

we obtained ug, Ma =2.2165up/atom, uM=0.0879u/atom,

and pd/ Mp m—0 039 for the Mn L, ; XMCD spectra at 100
K. This means that the orbital moment for the Mn** ions is
nearly quenched. Indeed, for the 3d° configuration in Mn**
compounds, the majority 1,, shell is fully occupied without
orbital degree of freedom and thus a practically quenched
orbital moment is to be expected. The value obtained from
the sum rule requires a correction factor due to the large
mixing of j=3/2 and j=1/2 levels for the Mn L, ;. Edmonds
et al.”® used a correction factor of 1.47 then obtained the
magnetic moment close to the calculated value for full
magnetization. Based on our analysis, the discrepancy should
be smaller than 20% in the separation of the integration
over each of the spin-orbit split core levels. Therefore a cor-
rection factor of 1.2 is more reasonable estimate for our cal-
culation. By using this value of correction factor, we obtain
that ,uspm_2 65985/ atom,  upm=0.1055u,/atom, and
uny /ﬁ:g?n_o 039. For Ni, we obtained Ml:];m
=0.5215up/atom, w0}, =0.2188uy/atom, and  udy/ pi,
=0.246 at 100 K, which is unexpectedly large for the half-
filled ds(tggez) system. It should be noted that the magnetic
moments of Ni obtained from the XMCD rules are rather
ambiguous as the La M edge has slight XMCD signal. More-
over, the empty La 4f states can also be slightly polarized in
principle. Figure 4 presents the calculated results based on
XMCD data compared with the SQUID-derived M. We ob-
tain the total moments = Mgpin+ Morb = 2. 76/ atom for
Mn and =0.74up/atom for Ni. The estimated sum of total
magnetic moment ,uTOTz,uﬂ’)It% /.Lgt is ~3.50up/f.u, which is
less than the value of Mg (~4.0u) measured at 100 K with
SQUID as well as the result (3.0ug/atom for Mn and
1.43up/atom for Ni) of the recent spin polarized linear
muffin-tin orbital calculations for the system.?® There are
some possible reasons to why the moment in XMCD is
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FIG. 4. (Color online) T dependence of the XMCD-derived
NG and o compared with the total moment (M) obtained

from saturated magnetization measured under 1000 Oe by SQUID.

smaller than that obtained from the SQUID. One reason
could be due to a residual moment at O site which is not
included in our calculation. Another possible reason could be
that the XMCD is very surface sensitive technique for data
collection in electron field. Moreover, applying 0.6 T mag-
netic field along 30° angle with the b axis of the samples
could lead to an additional reduction due to the anisotropy.
Nevertheless, the T-dependence of XMCD-derived pu, and
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Mror agrees nicely with that of the SQUID-derived M.

To summarize, we have carried out this study of the local
valence and magnetic properties of epitaxial thin films of
ordered double perovskite La,NiMnOg by using a set of
complementary techniques. We have shown that the oxidiza-
tion state is a Mn*"/Ni*>* state in the system so that
Ni%*-O-Mn** superexchange interactions should be respon-
sible for the ferromagnetism in the ground state. In addition,
we have revealed the existence of short-range ferromagnetic
correlations above T-~280 K, which are likely induced by
antisite defects against long-range ordering of the Ni/Mn
sublattice. The XMCD results also demonstrate that the Ni**
and Mn** ions are ferromagnetically aligned in the FM phase
but exhibit different spin and orbital contributions to their
effective magnetic moments, qualitatively reflecting their
different electronic configurations.
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