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Electronic structures of a ferromagnetic insulator La,MnNiOg and Sr-doped La; Sty ,MnNiOg have been
investigated by employing soft x-ray synchrotron-radiation spectroscopies, first-principles band-structure cal-
culations, and ligand-field multiplet calculations. Our study provides evidence that La,MnNiOg has the [high-
spin (HS) Mn**-3A, Ni%*] configuration while La, §Sto,MnNiOg has [HS Mn**-34, Ni2* low-spin Ni**]. It is
directly observed that the spin moments of Mn and Ni ions are coupled ferromagnetically. The metallic spectral

weight is observed for x=0.2 in O 1s x-ray absorption spectroscopy, which is consistent with the half-metallic

ground state predicted by band-structure calculations.
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Double perovskite La,MnNiOg is interesting due to its
highest Curie temperature 7~ 280 K among ferromagnetic
(FM) insulators."»? It also exhibits both the magnetoresis-
tance and magnetocapacitance effects,’ which offer the po-
tential for spintronic devices. Despite extensive studies on
magnetic properties of La,MnNiOg, however, the valence
and spin states of Mn and Ni ions in La,MnNiOg are still
controversial, whether they are in the [Mn**-Ni**]
configuration*” or in the [Mn**-Ni**] configuration.!->3-13
There are also reports that the valence states of Mn and Ni
ions in La,MnNiOg vary between the above two configura-
tions, depending on the synthesis conditions of samples, such
as annealing and oxygen partial pressure.'*!> In fact, de-
pending on the temperature, there are various stable struc-
tures for La,MnNiOg, such as orthorhombic (Pbnm), rhom-

bohedral (R3,R3m), and monoclinic (P2,/n). The
coexistence of orthorhombic and rhombohedral phases was
observed with T-=150 K and T-~280 K, respectively.”!4
Then it was speculated'* that the low-T orthorhombic phase
contained [Mn**-Ni**] while the high-7 rhombohedral
phase contained [Mn*-Ni**]. On the other hand, it is worth-
while to explore the effect of doping carriers in a ferromag-
netic insulator La,MnNiOg to see whether the doped
La,MnNiO4 becomes a metallic ferromagnet similarly as in
colossal magnetoresistance manganite La;_ . Sr,MnOj5. For
this purpose, we have studied physical properties of Sr-
doped La,_,Sr,MnNiOg, which corresponds to the hole-
carrier doping.

In this work, we have addressed the issue of the valence
states and the spin configurations of Mn and Ni ions in
La,_,Sr,MnNiOg (x=0,0.2) and have investigated the pos-
sible metal-insulator transition with hole doping. By using
soft x-ray absorption spectroscopy (XAS),'-18 soft x-ray
magnetic circular dichroism (XMCD),!>?° and photoemis-
sion spectroscopy (PES),?"?> we have studied the electronic
structures of La, Sr,MnNiOg and determined the partial
density of states (PDOS) and the spin configurations. We
have also performed both ligand-field multiplet (LFM) cal-
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culations and ab initio band-structure calculations to analyze
experimental data.

Polycrystalline La,_ Sr,MnNiO, samples were prepared
by a standard solid-state reaction method. Room-temperature
neutron-diffraction experiments performed at Argonne’s
IPNS showed that La,MnNiOg sample is a double perovskite
with the ordered Mn/Ni sublattice. Two crystal structures are
coexisting, 60% rhombohedral (R3) and 40% monoclinic
(P2,/n). La, §Sry,MnNiO4 showed no evidence of the order-
ing of Mn/Ni cations and can be described with rhombohe-

dral R3¢ space group. XAS, XMCD, and PES experiments
were performed at two different chambers in the 2A undula-
tor beamline of the Pohang Light Source (PLS).?* Samples
were cleaned in situ by repeated scraping with a diamond
file. XAS and XMCD spectra were obtained at 7~ 80 K in
the total electron yield mode and XMCD spectra were ob-
tained under the magnetic field of ~0.4 T. The chamber
pressure for PES was about 5X 107!! Torr and PES data
were obtained at 7~ 100 K using a SCIENTA SES100 ana-
lyzer.

Figure 1(a) shows the temperature dependence of dc mag-
netization for La,_ Sr MnNiOg measured in a high magnetic
field of 5 T. The isothermal magnetization for x=0 in the
inset of Fig. 1(a) shows a narrow hysteresis curve with the
coercivity field of ~220 Oe at T=5 K and full saturation
close to 5 up/f.u. This latter value reflects the well-ordered
Mn and Ni ions at B and B’ sites of double perovskite
A,BB’Og. Much lower magnetization (1.2 up/f.u. at 5 K) is
observed for x=0.2 without a clear tendency to saturation.
The ac susceptibility, measured in the ac excitation field of
14 Oe at a frequency of 1 kHz, is presented in Fig. 1(b) for
both samples. The x=0 sample demonstrates two close fer-
romagnetic transition temperatures (determined from the ex-
treme slope of the curve) at 284 and 276 K. This suggests
that both rhombohedral and monoclinic phases of our
La,MnNiOg have the very close T¢’s. The x=0.2 sample
shows a lower susceptibility with three well-separated tran-
sitions at 271, 250, and 164 K. In contrast, high magnetic
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FIG. 1. (Color online) Temperature dependence of (a) dc mag-
netization and (b) the real part of ac susceptibility x’ for
La,_,Sr, MnNiOg. Inset: Isothermal magnetization at 7=5 K for
La,MnNiOg.

field magnetization in Fig. 1(a) shows only one transition at
312 and 269 K for x=0 and x=0.2, respectively.

Figure 2 shows the measured Mn and Ni 2p XAS spectra
of La,_ Sr,MnNiOg (x=0,0.2). In Fig. 2(a), Mn 2p XAS
spectra are compared to those of reference Mn oxides?* of
MnO, (Mn*),?> Mn,0; (Mn**),2® MnO (Mn?*), and the
calculated Mn 2p XAS, obtained by employing the LFM cal-
culation. This calculation is for a Mn** (34°%) ion under the
octahedral (0,) symmetry with 10Dg=2.4 eV (10Dgq: the
crystal-field splitting energy between #,, and e, states),
where two configurations of d" and d@"*'L' are considered
(n=3 and L: a ligand hole).?” The present Mn 2p XAS spec-
trum for x=0 is similar to that of LaMng;sNiysO5¢s in
literature!! and also to that of La,MnNiOj thin film.”® Note
that the measured Mn 2p XAS spectra for x=0 and x=0.2 in
Fig. 2(a) are close to each other, and are quite different from
those of Mn,O5 and MnO, but qualitatively similar to that of
MnO,. Moreover, they are described well by the calculated
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FIG. 2. (Color online) (a) Mn2p XAS spectra of

La,_,Sr,MnNiOg, compared to the calculated Mn** XAS and those
of reference Mn oxides. (b) The extracted Ni 2p XAS spectra of
La,_,Sr,MnNiOg, compared to those of reference Ni oxides and the
calculated Ni** XAS.
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FIG. 3. (Color online) (a) Mn 2p absorption spectra obtained
with different photon helicities, p, and p_, and the XMCD spec-
trum, Ap=p,—p_, for La,MnNiOg. For La; gSrq,MnNiOg, only Ap
(green curve) is shown. (b) Similarly for the La 3d and Ni 2p states.

Mn** XAS, indicating that Mn ions are formally tetravalent.

The extracted Ni 2p XAS spectra of La,_,Sr,MnNiOg are
shown in Fig. 2(b).? The Ni 2p XAS spectra of reference Ni
oxides®® are shown together, NiO (Ni**) (Ref. 31) and
PrNiO; [low-spin (LS) Ni**].3? The measured Ni2p XAS
spectrum for x=0 is very similar to that of NiO (Ni**) but
quite different from that of PrNiO; (Ni**). Also shown at the
bottom of Fig. 2(b) is the calculated Ni 2p XAS spectrum
obtained from the LFM calculation. It is shown that the
qualitative features of the Ni2p XAS spectrum of NiO are
described well by the calculated Ni 2p XAS for a Ni** ion
(A,.8=1:5,185, | e;1), with 10Dg=2.4 eV. This provides
evidence that Ni ions in La,MnNiOg are nearly divalent. Fur-
ther, the spin configuration of the occupied Ni 3d states cor-
responds to the LS configuration in the band picture, that is,
the exchange splitting A, between the #,,T and t,,| bands is
smaller than the crystal-field splitting 10Dgq. Indeed this find-
ing is consistent with the recent band-structure
calculations.?333 Also our finding rules out the speculation'*
that La,MnNiOg with the high-7- rhombohedral phase might
have the [Mn**-Ni**] configuration.

The Ni 2p XAS spectrum for x=0.2 exhibits a higher in-
tensity at the high-energy shoulder (hv=~=858 eV) than for
x=0, the position of which coincides with the main peak in
trivalent PrNiO5 (Ni**). This suggests that there is some con-
tribution from LS Ni** states in x=0.2. Note that Mn 2p
XAS spectra in Fig. 2(a) hardly change with Sr doping, in-
dicating that the decreased average valence state of the A
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FIG. 4. (Color online) (Left) The Mn 3d PES and Ni 3d PES for
La,MnNiOg. (Right) The O 1s XAS spectra of La,_ Sr,MnNiOg.

site, induced by Sr-doping, is compensated by the increase in
the Ni valence state. That is, for x=0.2, the hole carriers
induced by Sr doping are created mainly at Ni sites.

Figure 3(a) shows the Mn 2p absorption spectra of
La,MnNiOg4 obtained with the photon helicity parallel (p,)
and antiparallel (p_) to the applied magnetic field, respec-
tively. The black curve shows the XMCD spectrum
(Ap=p,—p_). Similarly, Fig. 3(b) shows p,, p_, and Ap for
the overlapped La 3d and Ni 2p states. Figure 3 reveals the
following features. (i) The polarities of Mn 2p XMCD and
Ni 2p XMCD are the same, indicating the parallel alignment
of the spin moments between Mn and Ni ions. This finding is
consistent ~ with  the ferromagnetic  behavior  of
La,_,Sr,MnNiOg. The very weak, but certainly clear, dichro-
ism has been observed in O 1s XMCD (not shown in this
paper), with the same polarity as those of Mn and Ni ions.
(ii) The line shapes of the XMCD spectra for x=0.2 (green
color) are very similar to those for x=0 but the XMCD sig-
nals are substantially lower (~1/30) than in x=0. This trend
is consistent with the disordered Mn/Ni ions in
La, ¢Sty ,MnNiOg¢. Note that, according to the simple super-
exchange rules, the magnetic interactions between
Mn**-Mn**  and  Ni**-Ni**  in  cation-disordered
La, ¢Sry,MnNiOg are antiferromagnetic (AF) while those be-
tween Mn**-Ni* in cation-ordered La, ¢Sr,,MnNiOg is FM.
Therefore the much weaker XMCD signals for x=0.2, as
compared to x=0, reflect that the portion of the cation-
disordered region is larger than that of the cation-ordered
region. Much larger bulk magnetization, observed in Fig. 1,
seems to be due to the use of much stronger magnetic field
(5 T) than in XMCD (0.4 T). (iii) La 3d states show nearly
no dichroism, in agreement with the expectation for trivalent
La** ions having no 4f electrons.?

Figure 4 shows the valence-band PES spectra for the
Mn 3d and Ni 3d states for La,MnNiOg (left) and the O s
XAS spectra of La,_,Sr,MnNiO4 (right). The Mn 3d and
Ni 3d PES spectra were determined from the Mn 2p — 3d
resonant PES (RPES) and Ni 2p — 3d RPES, respectively.?’
The Mn 3d and Ni 3d PES spectra for x=0.2 are not shown
in this figure but they are very similar to those for x=0.3
The O 1s XAS spectrum represents the unoccupied Mn and
Ni 3d states via the hybridization with the O 2p states. In
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FIG. 5. (Color online) (a) Comparison of the calculated Mn 2p
XAS, obtained in the GGA+U and the GGA, with the measured
XAS for La,MnNiOg. (b) Calculated Mn 3d and Ni 3d PDOS’s for
La; 75519 ,sMnNiOg, obtained in the GGA+U (U=5.4 eV).

this figure, the O 1ls XAS spectrum has been shifted by
—529 eV to account for the O 1s binding energy. In PES, the
sharp peak around -2 eV represents the occupied
Mn 3d° @gT) states. Then the broad feature that extends from
Ep to ~=5 eV represents the occupied Ni 3d8(t%th§gle§T)
states. The broad features between —5 and —10 eV are Mn
and Ni Auger emissions.?’

In O 1s XAS, the lowest-energy peak is identified as
mainly the empty Nie,| states overlapping the empty
Mn e, 11,,] states. Then the weak feature at a higher energy
will correspond to the empty Mn e,| states. According to
these assignments, the splitting between the lowest-energy
peak and the next peak corresponds to the rough measure of
the exchange splitting A,~2 eV between Mn e, and e,|
states. Note that the spectral weight near Er in O 1s XAS is
larger for x=0.2 than x=0, suggesting that hole carriers are
created in the Nie,T-O 2p-hybridized orbitals for x>0.
This will result in the metallic ground state for x>0, as
compared to the ferromagnetic insulating ground state for
x=0.%7

Figure 4 confirms that Mn ions are in the Mn** states with
the high-spin (HS) configuration (tggT) and that Ni ions are
in the Ni** states with the tgthgglef,T configuration. Then
the topmost occupied states and the lowest unoccupied states
have mainly the Nie,| and Nie,| character, respectively.
Hence for x>0, hole carriers are expected to be created in
the Ni e, T-O 2p-hybridized orbitals.

Figure 5(a) compares the calculated Mn 2p XAS for
La,MnNiOg, based on the band-structure results, with the
measured Mn 2p XAS. Band-structure calculations were per-
formed in the generalized gradient approximation (GGA)
and the GGA+ U (U: effective Coulomb correlation between
Mn and Ni 3d electrons). Both the GGA and the GGA+U
(U=5.4 eV) produced the correct insulating band structures
for La,MnNiOg. The spin-orbit splittings in the calculated
Mn 2p XAS both in the GGA and the GGA+ U are more or
less consistent with that in experiment. However, the detailed
shape from the GGA exhibits large discrepancies from ex-
periment: the peak widths are much narrower than in experi-
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ment and the shoulders are located at the higher-energy side
of the main peaks. Such discrepancies are improved a lot in
the GGA+U calculation, resulting in better agreement with
experiment. This is due to the change in the unoccupied DOS
of Mn**. In the GGA, the e,] and 1,,| states almost
overlap® while, in the GGA+U, the t,,| state is shifted
higher in energy than the ¢,7 state, as shown in the upper
panel of Fig. 5(b). This finding indicates that one should take
into account the Coulomb correlation effect properly when
studying the electronic structures of La,_,Sr,MnNiOg.

On the other hand, band-structure calculations for cation-
ordered La, 7551),sMnNiOg show that it becomes metallic
with hole carriers mainly at Ni sites [see Fig. 5(b)]. The DOS
at Er comes mostly from Ni 3d states, whereas the contribu-
tion from Mn 3d states is negligible. In the Ni 3d PES spec-
trum for x=0.2, no clear metallic Fermi edge has been ob-
served, which is contradictory to the calculated PDOS [Fig.
5(b)]. Such a discrepancy might be due to the contribution
from the possible insulating surface layers in our Sr-doped
sample. Interestingly, La;75Sr;,sMnNiOg becomes half-
metallic with 100% spin-polarization at Eg. This feature de-
serves to be verified by experiment. We have checked the
effect of the cation antisite disorder on the electronic struc-
ture of La, 755r),5sMnNiOg by exchanging the positions of
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Mn and Ni ions in the ordered system. We have found that
the total energy difference between the FM and AF states
becomes negligible and that the half-metallic nature is robust
to the antisite disorder.

In conclusion, Mn ions are formally tetravalent (3d°) in
both La,MnNiOg4 and La; gSry,MnNiOg, and Ni ions are
nearly divalent (3@®) in La,MnNiOg. A contribution from the
Ni®* states has been observed for La, ¢Sr,,MnNiOg, reflect-
ing that the hole carriers, induced by Sr doping, are created
mainly at Ni sites. XMCD measurements manifest that the
spin moments of Mn and Ni ions are parallel to each other
but that the dichroic signals for x=0.2 are much smaller than
for x=0. Our study reveals that hole carriers are created
mainly in the Nie,T-O 2p-hybridized orbitals to have the
metallic behavior in La; ¢Sry,MnNiOg4, which is consistent
with the half-metallic ground state obtained from the band
calculations for cation-ordered La; 7551, ,5sMnNiO.
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