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Exchange bias in Lag 7Srg.3MnO3/NiO and LaMnO3/NiO interfaces

X. K. Ning," Z. J. Wang,"® X. G. Zhao,"? C. W. Shih,2 and Z. D. Zhang'
'Shenyang National Laboratory for Materials Science, Institute of Metal Research, Chinese Academy of

Sciences, 72 Wenhua Road, Shenyang 110016, China

*Department of Physics, National Chung Cheng University, Chia-Yi 62102, Taiwan
(Received 10 April 2013; accepted 30 May 2013; published online 13 June 2013)

Bilayers of Lag 7Sry3MnO5/NiO and LaMnO3/NiO were prepared and magnetic exchange coupling
investigated in these bilayers, where the Curie temperature of the ferromagnetic (FM) layer is
lower than the Néel temperature of the antiferromagnetic layer. After small-field cooling, the
LSMO/NiO bilayer exhibits an exchange bias with field Hpp =60 0Oe, whereas the LMO/NiO
sample shows weak magnetic interaction (~22 Oe). The unconventional exchange bias in LSMO/
NiO bilayer vanishes as temperature rises above 50 K. The weak magnetic interaction at the LMO/
NiO interface is due to a larger Hubbard parameter value and smaller transfer integral value in the
Mott insulator LMO compared with that for the FM conductor LSMO. The valence states of Mn
and Ni ions across the interfaces for LSMO/NiO and LMO/NiO have been studied using X-ray
photoelectron spectroscopy. We speculate that the FM interaction between Ni*™ and Mn*" gives
rise to magnetic regions that pin the ferromagnetic LSMO layer. © 2013 AIP Publishing LLC.

[http://dx.doi.org/10.1063/1.4811227]

. INTRODUCTION

Exchange bias (EB) has been widely studied in various
magnetic systems for both its theoretical significance and
potential applications in magnetic recording media, spin
valves, and magnetic tunnel junction, since it was first
discovered in ferromagnetic (FM) Co particles covered by
antiferromagnetic  (AF) CoO.'™* Recently, remarkable
improvement in techniques for growing and characterizing
oxide thin films has allowed a renewed interest in the EB
effect at the interface of ABO; perovskite oxide structures. In
these systems, there have been many interesting experimen-
tal results on the EB effect, such as positive EB in the
Lag 7S1p3sMnO5 (LSMO)/StRuO; bilayer, unexpected EB in
FM/Pauli paramagnetic (PM) and FM/diamagnetic (DM)
systems, and unconventional EB in systems where the Curie
temperature T of the FM layer is lower than the Néel tem-
perature Ty of the AF layer.”'° The EB effect can be influ-
enced by various factors, including uncompensated magnetic
moment, interfacial charge transfer, and magnetic structure
change at the interface. Among these structures, LSMO and
LaMnO; (LMO) with T~ =~ 340K and 150K, respectively,
have always been selected as the FM layer. Bulk stoichio-
metric LMO is a Mott insulator with a large Hubbard param-
eter U and an A-type AF ordering. However, when grown as
a thin film, LMO exhibits FM insulator properties,®"''
whereas LSMO is a double-exchange FM conductor and
shows different d-p hybridization.'? Interestingly, in compar-
ing the exchange coupling between the LSMO/AF and
LMOJ/AF bilayers with the same AF layer, one would expect
that the interfacial coupling is different in these two bilayers,
even if both LSMO and LMO have high density e, electron
and magnetic moment."?
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In this paper, we report experimental results on the EB
effect in both LSMO/NiO and LMO/NiO bilayers epitaxially
grown on normal SrTiO; (STO) substrates. After small-field
cooling starting from 340K (lower than the T, of NiO), a
distinct EB effect is observed in the LSMO/NiO structure,
whereas interfacial coupling is weak across the LMO/NiO
interface. The difference in the EB effect for these bilayers
will be discussed.

Il. EXPERIMENTAL PROCEDURE

LMO and LSMO thin films were both grown on STO
(001) single-crystal substrates (with a cubic lattice and the
lattice parameter a=0.391nm) by pulsed laser deposition
(PLD) using a KrF (4 =248 nm) excimer laser. The laser
flux is approximately 1.4 J/cm” with a repetition rate of 2 Hz.
Initially, LSMO or LMO was deposited on a STO substrate
at 0.5-mbar pressure of pure O, at a substrate temperature of
700 °C, and then NiO films were deposited on the LSMO or
LMO layer using a sintered NiO target at 550°C. The
samples were finally annealed at a pressure of 0.5 bar of pure
0O, to remove oxygen vacancies. Both LSMO(10nm)/
NiO(20nm) and LMO(10nm)/NiO(20nm) bilayers were
grown under the same conditions. Structural quality and lat-
tice parameters of the thin films were analyzed by X-ray dif-
fraction (XRD) (Rigaku, D/max-2000, CuK, radiation).
Surface morphology was characterized by atomic force mi-
croscopy (AFM). Microstructure and thickness of the films
were obtained from transmission electron microscopy
(TEM) (F20, Tecnai). Epitaxy between the films and sub-
strate was also confirmed by high-resolution TEM
(HRTEM). The chemical states of the elements in the films
were determined by X-ray photoelectron spectroscopy
(XPS), (Therma ESCALAB 250; Al Ko source, 1486.60¢V,
Resolution: 400 meV, Energy step: 0.1eV), and the binding
energies of the different peaks were calibrated using the C,

© 2013 AIP Publishing LLC
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photoelectron binging energy of 285.0eV. Magnetization
measurements were performed from 5 to 340K and external
magnetic fields up to 3 kOe using a superconducting quan-
tum interference device magnetometer.

lll. RESULTS AND DISCUSSION

The XRD spectra of the LSMO/NiO and LMO/NiO
bilayers on the STO (001) substrate (Fig. 1(a)) indicate that
the LSMO and LMO films are epitaxially grown on the STO
surface. Highly (100) textured LSMO and LMO films were
obtained. Only the (200) peak of NiO can be observed from
the XRD data, indicating that NiO is also epitaxially grown
on the LSMO and LMO layers; meanwhile, no secondary
phases such as Ni,O and Ni,Oj; exist in the NiO layer.

Typical AFM surface morphologies of these films
(2x 2 um) are shown in Fig. 1(b). The surfaces of both
LSMO/NiO and LMO/NiO bilayers are very smooth with a
roughness of 0.9nm and 0.5 nm, respectively, suggesting a
flat surface and high quality of epitaxial NiO thin film on top
of the perovskite structure. The high crystalline quality of
the bilayers can also be confirmed by cross-sectional TEM
images. For example, the interface between the LSMO and
NiO (Fig. 2) is clear and flat with a film thickness of 10 and
20nm, respectively. A HRTEM image (Fig. 2(b)) also
reveals a clear and well-defined film/film interface (marked
by a dashed arrow) in which it is possible to see that both the
LSMO and NiO films have grown epitaxially on the STO
substrate.

Figure 3 presents the temperature dependence of mag-
netization for both LSMO/NiO and LMO/NiO bilayers with
an in-plane magnetic field H = 100 Oe applied. For both sys-
tems, magnetization decreases with increasing temperature,
and a FM-to-PM transition is observed. The FM behavior of
the LMO is in line with recent experimental reports,'*' and
the T¢ value is in good agreement with the reported values
(120-200K) in LMO thin films grown by PLD.'' The transi-
tion temperature is determined to be 330K and 150K for
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FIG. 1. (a) XRD spectra of LSMO/NiO and LMO/NiO bilayers. (b) Surface
AFM images of LSMO/NiO and LMO/NiO bilayers.
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FIG. 2. (a) A low-magnification TEM micrograph of cross-sectional
LSMO(10 nm)/NiO(20 nm) bilayer. (b) A High-resolution TEM image of
LSMO/NiO bilayer.

LSMO and LMO phases, respectively, and these values are
far below the Ty of NiO.'¢

Magnetic hysteresis loops were obtained at 5K after
field cooling (FC), performed in a magnetic field of =3 kOe
from 340K (above T but below Ty). For comparison, mag-
netization loops of the LSMO/NiO (Fig. 4(a)) and LMO/NiO
(Fig. 4(b)) after zero-field cooling (ZFC) are also shown.
Magnetic fields above #1300 Oe are applied to attain satu-
rated magnetization M. From Fig. 4, the LSMO/NiO bilayer
shows a saturated magnetization of 507 emu/cm® (3.26 1z/Mn)
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FIG. 3. Temperature dependence of magnetization of LSMO/NiO and
LMO/NiO bilayers under an in-plane magnetic field of 100 Oe.
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in contrast to 227 emu/cm® (1.45 ps/Mn) in the LMO/NiO
bilayer, implying a conversion from Mn*" to Mn*" in the
LMO film."” The hysteresis loops are clearly seen to be
shifted along the magnetic-field axis, indicating that the EB
effect exists in these samples. The absolute values of the EB
field Hgp and of coercivity Hc are calculated using Hgpg =
|Hy + H,|/2 and Hc = |H| — H,|/2, where H, and H, are the
values of magnetic field at which the magnetization goes to
zero. A large Hgp of about 60 Oe is observed in the LSMO/
NiO bilayer. When switching the field both during FC and in
hysteresis loops measurement from in-plane to out-of-plane,
we obtain a similar magnitude for the EB field (~76 Oe) (see
inset of Fig. 4(a)). The shift of the hysteresis loops is found
to be highly reversible with respect to the field direction dur-
ing FC, i.e., Hgg ~ —60 Oe and Hgp ~ 72 Oe, corresponds to
+30000e and —3000Oe, respectively. More importantly,
this Hgp value is much larger than that of the EB field
(~220e) in the LMO/NiO bilayer. Moreover, we found a
strong sensitivity of Hc and Hgp to FC. A strong enhance-
ment of the coercivity H¢e and Hgp after FC (H = =3000 Oe)
compared with ZFC is obtained. The EB field of these sam-
ples after ZFC from 340K is zero within the 10-Oe measure-
ment resolution.

All the ZFC magnetization loops are narrower than the
FC loops. This is in line with the conventional EB observed
in FM/AFM structures.'® It is, indeed, found experimentally
that the uncompensated spins pinned at the interface should
play an important role for the EB effect in the LSMO/NiO
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FIG. 4. (a) Magnetic hysteresis loops of LSMO/NiO bilayer at 5K after
ZFC and FC. Magnetization is normalized by the saturated value. Insert: the
curve measured after cooling under an out-of-plane Hr¢ (= = 3000 Oe). (b)
Magnetic hysteresis loops of LMO/NiO bilayer after field cooling. Insert:
the magnetic hysteresis loop after zero field cooling.
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and LMO/NiO bilayers. This is similar to the results in the
BiFeOj;-based films.'>!” Cai et al. reported that for T < Ty,
the magnetic coupling has been established when the FM
layer is in the PM state.?” In their experiment, through apply-
ing a magnetic field at temperatures above T but below Ty,
they found uncompensated spins are induced and coupled to
the FM layer.”' > By analogy, uncompensated spins pinned
at the interface should play a similarly important role in the
EB effect for our LSMO/NiO and LMO/NiO bilayers.

Even if the EB effect in these bilayers is understood as
induced uncompensated spins, it is still not clear why a sub-
stantial difference in Hgp exists between the two systems.
We looked into the band characters based on the Anderson
exchange theory and the Anderson-Goodenough-Kanamori
rule, > in which the FM exchange strength is evaluated by
E |b(M,LN,<)|2/U(Mn,N,»), with b the transfer integral and
U pnni) the Hubbard parameter U of the d-electron for Ni
and Mn. The Hubbard parameter U in LMO, which is large
(=4eV, Ref. 8) because the d-d splitting in LMO is predom-
inantly of purely electrostatic origin other than due to the 3d-
2p hybridization,* is not expected to be substantially differ-
ent from U in the LSMO. The transfer integral b might play
a more substantial role and differences between the two sys-
tems can be seen from spin configuration analysis. Double-
exchange requires ferromagnetic alignment of spins between
neighboring ions at the interface,”>**’ such as between Mn>"
(or Mn*") and Ni**, but the ability of the electron to hop
from Ni** to Mn*" and Mn*" differs. A higher hopping
probability is anticipated between Ni*" and Mn*" than
between Mn® " and Ni*", which therefore gives rise to a big-
ger b in LSMO than in LMO films. In contrast, in LMO, the
ground configuration of Mn®* is (tzg)3(eg)1 which gives rise
to a high spin ground state. Comparing the doping FM con-
ductor LSMO, including the effect of the inequivalent sites
occupied by Mn*" ions, we interpret the different EB effects
in these samples to reflect the relationship between the Mn
spin state (energy level) and the interfacial covalent bonding
strength. That is to say, according to the simple superex-
change rules, the magnetic interaction between Mn*" and
Ni?* at the interface is FM.?” Taking into account the facts
above, we can speculate that the different energy competing
processes and the states of the ions at the interface should
play an important role in the interfacial exchange coupling.

To further understand the different magnetic interactions
between the LSMO/NiO and LMO/NiO, the chemical va-
lence states of the elements at the interface have been studied
by X-ray photoelectron spectroscopy (Fig. 5). The Mn 3s
and Ni 2p core-level spectra of the LSMO/NiO and LMO/
NiO films have been used to analyze the Mn and Ni valence
states. Figure 5(a) shows different splitting magnitudes in
the binding energy of Mn 3s for the two samples. This
energy separation magnitude is derived from the different
valence states of the Mn ions due to the interaction between
the 3s core hole and 3d electrons for the 3d transition met-
als.?®?® A direct experimental result is that the energy sepa-
ration (AE) between the splitting peaks of 35(1) and 3S(2) is
about AE ~ 5.06 £0.1eV and ~5.45 £0.1eV for LSMO/
NiO and LMO/NiO bilayers, respectively. The XPS spectra
were measured after etching times from Os to 210s, and AE
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FIG. 5. (a) Mn 3s core-level XPS spectra of LSMO/NiO and LMO/NiO.
Insert: Ni 2p core-level XPS spectra of LSMO/NiO. (b) The detailed infor-
mation of atom percentage of the LSMO/NiO and LMO/NiO bilayers at dif-
ferent etching time. Insert: Separated energy (AE) of the LSMO and LMO
films measured from 90s to 120s (from the interface to the internal of the
films).

did not change much from the surface to the inner LSMO
and LMO films (Fig. 5(b)). The values are in good agreement
with AE ~ 5.5eV (Mn>") and 4.5eV (Mn*") reported by
Wu et al.*® The XPS results show that Mn ions are mainly in
+3 state at the interface of LMO/NiO, but in the +3/4+4
states at the interface of LSMO/NiO. However, May et al.
pointed out that the weak tendency of Mn®" to become
Mn*" in a LMO thin film can induce an FM phase."”
Furthermore, experimentally, the Ni 2p spectra (inset of
Fig. 5(a)) show no obvious change for the two films (a direct
detection of Ni*" is difficult because of the metallic Ni dur-
ing sputtering; here, we show one of these). We can specu-
late that the FM interaction between Ni*™ and Mn*" is a
favorable response to the interfacial EB effect.” If this is the
case, this EB effect is stable against the applied field direc-
tion. Thus, a similar EB field is observed when the cooling
fields and the measuring fields were applied along the out-
of-plane direction for the LSMO/NiO sample (inset in Fig.
4(a)). In addition, also note that the relative value of the full
width at half maximum (FWHM) and the intensity of the
3S(2) component were enhanced in the LSMO/NiO samples
(Fig. 5). This value is affected by ligand chemistry and corre-
lated with charge transfer between the Mn 34 and the ligand
p states.>'*? The decrease in charge transfer from 2p to 3d

J. Appl. Phys. 113, 223903 (2013)
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FIG. 6. (a) Exchange-bias field Hgp and (b) coercivity He of LSMO/NiO
bilayer as a function of temperature (from 2K to 85K). Insert: Exponential
fitting of the exchange bias field Hgp and coercivity Hc as a function of
temperature.

can increase the core-level 3s spectra ratio due to screening
effects as well as the residual spin states on the p and d orbi-
tals.?! Thus, the p-d hybridization strength or the transfer in-
tegral b increases across the LSMO/NiO interface.

Having established this, we now turn to the temperature
dependence of the exchange field Hgpz of the LSMO/NiO
bilayer. We measured the hysteresis loops at each tempera-
ture after FC from 340 K. Figure 6 shows the temperature
variation of the Hgp and H¢ from 2K to 85K for the LSMO/
NiO bilayer. Hgg decreases almost monotonically with
increasing temperature and vanishes at about 50K, corre-
sponding to conventional EB-blocking temperature Tjp.
Similarly, from Fig. 6(b), Hc decreases monotonically with
increasing temperature. If seen on a logarithmic scale (insets
of Fig. 6), Hgp and H decay exponentially with temperature
with H, in particular, showing a crossover at T. In addition,
the enhancement of the Hgp and Hc- with lowering tempera-
ture seems to follow the conventional EB, which has been
observed in FM/AFM structures.”” It is known that the coer-
cive field is determined by the density of Ni*"™-Mn*" pairs,
and the pinned uncompensated spin strengthens with lower-
ing temperature.

IV. CONCLUSIONS

We have grown Lag 7Sr;3sMnO3/NiO and LaMnO5s/NiO
bilayers and found an unconventional EB effect in these
bilayer structures. The absolute values of the EB field Hgp
and coercivity field H: monotonically decrease with



223903-5 Ning et al.

increasing temperature. The large Hubbard parameter U and
small transfer integral b can result in a weaker FM coupling
effect at the LMO/NiO than at the LSMO/NiO interface. The
XPS result shows the detailed valence of the Mn and Ni
ions. The FM interaction between Ni*" and Mn*" is impor-
tant for this unconventional EB effect in the LSMO/NiO and
LMOJ/NiO bilayers.
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