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The swift heavy ion (SHI) irradiation induces weak ferrimagnetism (FM) in magnetically frustrated poly-
crystalline BiMn,Ojs thin films. This is manifested from irradiation induced higher energetic configuration that
accounts for evolution of the Mn?* state in the Mn>*/Mn** network. Basically, this is the root of large
magnetic moment in the irradiated samples. X-ray diffraction and Raman-scattering data of the samples
indicate considerable modifications in the crystal structure after the SHI irradiation. FM in the irradiated
samples and magnetically frustrated behavior of the pristine sample is apparent from dc magnetization mea-
surements. Element specific characterizations such as near-edge x-ray absorption fine structure spectroscopy at
O K and Mn L; , edges along with x-ray magnetic circular dichroism at Mn L3 , edge show the evolution of the
Mn?* at disbursement of the Mn**. The microscopic origin behind the induced weak FM is found to be the

increased orbital moment in the irradiated thin films.
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I. INTRODUCTION

Field of multiferroics has created enormous curiosity
among materials research communities and technologists
during last few years.!"2! Multiferroic materials exhibit con-
currence of more than one ferroic properties (magnetic/
ferroelectric/ferroelastic) in same phase, regardless of their
contrasting origin, and offer the possibilities for variety of
applications such as nonvolatile memories, capacitors, trans-
ducers, actuators, data storage multiple state memories, mag-
netic field sensors, etc.!™ Among recently discovered multi-
ferroic materials, RMn,O5 (where R=rare earth, Y, and Bi)
family demonstrates antiferromagnetism (7Ty~39 K) to-
gether with ferroelectricity (7-~35 K) and coupling be-
tween them which is a prerequisite for application
purpose.'%2! BiMn,O5 from above family has been studied
widely,'>!> whose magnetic structure is commensurate. It is
ferroelectric at all temperatures below Ty and T, with a
propagation vector q=(%,0,}-1). It is recently reported'* that
thin film of the BiMn,O5 is magnetically frustrated and its
magnetic property is highly influenced by the strain. Funda-
mentally, thin films of the BiMn,Os exhibit the magnetically
frustrated spin-glass-type behavior, which is not acceptable
for multiferroic applications.'* This issue is an obstacle in
realization of multiferroic-based memory devices of these
materials. In fast moving technology of information storage
system, chip-based memory and logic devices are impera-
tive. Dependence on magnetic thin-film element for func-
tionality and nonvolatile information storage will have added
features due to simultaneous ferroelectricity. Recently, the
remarkable pronouncements coming out of the ion beam
treatment of magnetic materials (carried out on permalloy or
CoPtCr, Fe-Pt, Ni-Fe, etc., having special relevance for ap-
plication in magnetic information storage) have revealed the
prospects to custom tailor the magnetic properties (e.g., mo-
ment, coercivity, anisotropy, magnetoresistance, etc.) which
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are crucial for application purposes.’>> The geometrical/
magnetic structure of the BiMn,Os offers various possibility
of engineering its magnetic property by the ion beam.!>1

When swift heavy ion (SHI) passes through a material, it
either excites or ionizes the atoms of the target by inelastic
collisions or displaces them by elastic collisions. Elastic and
inelastic collision processes are dominant, respectively, in
the low- and high-energy regimes. It is evident from the
literature that the electronic energy loss (S,) owing to inelas-
tic collision is capable of generating point/cluster defects if it
is less than the threshold value of electronic energy loss
(S,q). If S, is greater than S,y (~14.25 keV/nm, for the
present case), the energetic ions may create columnar amor-
phization. Stress/strain developed on account of the created
defects or amorphization is responsible for the modification
of the materials [Refs. 26-28 and references therein].

The present paper reports the 200 MeV Ag!>* ion irradia-
tion induced weak ferrimagnetism (FM) in the magnetically
frustrated polycrystalline BiMn,Os thin films. Due to statis-
tical nature of energy deposition process, stopping and range
of ions in matter (SRIM) calculation? based on Monte Carlo
simulation is wused to plan the irradiation energy
(~200 MeV). Consideration of ion fluences (1x 10!, 5
X 10" and 1% 10" ions/cm?) has been decided as an ex-
tended approximation of the single-ion impact.

II. EXPERIMENTAL DETAILS

Thin film of the BiMn,Os5 (thickness ~200 nm) was de-
posited on c-axis-oriented single crystals of the LaAlOj
(LAO) substrate by pulsed laser deposition (PLD) under op-
timized conditions using single phase target of the BiMn,Os5
synthesized by solid state reaction route.'*!® Thin film of the
BiMn,O5 was cut into four pieces, each of 5X5 mm? size.
In order to keep the growth conditions uniform for all the
samples, these were used for irradiation and further studies.

©2010 The American Physical Society
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FIG. 1. (Color online) (a) AFM images of pristine as well as irradiated (with fluence values of 5X 10'" and 1 X 10'> ions/cm?) films; (b)
Average height distribution obtained from 2D AFM images for pristine and irradiated thin films

One piece of the thin film was kept pristine while three other
were irradiated with 200 MeV Ag'>* ion beam (at room tem-
perature) using 15 UD Tandem Accelerator at Inter-
University Accelerator Centre (IUAC), New Delhi, India,
with different fluence values of the 1X 10!, 5% 10!, and
1X10'? ions/cm?, respectively. The irradiation was per-
formed under high-vacuum condition (base pressure 2
X 107® Torr). Incident angle of the ion beam was kept
slightly away from surface normal of the sample to avoid the
channeling effects. Beam current was kept very low (at 0.1
pnA) to avoid heating. The ion beam was uniformly scanned
over 1 cm? area using a magnetic scanner. Fluence values
were determined by measuring the charge falling over the
sample surface under the secondary electron suppressed ge-
ometry. Ladder current was measured with a current integra-
tor and a scalar counter. X-ray diffraction (XRD) measure-
ment of the pristine as well as the irradiated thin films were
carried out using Rigaku diffractometer with Cu Ko radia-
tion (\=1.54 A). Raman spectra were collected in back-
scattering geometry utilizing a 10 mW Ar (488 nm) laser as
an excitation source coupled with a Labram-HR800 micro-
Raman spectrometer equipped with a 50X objective. Scat-
tered light was analyzed with a Jobin Yvon Horiba LA-
BRAM HRS800 single monochromator and detected with a
Peltier cooled charge-coupled device. Magnetic properties of
the thin films were quantified through Quantum Design
MPMS XL SQUID Magnetometer. Near-edge x-ray absorp-
tion fine structure (NEXAFS) at O K and Mn L3, edges
along with x-ray magnetic circular dichroism (XMCD) mea-
surements at Mn L; , edge were performed at the European
Synchrotron Radiation Facility (ESRF) ID08 beamline. It
uses an APPLE II type undulator to give ~100% linear/

circular polarization. Base pressure of the experimental
chamber was kept at ~3 X 107!° Torr. All the scans were
collected simultaneously in total electron yield and total
fluorescence yield modes, ensuring both surface and bulk
sensitivities. Finally, the spectra were normalized to incident
photon flux.

III. RESULTS AND DISCUSSION

Figure 1(a) shows the surface morphologies [atomic force
microscopic (AFM) images] of the pristine and the irradiated
(with fluence values 5 X 10'! and 1 X 10'? ions/cm?) films at
same scale (5 um X5 um). It is vivid from Fig. 1(a) that
after irradiation, surfaces of the films adopt granular struc-
tures, and found to be more homogenized with increase in
the irradiation fluence value. In order to directly visualize the
effect of irradiation on the films’ surface morphology, the
height distribution profile of surfaces extracted from 2D
AFM images are presented in Fig. 1(b). It shows decrease in
the average height of grains and simultaneous increase in the
frequency of average height with the enhancement of fluence
values. Increase in frequency of average height distribution
of grains is representative of the homogenized grain distri-
bution after increase in the irradiation. Low frequency and
relatively high average height of grains in pristine film cor-
respond to the ridgeslike structure as reported earlier.'*

Figure 2(a) displays the XRD pattern of the pristine and
irradiated (with different fluence values of 1Xx10'!, 5
X 10" and 1X10'? ions/cm?) thin films of the BiMn,Os
along with LAO substrate. All the peaks in case of pristine
and irradiated thin films match either with those of bulk
BiMn,Os5 (Ref. 16) or with substrate, confirming the single
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FIG. 2. (Color online) (a) XRD plots for pristine

BiMn,05/LAO thin film and irradiated with 1 X 10", 5x 10", and
1 X 10" ions/cm? fluence values; reference line 1 and 2 shows the
substrate peak and one of the film peak, respectively. (b) Raman
spectra for the same samples.

phase character of the samples even after irradiation. Since
the lattice parameter of LAO substrate (a=3.789 A) does
not match closely with that of the BiMn,Os, its polycrystal-
line growth is ascertained. With increase in the irradiation
dose, a shift in peak positions toward lower 26 values is
observed indicating augmentation in the lattice parameters.
Two vertical reference lines (1 at substrate peak and 2 at one
of the film peak) are drawn in the Fig. 2(a) for evident
change in film peaks toward lower 2 6. Lattice parameters for
the pristine as well as irradiated thin films have been calcu-
lated within orthorhombic symmetry (space group Pbam)
and presented in the Table 1. The lattice parameters of pris-
tine film (Table I) are found to be different from those of

TABLE I. Lattice parameters of pristine and irradiated (with 1
X 10, 5x 10", and 1X 10" ions/cm?) samples obtained from
XRD data.

a b ¢
Sample (A) (A) (A)
Pristine 7.5198 8.5694 5.8030
110" jons/cm? 7.5871 8.5695 5.8132
5x 10" ions/cm? 7.6107 8.5942 5.8280
1X10'? ions/cm? 7.6345 8.6190 5.8428
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bulk BiMn,Os (a=7.5564 A, b=8.5305 A, and ¢
=5.7589 A). Evidently unit cell of pristine thin film is
squeezed in two crystallographic directions hence considered
to be strained along a axis. Direct effect of irradiation along
a axis is observed even at the lowest fluence value (1
X 10! jons/cm?). Pristine thin film having strained struc-
ture along the a axis,'# relaxes after the irradiation. Another
important fact to be noticed is that with irradiation, the irra-
diated films’ XRD peaks become broader than those of the
pristine, which increases further with fluence values. Broad-
ening of peak is due to formation of the smaller grain size
with the irradiation. This observation is in agreement with
the surface morphological behavior of the irradiated thin
films observed in AFM images (Fig. 1). However distorted
line shape and profile broadening of the XRD peaks for the
maximum fluence (1 X 10'? ions/cm?) indicate that subse-
quent increase in irradiation fluence may cause the amor-
phization.

The lattice expansion in the irradiated films can be ex-
plained on the basis of energy deposition mechanism in the
irradiation process. The above-mentioned findings demon-
strate that the high electronic excitations have induced the
structural modifications resembling nonmetallic systems.30-33
Therefore, the S,-dependent effects induced in these materi-
als are probably related to the same basic energy transfer
process between the incident ions and the target atoms,
which can be explained using thermal spike model.**3 In
this model, most of the energy of the incident ions is trans-
ferred to the host electrons during electronic slowing-down
regime (S,>S,). This results in a huge increase in tempera-
ture of the electronic subsystem, far above its melting tem-
perature. Nevertheless, this rapid heating is localized around
the traveling ion path in the material and is followed by a
rapid thermal quenching (~10'3-10'* K/s). Therefore,
when the SHI passes through the BiMn,Os, rapid thermal
quenching after massive heating may cause higher energetic
configuration and consequent increase in the unit-cell vol-
ume. Above certain value, further increase in the fluence may
cause a rapid increase in energy density, and the mean free
path between displacing collisions approaches the inter-
atomic spacing of the material. 3637 At this stage, the subse-
quent thermal quenching may lead to the amorphized state.
This is because the energy of Ag ion is 200 MeV, which
corresponds to S, (~14.25 KeV/nm) of electronic energy
loss as calculated by SRIM software.?

Considerable impact of the ion irradiation on the inertia of
the structure is also observed from Raman spectroscopic
data. Figure 2(b) demonstrates the Raman spectra for pristine
and irradiated thin films. The site symmetry analysis®® of the
Pbam structure of the BiMn,Os yields a total 96 I'-point
phonon modes, out of which 48 phonon modes are Raman
active (Fgaman=13A,+13B;,+11By,+11B5,). By definition,
the A, modes are expected to appear in the parallel xx, yy,
and zz scattering configuration and should not be observed in
the crossed xy, yz, and zx configurations. However, the B, o
B,,, and B3, modes are expected respectively in xy, xz, and
yz configurations. Most of the predicted Raman modes have
been identified, except a few, whose intensities are either
very low or do not exist in the measured wave number range
(150-700 cm™), this is consistent with the literature.'”!3 Tt
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FIG. 3. (Color online) Magnetic susceptibility (x) vs T plot
measured at 1000 Oe in FC and ZFC cycle for (a) pristine BiMn,Os
thin film and (b) thin films irradiated with 5x10'" and 1
X 102 ions/cm? fluence values.

should be noted here that, as a result of substrate induced
strain as seen in XRD data, modes in the pristine thin film
are slightly shifted toward higher wave numbers
(~3-5 nm) compared to those observed in the bulk
BiMn,Os (Ref. 39). Apparent peak broadening is observed in
Raman spectra with increasing irradiation fluence which is
the indicative of release of strain in the film, which is in
conformity to the XRD data. Additionally, suppression in
low waver-number modes with increasing fluence value is
also observed indicating the increased electron-phonon cou-
pling like superconductors.*’

Modifications scrutinized in the structure of the irradiated
thin films, as revealed by XRD and Raman spectra, would
immensely affect the magnetic properties of the magnetically
frustrated BiMn,0Os. Thermal variation in zero-field-cooled
(ZFC) and field-cooled (FC) magnetization in the presence
of a magnetic field, H=1000 Oe for pristine and irradiated
thin films (with fluence values 5X10'" and 1
X 10" ions/cm?) are shown in Figs. 3(a) and 3(b). It is evi-
dent from Fig. 3 that there is a clear contrast in the magne-
tization behaviors of the pristine and irradiated films. Pristine
BiMn,0O5 demonstrates a frustrated magnetic behavior as is
obvious from its distinct FC and ZFC behavior. Moreover, M
vs H curves (Fig. 4) at room temperature (300 K) and 5 K do
not display any hysteresis in the pristine film as observed in
bulk antiferromagnetic (AF) multiferroic BiMn,0s5.'® For
pristine film, there is a broad region of nearly temperature-
independent short-range order between 40 and 250 K. Above
250 K, the system enters smoothly into a paramagnetic state.
Below 40 K, abrupt drop of magnetization in ZFC cycle and
absence of any discernable magnetic loop at 5 K indicate
low-temperature AF nature of the film. However, abrupt in-
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FIG. 4. (Color online) Magnetization (M) vs H plot for pristine
BiMn,Os thin film and thin films irradiated at 5X10'! and 1
X 10'2 jons/cm? at (a) 300 K and (b) 5 K.

crease in magnetization below 40 K in FC cycle indicates the
mixed phases of AF and FM in the film. Though we cannot
infer the true ground state of the pristine film from these
measurements, we may foresee the observed magnetic be-
havior arising due to complex magnetic structure of the
BiMn,Os, having a competing ferromagnetic and antiferro-
magnetic exchange interactions.'* It is known that bulk form
of the sample exhibits AF transition at Ty~40 K. Nonethe-
less, substrate induced strain and other defects (such as oxy-
gen vacancy) in thin films will further modify the different
magnetic exchange interactions in the sample, giving rise to
a frustrated magnetic behavior. In such situation, the protocol
used for the magnetization measurements becomes crucial.
AF like transition in ZFC at 40 K and abrupt increase in
magnetization at the same temperature imply that there may
be a kinetically arrested phase below this temperature, which
are known to occur in several magnetically frustrated
systems.*'*2 It should be noted here that the magnetic hys-
teresis measurement at 5 K in ZFC displays straight line
without any hysteresis loop indicating AF like behavior.
However, the M H curve measured at 5 K in FC mode shows
a clear hysteresis loop (Fig. 5).

Surprisingly, the irradiation of the film with 200 MeV
Ag'>* ions leads to a radical change in the magnetic phase of
the material. It washes out the magnetically frustrated phase
and stabilizes the weak ferrimagnetism [see Fig. 3(b)]. Tem-
perature variation in inverse magnetic susceptibility (1/y)
of the irradiated thin films (Fig. 6) shows an increase in
the Curie-Weiss constant .y (from —408 to —522 K) with
increment of fluence values from 5X10'" to 1
X 10'% ions/cm?. The 6y, is obtained from intersecting
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FIG. 5. Magnetization (M) vs H plot for pristine BiMn,Os thin
film at 5 K, measured after field cooling.

point of extrapolation of high-temperature region of 1/y vs T
plots (Fig. 6). It represents the increase in negative molecular
field and consequent increase in AF ordering of uncompen-
sated spins. M vs H plots for irradiated samples at room
temperature and 5 K compliment to the M vs T data, where
hysteresis behavior for irradiated thin films is observed (Fig.
4). The induced weak ferrimagnetism after irradiation may
be due to the inherent frustrated magnetic structure of the
system. It is basically engineered by the irradiation induced
modifications of the nearest-neighbor interactions (NNIs).
Further, element specific characterizations such as NEXAFS
and XMCD (discussed later) will help us to understand the
effect of irradiation (observed change in the magnetic prop-
erties) in a quantitative way.

The geometrical structure of the BiMn,Os consists of
mixed valence Mn sites (Mn>*/Mn**), where Mn**Oj octa-
hedra share edges to form infinite chains along the ¢ axis.
These chains are linked by pairs of Mn3*O5 pyramids and
BiOg polyhedra. This exhibits five different NNI among
Mn**/Mn** ions, which lead to the frustrated magnetic
structure.'>!'® Various theoretical ab initio calculations and
detailed analysis have been performed to understand the
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FIG. 6. (Color online) Inverse of magnetic susceptibility (1/y)
vs T plot for BiMn,Os thin films irradiated with 5X 10'! and 1
X 102 ions/cm? fluence values.
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FIG. 7. (Color online) Normalized Mn L;,-edge NEXAFS
spectra of pristine BiMn,Oj thin film and irradiated with 1 X 10'!,
5% 10", and 1 X 10'? ions/cm? fluence values along with the spec-
tra of MnO, Mn,03, and MnO,.

multiferroicity observed in RMn,Os. This suggests that
BiMn,Os exhibits a charge and spin ordering along the b
direction, schematically denoted as a chain of
Mn”—Mn4+ Mn?r In the undistorted Pbam structure, the dis-
tances dTT(between MnT and MnT *) and d;| (between MnT
and Mn *) are the same. But in the AF state (Ty~39 K), the
dyy (between Mn and MnT *) is shortened and optimizes
the  double exchange interaction  pioneering  the
ferroelectricity.!?! In the above scenario, the magnetic
properties are very much susceptible to distances d between
the Mn** and Mn** ions having strong U (~8 eV).?’ There-
fore, a very high energetic impact would be required in order
to disrupt the existing arrangement to justify the observed
magnetic properties of irradiated films and recreate a new
energetic configuration.

For Ag">* projectile ion, the value of ionic energy corre-
sponding to the maximum electronic energy loss in BiMn,Os5
has been calculated to be 200 MeV, using SRIM.?° When the
200 MeV Ag'* ion passes though BiMn,Os, it produces an
ion track of around 100 nm? cross-sectional area. Thus the
number of ions required per square centimeter will be
1 ecm?/100 nm?=1X 10"2. Accordingly, the three fluences
used in the irradiation experiment namely 1 10'!, 5 X 10",
and 1 X 10'? ions/cm? are supposed to cover 10%, 50%, and
100% area, respectively. In order to check the accuracy of
the above approximations (ion energy/ion fluences) in view
of the induced weak ferrimagnetism, the microscopic obser-
vations are indispensable.

Figure 7 demonstrates the normalized Mn L; ;-edge NEX-
AFS spectra of pristine and irradiated thin films along with
the references MnO (Mn2+), Mn,O; (Mn3+), and MnO,
(Mn4+), collected at room temperature. The spin-orbit inter-
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action of the Mn 2p core states splits these spectra into two
broad multiplets, namely, L; (2p3,) and L, (2p;,,) with an
energy ~11 eV apart. Each of these two regions further split
into 1,, and e, orbital features because of the crystal-field
effect of neighboring ions. These spectra illustrate the
valence-specific multiplet structure with a chemical shift due
to change in the oxidation state. The inflection point of
Mn L; edge shifts toward the higher energy as the valence
number of Mn increases from +2 in MnO to +4 in MnO,.
The Mn L;, NEXAFS spectrum of pristine and irradiated
thin films can be directly compared with the reference com-
pounds on the basis of peak positions. In pristine thin film,
Mn ions are found to be in the Mn*3? state as the ratio of
Mn**/Mn* is 1 in the BiMn,Os. Detailed description of
Mn L;, NEXAFS spectra of pristine thin film with refer-
ences are presented in our earlier work.'* As a focus of the
presented work, the SHI irradiation induced modifications in
Mn charge states can be directly observed in both L; and L,
peaks, with more in L5 edges since it is more susceptible to
local environment than L,. After irradiation even with lowest
fluence (1< 10" ions/cm?), the L; region shows an evolu-
tion of new peak at ~640 eV (marked by an arrow). This
exactly matches with the intense L; peak of MnO which has
the domination of 1,, states, indicating that some part of Mn
ions are transferred into Mn?*. It leads to the change in the
ratio Mn**/Mn** of pristine film from 1.

With evolution of the Mn?*, peak at ~643 eV (signature
of the Mn**) diminishes, confirming that evolution of the
Mn?* at the expense of Mn**. In this scenario, the spectral
signature of Mn3*, which is left undistributed, will have
more obvious dominancy in this multiplet spectrum and is
clearly observed at ~641.5 eV. Shift in L, peak toward
lower energy also vindicates the increased spectral weight-
age of Mn3*. For further increased irradiation fluence value,
L5 region follows the trend of spectral distribution of multi-
plet structure among Mn?*/Mn**/Mn*" in accordance with
the approximation of fluence values covering surface area.
Noticeably, for the maximum fluence value (1
X 10" ions/cm?), the spectrum does not follow the above
approximation and gives an idea about the random crystal-
field effect in spectrum. It is evidenced by the decreased
crystallinity of this sample from the XRD pattern [see Fig.
2(a)]. Increased value of the Mn?* content at the expense of
Mn** with increase in the irradiation fluence may be ac-
cepted as a direct consequence of increasing magnetic mo-
ment. However, in order to acquire the in-depth information
about magnetic contribution from the Mn?*, XMCD is per-
formed at 100 and 300 K.

Well established XMCD method is one of the most reli-
able techniques for directly measuring the magnetic mo-
ments in a valence shell. Figure 8 demonstrates the normal-
ized XMCD spectra measured at a magnetic field of 5 T for
(a) the pristine thin film and (b) irradiated with fluence value
of 5% 10'"!" jons/cm?. Although there is a little dependence
of the NEXAFS signal on the polarization of the incident
x-ray photon, there is a clear reproducible difference be-
tween the NEXAFS collected for the photon helicity parallel
and antiparallel with the applied magnetic field (5 T), which
is the XMCD signal. Lower parts of Fig. 8 show the XMCD
spectra of the respective sample at 300 and 100 K. In the
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FIG. 8. (Color online) Mn L; , edge XMCD spectra at 100 and
300 K for pristine BiMn,Os5 thin film and one irradiated with flu-
ence value of 5X 10" ions/cm?.

XMCD spectra for all the irradiated samples, (though pre-
sented here for only one irradiated sample) the XMCD signal
of Mn?* at energy ~640 eV is clearly observed, which is in
accordance with the spectral position of the Mn?* observed
in NEXAFS spectra (Fig. 7) for irradiated samples. It is also
to be pointed out that the XMCD signal of the Mn>* in-
creases with the increase in fluence value and is higher at
lower temperatures. The temperature dependence of XMCD
signal of the Mn?* indicates the paramagnetic contribution
toward the magnetism of the system. The x-ray absorption
sum rule suggests that the total intensity of the L; and L,
resonates with the number n;, of empty d states (holes). For a
magnetic material, the d shell has a spin magnetic moment
which is given by the imbalance of spin-up and spin-down
electrons or equivalently by the imbalance of spin-up and
spin-down holes. The use of right or left circularly polarized
photons, which transfer their angular momentum to the ex-
cited photoelectrons, measure the difference in the number of
d holes. Evolution of the Mn?* changes the d holes’ contri-
bution (n,=5, 6, and 7 for Mn?*, Mn**, and Mn**, respec-
tively) and consequently affect the XMCD spectra. In order
to separate out the contributions from spin as well as orbital
part of the total magnetic moment, sum rules have been
utilized.*> According to sum rules, expressions of orbital
magnetic moment (L), and spin magnetic moment {S,), are
written as

2(A+B)
= n

<LZ>—T h (1)
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TABLE II. Orbital (L,) and spin (S,) magnetic moments (in up) calculated from XMCD data of pristine
and thin film irradiated with the fluence value 5 10" ions/cm? at 100 and 300 K by using sum rule.

100 K 300 K

Sample L, Sy L, S,
Pristine —2.4588 %107 -3.60663 % 1073 3.24123 X 1073 —5.28374x 1073
5% 10" jons/cm? —7.40033 X 10~ -2.9393x 1073 1.88051 X 1073 —5.169499 X 1073

(A-2B)

<Sz> = 20

h (2)

where A and B are the areas of the L; and L, edges, respec-
tively, in the XMCD difference spectra. C is the area under
the L3 ,-edge NEXAFS spectra and 7, is the number of holes
in the 3d orbital of Mn ions. Here we have neglected the
spin-quadrupole coupling term (7). The sum rules have
been tested by comparison with the experimental measure-
ments and theoretical calculations** which are generally ac-
curate within 10% error. One possible source of error is
found for the early transition metals, such as Cr, where the
multiplet effects are larger than the 2p spin-orbit coupling
and hence the L, and L; edges cannot be separated. How-
ever, it is not the case here. Value of n;, used in the above
formula is 6.5 for pristine sample (as Mn**/Mn*" ratio
equals to 1) and 6 for irradiated with fluence 5
X 10" jons/cm? (assuming 50% of Mn** are transferred
into Mn?*). To address the irradiation-induced effect sepa-
rately on L, and S, the temperature-dependent values for
sample  irradiated by intermediate  fluence (5
X 10" ions/cm?) and the pristine one are compared in Table
II. Room-temperature values of L, and S, bearing opposite
sign indicate the canceling nature of the orbital and spin
magnetic moments. However, the calculated values at low
temperature designate the summing nature in both the
samples. The most noticeable parameter in this calculation is
the value of orbital magnetic moment, which seems to have
larger impact on total magnetic moment.

The orbital magnetic moment contribution to the XMCD
spectrum can be obtained from the ratio (R) of L, and L,
peak areas.*> For R~—1, the orbital magnetic moment is
practically quenched and increases with the increasing devia-
tion from this value. Notable difference in R for pristine and
irradiated samples can be clearly seen in the corresponding
XMCD spectra (Fig. 8). This evidences a large orbital con-
tribution to the magnetic moment in irradiated samples.
L, 3-peak areas have been extracted from the XMCD signal
for the pristine and 5X 10'" ions/cm? fluence irradiated
samples for quantitative evaluation of the orbital (u;) to spin
(,u,ﬁff ) magnetic moment ratio according to the formula (see
Table III)

w2 (1+R)

u 3 (1-2R) )

The ratio of orbital to spin magnetic moment indicates the
relative strength of orbital magnetism. The result obtained
from the sum rule and orbital magnetic moment calculation

is found to be in well agreement with each other. If one
follows both the results together (Table III), analysis can be
summarized as: (i) at room temperature, the orbital magnetic
moment in pristine sample is more than the irradiated one
but the total observed magnetic moment is less because of
around equally opposite spin magnetic moment. However, it
is not the case in irradiated sample where we do observe the
consequences of spin magnetic moment. (ii) at 100 K, the
orbital magnetic moment in the pristine sample is almost
quenched (R~ -1) and the resultant AF is due to spin mag-
netic moment only. While in the irradiated sample, contribu-
tion of orbital magnetic moment is increased. Finally, the
XMCD spectra (Fig. 8) evidences to the microscopic behav-
ior of weak ferrimagnetism induced in to the system after
irradiation. These results are in good agreement to the dc
magnetization data (Figs. 4 and 5).

It is important to mention that the Mn>* does not carry
any orbital magnetic moment. But along with the evolution
of Mn?* state, the observation of orbital magnetic moment
obtained from the calculation of XMCD data using well es-
tablished sum rules indicate to have more complicated mag-
netic network of Mn?*/Mn3*/Mn**. In the present article, a
quantitative analysis of Mn>*/Mn3*/Mn** is not performed.
Nevertheless, as a possible explanation for increasing orbital
moment, one may suspect to have varying ratio of
Mn**/Mn** due to change in the Bi ion valency. If we con-
sider this scenario, Bi exists either in III or V oxidation states
only. And in both of these oxidation states it can form octa-
hedra with 6 coordination numbers. It is to be noticed here
that in V state, Bi has much lower ionic radii (0.09 nm) than
in IIT state (0.117 nm). Because of continuous increment in
the unit-cell size with the increasing fluence value (Table I),
Bi V state is ruled out. Another fact to prolong this discus-
sion may be NEXAFS spectra of O K edge (Fig. 9), ex-
plained in next section, which also supports that the Bi va-
lency remains unchanged. In this situation, on the basis of
proofs available, the complex magnetic network of

TABLE III. Experimental value of R (ratio of L, and L; peak
areas) and derived orbital/spin magnetic moment ratios for pristine
and thin film irradiated with the fluence value 5 X 10'! ions/cm?, at
100 and 300 K.

100 K 300 K

Sample R miu R il
Pristine 098 00044 —1828 03067
5% 10" fons/em?>  -0.58  0.1296  —2.80  —0.1818
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BiMn,O, 300 K

1x 10" jons/cm’

Intensity (arb. units)

Pristine

525 530 535 540 545 550 555 560
Photon Energy (eV)

FIG. 9. (Color online) Normalized O K-edge NEXAFS spectra
of pristine BiMn,Os thin film and irradiated with 1x10'!, 5
x 101, and 1 X 10'2 ions/cm? fluence values at 300 K.

Mn?*/Mn**/Mn** is attributed to the observed orbital mag-
netic moment. Here, it is proposed that magnetic structure
solving techniques like neutron diffraction may be performed
on this compound for better understanding.

In present case, we observe the irradiation induced evolu-
tion of the Mn?* and consequently the major changes in hy-
bridization and crystal-field symmetry in Mn L; , NEXAFS
spectra. Important supporting facts may be drawn from O K
edge. Figure 9 shows the normalized O K-edge NEXAFS
spectra of the pristine and irradiated samples collected at
room temperature. It arises mainly due to the transition of
O Is electron to the conduction band near the Fermi surface,
which is dominated by the hybridization of metal 34 and
Bi 65 and 6p orbitals with the O 2p orbitals. Hence, it pro-
vides the reasonable estimate of the unoccupied conduction
bands.*® The comparison of O K-edge NEXAFS spectra of
pristine thin film with those of MnO, MnO, and Bi,O5 has
been presented elsewhere.'* In O K-edge spectra, four main
features are leveled as A, B, C, and D in the energy range
from 528 to 545 eV. The first two spectral features (A and B)
which form the bottom of the conduction band are attributed
to transitions from ls core state to oxygen 2p states hybrid-

PHYSICAL REVIEW B 82, 174432 (2010)

ized with mixed-valent Mn 3d orbitals. The exact assignment
of these pre-edge features is still not clear and has been dis-
cussed controversially in literature [see Ref. 47 and refer-
ences therein]. With the increase in irradiation fluence value,
the concurrence decrease in the peak A is observed, whereas
peak B remains unchanged. This inspection is in confirma-
tion to the fact that in fixed amount of mixed valent Mn ion
states (Mn>*/Mn**), the irradiation-induced evolution of
Mn?* will cause the decrease in unoccupancies of d shell (or
we may say an increase in the density of states related to Mn
ions). Peaks C and D are identified to be due to the hybrid-
ization between O 2p-Bi 6s orbitals with small admixture of
Mn 3d e, minority spin states and O 2p-(Bi 6p+Mn 4sp) or-
bitals, respectively. Peak D is broader than others, which
explains that unoccupancies are not in the specified sub-
bands. The properties of peak C at 533 eV depends upon the
behavior of highly polarizable 65> lone pair of Bi** ion. In-
terestingly, spectral features of the peak C remains un-
changed up to the irradiation fluence value 5
X 10" ions/cm?. Therefore, one may expect the existence
of ferroelectricity up to this fluence value in the presence of
irradiation-induced FM. This could not be measured as the
substrate (LAQ) is nonconducting.

IV. CONCLUSIONS

In conclusion, a model irradiation experiment has been
performed using 200 MeV Ag'>* ion as projectile and mag-
netically frustrated PLD grown thin film of the multiferroic
BiMn,Os as a target. With increasing irradiation fluence, an
isotropic increase in the unit-cell parameters and simulta-
neous decrease in grain size in primarily strained structure is
observed. This may be due to the consequence of new higher
energetic configuration after irradiation. Interestingly, irra-
diation induced onset of weak ferrimagnetism is observed in
a magnetically frustrated system. Element-specific observa-
tions using NEXAFS and XMCD show the evolution of
Mn?* in a network of Mn**/Mn*" at the expense of Mn**.
These findings spur that the SHI irradiation may be used to
custom-tailor the properties of oxide multiferroics for tech-
nological applications.
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