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Chemical substitution is an effective method for tailoring the electronic and magnetic properties
of functional materials. In this work, we employ magneto-optical spectroscopy to investigate the be-
havior of the cycloid — homogenous (canted antiferromagnet) ordering transition in Bi;—Nd.FeOs.
From the magneto-optical response, we construct a B—T—z phase diagram that shows how the critical
field decreases with Nd®* substitution, an effect that we model with Ginzburg-Landau free energy
and harmonic cycloid approximations. Compared with non-magnetic impurities like La®*, Nd3* is
a stronger quencher and yields non-linear Bc—x behavior. Spiral magnetic order is quenched when
x~0.2. With increasing temperature (T<90 K), the critical field rises gently, a consequence of mag-
netic anisotropy changes with temperature. These findings extend our understanding of charge-spin
coupling and advance the development of magnetic ferroelectrics.

PACS numbers: 75.30.Kz, 75.50.Ee, 78.20.Bh, 78.20.Ls

Single phase materials that simultaneously expose
both ferroelectricity and ferromagnetism have been chal-
lenging to realize. This is because of the mutually ex-
clusive mechanisms for these two properties: standard
ferroelectricity in cubic perovskites requires empty d
orbitals whereas ferromagnetism derives from partially
filled d orbitals’2. One way forward is to select a
parent compound with several desirable characteristics
and to employ chemical or physical tuning to bring in
the missing features. Chemical substitution is a well-
known strategy for tuning the physical properties of a
material®® and is a promising route for achieving the de-
sired multifunctionality®'?. This strategy is backed by
the recent prediction that a magnetic ion placed on the
perovskite “A site” may activate ferroelectrically-induced
ferromagnetism due to coupling between the Jahn-Teller
distortion and weak canting!!!'2.

In this work, we focus on the rhombohedrally distorted
perovskite BiFeOs. This system is different than tra-
ditional cubic perovskites. Ferroelectricity below 1100
K derives from the Bi3* 6s lone pairs'®!4, and G-type
antiferromagnetism below 640 K is due to the non-
collinear arrangement of Fe3™ spins!®16. BiFeOj3 dis-
plays an R3c lattice'” that is very amenable to chemical
substitution'®. Among the many types of substitution
under investigation®® 71819 those that yield both ferro-
electricity and ferromagnetism are especially attractive
due to possible magnetoelectric device applications2C.
Bi;_;Nd,FeOg in the range of 0.15<x<0.175 is a phys-
ical realization of this important case'®. In this system,
the remnant polarization decreases from ~9 pC/cm? in
BiFeO3; to 0 at £=0.20 due to reduced Bi** lone pair
activity'®. At the same time, the remnant magnetiza-
tion increases to 0.227 emu/g at =0.20. At low tem-
perature, magnetic order in BiFeOg3 is modulated by a

cycloidal spiral propagating along [110]pe, with a period
of ~620 A?'. This spiral order can be suppressed by
magnetic field (Bo~20 T)?223 resulting in a canted an-
tiferomagnetic structure?*, and the domain structure can
be modified with uniaxial strain?®. Field induced polar-
ization work indicates a 10 T critical field with 10% Nd3+
replacement?®, demonstrating that chemical substitution
impacts spin spiral order as well. Naturally, many ox-
ide multiferroics have been investigated by spectroscopic
techniques. In BiFeOs, certain features are very sensitive
to variations in magnetic order and can be used to reveal
the fundamental charge-spin coupling mechanism.?327

In this report, we combine magneto-optical spec-
troscopy with a suite of Bi;_,Nd,FeO3 materials to more
deeply explore the physics of spin spiral quenching. With
magnetic field-induced changes in the underlying magnon
sideband as our probe of spin spiral behavior, we find
that the critical field decreases with Nd3* substitution,
an effect that can be understood in terms of a larger
anisotropy constant, longer spiral wavelength, and in-
creased magnetic susceptibility. On the contrary, temper-
ature (T<90 K) stabilizes the spin spiral phase, a conse-
quence of magnetic anisotropy changes with temperature.
We bring these results together to create a comprehensive
B-T-z phase diagram and discuss the combined effect
of magnetic field and chemical substitution. The super-
position creates a broad tranche of phase space where
polarization survives and the spin spiral is either elimi-
nated or can be suppressed with modest fields. This work
advances the fundamental understanding of charge-spin
coupling and the development of multiferroic materials
with coexisting ferroelectricity and ferromagnetism.

A series of polycrystalline Bi;_,Nd, FeO3 ceramics
with z = 0, 0.03, 0.07, 0.09, 0.10, 0.15, and 0.20 was
prepared by the solid-state sintering route from FesQOg,
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FIG. 1: (Color online) (a) Absorption coefficient of
Bii—»Nd,FeOs (0<z2<0.20) in the range of the on-site Fe3t
d-d excitations at 4.2 K. The spectra of the substituted com-
pounds are offset along the y-axis for clarity. The sharp struc-
tures riding on top of the color band excitations are the well-
known Nd3T 4f excitations from the 419/2 ground state to var-
ious excited states. They are labeled according to Refs.?328.
Inset: structure of BiFeO3 hexagonal unit cell. Only the Bi
and Fe atoms are displayed for clarity. Spin spiral propaga-
tion (q) is along the [110]xes direction. (b, ¢) Close-up view of
these excitations at different Nd** concentrations. Panel (b)
shows the 419/2 — 4F3/2 features whereas panel (c) displays
the 419/2 — 2G7/2+4G5/2 excitations.

Bi3O3, and Nd2Os. Spectra were collected using a
Bruker Equinox 55 Fourier transform infrared spectrom-
eter equipped with a microscope attachment (600-17000
em~1; 1 em ™! resolution). The absorption coefficient was
calculated as a(w) = —2InT(w), where d is the thick-
ness, and T(w) is the measured transmittance. Tem-
perature control was achieved with an open-flow cryo-
stat. Magneto-optical measurements were carried out
with McPherson 2061A monochromator at the NHMFL
using a resistive magnet (0-35 T; 4.2-90 K; 7000-40000
em~1).  We focus on the 9500-11000 cm~! range, a
choice driven by the physics of BiFeOg3 as discussed be-
low. Absorption difference spectra were calculated as
ANa=[a(B) — a(B = 0 T)]. We identified the magnetic
phase boundaries using slope discontinuities in the oscil-

lator strength trends of the absorption difference spec-
tra. These optical results allow us to construct a B-T—=x
phase diagram. Traditional peak fitting methods were
employed as appropriate.

Figure 1(a) displays the 4.2 K absorption spectra of
Biy_;Nd,FeO3 (0<2<0.20). We assign the two strong
bands centered at ~11200 and 15250 cm™! in the end
member as 641, — Ty, and ®A4;;, — 4T3, on-site ex-
citations of Fe3t2329  These d-d excitations are for-
mally spin and parity forbidden. They are activated in
BiFeO3; and other transition metal oxides by spin-orbit
coupling, exchange interaction, and odd parity phonons
that hybridize states and break inversion symmetry3°.
The sharp structures superimposed on the d-d bands
provide evidence of Nd3*t incorporation. The intensity
increases with chemical substitution, and the line pat-
tern depends upon the crystal field around the rare earth
center. We assign these features as 4f excitations from
the %I s2 ground state to various excited states as in-
dicated in Fig. 1(a)?®. Naturally, the rare earth exci-
tations in Bi;_,Nd,FeO3 are very sensitive to the local
structure®!. Figures 1(b) and (c) display close-up views
of the well-known *Io /5 — metastable “F5 5 and ‘I, —
2Gr/2+*Gs )2 exitations®®. Compared with the features
in the £<0.10 sample, the two peaks assigned as 419/2 (0)
— 4F3/2(0) and *Ig/5(0) — *F3/2(1) [Fig. 1(b)]3* start to
disappear at z=0.15 and two new features with higher en-
ergy emerge at x=0.20; the separation also decreases by
~14 ecm™!'. Moreover, the peaks centered at 16,988 and
17,270 cm~! split into doublets at =0.20 [Fig. 1(c)].
These effects are due to distortion of the Nd3* crystal
field, a consequence of the structural change from rhom-
bohedral in pristine BiFeO3 — rhombohedral with slight
triclinic distortion (0.05<x<0.10) — pseudo-tetragonal
(x>0.20)18.

Antiferromagnets have traditionally offered founda-
tional opportunities to investigate the collective exci-
tations that arise from charge-spin coupling®®. The
magnon sideband is one of these well-known excita-
tions. It arises from the combination of an exciton and a
magnon and is commonly observed on the leading edge
of the first d—d band in antiferromagnets like MnFs and
a-Fey 032936 Interestingly, the magnon sideband is not
clearly evident in the linear absorption spectrum of sin-
gle crystalline BiFeO32337, This is because the cen-
ter of symmetry between Fe3t centers suppresses the
transition of exchange coupled pairs®®. Similarly, the
magnon sideband is not directly observed in polycrys-
talline Bi;_;Nd,FeOgs [Fig. 1(a)], though it is likewise
expected. Our previous magneto-optical work on sin-
gle crystalline BiFeOgs finessed this situation, revealing
underlying magnon sideband features in the magneto-
optical response??. It is clearly very attractive to ex-
tend this technique to systems like Bi; _,Nd,FeO3 where
chemical substitution stabilizes weak ferromagnetism at
the expense of the antiferromagnetic (spin spiral) phase.
But here, the magnon sideband is both hidden and po-
tentially contaminated with Nd3T excitations*’. Based
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FIG. 2: (Color online) Absorption difference spectra
Aa=[a(B) — a(B = 0 T)] of Bii—Nd,FeO3 at 4.2 K for
selected Nd** concentrations: (a) x=0, (c) £=0.09, and (e)
2=0.20. (b) Comparison of oscillator strength change (A f) in
polycrystalline and single crystalline BiFeO3?* in the magnon
sideband range as a function of applied magnetic field. (d, f)
Comparison of oscillator strength change (Af) at selected
temperatures (4.2 and 50 K) for (d) £=0.09 and (f) =0.20.

on our previous work with pristine BiFeO3?3, a portion
of the field-induced magnon sideband-related changes ap-
pear between 9500 and 11000 cm~*, a regime where Nd3+
excitations are absent. Magnetochromism in this range
therefore provides an an excellent opportunity to inves-
tigate how local magnetism (introduced by rare earth
substitution) impacts the antiferromagnetic spin spiral
state.

Figure 2 summarizes the magneto-optical response of
Bi;_,Nd,FeOs. Panels (a), (¢), and (e) display the field-
induced absorption difference spectra for x=0.0, 0.09 and
0.20, substitutions that correspond to rhombohedral, tri-
clinic, and pseudo-tetragonal crystal structures, respec-
tively. Different magneto-optical contrast is observed
depending on the Nd3*+ concentration, an indication of
magnon sideband sensitivity to competing local and long-
range magnetic interactions*'. The magnon sideband in-
tensity also increases with magnetic field. We quanti-
fied these effects with the oscillator strength sum rule?:
Af=-2 f:f nAa(w, B)dw. Here, f is the oscillator

Neﬂ'wg
strength, N,=5 is the number of electrons per Fe3*
site, n~2.7 is the refractive index*?, w, is the plasma

e2p
meg’

frequency= e and m are the charge and mass of
an electron, €q is the vacuum dielectric constant, p is the
density of Fe sites!'®, ¢ is the speed of light, and w;=9500
cm™! and wo=11000 cm ™! are the frequency limits of in-
tegration. Af of polycrystalline BiFeOj3 displays a broad
increase in the 17-26 T range [Fig. 2(b)], different from
the sharp jump at 20 T?%23 in (012).. face single crys-
tals. The latter can be unambiguously assigned as the
field-induced spin spiral quenching transition that drives
toward a homogeneous canted antiferromagnetic state
above the critical field (B¢)?2. Orientational averaging
of the easy and hard magnetization axes accounts for the
broad transition region in polycrystalline BiFeQ322:44:45,
As shown in Figs. 2(d) and 2(f), increasing temperature
also reduces Af, a trend that is probably related to the
approach of the 140 K spin-reorientation transition®6:47.
The temperature-induced reduction of Af is larger at
higher rare earth substitution levels, a result that we at-
tribute to Nd3t-Fe3t interactions. In principle, f fol-
lows phonon assisted trends??, so Af is expected to in-
crease at high temperature (T>250 K). At =0.20, we
find only a smooth increase in A f with no optical signa-
ture of the field-induced transition. This indicates that
spiral order is suppressed in Big.ggNdg.20FeOs. Antifer-
romagnetic sublattice canting®®%? instead results in weak

ferromagnetism?8.

We combined these magneto-optical results to generate
the B-T—z diagram of Bi; _,Nd,FeOgs [Fig. 3(a)]. At low
magnetic fields and modest Nd3* incorporation levels,
BiFeO3; and the chemically-substituted analogs possess
spiral magnetic order as indicated by the blue shading.
At the other extreme, high magnetic field?*25 and addi-
tional rare earth substitution quench the spin spiral and
strongly stabilize the homogeneous magnetic state. The
latter is indicated in red. The transition region (shown
in yellow) is broadened due to orientational averaging
effects. As discussed below, two-dimensional cross sec-
tions of this B-T—x diagram (at fixed temperature and
composition) reveal the important trends more clearly.

Figure 3(b) summarizes the B-z behavior of
Bi; _,Nd,FeO3 at 4.2 K. With substitution, the criti-
cal field demarcated by the yellow transition region de-
creases systematically. The Ginzburg-Landau free en-
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FIG. 3: (Color online) (a) B-T—x phase diagram of Bi;_,Nd,;FeOs constructed using change in oscillator strength (Af) data
in the range of the magnon sideband. Panels (b) and (c) show Nd** concentration and temperature slices taken from this three-
dimensional plot. The B—z diagram is at 4.2 K, and the B-T plot is for x=0.03. The blue squares indicate the phase boundary
between spiral magnetic ordering and transition region, the red circles represent the phase boundary between transition region
and homogeneous magnetic ordering. Error bars of these boundaries are smaller than the symbol size and not shown. The
mean value of the transition region is indicated by the green dashed lines.

ergy and harmonic cycloid approximation®22°9 provide
a framework within which we can understand this trend.
For a randomly oriented material, an applied field with
arbitrary orientation results in a broad critical field re-
gion. We set [001]pe, as the z axis, and the spin spiral
propagation direction [110]pe, as the y axis. Our cal-
culation follows the work of Le Bras et al.®. When the
magneto-electric induced effective field (Bayp=ms/x1)
is small compared with the critical field along the z axis
4(Aq2— 1K1
(B, = (/A0 —=))
obtained when field is along the y axis:

2m, 3 A - B
Bmin = m<—1+\/—+M>. (1)

, a minimum critical field can be

X1 4 m3

Here, A is the exchange stiffness constant, K is the uniax-
ial anisotropy constant in zero field, mg is the magneto-
electric induced magnetization, x| is the magnetic sus-
ceptibility in the direction perpendicular to the antifer-
romagnetic vector, and ¢ is the wave vector. When field
is along the x axis, B¢ reaches a maximum:

K
Aq2_|2_|_ mg

mg 4XJ_ ’

(2)

BC’,maw =

B¢, min and B maz correspond to the lowest and high-
est boundaries of the yellow transition region in Fig.

3(b), respectively. In BiFeO3, K< A¢**? and can be ne-
glected. Using the reported values of y | =4.7x107522:50,
=% (A=620 A)*, m, = 2.56 emu/cm>?? and A=8.0
%1077 erg/cm®Y, we find Bc min=17 T and B¢ maz=30
T for pristine BiFeOs. These predicted values are
in excellent agreement with our magneto-optical re-
sults. Chemical substitution has important effect on
the anisotropy constant. Experimentally, we find that
BC,min:3'5 T and Bc"mawzg.f) T for Bio.goNdo,loFeO;J,.
Using x1=7.2x107518 and \=680 A (under the assump-
tion that spiral wavelength typically increases by ~10%
with low levels of substitution®), we estimate that m
is ~0.5 emu/cm®. Assuming exchange stiffness remains
the same, we find |K| = 1.3 x 105 erg/cm3. These results
agree reasonably with the estimates from electron spin
resonance and magnetization®®%. The value of K is com-
parable to Ag?, therefore, we conclude that anisotropy
constant increases with Nd®* ions substitution. As a
further self-consistency check, we calculated By/gp and
Bc,, for £ < 0.10 using Eqns. 1, 2 and found Byg
is less than 4% of B¢, ., confirming the validity of our
approach. Moreover, we can obtain the mean value of
critical field by using our estimated ms and K and aver-
aging over all applied field orientations. This quantity is
plotted as a function of x and T as a green dashed line
in Figs. 3(b) and (c). These curves fall well within the
transition region mapped out by our spectroscopic work,



demonstrating the effectiveness of these expressions in
explaining critical field phase boundary behavior®'. Fi-
nally, we point out that the exponential decay of B¢ 4e
is much faster than the linear decay revealed by La3*
substitution®, an effect that emanates from magnetic in-
teractions between between Fe?t and Nd3* centers.

Figure 3(c) displays the B-T behavior of
Big.97Ndg.g3FeOs. This fixed composition slice of
the three-dimensional phase diagram at x = 0.03 is
useful for understanding how temperature impacts
magnetic anisotropy and the critical field. With in-
creasing temperature, the spiral — crossover regime
boundary increases whereas that between the crossover
regime and homogeneous magnetic phase is relatively
constant. These trends combine to stabilize the spin
spiral phase at the expense of the crossover regime, in
excellent agreement with the field induced polarization
result?.  Reduced magnetic susceptibility over this
temperature range along with an increasingly important
x| (typical of antiferromagnets) is probably behind this
progression®?®3. At much higher temperatures (but
still below Ty), the increased susceptibility will lead
to a lower critical field®2. Moreover, X Wwill approach
XL, which drives B¢ min towards Be ma.. Temperature
is thus expected to reduce the width of the transition
regime, ultimately condensing it to a slice.

In summary, we employed magneto-optical spec-
troscopy to investigate the spiral order — homogeneous
state transition in chemically-substituted BiFeOg. The
B-T—x diagram reveals precisely how the critical field
decreases with rare earth substitution, a trend that desta-
bilizes the antiferromagnetic spiral phase. The magneto-
optical contrast degrades with increasing Nd** substitu-
tion, and in Big.ggNdg.20FeOs, no field-induced optical
signature, indicative of magnon sideband changes, is ob-
served. This demonstrates that spiral magnetic order
is quenched when z~0.20. The Ginzburg-Landau free
energy allows us to understand this trend as the com-
bined effect of larger anisotropy constant, longer spiral
wavelength, and increased susceptibility. Nd3* is shown
to be more effective in quenching the spin spiral com-
pared with La3™. In contrast, temperature stabilizes the
spin spiral phase, at least in the region of our investiga-
tion (T<90 K). These findings demonstrate that chemical
substitution can help control field-induced magnetic or-
dering transitions, opening up a variety of possibilities for
novel spintronic and magneto-optical device components.
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at Rutgers University (SWC)) and the National Science
Foundation (DMR-0654118 at the National High Mag-
netic Field Laboratory (SMG)). We thank G. Le Bras
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