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Magnetic-field-induced phase transition in BiFeQ observed by high-field electron spin
resonance: Cycloidal to homogeneous spin order
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Bismuth ferrite is a magnetoelectric material, which simultaneously has polarization and spin orders. We
have used electron spin resonaflESR as a local probe of the magnetic order in the magnetic-field range of
0-25T, in the frequency domain of 115-360 GHz, and at a temperature of 4.2 K. The data reveal significant
changes in the ESR spectra with increasing field, which have been analyzed by taking into account the
magnetic anisotropy of the crystal and a magnetoelectric Dzyaloshinsky-Moria-like interaction. The results
demonstrate an induced phase transition from an incommensurately cycloidal modulated state to one with
homogeneous spin order.
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[. INTRODUCTION are antiparallel, leading to an antiferromagnetic ordering of
the G typel” In this arrangement, the #& cations are sur-
Multiferroic materials have two order parameters. Theyrounded by six nearest e neighbors, with opposite spin
can be spontaneous polarizatidierroelectric or antiferro- ~directions. Figure () shows the hexagonal representation of
electrig and a spontaneous magnetizatiéerromagnetic or  the Spin structure of BiFeQ In this structure, the hexagonal
antiferromagnetic! The magnetoelectric effect is the cou- [001n direction is equivalent to the pseudocubitll],
pling between the spontaneous polarizattyand the spon- z;bout which axis there is a thrgefold rotation; and about the
o i . exagonal 110],, there is a mirror plane. Thus along the
tapeous magngtlzat|0M§. Phenomenologlcally, thls cou- 001],/[111],, BiFeO, has antiferromagnetic order, as il-
pling can be either mediated by linear, biquadratic, or evely sirated in Fig. (b).
higher-order exchangés. Microscopically, the antiferromagnetic spin order is not
One of the first multiferroic materials found was homogenous for BiFeQsingle crystals. Precise neutron-
BiFeQ;,* which has a perovskitelike structure. It has beendiffraction studie$®® have revealed an incommensurately
demonstrated that BiFeChas two order parametetsi) a  modulated spin structure which manifests itself as a cycloid
polarization (ferroelectrig ordering with a high Curie tem- with a long wavelength of ~600 A. In the incommensu-
peratureT of 1103 K> and (i) a spin(antiferromagnetic ~ rate phase, the periodicity of the spin polarization is incom-
ordering of theG type with a magnetic transition tempera- mensurate Wlth the crystallographic lattice parameters. The
ture Ty, of 643 K5~/ Clearly, the spin and polarization order- cycloidal spin structure has been shown to be directed along

ings are driven by different modes, as the phase-transitioht19n- The existence of the incommensurate cycloid has
temperatures are significantly different also been confirmed by line-shape analysis of nuclear mag-

. 7,18 . . _
The average crystal lattice of BiFg@ a rhombohedrally 1S!C resonancéNMR) spectra.”*In BiFe0, the spin pro-
. ) 12 . file is nearly sinusoidal and the phase of the modulation is a
distorted perovskite structure;*? which belongs to the

- linear function of the space coordinate in the direction of the
space groupR3c (or C3"), as shown in Fig. (). The hex- 04 ationt519 However, temperature-dependent NMR

agonal unit-cell parameters age-5.58 A andc=13.9 A.In" studies have revealed that the spin profile becomes increas-
this structure, along the threefold pseudoculii¢l]; rota-  jngly anharmonic as the temperature is decreds&imilar
tion axis, the Bf* and Fé" cations are displaced from their phenomena are observed in dielectrics where spatial profiles
centrosymmetric positions. This centrosymmetric distortionof polarization can be strongly anharmonic near the tempera-
is polar, and results in a spontaneous polarizatiBg),(as  ture of phase transition to a commensurate polar state, which
illustrated in Fig. 1a). Previous investigations of the polar- consists of nearly commensurate regions separated by do-
ization behavior of oriented single crystals have showfya main walls(i.e., solitong where the phase of the order pa-
of 0.035 C/m along the[001], at 77 K!° However, recent rameter changes abruptly. In addition, the spin profile of
investigations of single crystalline thin layers fabricated byBiFeO, becomes anharmonic with increasing magnetic field
pulsed laser deposition have shown a much highealong  H. At higher fields ofH>18 T, an induced phased transition
the[001], and[111]., approaching values of 0.6 CftRef.  has been reporteéd-??> Previously, in other materials,
13) and 1 C/m (Ref. 14 at room temperature, respectively. changes in the spatial profile of incommensurate
Antiferromagnetic Ty~ 643 K) BiFeQ, has weak mag- structure$>~2° in soliton density>?%?” and soliton dimen-
netism at room temperatuteThe spin is provided by the sionality (1-q vs 3—q) (Refs. 28 and 20with increasing
transition-metal cation Pé. Spins in the neighboring atoms magnetic and/or electric field have been reported.
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due to the fact that the average value of the projection of the
antiferromagnetic vector in the cycloidal structure is zero.
However, the cycloidal structure does not prevent manifesta-
tion of the quadratic magnetoelectric effétt.
The spin cycloidal structure that prevents the linear mag-
——t netoelectric effect from being observed can be destroyed by
high magnetic field. Application of high magnetic field can
induce a phase transition from a spatially modulated spin
e= 1304 structure to one with a homogeneous spin order. Previously,
/l an induced phase transition and the appearance of a linear
\

Direction of Pg
@ Bix cations

o Fel+ cations

[100]h
-
magnetoelectric effect have been reported by polarization
measurements under a pulse magnetic field of 3¢°%.
Electron spin resonanckeSR has been shown to be a
very powerful tool for the study of magnetic excitation and
phase transitions in solid$:*° The main purpose of this in-
vestigation was to study the magnetic excitation spectrum of
BiFeO; crystals over a broad frequency range under steady
magnetic fields up to 25 T. It was anticipated that this inves-
- 4 A{(‘,},ﬂ’; @D  Magnetic cation Fe>+ tigation would provide a more thorough and reliable under-
ntiferromagnetic Spin up and down . _ . L.
vector L R @ n (10} plane. standing of magneth-ﬂeld-ln.duced pha.se. tran_smo_ns and
magnetoelectric coupling at high magnetic fields in BigeO

(mop
‘_/

(a) [010]h

Mirror plane

(Tio)c (G5 Il. EXPERIMENTAL PROCEDURE

pro=—.. " id’; - Bl Bismuth ferrite single crystals were grown by a flux
method from a BjiO;-Fe,03-NaCl melt. Single crystals
were oriented along thg001].. Specimens were cut into
dimensions of K 1x0.5 mn?. The structure was rhombo-
hedral(or hexagonaland the crystal lattice parameters were
1010} a=b=c=5.61A and «=89.28° (or a=5.58 A andc
——— =13.9 A).
ESR is an extremely powerful tool to test magnetic exci-
tation spectra in solids, providing important information on a
— 2 3 magr_letic_ structure and main parametgrs of the effective sp_in
b) ”sp"f';r‘.’e!"'“a“on Hamiltonian. In order to test the field-induced phase transi-
tion in BiFeQ;, high-field ESR measurements were per-
FIG. 1. (a) Crystal lattice of BiFe@, illustrating rhombohedral formed using the submillimeter facility at the National High
units and hexagonal cell. The direction of spontaneous polarizatioMagnetic Field LaboratorfyNHMFL, Tallahassee, Fl. in
is illustrated in this figure(b) Hexagonal representation of spin fields up to 25 T. Investigations have been done in the fre-
structure of BiFe@. Both the antiferromagnetic order and spin ro- quency range of 115-360 GHz. Quasicontinuously retuned
tation planes are shown in this figure. sources of millimeter and submillimeter wave radiation,
backward wave oscillators, were used. Transmission-type
ESR spectrometer with oversized cylindrical waveguides and
a sample holder in the Faraday configuratisith a wave
ropagation vector parallel to the external fleldas em-
loyed. A high-homogeneityf12 ppm/cm DSY magnetic
field was produced by the 25-T hysteresis-free resistive
eéitter—type W. M. Keck magnet. In our experiment, the mag-

™~

The intrinsic spin-phonon coupling is generally sniadis
it involves a relativistic interaction between the two order
parameterd?, and M. Phenomenologically, the linear ex-
change between the two in the Landau-Ginzburg equation
state, i.e.,P;=Q;;M;, inherently involves a coupling be-
tween the linear power of a polar tensor and a linear pow:

of an axial tensot’~*" This intrinsic linear coupling coeffi- netic field was oriented along the pseudocUiio1], direc-

. . - Cc
cientQ; does not have a normal Symmetric tensor matrix ag;,, - gince absorption lines were relatively broad, an optical
a solution. Rather, th? linear magngtqelectnc exchange MU odulation of the microwave power was used. The spectra
have an antisymmetric componentin its property teriSo, were recorded during the magnetic field sweeping. A low
in addition to the usual symmetric one. noise, wide frequency range, InSb hot electron bolometer,

In BiFeQ, the conventional Dzyaloshinksy-Moria inter- o ateq at liquid-He temperatures served as a detector. Ex-
action is zero. It is forbidden by the space-group symmetryperiments were performed at a temperature of 4.2 K.
A linear magnetoelectric Dzyaloshinksy-Moria-like interac-

tion is allowed by the B magnetic point group? Neverthe-

less, polarization measurements have shown that it is not
observed in BiFe@ when the cycloidal spin structure is Figure 2 shows the ESR signal as a function of magnetic
present’~?2 The magnetoelectric effect is averaged to zerdfield for 0<H<25 T, taken at various frequencies between

Ill. ESR SPECTRA
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o 308CHz
W ) The maximum of the absorption has been chosen to
} indicate the resonance field. Clearly, there is more than
\ 336 GHz one resonance mode present over the magnetic field range
o 3 investigated.
\ ,
—-—\/\ 365 GHz 1. Low (0<H<10 T)-field range

)
A low-field spin-resonance mode was observed that had a
10 20 (Tesla) linear relationship between andH, which had a slope of
_ _ ~27 GHz/T (that corresponds to Landg factor of ~2.0)

FIG. 2. ESR spectra for BiFe(at T=4.2K as a function of  and a slope intercept of zero. These data are illustrated in
magnetic field between 0 and 25 T for various submillimeter fre‘Fig. 3 using closed circle symbols and dashed line. This is
quencies between 115 and 365 GHz. The symtbis(2), and(3)  he gpin-resonance mode that corresponds to the arrows la-
represent different absorption peaks: they are illustrated to guide thﬁeled ag(1) in Fig. 2.
eyes with their shift with frequency. The cycloidal modulation has previously been measured

o _ ~ by temperature-dependent NMR studté$®but ESR studies
115<»<360 GHz. This figure shows dramatic changes ingre without precedent. The NMR studies revealed that the

the ESR spectra for the various frequencies. At lower frespin profile is anharmonic at 4.2 K, becoming increasingly

lower magnetic fields, as illustrated by an arr¢¥y. With

increasingy, this absorption peak was continuously shifted 2. Intermediate (18<H<18 T)-field range
to higher fields ¢~H) and the degree of absorption was i i i )
increased, as illustrated by arrows labeledBsAdditional The low-field spin mode was found to continue until

peaks were found in higher fields, denoted by arrows labelefigher fields, maintaining the same slope valuegof 2.
as(2) and(3). However, an “intermediate-field range” of ¥0H<<18 T can

Of particular interest was the peak indicated by arrows€ designated, based upon the presence of an additional reso-
labeled as(3) in Fig. 2, which became apparent for ~ Nance peak whose resonance frequency decreased with in-
>200 GHz. This resonance absorption was quite proS'€@singH, as shown in Fig. 3 by the gray square symbols.
nounced, and in fact the attenuation of the submillimeter! NiS is an anomalous result as both ghtactor and magnetic

radiation in the crystal at this resonance was significantP€rmeability are positive.

With increasingw, this peak continuously shifted to higher !N addition, hysteretic effects became very pronounced
H (v~H), the adsorption became increasingly pronounced?et""een ESR spectra obtained on increasing vs decreldsing

and the peak became increasingly broad. Clearly, under highV€€pPS- This is further illustrated in Fig. 4, which shows a

magnetic field, a secondary resonance state is induced. THgPresentative ESR signal taken at a measurement frequency

shape of this secondary resonance peak is noticeably depe?f—236 GHz. In this figure, significant hysteretic effects were
dent uponH and ». found in the intermediate field range of <18 T. Hys-

teresis effects are known in pinned incommensurate struc-
tures, see, for instance, in the field-induced incommensurate
Resonance frequency véi phase of CuGeQ4l'42
The experimental observations of the dependence of The data support a model of an incommensurately
the resonance frequencieoon H are summarized in Fig. 3. modulated cycloidal structure whose spin profile is changed

<
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phase transition of BiFeQand changes in the ESR spectra
will then be given. The Landau-Ginzburg enefyypf the
spin structure of BiFe@is the sum

F=F_+Fexcnit FantFm, (1)

where F| is the magnetoelectric coupling that is linear in
gradient, in which the Lifshitz invariant is responsible for the
creation of the spatially modulated spin structufg,p, is
the inhomogeneous exchange eneifgy, is the anisotropy
energy, and-,, is the magnetic energy.

We have formulated a solution to the LG equatfdr’®
whose derivation can be found in the EPAPS systeithe
volume-averaged free energy of the spin cycloid state
(Feycioid » Under a magnetic field parallel to the01]. direc-
tion of H=(H,,0H,), is

203 GHz

10 15 (Tesla) 20 25
---- _— H? , Ky (B-P,)?
H H Feyooia™ ~ X1 5~ ga (@ P)™ 5+ gKo=xs ——

FIG. 4. Representative ESR signal illustrating hysteretic effects 52
present in the intermediate field range ok1§ <18 T. The closed 4y, —= 2)
. . . . . X1 ’
line was taken on increasing field sweep, and the dashed line was 4

taken on decreasing field sweep. where y, is the magnetic susceptibility of the media in the

direction perpendicular to the antiferromagnetic vedtoA

is a stiffness coefficienty is the inhomogeneous relativistic

exchange constantinhomogeneous magnetoelectric con-

aystan), P, is spontaneous polarizatiof,, is the uniaxial
magnetic anisotropy constatg, is the second-order anisot-
ropy, and 3 is the homogeneous magnetoelectric constant

o (i.e., a magnetoelectriclike Dzyaloshinsky-Moria, or DM, in-

3. High-field range of H>18 T teraction. A phase transition to the homogeneous antiferro-

Figure 3 clearly demonstrates an induced phase transitiomagnetic spin state will occur at a critical figtt},, when the

near H=18 T. In the high-field range, a secondary spin-energy of the homogeneous state is equal to that one of the

resonance mode was observed. These data are shown as opgeloidal one. The energy of the homogeneous antiferromag-

circles in Fig. 3. The slope of this secondary spin mode wagetic state Epomogenosss Under an external field oH

~ 1 of that of the low-field one, having a value of 13 GHz/T. =(H,,0H,), is

No hysteretic effects were observed in the ESR specitra, 2

by application ofH. The spiral structure becomes increas-
ingly anharmonic with increasingd as an induced phase
transition is approached. In addition, the spin cycloid m
become depinned with increasimt) resulting in hysteretic
effects.

2
within this secondary mode. F _oxc T Ky (B-P2)
It is important to notice that the primajow-field) spin emogenous 2 u o2
mode can be linearly extrapolated into the high-field regime, . (B-PH 3
i )P x.

revealing the presence of a field-induced gap state. Due to
strong microwave absorption at higher frequencies, it The dynamic properties of the cycloidal spin modulated
was fou_nd difficult to experimentally confirm the linear ex- and of the induced homogeneous antiferromagnetic spin
trapolation. However, the ESR spectra at 365 GHz clearl\iates can be predicted by a Lagrangian method; again see

show this primary resonance persisting, which was of noticegpapS system for detaif§.The ESR resonance frequeney
able absorption. The data indicate an induced gaRor fields of H>H, is

for H>18T.
To l_Jn_derstand the nature of the seconda_ry resonance w y — b+ b%—4c
mode, it is thus necessary to develop a theoretical approach. p=—=— _ ], (4a)
We conjecture that the induced phase transformation is from 2w 2w 2
the cycloidal to a homogeneously magnetized state. In the oK
following section, we shall present this theoretical formula- = Y _ Hﬁ—(ﬂ- P)2—2(B8-P)H,— H)Z(, (4b)

tion, and show supporting evidence.

u

IV. LANDAU-GINZBURG THEORY FOR FIELD-INDUCED c=
TRANSITION, AND ESR SPECTRA XL

_ 2
In this section, a Landau-Ginzbu¢gG) formalism for the (HH2)%, (40
free energy will be considered. A theory for the field-inducedwhere y=1.73x 10" \Jcm/g is the gyromagnetic ratio.

—(B-P)2—HZ-(B- PZ>HX)<—H§—(/3- PH,)
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Predictions and supporting evidence stroyed, and the magnetoelectric coefficients are not aver-

Equations(4a—(4c) describe the magnetic-field depen- 29ed to zero.
dence of the electron spin resonance frequency for a homo-
geneous spin state. It is not applicable to the cycloidal spin
state, as the gradient terms were excluded; see EPAPS V. DISCUSSION AND SUMMARY
systent'® Equations(4a—(4c) demonstrate that the resonant
frequency of the homogeneous spin phase is dependent onl
upon two independent parameters:

Bismuth ferrite at low fields has a cycloidal spin
ructure*>~*° The cycloidal structure is periodically modu-
lated with A~600 A. The spin profile is slightly anhar-

(i)  an anisotropic magnetic factor, given as monic. To condense the homogeneously magnetized state re-
Ku quires the field-forced destruction of the long-wavelength

Z* and (58 cycloidal modulation. We have performed investigations of

(i)  a polarization factor that is coupled to the magnetiza-t€ lectron spin resonance modes of Bif@®a function of
tion m through the linear magnetoelectric coefficient Magnetic field. Studies were done up to very high magnetic

B of the homogenous spin ordered state, given as fields (25 T), sufficient to force the spin alignment, and to
condense a homogeneous spin order.

Hom= 8- pzzm, (5b) We summarize the observed changes in spin structure as
) XL o follows. At low to moderate fields, a cycloidal spin structure
whereHpy is the Dzyaloshinsky-Moria field. In the exists. The profile and modulation wavelength of the cycloi-
homogeneous spin state, there will be a net magnetqyg) structure are changed with. With increasingH, the
electric effect that is equal tg. incommensurate structure becomes depinned, resulting in
hysteretic effects between increasing and decreasing

These two parameters can be obtained by fitting to th&eePSs. Above some critical field., a transition to a ho-
experimental data. Figure 3 shows the result of this fittingMogeneously magnetized state is induced. This transition re-
illustrated as dashed lines. It yields values for the anisotropi€Ults in the destruction of the spin cycloid. Phenomenologi-
magnetic factor oK, /x, =1.41x 10'° erg/cn?, and for the cally, the order parameter of the transition between the
Dzyaloshinsky-Moria field oD=-P,=1.19x 10° Oe (or cycloidal and homogeneously magnetized states is dependent
11.9 T). The dashed curve, corresponding to the solutiorPn the_ inhomogeneous anql homogeneous magnetoelectric
involving — vbZ—4c in Eq. (4a), is in good agreement with coefficients(a and B, respectively. .
the experimental data for fields above that of the induced The ESR peaks in the homogeneous magnetized state
phase transition-¢18 T). Near, but below this field, there Were found to be quite broad, and in fact became increas-
was an apparent noise in the data, due to hysteresis arouftgly broad with increasingd for H>H,, as can be seen in
the phase-transition point. Our solution cannot account fofi9- 2. Peak broadening of ESR and NMR spectra hazsg pre-
this hysteresis, as it does not apply forH. . The solution  Viously been described using a multisoliton theGry?>

involving + Vb?—4c in Eq. (48 gives frequencies much Our results indicate that there may be numerous regions of

greater than that of the upper limit of our experimental rangel’°mogeneously magnetized spin order.

and thus has not been experimentally verified.

The uniaxial anisotropy constait, can also be calcu-
lated from the ESR data. Using the reported véider the
perpendicular susceptibility of, =4.7x 10 °, the uniaxial
anisotropy constant can be approximated Kg=6.6 Recent investigations d001)-oriented BiFeQ epitaxial
X 10° erg/cnt. Using values ofH.=1.8x10° Oe, A=8 thin layers grown on strontium titanate have shown dramati-
X 10" 7 erg/cm (estimated from NMR datd), a- P,=2Aq, cally higher values of the spontaneoud.) and remanent
q=2#/\, andA=620 A ° the value of the second-order (P,) polarizationd® than for bulk single crystals. The satu-
anisotropy constant can be approximated 4§, ration polarization of the thin layer can be seen to be
~10* erg/cnt. ~0.52 C/nt, which is much higher than the value of

The agreement of the theory and the high-field electror®.035 C/n% previously reported for(001)-oriented single
spin resonance mode demonstrates that the induced phasmystals. In addition, th€001)-oriented BiFe@ thin layers
is the homogeneous antiferromagnetic spin state. The cyclowere reported to have dramatically higher magnetoelectric
dal spin structure is destroyed by increasing magnetic field ME) coefficients'® than the bulk crystals. The value of the
resulting in homogeneous spin order. The term homogeneolE coefficient of the thin layers in the remanently polarized
does not designate a single-crystal, single domain statend magnetized states-s3.5 V/Oe cm.
which has homogenous order through out the specimen; The significant changes in the magnetoelectric, ferroelec-
such a condition only requires the Lifshitz invartiant termtric, and ferromagnetic behavior of the thin layers
to be zero in the free-energy expansion. Rather, we usmight be understood in terms of an epitaxially induced
the term homogeneous to designate that the local pattefmomogeneously magnetized state. To support this possibility,
of spin arrangement is uniform within the domains. Accord-we estimated the value of the magnetoelectric coefficient
ingly, the spatial profile is unifornicycloidal structure de- of the homogeneous spin state for the single crystal of

A. Comparison of our estimated value for 8 with that recently
reported for BiFeOj thin layers
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BiFeO, from the measured value ¢fp,, comparing it to B. Summary

the reported value of the magnetoelectric coefficient of o o ) )

(001)-oriented BiFeQ@ thin layers. Rearrangement of Eq. 0 this investigation, we have reported experimental evi-

(5b) gives the homogeneous ME coefficiendh units of dence of a high magnetic-field-induced phase transformation

V/Oem, between a cycloidal and a homogeneous magnetized state in

BiFeO;. The field dependence of electron spin resonance

1 v P 5 modes have been theoretically predicted using Landau-
B3|0Oem  e,KHpy' (63 Ginzburg theory that includes a relativistic antisymmetric ex-

change, and experimentally confirmed by high-field ESR
measurements. The transformation between cycloidal and
of 1/85 can be estimated from the measured valuéigf, ?homfogeneous spin orde_rs |tshretlgted toa !{"fslh'tf _myanar;t n
—1.2¢10° Oe in Fig. 3, and the inherent value &, e free-energy expansion that is magnetoelectric in nature.

=0.035 C/m of the single crystal’ The value of 185 for In both states, the magnetoelectric coefficigris the same,
the.homogeneously spin ordered state is 3 but the ME coefficient is only manifested in the homoge-

neous one.
\Y \Y
=3. .
Oem Oec

(6b) ACKNOWLEDGMENTS

whereeg,, is the permittivity of free space arid is the rela-
tive dielectric constant which is equal t01002 The value

1 0.035
Bs 8.85<10 2x 100X 1.2x 10°

Comparisons of the predicted value of33/in Eq. (6b) -
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