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We investigate the magnetic structure and magnetoelectric(ME) effect in the high-field phase of the anti-
ferromagnet LiFePO, above the critical field of 31 T. A neutron diffraction study in pulsed magnetic fields
reveals the propagation vector to be q = 0 for the high-field magnetic structure. Pulsed-field electric polarization
measurements show that, at the critical field, the low-field off-diagonal ME coupling o, is partially suppressed,
and the diagonal element o, emerges. These results are consistent with a spin-flop transition where the spin
direction changes from primarily being along the easy b axis below the transition to being along a above. The
persistence of off-diagonal ME tensor elements above the critical field suggests a lowering of the magnetic
point-group symmetry and hence a more complex magnetic structure in the high-field phase. In addition, neutron
diffraction measurements in low magnetic fields show no observable field-induced spin canting, which indicates
a negligible Dzyaloshinskii-Moriya interaction. The observed spin-flop field supports the Hamiltonian recently
deduced from inelastic neutron studies and indicates that the system is less frustrated and with a larger single-ion
anisotropy than originally thought. Our results demonstrate the effectiveness of combining pulsed-field neutron
diffraction and electric polarization measurements to elucidate the magnetic structures and symmetries at the

highest attainable field strengths.
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I. INTRODUCTION

Multiferroics and magnetoelectric (ME) materials carry
the prospect for applications, such as electrical-field con-
trol of skyrmions and low-power-consumption logic devices
[1-6]. To date, the vast majority of realized devices adopts
alternating layers, e.g., of piezoelectric and magnetostrictive
materials, where the mechanical coupling between layers cre-
ates an artificial ME material with the desired functionality.
However, some of these innovative designs employ distinct
ME layers, and a fundamental understanding of single-phase
MEs is crucial for progress in the field. The allowed ME
coupling tensor elements «;; between an applied magnetic
field H; and electric polarization P; = «;;H; are dictated by
the magnetic point-group symmetry [7]. In this respect, the
magnetic phase diagrams of ME materials serve as testing
grounds for model spin Hamiltonians since distinct ME cou-
pling tensors may be realized within the same compound by
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temperature and magnetic-field control of the ground state
[8.9].

The lithium orthophosphates are a well-studied family
of orthorhombic ME materials [10] of chemical formula
LiMPO4 (M = Mn, Fe, Co, Ni), all ordering antiferromag-
netically(AFM) below Néel temperatures in the range Ty =
20-50K [11-18]. The single-ion anisotropy in the system
depends on the transition metal ion M in question. Thus,
different magnetic point-group symmetries are realized in the
AFM ground state depending on M, which in turn results in
different ME tensor forms [10,19,20]. Two mechanisms for
the physical origin of the ME coupling have been proposed
in this class of materials, based on exchange striction [21-24]
and orbital magnetism [25].

LiFePQOy,, the focus of this paper, orders with spins pre-
dominantly along the easy b axis below Ty = 50K with
intermediate axis a and hard axis ¢ [17]. The zero-field mag-
netic ground state has been determined in detail (see Sec. II)
and has a lower symmetry than what was initially expected.
This may be explained by a recent observation of strong
magnetostriction peaking at Ty in LiFePOy, as measured by

©2024 American Physical Society
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dilatometry [26]. The excitations have been investigated in
great detail using both neutron spectroscopy [8,12,23], elec-
tron spin resonance (ESR) spectroscopy [27], and terahertz
absorption spectroscopy [28]. Recently, the latter revealed a
veritable zoo of excitations, including electromagnons and
other ME active modes [28]. Extensive work on modeling
the exchange interactions and single-ion anisotropy constants
of LiFePO4 has been undertaken [8,20,23,27,28]. While the
different models agree on the order of magnitude of the in-
teractions, the level of exchange frustration in LiFePO; is
debated.

Neutron spectroscopy measurements reveal mild ex-
change frustration in all the different lithium orthophos-
phates [15,16,23,29]. The competition between exchange and
single-ion anisotropy governs the magnetic phase diagrams,
which vary in complexity for the different family members
[8,15,18,20,21,26,30,31]. The Mn analog LiMnPO, has the
simplest phase diagram with a spin-induced transition to an
incommensurate, elliptic spin cycloid at ~12 T applied mag-
netic field [13]. This is followed by a spin-flop transition
at higher magnetic fields, where the system becomes com-
mensurate again. LiNiPOy4, on the other hand, first exhibits
a spin-density phase upon cooling down in zero field before
entering the AFM ground state at low temperatures. Upon
applying a magnetic field, LiNiPO, undergoes a succession
of transitions between commensurate and incommensurate
phases. Intriguingly, in LiNiPOy, the same ME coupling ten-
sor «;; is observed in the high-field commensurate phases as
in zero field. These phases also have the same q = 0 propaga-
tion vector, which indicates that the high-field commensurate
phases are magnetized variants of the zero-field commensu-
rate phase rather than a spin-flop phase.

The behavior of LiFePO, differs somewhat from these
two sister compounds. From the similarity of the XY-like
anisotropy in LiFePOy4 to that of LiNiPO,4, one might also
expect to observe incommensurate (spiral or spin-density
wave) phases in LiFePO,. However, unlike LiNiPOy4, with
its multiple phase transitions as a function of magnetic
field, magnetization measurements on LiFePO, reveal only
a single clear field-induced phase transition at puoH =~ 32T
[26], demonstrating the robustness of the zero-field structure
against the application of a magnetic field. The transition is
speculated to be of the spin-flop type, but this has not yet been
verified experimentally [26-28].

In this paper, we combine neutron diffraction and electric
polarization measurements, both performed with pulsed mag-
netic fields, to determine the high-field magnetic structure in
LiFePOy4. We find the phase transition at 31 T to be of the spin-
flop type with spins reorienting to point dominantly along the
a axis. However, the high-phase ME tensor components im-
ply a more complex magnetic structure than a colinear AFM
structure with magnetic moments oriented along the a axis.
Furthermore, in a different neutron diffraction experiment,
we find no further field-induced spin canting, which indi-
cates a negligible Dzyaloshinskii-Moriya (DM) interaction.
Finally, we perform mean-field(MF) calculations to deter-
mine the phase diagram based on previously estimated sets
of exchange parameters to compare with the experimentally
obtained phase diagram and find that the less frustrated set of
exchange parameters, with larger spin anisotropies, provide a

FIG. 1. (a) The basis vectors of LiMPO, for q = 0 structures in
the Pnma space group. Only the lattice of magnetic ions is shown.
The arrows represent the spin orientation on the four magnetic sites
labeled 1-4 as shown. (b) Projections onto the (b, ¢) and (a, b) planes
for the zero-field magnetic structure of LiFePO,, [C, + C, +A.].
Canting angles are exaggerated for clarity.

better description of all data. This demonstrates that studies
of magnetic phase diagrams are complementary to studies
of magnetic excitations, when the magnetic Hamiltonian is
complex.

II. MAGNETIC STRUCTURES AND THE ME TENSOR

The crystal structure of the lithium orthophosphates has
historically been assumed to belong to the Pnma space group
[11]. The four Fe?' ions are located on the Wyckoff posi-
tion 4c¢: r| = (% +x, }—P —2), I = (% + x, }—P %), r; = (% —
X, %,z), and ry = (i — X, %, % —z), where x = 0.03 and z =
0.025 in the orthorhombic unit cell [23]. The spin struc-
ture can be described by the four irreducible basis vectors:
A=, C=1), G=(I1)), and F = (1111).
Here, 1 and | denote the relative orientation of the four spins
in a unit cell which are enumerated 1-4, see Fig. 1(a). The four
basis vectors combined with magnetic moment orientations
along the three perpendicular crystallographic axes (a, b, and
¢) then allow for a full description of the magnetic structures.
There are eight irreducible representations (IRs) for Pnma,
denoted I'; for i =1, ...,8, see. e.g.. Ref. [23]. Only some
of these are realized in the lithium orthophosphates. The
main magnetic structure element for all the compounds in
the lithium orthophosphate family is of C type with major
spin components along either a (LiMnPOy), b (LiCoPO,4 and
LiFePQ,), or ¢ (LiNiPQy), see Table I for a summary.

The ME properties depend intimately on the magnetic
point group in the ordered ground state. Of all the 122 possible
magnetic point groups, only 58 allow the linear ME effect.
The specific point-group symmetry dictates the form of the
ME tensor, see, e.g., Ref. [7]. The resulting ME tensor for the
point groups relevant to the lithium orthophosphates are listed
in Table I.
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TABLE 1. IRs for the Pnma space group and the allowed tensor
forms for the linear ME effect in the lithium orthophosphates. The
first two columns list the IR(s), the second column gives the point
group symmetry, andthe third the ME tensor form. Small dots indi-
cate vanishing tensor elements, and large dots show elements that
may be finite. The last column specifies which (if any) lithium or-
thophosphate displays the corresponding low-temperature, zero-field
structure.

IR No. 1 IR No.2  Point group ME tensor Compound
e - .
I's(Cy,A;) m'm'm’ Y LiMnPOy4
.. e
. °
I'7(C, Ay) mm'm . . LiNiPO4
° .
. e -
I's(Cy) mmm’ o .
[ ] L] .
I's(Cy) I's(Cy, A,) 2./m, e o LiFePO,
. [ ]
LiCoPOy4
L] L]
FS(stAz) F7(Cz7Ax) 2y/mi : L4 :
[ ] [ ]
. L] [ ]
I's(Cy) I'7(C, Ay 2, /my e -
* - -

It was previously shown that the dominant component of
the magnetic structure of LiFePOy is C, but that there are
additional subdominant components C, and A, corresponding
to the spins rotating off the crystallographic b axis. The re-
fined moment along the b axis is u, = 4.09(4) pp (from the
C, component), while the refined canted moments are (, =
0.067(5) up along the a axis and u, = 0.063(5) up along the
¢ axis, corresponding to an overall rotation of 1.3(1)° off the b
axis [23]. The structure is shown in Fig. 1(b) with exaggerated
canting angles [23].

The major component C, belongs to the I's IR under the
Prnma space group. The minor components C, and A, belong
to I's, meaning that two different IRs are involved, and hence,
the magnetic point-group symmetry is lowered from mmm’
(purely I's) to 2, /m’ (I's ® I'g). This in turn relaxes the con-
straints on the ME tensor (Table I). Indeed, a recent study of
the ME couplings at low fields found a weak but finite signal
corresponding to the diagonal element o, [22], consistent
with 2,/m symmetry. This highlights the strength in using
the ME coupling tensor to support magnetic structure deter-
mination and indicates that the crystal structure of LiFePOy at
zero field is of lower symmetry than Prnma [23].

In Ref. [26], a spin flop was suggested at the 31 T transi-
tion. Assuming that the symmetry of the dominant structure
component remains C, the ME tensor form above the critical
field would follow that of point group m'm’'m’ (C,) or mm'm
(C,). Given that the ¢ axis is the hard axis of LiFePQy, it
seems most likely that the system would flop to a structure

dominated by C,. For a structure exclusively described by the
C basis vector, one would expect the ME tensor to change to
contain only finite diagonal elements («;;, i = a, b, c¢), while a
structure involving a linear combination of sizable C, and C,
would also give rise to finite off-diagonal elements (¢, and
ap,) in addition to the diagonal elements (cf. Table I).

III. EXPERIMENTAL DETAILS

LiFePOy, single crystals were grown via the standard flux
growth technique, using LiCl as the flux and a stoichiometric
mixture of high-purity FeCl, and LizPO,4. The composition
and structure were confirmed via x-ray powder diffraction
(XRD) [12].

To probe the structure of the high-field phase with neutron
diffraction, pulsed magnetic fields are required to reach suffi-
ciently elevated fields. Neutron diffraction in pulsed magnetic
fields has become an established technique within the last
decade [32-39] and was already used to elucidate the field-
induced phases in LiNiPO,4 [21,39]. However, the low duty
cycle of the magnet coils and the resulting long counting times
as well as the limited scattering geometry imposed by the coils
present a number of experimental challenges linked to this
technique. To align the magnet and neutron pulse, the time
delay Ar between the two pulses must be adjusted such that
the maximum field coincides with the desired scattering vec-
tor Q. The principle of the technique is illustrated in Fig. 2. So
far, these pulsed-field experiments have all been performed in
forward-scattering geometry [21,32-39]. In the case at hand,
however, it is necessary to probe scattering vectors Q parallel
to the field H, i.e., Q || H, which for solenoids can only be
done in backscattering geometry. This was challenging for
a number of reasons. First, longer wavelengths are needed
in backscattering than forward scattering for any given Q.
The Japan Proton Accelerator Research Complex (J-PARC)
moderator has lower brilliance at these wavelengths [40]. In
addition, the Q range covered in the time span of a field pulse
is significantly smaller in backscattering geometry, necessitat-
ing many different field settings and hence many more magnet
pulses to cover the desired region in (Q, H) than experiments
performed in forward scattering.

To directly probe the magnetic structure of LiFePOy, at high
magnetic fields, a time-of-flight (ToF) neutron Laue diffrac-
tion experiment was performed at NOBORU, the Neutron
Source Diagnostic & Test Port, at J-PARC [40]. A pulsed
polychromatic neutron beam was incident on the sample and
the scattered neutrons captured by a position sensitive area
detector. The detector was operated in integration mode with
a 30 us bin size. The pulsed magnetic field was generated by
recently developed wide-angle magnet coils with a maximum
field strength of Bn,x = 35 T and pulse duration of 5 ms [41].
The coils have maximum and minimum scattering angles 26
of 42° and 138°, for forward and backwards scattering, respec-
tively. The coil is immersed in liquid nitrogen. The sample
in vacuum was attached to a 7-diameter single-crystalline
sapphire rod connected to a closed-cycle refrigerator with a
base temperature of 4.5 K.

A 60mg (2.6 x 2.2 x 3.0 mm?) single crystal was oriented
with the crystallographic b axis (easy axis) parallel to the di-
rection of the applied magnetic field and with Q = (HKO0) in
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FIG. 2. (a) Schematic of the neutron Laue diffraction backscat-
tering setup at NOBORU. The incoming beam is polychromatic
with wave vector k, scattered wave vector k', and scattering vec-
tor Q = k — k'. The pulsed magnet coils (gray) allow a maximum
26 = 42°. The magnetic field is parallel to the b axis of the sample.
(b) Position-sensitive detector image for a pulsed-field measurement.
The detector has 16 vertical tubes, each with 60 pixels. The color
represents the neutron intensity integrated over 148 pulses and all
neutron flight times. The high-intensity pixel enclosed in the black
rectangle corresponds to neutron momentum transfers along Q =
(0KO0). (c) Neutron intensity vs time of flight for the high-intensity
pixel shown in (b). The top axis shows the corresponding value of K
along Q = (0K0). The magnetic field strength (gray line) is indicated
on the right-hand axis. The time delay between the neutron and
magnet pulse has been adjusted to reach the maximum field strength
of 34T at Q = (030).

the horizontal scattering plane, see Fig. 2. This setup allowed
us to reach momentum transfers along (0K0) in backscat-
tering geometry. The ToF can be converted to Q = (0K0)
following K = 2L sin @ /ToF, where o = 252.7usm~' A~1,
0 is half the scattering angle, and L = 14.9m is the distance
from the neutron target via the sample position to the detector.

Electric polarization measurements with pulsed magnetic
fields were performed at the Institute for Materials Research,
Tohoku University. The samples used for these measurements
were three LiFePOy single-crystalline plates of size ~1 x 1 x
0.5 mm?>, which were cut from the same crystal as used for
neutron diffraction. They were aligned within 5° with respect
to the magnetic field direction. The pulsed-field coil delivered
a field pulse with a total duration of 6.3 ms. The magnet pulse
is split into two parts, each with a full with at half maximum
(FWHM) time length of 2.1 ms. In the first part, the maximum
field is reached at 35T followed by an opposing pulse of
magnitude 21 T. See Appendix B for details.

We probed each combination of directions of electric po-
larization and magnetic fields, here denoted by P;H;, where
{i, j} = {a, b, c¢}. The measurement procedure was as follows:
For each P;H;, the sample was cooled down to base temper-
ature of 4.2 K in zero applied magnetic field. Note that no
poling was possible with this setup. The electric polarization
was then measured during a magnetic field pulse at consec-
utively increasing temperatures. During such a measurement
series, it is assumed that the sample remained in the same do-
main state. However, for repeated measurements, we observed
a slight shift in the measured polarization, likely due to the
system settling into a different domain state upon the initial
cooling below Ty. The consequence is that temperature and
field dependencies may be regarded as reliable within a single
measurement series, but absolute values of the electric polar-
ization will vary between separate datasets. Data collected at
60 K were used for background subtraction (except for P,H,).

To obtain an estimate for the size of the DM interaction,
neutron diffraction with static magnetic fields was performed
at the thermal triple-axis spectrometer EIGER at SINQ at the
Paul Scherrer Institute [42]. EIGER was operated in elastic
mode with incoming and outgoing energy E = 14.64 meV,
and 40’ collimation both before and after the sample. A py-
rolytic graphite filter was placed between the sample and the
analyzer to suppress higher-order scattering. Two different
experiments were performed, one with magnetic field along
the a axis and another along the ¢ axis. The first experiment
with H||a was performed on the same 30 mg single-crystal as
used at NOBORU. It was aligned with (0K L) in the horizontal
scattering plane and placed in a vertical “He cryomagnet with
a maximum field of 12 T. The second experiment with H||c
was performed on a 140 mg single-crystal aligned with (HK0)
in the horizontal scattering plane and placed in a vertical “He
cryomagnet with a maximum field of 10 T.

IV. RESULTS
A. Magnetic structure in the high-field phase

The intensity of a Bragg reflection depends on the nu-
clear and magnetic structure. The intensity arising from the
magnetic structure is proportional to the neutron magnetic
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TABLE II. Squared structure factors (F?) and polarization fac-
tors (P?) and nuclear structure factors for selected Bragg reflections
in LiFePOy, see Eqgs. (1)-(4).

q \Fcl? P F6l? (Fel> IEIP PP IR PP

(020) 0 0 0 16 5300 1 0 1
(030) 16 0 0 0 0 1 0 1

scattering cross-section:

Me(q) o £(@) ) (Se)IF(@P ) IP@P’, (D)

R

where f(q) is the ion-dependent magnetic form factor, and
(Sg) is the thermal average of the magnetic moment for the
structure R = {A, G, C, F}, as explained in Sec. II. The mag-
netic structure is represented through the squared magnetic
structure factor |FR(q)|2 and spin polarization |P,A(q)|2 for
i = {x, y, z}, which are defined as

Fr(q) = ) mfexp(iq - ry), @)
d

P(q) =q x (&€ x q). 3

Here, mg is the magnetic moment at site d = 1, ..4 for the
structure R, and & is the unit vector for directions {x, y, z}. The
intensity arising from the nuclear structure is proportional to
the nuclear structure factor:

Fy(q) =) _ bjexp(iq - r;), )
J

where the sum runs over all j atoms in the unit cell (both
magnetic and nonmagnetic) with scattering length b; at posi-
tion r;. Table II shows the squared structure and polarization
factors for a few selected magnetic Bragg reflections for the
different possible structures R. Note that, while a given re-
flection may have a finite structure factor for a specific basis
vector, the intensity can still be vanishing due to the polariza-
tion factor.

Figure 3(a) shows the diffraction data obtained in zero field
at 4.5 K. The nuclear Bragg reflections are identified as the
high-intensity peaks and indicated in the figure. These are
present at all applied fields and are a good indication that
the sample stayed in position for the duration of the experi-
ment. Lower-intensity peaks are observed in the region 6 — 16
ms [corresponding to K = 2.5 — 6 in Q = (0K0)], stemming
from aluminum and copper in the sample environment, see
Appendix A for a detailed treatment.

Data combined from 148 magnet pulses collected at 4.5 K
and with By,.x = 34T are shown in Fig. 3(b) together with
the scaled zero-field measurement. The high-field data clearly
contain a peak at Q = (030), which is not present in the zero-
field phase to be commensurate with propagation vector q =
0. To understand the further implications of this new magnetic
signal, we turn to Table II. The (030) Bragg peak has finite
neutron intensity exclusively for a C-type structure with spins
oriented along either the a or ¢ axis.

Due to the low flux and the backscattering geometry, the
pulsed-field setup employed here is unable to detect weak
magnetic Bragg peaks. The observed (030) peak is ~2.5 times
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FIG. 3. Neutron diffraction measurement of LiFePO, with
pulsed magnetic fields. (a) Diffraction intensity as a function of K
along Q = (0KO0) in zero applied magnetic field. Green lines indi-
cate nuclear Bragg reflections. Inset focuses on the (020) reflection.
(b) Diffraction intensity along Q = (0K0) in pulsed magnetic fields.
Zero-field data from (a) has been scaled to use as background. A
Gaussian (yellow) line has been fitted to the pulsed-field data as a
guide to the eye of the (030) reflection. The strength of the magnetic
field pulse is shown on the right-handside in gray.

weaker than the strong nuclear (020) reflection, demonstrating
the ordered C, moment to be of a similar order of magnitude
to the zero-field Cy component and therefore likely the main
structural component.

B. The magnetoelectric effect

Figure 4(a) shows all nine combinations of the electric
polarization along i induced in applied magnetic field along
J» PH;, {i, j} = {a, b, ¢}, at different temperatures. The ME
coefficients «;; may be extracted from the slopes of P; as a
function of H;. Three nonzero tensor elements are observed:
For fields along a, a linear ME effect is seen for P, for all
field strengths and temperatures, while the other polarization
components are zero. For fields along b, a clear phase transi-
tion takes place at Bsg = 31 £ 1 T and 4.2 K, where P, of the
low-field phase shows a dip, and simultaneously, P, appears.
This value of the transition field is in accordance with previous
observations [26,28,43]. For fields along ¢, no ME signals are
observed within the experimental sensitivity.

The data for H||b are shown in greater detail in Fig. 4(b),
where P,H), and P,H; measured at 4.2 K are compared. For
P,H,, a linear ME effect is observed at low fields, followed
by a sudden drop at Bsg. It is worth noting, however, that
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FIG. 4. Electric polarization P; in applied pulsed magnetic fields H;. Background measurements obtained at 60 K have been subtracted
from all data, except P,H,, as explained in the text. (a) Overviewof all nine combinations of P; and H; for various temperatures. (b) Electric
polarizations P, and P, as a function of magnetic fields applied along b clearly show the phase transition. The critical field Bsg = 31T
is indicated in by the gray vertical line. The dot-dashed lines represent linear fits to the polarization as a function of field to extract o;;.
(c) Temperature dependence of «;;. Notice that the values obtained are merely proportional to c;;. Our values are compared with scaled results

from Refs. [19,22].

P,H; remains finite above the critical field. For P,H), no
ME signal is observed at low fields, but there is a steep
increase at the transition whereafter a linear behavior with
field is established up to the highest probed field strengths
of 35 T.

The temperature dependence of the ME coefficients «;;
may be estimated from the experimentally determined electric
polarization by fitting a linear function P; = Py + o;;H; to the
linear parts of the data in Fig. 4(a). The results obtained for
the three finite tensor elements (o, 0tap, and ) are shown in
Fig. 4(c). It should be noted that, while o, appears to be finite
and nonzero above the phase transition, the field interval from
Bgr to our maximum field is insufficient to distinguish if there
is a linear or superlinear field dependence. It should be consid-
ered whether this finite o, could stem from a misalignment
of the sample. However, assuming that the domain structure
is comparable between measurements, a misalignment of the
sample of ~10° would be needed to account for this nonzero
signal in P,H, above Bsg. We are confident of the sample
alignment within 5°, and hence, the finite P,H;, above Bsp is
most likely a real signal.

The ME coefficients for o, and o, in the low-field regime
have previously been measured [19,22]. Figure 4(c) compares
these results with our measurements. While, as already men-
tioned, the absolute values of «;; cannot be compared directly,
the temperature dependencies are still meaningful, and the
values obtained for our unpoled setup are smaller than the
literature values, as expected. Our temperature dependencies

of oy, and «p, agree well with previously published results
[19,22].

For the ME coefficients appearing for fields >31T, we
only have data at two temperatures. From these, it appears that
oy 1n the high-field phase increases slightly with temperature
but is otherwise lower than the ME coefficients present in the
low-field phase.

We note also that, although a recent study found a weak but
distinctly nonzero «,, component in the low-field phase [22]
for a poled LiFePO4 sample, it is beyond our experimental
limit to corroborate these findings. This is due to the exper-
imental uncertainty connected to the pulsed-field technique
as well as the fact that our sample is not poled. Without
poling, multiple domains may be present, which will lower the
measured polarization and therefore o;; compared with poled
measurements.

C. Possible field-induced spin canting

In both LiNiPO4 and LiCoPOy, a field-induced spin cant-
ing caused by the DM interaction occurs for magnetic fields
applied in the transverse direction [15,44]. Measurements of
the field dependence of relevant Bragg peaks reflecting such
structure deviations have been used to estimate the strength of
the DM interaction in these compounds. Likewise, here, we
investigate whether any field-induced spin canting also occurs
in LiFePQy and thus probe the strength of the DM interaction.
We have probed five different Bragg peaks that reflect all
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TABLE TII. Squared structure factors (F?) and polarization
factors (P?) and nuclear structure factors for Bragg reflections in-
vestigated with EIGER, see Eqgs. (1)—(4).

q \Fcl? IRl IRl Fe? IF? 1P IR PP
010) 16 0 0 0 o 1 0 1
001) 029 0 16 0 0 1 10
oy 0 16 0 029 260 1 062 038
021) 029 0 16 0 0 1 029 071
(110) 0 049 16 0 0 075 025 1

possible field-induced cantings, as shown in Table III. The
Bragg peaks (010), (001), (011), and (021) were investigated
for fields along a, B||a, while the (110) peak was investi-
gated for Bl|c. Figure 5 shows the difference in the neutron
intensity for zero and finite magnetic fields. No intensity
difference is observed for any of the peaks. This is in stark
contrast with the Ni and Co compounds, where the intensity
of the relevant Bragg peaks increases significantly in applied
magnetic fields. This indicates a negligible DM interaction in
LiFePQy, to within the limits of sensitivity of the experiment.

V. DISCUSSION

A. Magnetic structure beyond 31 T

The appearance of the (030) Bragg peak >31T in our
pulsed-group symmetry 2./m. These observations rule out a
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FIG. 5. Sample rotation w scan of different Bragg peaks at low
and high magnetic fields. All scans were performed at 2 K. Scans
(a)—(d) are with magnetic fields along a, while scan (e) is with field
along c.

possible C; structure, and the only structure to satisfy both
observations is a high-field phase with a dominant C, struc-
ture and minor components C, and A;. This confirms the
suggestion of a spin-flop transition put forward in Ref. [26],
where the spins reorient from being predominantly along the
b axis to being predominantly along the a axis with critical
field Bsg = 31 T. Interestingly, this is the same point group
as in the low-field phase but with a different distribution of
the major and minor structure components. In the low-field
phase, the system has major component C, with minor C,
and A; and a total spin canting away from b of 1.3(1)° [23].
In the high-field phase, the major component is now C, and
with smaller components of C, and A;. We cannot determine
the relative weights of these smaller structure components in
the high-field phase and thus cannot speculate on the size
of the spin canting. However, such components may explain
the anomalous magnetization curve above the critical field
observed in Ref. [26]. Furthermore, magnetization measure-
ments in the spin-flop phase [26,28] show a magnetization
jump to %% of the saturation magnetization at the spin-flop
transition, meaning that a sizable F;, component has been in-
duced. The resulting inferred spin-flop structure is illustrated
in Fig. 6(b) for a magnetic field immediately above the transi-
tion. The magnetic structures below and above the transition
are illustrated in Figs. 6(a) and 6(b).

B. Phase diagram and Hamiltonian

Figure 6(c) shows the phase diagram obtained of
LiFePO, by combining the magnetization measurements
from Refs. [26,28] with our neutron diffraction and electric
polarization measurements. Based on anomalies in the mag-
netization, Werner et al. [26] reported a precursor phase just
below the spin-flop transition at 1.5 K. We see no evidence
of the AFM' phase in the electric polarization measurements
down to 4.2 K. The magnetic structure has now been es-
tablished in both the low-field phase (cf. Ref. [23]) and the
high-field phase (this paper). Combined with the realization
that the DM interaction is of negligible size, based on the
lack of any field-induced spin canting as seen in our neutron
diffraction measurements, we now try to consolidate our un-
derstanding of LiFePO, by use of MF calculations.

The Hamiltonian of LiFePO, can be written as =
%Zij JijSi-S; + Za'iQQ(S;")Z, where J;; are the Heisen-
berg exchange interactions, and %, is the single-ion
anisotropy constant for « = {a, b, c} [8,23,28]. A num-
ber of different estimates of the exchange interactions and
anisotropies of LiFePO,4 have been published [8,12,23,27,28].
However, of these studies, only Refs. [8,23] incorporate all the
leading exchange interactionsand assume the DM interaction
to be negligible. In Refs. [8,23], the couplings were obtained
from fitting dispersion relations from linear spin-wave theory
to the excitation spectrum measured by neutron spectroscopy.
One notable difference between the two studies is that the
estimate of Ref. [8] renders LiFePO, more frustrated in
the (b, c¢) plane than Ref. [23] and with a larger value of the
single-ion anisotropy 2..

Using these two sets of parameters, we calculated the phase
diagram and magnetic structures using a MF calculation as
implemented in the program McPhase [45]. The calculations
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FIG. 6. Magnetic structures of LiFePOy in (a) the spin-flop and (b) the low-field phase. (c) Experimental phase diagram of LiFePO, for
magnetic fields along b. Figure includes results from our neutron diffraction and electric polarization measurements as well as magnetization
data from Refs. [26,28]. (d) and (e) Phase diagrams as determined from mean-field calculations with two different sets of parameters [8,23].

consider only the spin moments. We find an insignificant dif-
ference if we include the orbital moments and the full crystal
field Hamiltonian as was used by Ref. [8], with a slightly
lower spin-flop and saturation fields and lower Ty. The result-
ing phase diagrams are shown in Figs. 6(d) and 6(e). For both
sets of parameters, we find C, AFM order at low temperatures
and low fields, as well as a spin-flop transition to C, AFM
order at elevated fields before saturation is reached at yet
higher fields. We note that neither set of exchange couplings
predict any AFM’ phase at low temperature, as observed in
Ref. [26].

It is evident when comparing Figs. 6(a) and 6(d) that the
phase diagram for the values in Ref. [8] match the experimen-
tal phase diagram well. In fact, the spin-flop and saturation
fields obtained using the exchange and anisotropy parameters
from Ref. [8] are within ~5% of the experimental values,
while the critical fields for the parameters from Ref. [23]
are significantly higher. The Néel temperatures and spin-flop
and saturations fields obtained from the MF calculations are
summarized in Table IV and compared with the experimental

TABLE IV. Sets of estimated exchange interactions and single-
ion anisotropies (in meV) from previous publications [8,23]. Also
shown are the predicted MF values of critical temperature and fields
at 4 K [see Figs. 6(d) and 6(e)] compared with the experimental
values.

Toft-Petersen et al. Yiu et al.
(2015) [23] (2017) [8]
Jpe 0.77(2) 0.46(2)
Jp 0.30(2) 0.09(1)
J. 0.14(2) 0.01(1)
Jab 0.14(2) 0.09(1)
Joe 0.05(1) 0.01(1)
D, 0.62(1) 0.86(2)
D, 1.56(4) 2.23(2)
MF theory Measured
Ty (K) 73 62 50
Bsr (T) 40 33 31
Bsa (T) 110 57 56

values. Thus, we conclude that the parameters obtained by Yiu
et al. [8] provide a better description of the phase diagram of
LiFePO4.

With regard to the DM interaction, LiFePO,4 seems to be
distinct from the two relevant family members LiNiPO4 and
LiCoPO,4 with much smaller zero-field canting. ESR [27] and
terahertz [28] spectroscopy estimate the DM interaction to
be <0.05 meV, and our neutron diffraction results confirm
this, using the same method of investigation used on the
other two family members. This is significantly smaller than
the DM interactions in the Ni and Co compounds, being
0.4 meV [31] and 0.7 meV [44], respectively. The Pnma-
allowed DM interaction has the form Fipy = D?,(S5S3 —
S785) + D5, (S35 — S3S3). However, the distorted octahedra
surrounding the magnetic ions give rise to a low crystal-ion
terms of the form [15] Hp = —D,,(SiSf — 5355 + S55% —
$383). The two terms have a similar origin as higher order
orbital processes, and are hard to distinguish experimentally.

VI. CONCLUSIONS

Motivated by the discovery of a phase transition in
LiFePOy, at high fields along the crystallographic b axis [26],
we have combined pulsed-field neutron diffraction and elec-
tric polarization measurements. Our results show that the
phase transition is of the spin-flop type with Bsg = 31T at
4 K. Above the transition, a ME active phase exists with
finite oy, and o, ME tensor elements. By combining the
results from pulsed-field neutron diffraction and electric po-
larization measurements, we argue that the high-field AFM
structure is dominantly C, with magnetic moments along the
a axis but also that further subdominant C, and A, compo-
nents are required to explain the nonzero «;,. This indicates
a lower-symmetry magnetic point group than a simple spin-
flop phase. Furthermore, neutron diffraction experiments in
magnetic fields along ¢ and a showed no field-induced spin
canting in LiFePO,, which demonstrates a DM interaction
of negligible strength. Phase diagrams calculated using MF
theory indicate that the coupling parameters determined by
Yiu et al. [8] match well the observations for LiFePOy.
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FIG. 7. Identification of powder lines arising from the sample en-
vironment (cryostat wall and magnet coils) and nuclear Bragg peaks
from the sample. (a) Experimental geometry showing the position of
the cryostat wall, magnet coils, and sample. Note that the sketch is
not to scale. (b) Neutron diffraction data collected at zero field as a
function of pixel number and time of flight(ToF) for detector tube No.
9. Color contours represent the neutron counts. Nuclear Bragg peaks
(020), (040), and (060) are observed as high-intensity spots around
pixel No. 20. Powder lines have intensity spread out homogeneously
over all pixels. (c) Neutron counts as a function of ToF collected at
zero field and 4.5 K in detector tube No. 9 and pixel No. 20. Nuclear
Bragg peak positions from the sample are marked with red lines.
Powder lines from the cryostat wall (aluminum) and magnet coils
(copper) are marked with, respectively, gray and blue lines.
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APPENDIX A: POWDER LINES
AND BACKGROUND AT NOBORU

In addition to the Bragg peaks arising from LiFePO,, our
pulsed-field neutron diffraction data contained multiple addi-
tional high-intensity peaks. To investigate the origin of these
features, we considered scattering from the sample surround-
ings. Two main sources of polycrystalline elastic scattering
were identified: the cryostat wall in aluminum and the mag-
net coils in copper, positioned as shown in Fig. 7(a). The
quantities indicated in the sketch are L; = 14m, L, = 0.9m,

(a) IV conversion  Amplifer

>0

PreAmplifier

Time (ms)

FIG. 8. (a) Experimental setup for polarization measurement. (b)
Two consecutive magnetic field pulse of duration 6.1 ms. (c) The
measured displacement current during the time of the pulse. (d) The
deduced electric polarization. As evident, the electric polarization
along a has a plateau in the spin flop phase, for field applied along
the b axis, as discussed in the main text.
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20 = 150°, and AL in the range [—15, 0] cm, where nega-
tive AL corresponds to a position before the sample. Bragg
peaks from the sample are distinguished from the powder
lines as high-intensity spots on the detector, see Fig. 7(b). The
cryostat contains several aluminum shields, but most peaks in
the diffraction pattern are well accounted for by including a
single wall of aluminum positioned 7 cm before the sample
and copper at the sample position as shown in Fig. 7(c),
considering the second cryostat wall after the sample does
not yield any additional insight. Most important for our data
analysis is the identification of the lines ~15ms, which are
close to the location of the (030) Bragg peak. It is clear that
these arise from the sample environment, and any additional
intensity in this area at high magnetic fields must find its origin
in the sample itself.

APPENDIX B: POLARIZATION MEASUREMENTS

Lastly, we elaborate on the pulsed-crystal plate is con-
nected to two electrodes, and as the magnetic field changes

with time, the ME effect induces a change in bulk polarization
and thereby a change in the surface charge on the electrodes.
This gives rise to a so-called displacement current in the
circuit. A diagram of the circuit is given in Fig. 8(a). For I/V
conversion, a LI-76 converter from the NF Corporation was
used, and the low-noise voltage preamplifier was a SR560
model from Stanford Research Systems. For obtaining the
electric polarization, the displacement current is integrated
over time:

1 T
P(T)) = P(Tp) — Z f I(T)dT
To
1 v
= P(Tp) — Z/ %dT, (BD)
Ty

where I(T) and V(T) are the current and voltage, respectively,
A is the crystal electrode area, and R is the resistance.
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