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Polarized Raman scattering in magnetoelectric LiNiPOy4 shows a sharp resonant peak at 37 cm ™!

in the magnetically ordered phase, originating from a one-magnon excitation of Ni** § = 1 localized
moments at the zone center. Also, a broad component with maximum intensity at ~ 65 cm™?! is
observed and successfully modeled in terms of light scattering from two-magnon excitations within
the framework of the Fleury-Loudon theory using five relevant exchange parameters, providing an
independent experimental confirmation of their values previously obtained with inelastic neutron
scattering data in this material. An additional peak at 58 cm ™!, already reported in previous works,
shows no detectable Zeeman splitting for magnetic fields up to 6 T along the crystallographic a and
c directions, excluding one-magnon scattering as a possible assignment for this peak. The possible

nature of this excitation is discussed.

I. INTRODUCTION

The lithium orthophosphate of nickel is a member of
the family of olivines with chemical formula LiMPO4
(M= Ni, Co, Mn and Fe). These insulating compounds
show orthorhombic crystal structure with Pnma space
group at zero magnetic field [see Fig. [I[(a)] and presents
a sizable magnetoeletric (ME) effect below the magnetic
ordering temperature [IH3]. These materials also attract
large interest for their use as Li batteries [4].

In LiNiPOy, the Ni** magnetic moments are nearly
oriented along the c axis with a small canting towards
the a axis in the magnetically ordered phase below T =
20.8 K [5]. Microscopic treatments including symmetric
Heisenberg and antisymmetric Dzyaloshinsky-Moriya ex-
change interactions as well as quadratic spin anisotropy
terms and Zeeman coupling with the external magnetic

FIG. 1: (a) Orthorhombic unit cell of LiNiPOy4 (space group
Pnma No. 62) with lattice parameters a = 10.02 A, b=>5.83
A, and ¢ = 4.66 A (Ref. [6]). The magnetic structure is
composed by Ni?T magnetic moments oriented along the c
axis with a small canting along the a axis [5]. (b) Detailed
view of the magnetic structure and definition of the most
important magnetic exchange paths between Ni?* moments,
namely Jp, Je, Jab, Jac, and Jpc.

field are able to quantitatively capture the magnetoelec-
tric coupling in this material [5 [7, 8]. Spin wave dis-
persion investigations of the LiNiPOy4 in the magneti-
cally ordered phase were performed using inelastic neu-
tron scattering (INS) measurements [9HII]. A simplified
Heisenberg Hamiltonian including five nearest-neighbor
coupling constants (see Fig. [[(b)) summed with two
anisotropy terms was considered to represent the min-
imum spin model to capture the INS data, thus leading
to seven free parameters. This relatively large number
of fitting parameters calls for complementary techniques
to confirm the magnetic constants. For instance, two-
magnon Raman scattering data [I2], modeled with the
aid of the Fleury-Loudon (FL) theory [I3], were shown
to be decisive in choosing between two largely different
sets of magnetic constants that could fit equally well the
reported spin-wave dispersion obtained by INS data in
LiMnPO, [12]. Also, spin resonances observed by in-
frared absorption spectroscopy as a function of magnetic
field has been recently shown to provide yet another
means of accessing the exchange constants of LiNiPOy
[14].

Polarized Raman spectra of LiNiPO, single crystals
have been previously studied by Fomin et al. [15] and
Paraguassu et al. [16]. Raman-active phonon modes were
observed and classified according to their symmetry, and
additional excitations related to magnetic order have also
been reported in the spectral range between ~ 50 and 80
cm~! [15]. Nonetheless, an unambiguous assignment and
a quantitative analysis of the magnetic Raman signal are
still missing. Also, Raman measurements under applied
magnetic fields have not been carried out so far in this
magnetoelectric material.

In this paper, we report a polarized Raman study of
LiNiPO, with application of magnetic field along both
the a and ¢ axes. The magnetic Raman signal is observed
below T and assigned to one-magnon and two-magnon
excitations. Enlightened by the FL theory of light scat-
tering by magnetic excitations, the two-magnon scat-
tering is modeled, confirming the previously published



INS exchange parameters [0, [10] within statistical uncer-
tainty. The possible nature of an interesting additional
excitation at 58 cm™! is discussed in detail.

II. EXPERIMENTAL DETAILS

The LiNiPOy single crystal employed in this work was
grown by a flux technique as described elsewhere [I5].
The chosen crystal was taken from the same batch as
the one used for the previous INS study [9], and has a
thin rectangular surface perpendicular to the a direction
with sides coincident with the b and ¢ directions. Raman
scattering measurements were performed on a Jobin Yvon
T64000 triple 1800 mm ™! grating spectrometer equipped
with a liquid Na-cooled multichannel CCD detector, us-
ing A = 514.5 and 532 nm excitation lines obtained with a
Spectra Physics Ar™ /Krt gas and a Cobolt 08-DPL 532
nm diode laser, respectively, in a quasi-backscattering
configuration. Laser linewidths are below 1 MHz for both
lines. The crystal was mounted with a flat surface ori-
ented in the bc plane nearly perpendicular to the incident
beam direction, therefore the probed polarizations in our
experiments are (Porto’s notation) X (YY)X, X(ZZ)X,
and X (ZY)X; thus, for simplicity, only the incident and
scattered polarizations [YY, ZY or ZZ] are indicated in
the following. The sample was kept within a supercon-
ducting magnetocryostat with optical windows, and the
temperature control was achieved by helium flow under
low pressure. The magnetic field was applied along the
a and c crystallographic directions. The sample was
mounted in such a way that the b direction is orthog-
onal to the grooves of the diffraction gratings of the
spectrometer, corresponding to optimal instrumental ef-
ficiency for the experiments with the scattered light po-
larization along this direction, with A = 532 nm, whereas
the ¢ direction is orthogonal to such grooves for the ex-
periments with A = 514.5 nm. Consequently, the spec-
tra under YY and ZZ polarizations were only taken with
A = 532 and 514.5 nm, respectively. These selected ge-
ometries for each wavelength also limited our choice of
directions for the magnetic field with respect to the crys-
talline axes. The large focal distance of the focusing lens
(300 mm) placed outside the magnet led to focal spots of
~ 200 pm diameter. Whereas preliminary tests showed
no significant heating effect for laser power up to at least
40 mW, the power was kept below ~ 15 mW for the spec-
tra shown in this manuscript. The relatively large focal
spots ultimately set the lower limit of the spectral range
available in this specific work (~ 25 cm™1!).

III. RESULTS AND ANALYSIS

Figures[2|(a){2|d) show the Raman spectra of LiNiPOy4
in the whole spectral region investigated in this work,
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FIG. 2: Polarized Raman spectra below and above Ty = 20.8
K with ZY polarization, A = 532 nm (a); ZY polarization,
A =514.5 nm (b); YY polarization, A = 532 nm (c); and ZZ
polarization, A = 514.5 nm (d). The spectra were vertically
translated for clarity.

ie, 25 < w < 700 cm™!, at temperatures below and
above Ty, for ZY polarization with A = 532 nm (a), ZY
polarization with A = 514.5 nm (b), YY polarization with
A =532 nm (c¢), and ZZ polarization with A = 514.5 nm
(d). Besides the main phonon A, modes at 177, 308, 582
and 643 cm™! and the B3, modes at 122, 194, 262, 330,
443, and 593 cm ™!, additional low frequency signal (w <
100 cm™1) is observed below T, which is of particular
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FIG. 3: Polarized low-frequency Raman spectra below and
above Ty = 20.8 K with and without application of magnetic
field. ZY polarization, A = 532 nm, B || ¢ (a); ZY polariza-
tion, A = 514.5 nm, B || a (b); YY polarization, A = 532 nm,
B || ¢ (c); and ZZ polarization, A = 514.5 nm, B || a (d). The
peak at 81 cm™! in (b) and (d) is ascribed to a laser plasma
line. The spectra were vertically translated for clarity.

interest for this study. Figures [3[(a){3(d) show in more
detail the observed Raman spectra of LiNiPOy in the low
frequency region, either with or without a magnetic field
of 6 T, in the same polarizations and wavelengths shown
in Fig. 2(a)f2[(d) and with (a) B || c; (b) B || a; (¢) B | c;
and (d) B || a. The spectral features observed below T
are: (i) a sharp peak at 37 cm™! in ZY polarization for
A = 514.5 nm, (ii) a broad component centered at ~ 65

em~! and (iii) a peak at 58 cm~!.

discussed in more detail below.

These features are

A. One-magnon scattering

First-order Raman scattering from magnetic excita-
tions (one-magnon scattering) is allowed as long as lin-
ear momentum is conserved, meaning that zone-center
magnons can be created by an inelastic light scattering
process [I7]. According to the scattering mechanism in-
volving electric-dipole coupling of the radiation to the
crystal, the process is resonant when the energy of the
incident or scattered photon matches the energy of an
electronic transition involving states with Al £ 1 (Ref.
I13).

For LiNiPOy, the resonant (A = 514.5 nm) sharp fea-
ture observed at 37 cm™! in ZY polarization at low tem-
peratures corresponds to an energy of 4.5 meV, matching
the zone-center energy of a magnon branch in the spin-
wave spectra of this material [9] [10]. It also matches the
energy of magnetic-dipole active excitation observed by
infrared absorption spectroscopy [14]. We therefore as-
sociate this feature in our data to one-magnon Raman
scattering. Notice that this peak is not observed with
A =532 nm (Fig. [B|(a)) or with A = 632.8 nm (ref. [17]),
demonstrating its strong resonant character. Application
of a magnetic field of 6 T along the a-direction does not
influence this peak significantly (see Fig. [3). This is in-
deed consistent with one-magnon scattering considering
that the moment direction in the magnetic structure is
nearly along c (see Fig. |1, i.e., perpendicular to the
magnetic field direction.

B. Two-magnon scattering

The broad Raman scattering component with a max-
imum intensity at ~ 65 cm~! [see Figs. a—d)] falls
within the expected energy range for two-magnon scat-
tering. Application of magnetic fields up to 6 T along the
a and c directions does not change the two-magnon pro-
files appreciably [see Figs. [3fa-d)], indicating that they
correspond to S = 0 excitations.

Following Ref. [I12], the FL theory of two magnon
Raman scattering [I3] is employed to simulate the po-
larized Raman profile for a given set of exchange con-
stants. Then, a simulated annealing fitting procedure
is employed to find the set of exchange and anisotropy
constants that optimizes the comparison of calculated
data with the experimental two-magnon Raman pro-
file reported here, simultaneously with inelastic neutron
scattering magnon dispersion curves reported in Ref.
[9]. The details of this procedure are given in the Ap-
pendix. Figures [[a){|c) show the comparison of the
observed Raman profiles in ZZ (a), ZY (b) and YY
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FIG. 4: Experimental Raman spectra in (a) ZZ polarization
with A = 514.5 nm (solid line), (b) ZY polarization with A =
514.5 nm (green solid line) and A = 532 nm (black solid line)
and (c) YY polarization with A = 532 nm (solid line), in a
selected frequency range covering the two-magnon excitations
at zero magnetic field and low temperatures, in comparison
to calculated two-magnon profiles using an optimized set of
exchange constants (blue dotted lines, see text) and the set
of constants given in Ref. [9] (red dotted lines). The marked
spectral region between 52 and 63.5 cm ™! was excluded from
the two-magnon fitting model due to the additional excitation
observed at 58 cm ™!, not captured by our model.

(c¢) polarizations with the calculated profiles, yielding
good agreements. The fitted exchange parameters, in
meV, are J, = 0.69(2), J. = —0.087(9), Jo» = 0.37(9),
Jae = —0.07(1), and Jy. = 1.00(2) [see Fig. [1(b)], and
the single-ion anisotropy terms are D, = 0.33(5) and
D, = 1.80(4) meV. These values are fairly close to those
reported by Jensen et al. [9] (a) and Li et al. [10] using
the same simplified Hamiltonian, although the fitting of
the Raman intensities is considerably better for the re-
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fined parameters given above [see Figs. [[a){dc)]. We
should mention that the simulated two-magnon profiles
using the exchange parameters of Refs. [9] and [I0] are
very similar to each other, therefore only the former are

provided in Figs. [ff(a){4]c).

C. Excitation at 58 cm™!

In addition to the contributions reported above, a rela-
tively strong signal is observed at 58 cm ™! below T, also
reported in Ref. [I5]. Amongst the probed symmetries,
this signal has maximum intensity for ZY polarization,
similarly to the one-magnon peak at 37 cm™!. Some
light on the identification of this peak is brought by a
recent infrared spectroscopy study, in which this excita-
tion was also observed below T and was found to be
only electric-dipole-active, being ascribed to an electro-
magnon (vs mode in Ref. [I4]). A difficulty with such as-
signment is the fact that electromagnons are mixed elec-
tric/magnetic excitations that are linked to multiferroic
states and in addition are normally observed for cicloidal
magnetic structures, whereas LiNiPO4 shows a commen-
surate canted magnetic structure and has not been re-
ported to present a spontaneous ferroelectric polariza-
tion below T. On the other hand, the existence of a
non-zero spontaneous magnetization below Tx and a de-
tailed specific heat investigation of the first-order transi-
tion at Ty = 20.8 K led to a suggestion that the state
below T is indeed a multiferroic state [I8], [19].

The possibility of this excitation being associated with
a soft phonon excitation that becomes zone-center by
a magnetically-driven structural phase transition below
Tn is also considered. Although such structural tran-
sition has not been reported by diffraction experiments
so far, a minor lattice distortion cannot be ruled out,
especially considering that the canted magnetic struc-
ture of LiNiPO,4 breaks the inversion symmetry of the
orthorhombic Pnma structure [5]. In this scenario, con-
sidering the mutual exclusion principle of the Raman and
infrared selection rules for centrosymmetric structures,
the simultaneous Raman and infrared activity of the 58
cm ™! mode would be a direct consequence of such loss of
inversion symmetry.

One may also speculate that the 58 cm™" excitation
may be part of the two-magnon scattering profile. In-
deed, this energy is close to the two-magnon contribution
identified above and in Fig. ] On the other hand, the
polarization-dependence of this component is markedly
different from the two-magnon contribution centered at
65 cm~! (see Fig. [3), whereas our simulations indicate
that the two-magnon lineshapes and positions should be
polarization-independent (see Appendix). Although the
58 cm ™! excitation is not captured by our model, we
cannot exclude the possibility that a more complex mag-
netic Hamiltonian might lead to an additional peak in

1



the two-magnon spectra.

Although we are not in position to choose amongst
the above scenarios with the data presently at hands,
the absence of a significant (> 2 cm™!) magnetic-field
dependence of the position and width of this peak for
magnetic fields along both the a and c¢ directions [see
Figs. B[a) and [3(b)] severely constrains the possible ex-
planations. For instance, a Zeeman splitting of the order
10 cm ™! for conventional one-magnon degenerate exci-
tations would be expected with AS, = +1 for B = 6
T along the moment direction in a two-sublattice spin
model [13], which should be readily observable in our
data [Fig. [3(a)]. Alternatively, in a non-collinear four-
sublattice spin model, ~ 5 cm ™! shifts would be expected
for each magnon, which is much more than our experi-
mental resolution (~ 2 cm™!). Therefore, conventional
one-magnon scattering can be ruled out as the possible
origin of the 58 cm ™! peak, and further investigations are
needed to clarify the detailed nature of this excitation.

IV. DISCUSSION

Our experimental results show one- and two-magnon
Raman scattering signals that constrains the magnetic
exchange and anisotropy constants. In particular, our
analysis of the two-magnon Raman spectrum confirms,
considering the statistical uncertainties, the same mag-
netic constants previously obtained by INS studies [9} [10].
It is interesting to note that the two strongest exchange
constants in LiNiPOy4 are J, and Jp. [see section IIL.B
and Fig. [[[b)], being both positive thereby favoring an-
tiferromagnetic alignments along these directions. On
the other hand, the magnetic structure of this material
features a nearly antiferromagnetic alignment of the mo-
ments connected by Jp. and ferromagnetic alignment of
those connected by Jp, implying a magnetic frustration
due to competing interactions. This occurs because the
strongest Jp. antiferromagnetic interaction geometrically
constrains the alignment along b to be ferromagnetic de-
spite the opposition of Jy.

V. CONCLUSIONS

In summary, polarized Raman scattering measure-
ments on LiNiPO, show a sharp resonant one-magnon
Raman peak at 37 cm~! and a broad two-magnon sig-
nal centered at 65 cm~!. An interesting additional peak
at 58 cm ™! is also observed in the magnetically ordered
phase. The two-magnon signal is shown to be consistent
with the set of exchange and anisotropy parameters re-
ported earlier based on INS data alone (Refs. [9] and
[I0]). Considering the large number of free parameters
in the magnetic Hamiltonian of this system, our results
provide a necessary and independent confirmation of the

exchange parameters of this material, consolidating the
current description of the magnetism in this system. This
methodology may be extended to other complex mag-
netic systems. Finally, the detailed nature of the 58 cm ™!
excitation still remains to be determined, although the
insignificant field-dependence of this peak severely con-
strains the possible explanations.

Appendix A: Two-magnon Raman scattering
calculations

Following Ref. [12], the FL theory of two magnon Ra-
man scattering for S = 0 excitations [I3] is employed
to simulate the polarized Raman profile under a given
set of exchange constants. In the following treatment,
the small canting of the antiferromagnetic structure of
LiNiPOy along a [see Fig. [[a)] and the related antisym-
metric terms in the magnetic Hamiltonian are ignored. In
a collinear Heisenberg antiferromagnetic system with lo-
calized magnetic moments, the interaction between light
and two-magnon excitations with S = 0 is given by the
so-called Fleury-Loudon (FL) operator [13] 20, [21]:

—

ORI = 3 35 (@™ diy) (e°.dy)S:.S; (A1)
(L.3)

where &ij are the unit vectors that connect lattice sites
i and j belonging to opposite magnetic sublattices, Jj;
are the corresponding exchange constants, and é® and
é°u are the incident (in) and detected (out) light polar-
izations, respectively.

The exchange constants involved in Eq. (1) are ob-
tained from previous inelastic neutron scattering studies
using a linear Heisenberg Hamiltonian with five nearest-
neighbor Ni?* spins with its exchange constants Jac, Jpe,
Jab, Jb and J. [see Fig. [1b)], and two anisotropy pa-
rameters, which proved to be sufficient to describe the
observed magnon dispersions [9), [I0]. Such Hamiltonian
is written as:

H= Z Jijgi.gj + Dy Z(ST)Z—FD}, Z(S?)Q (AQ)
(i.j) i i

where D, and D, are anisotropy parameters.

In the case of lithium orthophosphates, only J,, and
Jbe exchange interactions, which are related to the unit
vectors directions dy, = (a/va? + b2, +b/va? + b2,0)
and dp, = (0, £b/Vb? + 2, £¢/Vb? + ¢?), where a, b, and
c are the lattice parameters, may produce the S = 0
two-magnons described by the FL theory. The following
symmetry proportionality relations are obeyed between
the FL operators:
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FIG. Al: Comparison between calculated two-magnon Ra-
man spectra of LiNiPO4 for different polarizations for the
exchange and anisotropy parameters reported by Jensen et
al. [9] and for the refined parameters obtained with the sim-
ulated annealing procedure explained in the text, in units of
meV.

O = OFL = 20[dbc] 2 chC2 Z S;S (A3)
abc
K= SOR =220 —ar Z 5.5 (A4)
_ [dbe] ab]
OFL (O + (9 ) (A5)
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where O[(;tl’f] and O[(;tff] are two auxiliary operators.

The polarized two-magnon Raman signal is given by
[12):

100 (h)a 3 (| 0T |0) 26 (hw — huw,) (A7)
173

where |0) is the fully oriented ground spin state, |u)
is the two-magnon excited state with two-magnons, and
hw,, is the two-magnon excitation energy. In our cal-
culations, magnon-magnon interactions are ignored and
the ¢ function is replaced by a more realistic Lorentzian
lineshape to capture spin-wave damping convoluted with
instrumental broadening effects.

A direct consequence of the signal that comes from the
polarized FL operator symmetry is that these theoretical

two-magnon signals have similar shapes and positions,
changing almost only in magnitude for the different po-
larizations, such as illustrated in Fig.

In the fitting using a simulated annealing procedure
shown in Fig. 4] (see also Ref. [12]), the free parameters
were allowed to vary by more than one order of magni-
tude with respect to the initial values. Independent scale
parameters were introduced for each polarization. The
initial values of the exchange constants and anisotropy
terms were taken from Ref. [9]. Alternative initial values
were also tested in the fits, with no impact in the final
converged result.
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