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ABSTRACT

We report a Raman scattering study of single-crystalline homometallic oxyborate Mn,OBO3, a compound realizing a one-dimensional
ribbon-structure. Phonon excitations as a function of temperature and light polarization are compared to lattice dynamical calculations,
giving evidence for a strong coupling between lattice and magnetic degrees of freedom. Furthermore, a broader feature with a distinct struc-
ture emerges at low temperatures. Based on our theoretical analysis, we assign this signal to specific two-magnon scattering processes related

to high energy flat-band magnon branches.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5121280

1. INTRODUCTION

The interplay of lattice, spin, charge, and orbital degrees of
freedom in strongly correlated electron systems yields a large
number of interesting phenomena. Particularly, low-dimensional
spin systems exhibit rich phase diagrams and unconventional
magnetic properties owed to magnetic frustration. The underlying
competing interactions are based on the lattice geometry of local
moments with antiferromagnetic exchange interactions. The ground
state of such systems is characterized by a large degeneracy, prevent-
ing the formation of a conventional ordered state down to low tem-
peratures. The interaction of the magnetic system with other degrees
of freedom can lift this degeneracy. If the resulting ground state is
long range ordered, flat magnon branches may be observed as a
fingerprint of the competing interactions.

The large family of warwickites with the chemical formula
M>**M**OBO; (M** and M?" are di- and trivalent metals,
respectively) has attracted great interest and was studied for more
than two decades.'”'® The crystal lattices of these oxyborate com-
pounds consists of low-dimensional units, namely ribbons of MOg

edge-sharing octahedra. The presence of transition metal ions in
such low-dimensional structures may lead to nontrivial magnetic
structures. A big diversity of possible combinations for M** and
M>" positions opens up an opportunity to study intriguing elec-
tronic and magnetic properties caused by the interaction between
lattice and electronic subsystems.

There are only three homometallic warwickites, Fe,OBO3,
V,0BO; and Mn,OBOs, with M*>* and M>" being the same metal
ions in different valence states.'” Fe-warwickite is well studied up to
now: it evidences a charge ordering transition around Tco =340 K
with an accompanying ortho- rhombic-to-monoclinic structural
transition'* and a magnetic transition around T.=155K.” At the
same time Mn- warwickite has not been studied thoroughly and its
physical properties are still under debate.

Initially Mn,OBO; was grown and structurally characterized
by R. Norrestam, et al.” Specific heat and magnetic susceptibility
measurements’ revealed an antiferromagnetic transition at quite
high Néel temperature of 104 K and weak ferromagnetic behavior
below 70 K.
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However, it was later shown that the magnetic transition tem-
perature in Mn,OBO; is significantly lower, with T =26 K, and
that all other reported features are related to impurity phases.'”
Subsequent thorough experimental studies (electron spin resonance
(ESR), magnetization, and thermoelectric power)'' provided evi-
dence for an intrinsic character of both phase transitions at 105
and 26 K. In view of these results, a revised phase diagram has
been proposed. The possibility of a fast electron transfer between
the M>" and M>* cations was suggested in the temperature range
down to ~105K, together with an inhomo- geneous (short range)
AF ordering of M** and M>" pairs at temperatures between ~110 K,
and finally long range AF order around ~30 K.

Nevertheless the magnetic structure of Mn,OBO; has not
been analyzed properly due to the complexity of the crystal struc-
ture and many inequivalent superexchange pathways presented in
the network.'” Only very recently a theoretical analysis of the
magnetic structure was reported and exchange interactions were
estimated.'® In order to verify the phase diagram and the magnetic
structure of Mn homometallic warwickite, we present a Raman
spectroscopic study of single crystalline Mn,OBO; covering a wide
temperature range from 7 to 295 K. The role of the lattice system in
the behavior of magnetic system in Mn,OBOj; is one of the focus
points of our experimental investigations. Our lattice dynamic cal-
culations support magnetoelastic coupling between lattice and the
magnetic subsystems. At low temperatures we observe a structured
magnetic excitation which we assign to two-magnon scattering
with the contribution of weakly dispersive magnon branches.

2. EXPERIMENT

High-quality single crystals of Mn,OBO; have been grown
using the flux technique. Details of the growth of the samples and
their characterization are given in Ref. 16.

Raman scattering experiments were performed in quasi-
backscattering geometry, using a A =532-nm solid-state laser. The
laser power was set to 7 mW with a spot diameter of approximately
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100 um to avoid heating effects. All measurements were carried out
in an evacuated closed-cycle cryostat (Oxford/Cryomech Optistat)
in the temperature range 7-295 K. The spectra were collected via a
triple spectrometer (Dilor-XY-500) by a liquid nitrogen cooled
CCD (Horiba Jobin Yvon, Spectrum One CCD-3000 V). Measured
specimens were in the form of thin black plates up to 15 mm long
and with a cross-sectional area of less than 1.0 x 0.5mm. The
polarization configuration of the Raman spectra is denoted by
(ejes). Laboratory axes X, Y, and Z were chosen to be parallel to the
a, b, and c axes of the crystal, respectively.

3. RESULTS AND DISCUSSION

The homometallic warwickites Fe,OBO; and Mn,0OBO;
have a monoclinic crystal structure at ambient temperature.” Note
that the choice of the axes and their unit cell values differ slightly
in the literature (see for example Ref. 12). In our paper, we adopt
the choice of the P2,/n group (#14, Z = 4) with the lattice parameters
a=92919A, b=9.53114, c=3.2438 A, and B =90.733° according
to Ref. 12. The structure of Mn-warwickite, shown in Fig. 1, is
described by a herringbone array of infinite ribbons extending
along the ¢ axis. The ribbons are constructed from four chains of
edge-sharing MnOg octahedra. All ribbons are coupled by corner-
sharing and trigonal planar BO; groups. M>* and M** ions occupy
two inequivalent crystallographic positions, site Mn(1) (within
inner chains of ribbons) and site Mn(2) (within outer chains),
respectively. The presence of strong Jahn-Teller distortion with an
axial elongation of Mn(1)O¢ octahedra suggests a charge dispro-
portionation into M>" and M** ions and 3d, orbital ordering at
the Mn(1) site. Recent high temperature x-ray diffraction experi-
ment has revealed the retention of charge ordering up to high
temperatures. "

The monoclinic (P2;/n, Z =4) crystal structure with all atoms
at the 4e site symmetry leads to the following 84 vibrational modes:
I'=21A,+21A, +21B, + 21B,,. Note that only the A, and B, modes
are Raman-active, leaving 42 expected modes. The corresponding

Vias

FIG. 1. Extended unit cell image of Mn,OBO5. Green colored planes mark the ribbon-like elements (a). Structure of an individual ribbon (b). Intrinsic vibrational modes of

the free [BO5]*~ complex (c).
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Raman tensors are given by:

b 0 d 0 f O
Ag= |0 ¢ 0|, Bg= f 0 e
d 0 a 0 e O

Figure 2 compares polarized Raman spectra of Mn,OBOj; at
T=295 and 7K. The sharpness of the observed phonon modes
indicates the high quality of our single crystal. In the frequency
region of 25-1500 cm”}, 34 phonon modes can be identified.

In the phonon spectra of Mn,OBOj; the internal BO; modes
and the external lattice modes which include rotations and transla-
tions of the BO; unit translations of two metal ions and O(1)*~ ion
connecting Mn(1)** inside the ribbons can be separated [Fig. 1(a)].
In addition, all oxygen ions in warwickite form edge-shared octahe-
dra around the transition metal ions [Fig. 1(b)]. The isolated
[BO;]*~ anion has a planar structure with Dy, symmetry. It is well
known that planar XY; molecules possess six internal degrees of
freedom consisting of two one-dimensional A| and A) and two E’
two-dimensional irreducible representations (IRP) of the Dj,
group. Their standard notation v, vy, vs, and v, %" and character-
istic vectors of displacements are presented in Fig. 1(c). We assign
phonon modes of the [BO5]*>~ unit in accordance with Ref. 19 as
follows: 939 cm™ (vy, A}), 765cm™ (v,, AY), 1260 cn™" (v, E'),
and 672 cm™" (v,, E'). Moreover, only A} and E' modes are Raman
active, AY and E' modes are active in IR.'&1°

The octahedral cluster XY¢ with O, symmetry has 15 vibra-
tional degrees of freedom grouped mto six modes vy (A1), V2 (Ep),
V3 (T1u)s V4 (Tha)s vs (Tag)s Ve (T»,)."”” Within the framework of the
crystal, however, octahedral molecular complexes are bound via
common corners, edges or faces. Therefore, a direct assignment of
internal XY modes to the crystal vibrational representation is not
straightforward.

Overall, the assignment of phonon modes and their symmetry
analysis from the experimental spectra is hampered by the low
intensity of some lines and a possible leakage from forbidden
polarizations. In addition, the structural BO; and MnQOg units have

1000 795K ] ] 7K 4000
2 200l Mn,0BO, |
g 800 " 13000
5 600 i ¥ '
5 . 12000
=400 1 77
s
g L 7
£ 200 w"w\,’u | Mot Setrona 1000
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Wt Sty (7501 2=
500 1000 1500 50 0 1000 1500
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FIG. 2. Polarized Raman spectra of Mn,OBOj3 at 295 and 7 K. The inset shows
the laboratory axes relatively to the sample shape.
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common jons that are involved in vibrations. In order to assign the
symmetries and eigenvectors of the observed optical phonon
modes, we compute the I'-point phonon modes by adopting shell-
model lattice dynamical calculations implemented in the General
Utility Lattice Program (GULP) package.20

The temperature evolution of the spectra measured in ZZ
scattering geometry in the frequency region of 25-725cm™" is
shown in Fig. 3. To get more insight into the phonon dynamics,
we analyze the temperature dependence of the phonon line param-
eters. Phonon lines were fitted with Lorentzian profiles over the
whole investigated temperature range and results are presented in
Fig. 4 where the temperature dependent parameters of representative
phonon modes (154 and 428.7 cm™") are plotted. With decreasing
temperature several distinct features show up. First, upon cooling
from room temperature some modes undergo a hardening followed
by a saturation in frequency for temperatures around T*= 100 K and
a softening upon further cooling. Most phonon modes have
anomalies at Tyy=23K: a change in the frequency slope or a
further hardening towards lower temperatures. Two phonon
modes at 108 and 604 cm™' show an unexpected softening with
decreasing temperature. In addition, the linewidths of some
phonons show an anomalous behavior [see for example Fig. 4(¢)]
with a substantial deviation between the modelled anharmonicity
and the experimental data, and should therefore be regarded as
strong evidence for a relaxation mechanism different from multi-
phonon states. Finally, the integrated intensity of phonons shows
a behavior that cannot be described in terms of pure lattice con-
traction/extension with temperature changing and anharmonicity
[see Fig. 4(e) and 4(f)]. Summarizing, our observation of phonon
peculiarities at characteristic temperatures T* and Ty correlates
with earlier observations and we consider a coupling of lattice and
spin degrees of freedom as the origin for the deviations from
anharmonicity in Mn,OBO;. This conclusion is underlined by
our lattice dynamical calculations, which show that the main

3000 F Mn.0BO; 5K
@ A —25K
= 2500
=
£ 2000
£'1500
5
£ 1000
500

N 1 1 Fi 1 N
100 200 300 400 500 600 700
Raman shift, cm’

FIG. 3. Temperature dependence of the Raman spectra of Mn,0BO; measured
in the ZZ scattering geometry.
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FIG. 4. Temperature dependence of the frequency (), (b), linewidth (c), (d),
and integrated intensity (e), (f) for two phonon lines. Dashed lines in (c), (dg
correspond to anharmonic fits using T(7) = T[1 + dj(exp(fiwolksT)—1)] '™
with d; being a mode dependent fit parameter.

contribution to the vibration in the region of external lattice modes
stems from magnetic ions, which have features near the temperature
of magnetic ordering. As an example we present in Table I the nor-
malized eigenvectors for the ions that give the main contribution to
the phonon mode at 154 cm™! [see Fig. 4(a), 4(c), and 4(e)].

Figure 5(a) zooms into the low-energy regime. A two-peak oo arrierirs G e G Er——-— &
structure with maxima around 81 and 92cm™' is observed at 20 40 60 80 100 120 140 <
T=7K. It has larger linewidths than the previously discussed Raman shift, cm
phonon modes. The first band has an asymmetric line shape that
can be further decomposed into two bands. This observed structure 5L (©)

can be attributed to two-magnon Raman scattering, arising from a
double spinflip process involving neighboring sites. In compounds
with complex lattice structure, several magnetic ions per unit cell,
and competing magnetic exchange interactions the two-magnon
Raman spectrum is expected to comprise a few bands.”® In the case
of Mn,OBO;, which can be regarded as a mixed antiferromagnet,
one should expect the presence of three bands in the two-magnon
spectrum corresponding to the creation of pair excitations on neigh-
boring Mn ions in the combination Mn* —=Mn?*, Mn*"-Mn?* and
Mn**—Mn**.

With increasing temperatures these excitations merge into a
single maximum at ~25 K, undergo a softening and damping, and

1_
0 20 40 60 80 100 120 140 160
Temperature, K

Int. intensity, arb. units
W
T

TABLE I. The main contributions of ions to the phonon mode at 154 cm™" in the

Raman spectra of Mn,OBO3. The normalized eigenvectors are shown for represen-

tative fons in 4e Wyckoff positions. FIG. 5. Temperature dependent low-frequency Raman spectra of Mn,0BO; (a).
- - Temperature evolution of the two-magnon response in the Raman spectra of
Normalized eigenvectors Mn,0BO; (b) and its integrated intensity (c).
Ton x y z
Mnl 0.08 —0.04 0.30 then disappear into a diffusive background at temperatures above
Mn2 —1.12 —0.13 —0.12 150 K. This temperature amounts to Ty [see Fig. 5(b) and 5(c)].
04 0.0 021 0.0 The survival of the zone boundary magnon to exceptionally high

temperatures with respect to Ty reflects the fact that in low-
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dimensional spin systems magnetic excitations are scaled by an
exchange coupling constant J while the classical Neel ordering is
caused by interplane or interchain interactions.

Next we turn to the polarization properties of the two-
magnon scattering. In our experiment the two-magnon signal was
observed with approximately the same intensity both in parallel
and crossed scattering configurations. This fact is not surprising
and can be attributed to the skewed exchange paths with contribu-
tions both parallel and perpendicular to the crystallographic axes.

The antiferromagnetic structure of Mn,OBO; has been iden-
tified in the neutron diffraction experiment.'” The magnetic cell is
doubled compared to the crystallographic one in accordance with
the observed (1/2 0 1/2) propagation vector of the magnetic struc-
ture. In Ref. 12 the P2,/n space group is assigned to the paramag-
netic phase. It was found that magnetic symmetry can be described
by the P,2;/c (#14.80) Shubnikov group with unitary subgroup P2,/c
and c-antitranslation. The connection between magnetic and struc-
tural lattice constants is as follows: a,,=—a+¢ b,,=b; ¢,,=a+c.
The 16 magnetic ions are distributed within the magnetic cell
among four independent 4e positions (sublattices) with the initial
coordinates: Mn**(1) (—0.3860, 0.3836, 0.1713); Mn*"(2) (—0.8860,
0.3836, 0.6713); Mn’*(3) (—0.1953, 0.4028, —0.0252); Mn’*(4)
(=0.6953, 0.4028, —0.5252)."> The Mn(1) and Mn(2) positions and
Mn(3) and Mn(4) positions are connected to each other by the anti-
translation (a,, + ¢,,,)/2, respectively.

To analyze the magnetic order in Mn,OBO; in detail we
introduce linear combinations of the Fourier transformed spins

s = s (k) = > s? e~ R+ of the Mn(i) sublattices. Here i=1, 2, 3, 4

enumerates the 4e Wryckoft sites and index o is the number of Mn
ion at the respective site (our numbering is sequential to the appli-
cation of e, 2,1, and m, symmetry operations to the starting coor-
dinates of Mn ions at their respective position).

FO = 1/4(s0) + s + s + s0);

L0 = 146 4 59 — s — sy
: S e 1
LY =1/46s — s + 89 — s{);

L(;) =1 /4(s(1i) — s<2i) — s(;) + sff)).

The Cartesian components of combinations (1) at k=0 trans-
form in accordance with irreducible representations (IRP) at the
I'-point of the space group P2,/c (see Table II).

TABLE II. Magnetic modes or basis functions of the irreducible representations of
the unitary subgroup P24/c in Mn,OBO;. Indices x, y z indicate the nonzero
Cartesian components of the vectors (1) with y || b and z || c. The transformation of
permutation modes (1) are presented on the right column.

Mn(i) i=1,2,3,4

h e 2, 1 m, Magneticmodes Permutation modes
O g0 1O i

rn 1 1 1 1 Ly, Y, L(l; B

r, 1 -1 1 -1 FOL)FY Ly

r; 11 -1 -1 L9 L9, LY LY

r, 1 -1 -1 1 LY, 1Y), LY) LY
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Here F represents the ferromagnetic moment of the sublatti-
ces i and L are the antiferromagnetic vectors. The magnetic order
parameters of a ground state for the known magnetic group must
belong to its I'; irreducible representation. Therefore the nonzero
magnetic order parameters for each sublattices in Mn,OBO;
should be L, F}(,i), L. The antiferromagnetic state arises due to
presence of the antitranslation which provides opposite signs of
magnetic order parameters on the Mn>*(1) and Mn>*(2) sublattices
and on the Mn**(3) and Mn>"(4) sublattices.

The type of exchange order (e.g., the type of magnetic order
in Heisenberg approximation) can be analyzed by consideration of
the permutation symmetry of the magnetic moments. The permu-
tation symmetry accounts for just the mutual orientation of mag-
netic moments and does not fix its overall direction in space.
Respective permutation modes (1) are listed with the corresponding
IRP in right column of Table II. In accordance with experimental
data of Ref. 12 the main magnetic order parameter in each sublat-
tice is a ferromagnetic moment F directed along the unique axis b.
We will restrict our consideration to Heisenberg nearest neigh-
bor approximation and omit small canting L, L% caused
by Dzyaloshinsky-Moriya interactions. Thus, the magnetic ground
state of Mn,OBOj; can be described as nonzero entities F¥ for
each sublattice with the conditions F" ||-F®||F®||-F*)|| b-axis
and F¥ = —=F® and F® = -F¥,

We proceed further with a detailed analysis of the exchange
topology in Mn,OBO;. The main magnetic building blocks in
Mn,OBO; are one-dimensional structural units—infinite ribbons
running along the a,, + c,,-direction (see Figs. 1 and 6). A ribbon
consists of four chains of edge shared (MnO)s octahedra. Two
chains of Mn*" (3d* $=2) ions are sandwiched by two chains of
Mn** (3d° $=5/2) ions which are disposed at the ribbon’s edge.
The intraribbon exchange interactions feature a triangular topology

FIG. 6. The crystallographic and magnetic structure of a ribbon in Mn,OBO;.
The manganese ion positions are shown as Mn®*(1) in red; Mn*(2) in pink;
Mn2*(3) in dark blue; Mn?*(4) in light + blue. The indicated magnetic structure is
in accordance with neutron diffraction data' with ferromagnetic moments of the
sublattices  F"'||—F@||F®||—F®)|| b-axis. The experimentally observed
canting of the magnetic moments in Mn(3) and Mn(4) sublattices are omitted.
The enumeration of exchange interaction is the same as in Ref. 16.
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of the Mn ions mutual arrangement, resulting in a highly frustrated
magnetic ground state. A small variation of the Mn-Mn distances
in the triangles partially removes this frustration. However, the
model estimation of the intraribbon exchange interactions'® reveals
all of them to be antiferromagnetic. The Mn—O—Mn bonding
angles between Mn>*(1, 2) and Mn?*(3, 4) sublattices also bring in
some degree of uncertainty about the estimated exchange values. A
close inspection of these angles shows that in respective edge
shared (Mn>*Og)—(Mn?*Og) octahedra one of the Mn—O—Mn
bond angles is smaller than 95°, while another one is larger.
A strong deviation of bond angles around a critical average value,
at which the exchange interaction can change the sign, is the main
source of uncertainty. In general six exchange integrals are
sufficient to describe intraribbon magnetic order (see Fig. 6). We
adopt the same enumeration of exchange integrals as in Ref. 16 by
assigning them in accordance to the Mn—Mn distances.

Structurally, Mn,OBO; consists of two ribbons that are
inclined to each other (see Fig. 1). The interribbon nearest-
neighbor exchange interactions are realized through interactions
between Mn(3,4) and Mn(1,2) sublattices. Here, every Mn?" ion at
the ribbon edge interacts with triangles of Mn>* ions from the
neighboring ribbon via the only Mn—O—Mn pathway that is
involved in building corner-shared octahedra. This topology is also
a source of frustration, as Mn>* triangles include either two ions
from Mn>"(1) and one ion from Mn®*(2) sublattices or vice versa.
However, the interribbon Mn—Mn distances do exceed 3.5 A and
in model calculations'® three antiferromagnetic interribbon exchange
interactions are weaker than intraribbon ones. One can conclude
that magnetic ordering in Mn,OBOj; can be described in a minimal
model with nine nearest-neighbor exchange interactions. Notice the
absence of the intra sublattice exchange interactions as a special
structural feature of Mn,OBO3.

Sixteen magnetic ions define the spin dynamics of Mn,OBO;
with sixteen spin wave branches. Within the Heisenberg approxi-
mation and a collinear antiferromagnetic structure two out of
sixteen magnon branches must be gapless Goldstone modes. The
highest intensity of a two-magnon scattering process forms from
the spectral region of spin waves with a high density of states. Such
a region is usually found at the boundary of the Brillouin zone.
However, in the case of dispersionless spin-waves, so called flat-
band modes, the contribution can be detected all throughout the
Brillouin zone, even from the T'-point.””

To elucidate the origin of the two-magnon signal in Mn,OBO;
we perform a calculation of the spin-wave spectrum in Heisenberg
nearest-neighbor approximation using the above described magnetic
structure adopted from Ref. 12. The calculations have been done in
linear spin- wave approximation with the help of the SpinW code.”®
As a starting point we choose the values of exchange integrals
obtained by model estimation in Ref. 16. Our calculations find
that the high frustration caused by the same antiferromagnetic
sign of this set of exchange integrals (here we use notation
Jar>0) leads to a ground state instability. The strongest impact
comes from the frustration along Mn**(1)—Mn**(3) ferromagnetic
bonding, whereas J3 >0 is antiferromagnetic. We assume that the
reason for the wrong estimation of the J3 exchange is the large varia-
tion in Mn—O—Mn bond angles. The ground state stability can be
restored once J3 becomes ferromagnetic. In the following calculations

ARTICLE scitation.org/journal/ltp

we use the exchange integrals: J1 =3.58 K, J2=1.28K, J3=—-6.07K,
JA=]5=447K, J6=4.63K, J7=-2.14K, J8 =042K, and J9=0.58 K.
Except for the sign of J3 and J7, the absolute values of this set of
exchange integrals are slightly smaller than those reported in Ref. 16.
The corresponding calculated spin-wave dispersions of Mn,OBO;
are shown in Fig. 7.

The most striking feature of the calculated spin-wave spectrum
is the small dispersion of the high energy (flat-band) spin-waves.
At the T"-point eight doubly degenerate spin-waves appear at 40.2,
40.56, 46.46, and 47.72 cm ™.

Their absolute energies as well as their energy difference corre-
lates well with the double peak feature seen at 81.4 and 91.6 cm™ in
the two-magnon spectrum shown in parallel polarization in Fig. 5.
Furthermore, the different symmetry of these branches allows com-
bining them to contribute to cross-polarized two-magnon scattering
as observed in our experiment. The appearance of flat-band modes
can be connected with the specific quasi-onedimensional ribbon
chain topology of the Mn,OBOj crystal structure. Recently, flat-band
spin dynamics have been uncovered in the saw-tooth spin chain
compound Fe,0(Se05),.>

In summary, we have measured polarized Raman scattering
spectra of single-crystalline homometallic oxyborate Mn,OBOj3 in
the temperature range of 7-295 K. This compound is a realization
of a one-dimensional ribbon structure along the c-axis. Long-range
magnetic order is established below Ty =23 K and yields pronounced
phonon anomalies. Besides anomalies in optical phonons, we have
observed excitations of high intensity related to the long-range mag-
netic order. We assign them to two-magnon signals, connected to
the specific form of the one-magnon spectrum of the magnetic
ribbon lattice with a set of dispersionless spin-wave branches. The
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FIG. 7. Spin-wave dispersions in Mn,OBO; along high symmetry lines calcu-
lated in the nearest-neighbor Heisenberg approximation. All spin branches are
doubly degenerate due to the presence of an antitranslation symmetry element
in the Shubnikov group.
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minimal set of exchange coupling constants has been estimated
based on Raman data and results of linear spin-wave calculations.
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