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Inter- and intratrimer excitations in the multiferroic Ba;NbFe;Si, 0,4
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Elastic and inelastic neutron-scattering experiments have been performed on single crystals of the multifer-
roic Ba;NbFe;Si,014. It is found that the organization of the spin clusters into true long-range ordered states
occurs by the following process: (i) by 60 K, there is evidence for short-range ordered triangular Fe clusters of
spins, (ii) below 40 K, the clusters begin to form long-range ordered structures as a spin-wave spectrum
develops, (iii) at Ty=26 K, the sample exhibits coexisting long-range and short-range ordered structures, and
(iv) by T=1.5 K, a long-range ordered structure with a well-defined spin-wave spectrum develops. The
spin-wave excitation can be described by a Heisenberg Hamiltonian within a distorted triangular lattice includ-
ing both the intratrimer and intertrimer interactions. Physical property measurements showing anomalies near
T=40 K can now be adequately explained as being due to scattering from low-energy spin fluctuations.
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Most geometrically frustrated magnets that have been
studied over the last decade consist of a fundamental unit of
three spins on the vertices of a triangle. In two dimensions
(2D), this has been realized through the edge-shared triangu-
lar lattice!=® and the corner-shared triangular lattice (kagome
lattice).” Isolated triangular plaquettes are another topology
which has remained somewhat elusive due to very few ex-
amples existing within the current literature. The compound
La,CusMoO, is a good example of a weakly interacting
network of copper spin-1/2 trimers,'° in which quantum fluc-
tuations play an important role in the nature of the ground
state. One central feature of the triangular lattice is its spin
chirality. When the interactions among the spins constrained
within the triangular plane are antiferromagnetic, the best
energetic compromise, in general, is a noncollinear structure
with neighboring spins oriented 277/3 relative to each other.
In this local structure the spins can rotate by either 27/3 or
—2r/3 degrees from unit to unit, which defines the chirality
(for clockwise or anticlockwise rotation). The development
of a chirality is an important aspect of frustrated magnetic
systems, as it implies the emergence of an order parameter
which is based on a noncentrosymmetric symmetry. A well-
studied example of spin chirality developing in a 2D-
frustrated system is the jarosite KFe;(OH)4(SO,),,” in which
the definite chiral spin structure emerges before the magnetic
ordering involving the vector spins.

BasNbFe;Si,0,, is another rare geometrically frustrated
magnet with isolated Fe3* trimers. It crystallizes in the non-
centrosymmetric P321 trigonal space group. The Fe** ions
(the only magnetic species) occupy the 3f Wyckoff positions
and form a network of isolated triangular units within the ab
plane [Fig. 1(a)]. Recent neutron-scattering experiments
have been interpreted with the emergence of a single trian-
gular chirality within the ab plane (with a single helicity
along the ¢ axis) below the antiferromagnetic transition at
Ty=26 K.'! How the chirality ordering and spin ordering
evolve with temperature in this material has been, unknown,
making comparisons with other 2D-frustrated systems chal-
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lenging. The specific-heat data have shown anomalies at high
temperatures which suggest that a short-range ordered spins
may be present,!>'* but this process has never been visual-
ized through probes such as neutron scattering.

In this Brief Report, we present detailed elastic and in-
elastic neutron-scattering measurements on powder and
single crystalline Ba;NbFe;Si,O,4. The data clearly show
that above Ty there are short-range correlations between
spins at the nearest-neighbor and next-nearest-neighbor Fe
sites. Below Ty, a well-defined spin wave develops, which
could be understood by a Heisenberg Hamiltonian based on a
distorted triangular magnetic structure with nearest-neighbor
and next-nearest-neighbor interactions. A model is developed
to describe the in-plane excitations involving inter- and in-
tratrimer interactions which are crucial toward a complete
understanding of the ordering process and bulk magnetic
properties of BazNbFe;Si,0,.

The elastic and inelastic neutron-scattering measurements
were completed at the NIST CHRNS using the disk chopper
spectrometer (DCS) with wavelengths of 4.8 and 2.5 A on
an oriented Ba;NbFe;Si,0,, single-crystal sample. The scat-
tering plane of the central bank of DCS detectors is the ab
plane. The powder neutron-diffraction patterns were obtained
using BT1.

Elastic neutron-scattering data with momentum transfers
within the (H,K,0) plane measured at 40 K (Fig. 2), well
above TV, clearly show that a considerable amount of diffuse
scattering is superimposed on the nuclear Bragg peaks, as
pointed out by the arrow in Fig. 2(b). Diffuse scattering is
also present at temperatures on the order of the Weiss con-
stant #=—190 K, as seen in the 7=200 K data set near Q
=0.'2 By decreasing the temperature to 1.5 K, well below Ty,
the diffuse scattering disappears and new magnetic Bragg
peaks emerge (Fig. 2). The diffuse scattering is centered on
points within the Brillouin zone commensurate with the lat-
tice. This is due to nearly gapless excitations (within our
energy resolution) that have minima calculated in our spin-
wave analysis discussed at a later point in this Brief Report.
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FIG. 1. (Color online) (a) The two-dimensional Fe3* triangles in
the ab plane for BazNbFe;Si,0yy; (b) the distorted triangular mag-
netic lattice built by connecting the nearest-neighbor and next-
nearest-neighbor interactions, which is used for the calculation de-
scribed in the text. R; and R, are the triangular Bravais lattice basis
vectors and r, and r3 denote sublattice vectors.

As shown from the temperature dependence of the integrated
intensity of the diffuse scattering obtained from powder
neutron-diffraction patterns (Fig. 2), this diffuse scattering
already appears at 60 K, which is well above the magnetic
transition at 26 K. On cooling, the integrated diffuse scatter-
ing rises in intensity and seems to be most pronounced
around 40 K. On further cooling, the scattering becomes
weaker below the long-range magnetic-ordering temperature
but still exists at 20 K. By 5 K, the data show no discernible
sign of the diffuse scattering above background. This behav-
ior suggests that magnetic correlations exist at much higher
temperatures than the ordering temperature, which is not sur-
prising considering the frustrated topology of the spins and
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FIG. 2. (Color online) Elastic neutron scattering (-0.1<FE

<0.1 meV) within (H,K,0) plane measured with A\=4.8 A at (a)
T=200 K, (b) T=40 K, and (c) T=1.5 K for BasNbFe;Si,O .
The diffuse scattering is noted by the red arrow in (b). The tem-
perature dependence of the integrated intensity of the diffuse scat-
tering from the powder neutron-diffraction data is shown in panel
(d). Inset: the powder neutron-diffraction pattern at 40 K as mea-
sured on BT1. Error bars represent *10.
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FIG. 3. (Color online) Inelastic neutron-scattering patterns mea-
sured with A\=2.5 A for Ba;NbFe;Si,0,4. (a) and (b) Powder pat-
tern with (a) 7=40 K and (b) T=1.5 K. (c¢) Single-crystal pattern
with 7=1.5 K by making cut of K=[-0.1,0.1]. (d) The spin-wave
dispersion along the [H,0,0] direction within the cut K
=[-0.1,0.1] for J;=0.48 meV and J,=0.29 meV calculated from
Eq. (2) within linear spin-wave theory. (e) and (f) Single-crystal
pattern within (H,K,0) plane by making cut of E
=[-1.8,2.2] meV with (¢) T=40 K and (f) T=1.5 K. The yellow
lines are Al powder lines from the cryostat.

the large Weiss constant §=—190 K. The maximum in the
diffuse scattering intensity at 40 K is unusual though, and
this can be explained by investigating the inelastic magnetic
excitation spectrum.

As shown in Fig. 3(a), the diffuse scattering appears to
extend well into the inelastic region, at least to E=5 meV.
With decreasing temperature, these excitations develop to a
well-defined spin wave at 1.5 K, as shown from Fig. 3(b).
The spin wave clearly shows a maximum of intensity around
0=0.85 A~'. The periodic behavior of this spin-wave spec-
trum can be resolved along the [H,0,0] direction by inte-
grating K=[-0.1,0.1] as shown in Fig. 3(c). Furthermore, by
integrating £=[1.8,2.2] meV as shown in Figs. 3(e) and
3(f), the spin-wave spectrum shows a well-defined hexagonal
pattern in the (H,K,0) plane at 1.5 K. By 40 K, the inelastic
spectrum is not well defined, but there is a considerable
amount of spectral weight due to spin fluctuations. The loss
of elastic scattering intensity is correlated with the develop-
ment of well-defined spin waves as the magnetic transition is
approached from above, suggesting that there is an ordering
of short-range spin clusters as the long-range spiral structure
develops along the ¢ axis.!!

For the analysis of experimental results we calculate the
spin-wave excitation in the long-range antiferromagnetic or-
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dering phase within linear spin-wave theory. We consider a
Heisenberg Hamiltonian,

H=J, 2 Sia-Sipg+tJs > Sia-Sjp (1)
i{w.p) (i.j).a*pB

with nearest intratrimer and nearest intertrimer antiferromag-
netic exchange interactions J; and J,, respectively, i, denote
the lattice vectors of a triangular lattices R; and R; with a
lattice basis R;=(0,c) and R,=(\3c¢/2,c/2), where ¢
=8.52 A is the next-nearest intertrimer distance, and «,fB
=1,2,3 denote the sublattice vectors r,, T =(0,0), r,
=(a/2,—\3a/2), and ry=(-a/2,-\3a/2), where a=3.51 A
is the Fe’* distance within the trimer. We consider Néel or-
dered states in which intratimer spins are oriented 2m/3
apart within some plane in spin space hereafter taken to be
the x-z plane. To proceed we substitute rotated spin operators

S in Eq. (2) defined as

Si.a=(c0S 6, 4ST, —sin 6, S5 .,

LV,

CO8 6; oS5, +5in 6, oS ).

2)

where 0, =0, 6,,=2m/3, and 6, 3=4/3 account for the lo-
cal spin orientation on each sublattice. Defining the spin
fluctuations away from the 27/3 classical Néel state in terms
of linearized Holstein-Primakoff (HP) bosonic operators a; ,:

gf,a=S—aZaa,»,a, §za= \e"ZPSa,-’a, and §;a= \e“‘ZPSaIa and keeping
only quadratic terms in 1/S expansion, H=Ey+H,+- -+, &
=—(3/2)NJ,S*(1+2J,/J,) is energy of the classical 27/3

Néel state and

M, = w(l +2Q>E {(aﬁa_k)Hz(k)< o )} 3)

2 J1 k a_y

where ay=(a],.a},.aj,), is the Fourier transform of the
bosonic HP operators and H,(k) is a 6 X 6 matrix of the form

I+ -3r
0=\ _3r 1ar) @

where I' is a 3 X3 off-diagonal Hermitian matrix with the
following upper triangular complex matrix elements:

|:g—ik~r2 + é(e—ik-(Rﬁrz) + e—ik-(Rl—R2+r2)):|
Ji

Y2 = 7, >
411+2—=
J

1

|:e—ik.r3 + Q(e—ik(Rzﬂ'}) + e—ik~(R|+r3)):|
Ji

)
411 +2—
Ji

Y13 =
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|:e—ik-r32 + ‘Q(e—ik-(Rzﬂgz) + e—ik-(Rz—R1+r32)):|
J

1
41 1+2—
J

1

Y23 =

which correctly reduces to the case of a triangular lattice for
I
c=\3a.®

The Hamiltonian H,(k) can be diagonalized by the gen-
eralized Bogoliubov transformation which for the case of
bosons amounts to calculating the eigenvalues of H,(k) mul-
tiplied by a sympletic matrix J=I35;® 0°,'® where o° is the
Pauli matrix. Figure 3(d) shows a plot of the spin-wave ex-
citation for a cut k,a=(-0.3,0.3) in the Brillouin zone for a
given value of J;=0.48(5) meV and J,=(a/b)J,
=0.29(3) meV, b=5.83 A (nearest intertrimer distance).!”
The spin-wave spectrum consists of three different branches
of excitations which matches the experimental data of Fig.
3(c) quite well. The calculated spectrum clearly indicates the
relevance of the antiferromagnetic intertrimer exchange J, to
the long-range ordered state. The intertrimer interactions pro-
vide another route toward additional frustration in this com-
pound similar to the case of the square lattice with nearest-
neighbor antiferromagnetic and next-nearest-neighbor
ferromagnetic interactions. In this case, however, the interac-
tions are both antiferromagnetic and involving a hexagonal
interconnection of spin trimers. A full calculation of the spin-
wave spectrum involving out-of-plane correlations and pos-
sible spin canting due to the Dzyaloshinsky-Moriya
interaction!® [such as in the iron jarosite system
KFe;(OH)4(SOy4), (Ref. 19)] would involve higher energy
resolution scans of a possible spin gap.

As the various experimental probes are considered, a
magnetic-ordering process in BasNbFe;Si,O;4 begins to
emerge: at high temperatures, there is a short-range ordered
state characterized by a broad feature in the diffuse scattering
developing by 60 K. As the temperature is cooled, the diffuse
scattering grows in intensity, but by 40 K the diffuse scatter-
ing intensity saturates and begins to decrease, indicative of
the development of gapped excitations outside of the elastic
energy resolution. Both spin chiralities are likely present at
high temperatures above Ty in the spin clusters as there is no
physical reason for one preference over the other until sym-
metry is broken at the magnetic transition.’® The ordering
process must involve the reorganization of spin clusters of
different chiralities into a uniform chirality, as there is only
one chirality noted within the magnetic structure.!’?! Fe**
spins on a triangle have only two possible chiral states,
which means that this order takes on a discrete or Ising char-
acter. By 40 K, long-range correlations develop and must
involve the intertrimer interactions to establish one chirality
(as noted with the spin-wave calculations). Interestingly,
within the ordered phase, short-range correlations of spins
still exist down to at least 20 K. The coexistence of short-
range ordered spin clusters within the antiferromagnetically
ordered state has been observed for other frustrated magnetic
systems,>??>2* and in this case it is likely to arise from or-
phan spin clusters of opposing chirality that remains within
the lattice. Finally at 1.5 K, the long-range magnetic-
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ordering structure with one chirality is completed and a spin-
wave spectrum is well defined. In this process, both intratri-
mer and intertrimer interactions play key roles in the
establishment of the unique magnetic structure.

Recently we reported a rise of electric polarization along
the ¢ axis around Ty in BazNbFe;Si,0 4, suggesting that the
sample is a multiferroic.'> The origin of this multiferroicity
is still a matter of debate. Data reported here suggest that the
development of the multiferroicity is a process that first in-
volves short-range-correlated spins over triangular units with
longer-ranged correlations developing by T=40 K, followed
by a transition to a partially ordered state at Ty characterized
by the organization of the vortices with a chiral pattern co-
existing with uncorrelated left over orphan triangular units.
Other thermodynamic measurements show a signature of this
process at 40 K, appearing as broad features within the heat-
capacity and thermal-conductivity —measurements of
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crystals.'> The scattering of long-range excitations (such as
phonons and magnons) from these structures is a natural ex-
planation for these features.

In summary, the magnetic-ordering process in
BasNbFe;Si,0,4 has been characterized by elastic and in-
elastic neutron scattering experiments. Both experimental
data and theoretical calculations show that intratrimer and
intertrimer spin exchanges must be both considered for this
process. The development of a single chirality is important
for the establishment of the multiferroic properties of this
compound, which is now known to be a complicated process
involving the systematic ordering of vortices as seen via
neutron scattering.
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