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BaHoFeO, is an emergent multiferroic material that exhibits unique magnetic-field (H)-induced ferroelec-
tric behavior. However, the origin of this effect has remained elusive, due to the role of complex magnetic
interactions in driving the system’s behavior. To shed light on this, we investigated the magnetic structures
of the material using neutron powder diffraction, as well as their magnetic-field-induced evolutions through
a combination of complementary techniques, including magnetic measurements, Mossbauer spectroscopy, and
terahertz time-domain spectroscopy. The orthorhombic crystal structure of the compound, characterized by the
structural interconnection between two-dimensional Fe chains and Ho chains, remains stable upon cooling to
3 K. Below Ty; & 50 K, Fe** spins form a collinear incommensurate spin-density-wave antiferromagnetic order
with a magnetic propagation vector k; = (0, 0, 0.329), and the magnetic moments align along the b axis. Upon
further cooling, the enhancement of the 3d-4 f exchange coupling induces long-range order in the Ho sublattice
below 25 K, transforming the magnetic structure into a noncollinear commensurate antiferromagnetic order with
k, = (0.5,0,0.5), with all Fe and Ho moments lying in the ac plane. As the temperature decreases further,
strengthening of the 4f-4 f interactions leads to the emergence of a new commensurate antiferromagnetic order
with a magnetic propagation vector k3 = (0, 0, 0.5) at 3 K, coexisting with the antiferromagnetic structure
associated with k,. Similar to the incommensurate spin-density-wave structure, the Ho and Fe spins in the
ks phase are oriented along the b axis, with their magnetic moments modulated along the ¢ axis. The spin
configuration of the Ho rings is highly sensitive to temperature and magnetic field, in contrast to the more
robust spin configuration of the Fe rings. We attribute the H-induced magnetic and ferroelectric transitions in
BaHoFeO, to the H-induced modifications in the Ho sublattice. Two metamagnetic phase transitions occur at
H, ~ 1T and H, = 2 T, associated with a spin-flop transition of the Ho magnetic sublattice. The H-induced
canted magnetic configuration in the Ho rings above H, drives the H-induced ferroelectricity in BaHoFeO,. This
is subsequently suppressed by the growth of a higher-field paraelectric antiferromagnetic phase, characterized
by a fully ferromagnetic arrangement of the Ho chains above H,. Our study provides important insights into the
origins of the metamagnetic phase transitions and the associated magnetoelectric effects.

DOI: 10.1103/xz8¢c-3fp3

L. INTRODUCTION tention due to the fascinating interplay between structural,
magnetic, and electronic properties in these materials, mak-
ing them ideal platforms for exploring novel multiferroic
behaviors [1-6]. A key feature of BaRFeOy, is the geometric
frustration intrinsic to its crystal structure, which arises from
the arrangement of Fe** Og octahedra and Fe** Os pyramids,
forming Fe,O;g rings (Fig. 1). These rings stack along the

The discovery of spin-driven ferroelectricity and unique
magnetic phase transitions in BaRFeO, (where R represents
rare-earth elements) has garnered significant scientific at-

“Contact author: dangngoctoan] @duytan.edu.vn b axis, forming two-dimensional magnetic chains. In paral-
fContact author: hoangtrongphuc @duytan.edu.vn lel, the RO7 polyhedra form two-dimensional chains along
Contact author: chlan@mbox.troja.mff.cuni.cz the same axis through edge sharing, linking the Fe chains.
SContact author: phanm @usf.edu This structural interconnection between Fe chains and R
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FIG. 1. Scheme of the orthorhombic Pnma crystal structure of
BaHoFeOy,.

chains gives rise to intricate magnetic interactions and exotic
behaviors.

For BaYFeO,4 with pure 3d electron magnetism, the Fe
sublattice exhibits a long-range collinear spin-density-wave
(SDW) antiferromagnetic (AFM) order with orientation of
the Fe’* magnetic moments along the chain direction (b
axis) and modulation along the ¢ axis below Ty; & 48 K
[7-10]. Below Tn; =~ 33 K, this magnetic order transforms
into a noncollinear cycloidal AFM order, with Fe spins ro-
tating within the bc plane and accompanied by the appearance
of residual electric polarization [8]. All magnetic structures
are incommensurate with propagation vectors k = (0, 0, k, ~
1/3) [7,11]. It is worth noting that the 3d-4f magnetic ex-
change interaction plays a critical role in shaping the magnetic
and ferroelectric properties of the systems, resulting in their
rich diversity. Replacing Y by magnetic rare-earth elements,
such as Tm, Yb, and Er, does not modify the SDW structure
formed below Ty, but it alters the AFM structure appearing
below Tz [4,5]. For R = Yb, Tm, a cycloidal spiral magnetic
structure, comprising both SDW and cycloidal components,
was observed [4]. Additionally, the cycloidal magnetic struc-
ture for R = Yb has a different irreducible representation
than that of R = Y and R = Tm compounds [4]. In contrast,
BaErFeO, exhibits a commensurate (CM) AFM phase with
a propagation vector k = (0.5, 0, 0.5) with the Fe and Er
magnetic moments ordered in the ac plane below Tx», likely
formed due to 3d-4f exchange interactions [5]. The compe-
tition between 3d-4f and 4f-4f interactions results in the
complex magnetic structures within the R magnetic sublattice
[4,5].

Moreover, BaRFeO, compounds with magnetic R ions ex-
hibit a complex magnetic response to external magnetic fields,
characterized by multiple metamagnetic phase transitions
that are notably absent in BaYFeOy [2,3,6]. Interestingly, in
BaHoFeQO,, an H-induced ferroelectric polarization appears

above the metamagnetic transition field (uo = 1.5 T) [3].
As g increases to 2 T, the ferroelectric polarization grows,
then weakens sharply beyond this field, disappearing entirely
above 5 T [3]. Such an unusual ferroelectric behavior is likely
related to the metastable phase transitions under magnetic
fields. Despite these compelling observations, the detailed
spin structures of both the magnetic ground state and the field-
induced phases remain unclear. This knowledge gap is critical
to unraveling the mechanisms behind the observed magneto-
electric coupling and related phenomena in BaHoFeOy.

In this study, we have systematically investigated the
magnetic structure and field-induced behavior of BaHoFeO,
using a suite of complementary techniques, including neu-
tron diffraction, magnetic measurements, Mossbauer spec-
troscopy, and terahertz time-domain spectroscopy. Our find-
ings provide deeper insights into the interplay of spin, lattice
arrangements, and ferroelectric polarization in this fascinating
multiferroic material.

II. EXPERIMENTAL DETAILS

A polycrystalline BaHoFeO4 sample was prepared from
stoichiometric mixtures of BaCOj3, Ho,03, and Fe, O3 (pur-
chased from Sigma Aldrich, purities >>99.9%) by the solid-
state reaction method as described in Ref. [7].

The crystal structure and phase composition of the syn-
thesized compound were determined using a D8 Advance
Eco (Bruker) X-ray diffractometer (equipped with a CuK«x
radiation source: A; = 1.5406 10\, Ay = 1.5444 10\, and their
intensity ratio I,/I; = 0.48). The neutron powder diffraction
(NPD) experiments were conducted on the DISK diffrac-
tometer (IR-8 stationary reactor, National Research Center
Kurchatov Institute, Russia) using a constant wavelength of
A = 2.41 A. The NPD patterns were collected over the tem-
perature range 3-290 K for a 26 range 3.0°-157.5° with a step
width 0.088°, and analyzed using the Rietveld method with
the fullprof suite [12].

Magnetic measurements were performed in a field range
0-9 T and at temperatures from 2 to 300 K using a Quan-
tum Design Physical Property Measurement System with the
Vibrating Sample Magnetometer. The powdered sample of
BaHoFeQ, was tightly packed into a gelcap to suppress grain
rotation during these magnetic measurements. For Moss-
bauer measurements, the powdered sample of BaHoFeQO4
was mixed with wax and pressed into a 12-mm-diameter
tablet. The >’Fe Mdssbauer spectra were collected in trans-
mission geometry with a conventional spectrometer (WissEl
GmbH, Germany) working in the constant-acceleration mode,
equipped with a ’Co(Rh) source. Calibration of the velocity
scale was carried out using an «-Fe foil at room temperature,
with isomer shift values given relative to the center of its
Mossbauer spectrum. The spectra were acquired from 4.2 to
300 K and under external magnetic fields up to 6 T, oriented
perpendicular to the y-beam direction. Data analysis was
performed using the confit [13] and mosswinn [14] fitting
software.

Terahertz time-domain spectroscopy was based on mea-
suring complex transmittance using two custom-made time-
domain spectrometers. In the first setup, an electrically biased
interdigitated large-area photoconductive emitter was used for
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FIG. 2. (a) Room-temperature XRD and (b) 65-K NPD patterns of BaHoFeOy, refined using the Rietveld method. Experimental data points
and calculated profiles are displayed, with tick marks below indicating the nuclear peak positions for the Pnma orthorhombic phase. Inset of
(a): enlarged view of the XRD pattern region showing reflections from cubic BaFeO; and orthorhombic HoFeOs.

generating the broadband terahertz pulses and a [011] ZnTe
crystal for their phase-sensitive detection. The sample was
cooled in a He-flow optical cryostat (Optistat, Oxford instru-
ments) down to 7= 10 K. In the second setup, terahertz pulses
were generated and detected using commercial fiber-coupled
photoconductive switches operating with a femtosecond op-
tical fiber laser system (TeraSmart, Menlo Systems GmbH).
The sample was placed in an Oxford Instruments Spectromag
He-bath cryostat fitted with mylar windows and a supercon-
ducting coil, able to provide a magnetic field of up to uoH =7
T, and to cool the sample down to 7 = 2 K. For terahertz
measurements, the BaHoFeO4 powder was pressed to a pellet
about 6 mm in diameter with a 1 mm thickness.

III. RESULTS AND DISCUSSION

A. Crystal structure and magnetic phase transitions

The Rietveld refinements of X-ray diffraction (XRD) and
NPD data have revealed that BaHoFeO, adopts the or-
thorhombic Pnma crystal structure, which remains unchanged
upon cooling to 3 K (see Fig. 2). Additionally, small amounts
of impurities, BaFeO3 at 2.1(3) wt % and HoFeO; at 1.6(3)
wt %, have been detected [Fig. 2(a)]. The structural details of

the paramagnetic phase of BaHoFeO, at T = 65 K, obtained
from NPD data, are listed in Table 1.

Furthermore, the macroscopic magnetic characteristics
of BaHoFeO, have been investigated using temperature-
dependent zero-field-cooling (ZFC) and field-cooling (FC)
magnetization curves measured at 100 Oe [Fig. 3(a)]. Previous
studies have shown that BaHoFeO, undergoes three magnetic
phase transitions at Ty ~ 52.8 K, Tnp ~ 36.4 K, and Tn3 ~
6.8 K [2,3,6]. The first two were attributed to changes in the
spin structure of Fe’* spins, while the third was linked to
the AFM ordering of the Ho®* sublattice [2,3,6]. However,
our magnetic data reveal only a small cusp at 7y; ~ 50 K, in
contrast to the sharp peaks observed at the corresponding tran-
sition points in the isostructural BaYFeOy4 [1,7,8,10,11,15].
This difference can be attributed to the strong paramagnetic
contribution from Ho®* ions, masking the magnetic signals
from the Fe sublattice. Interestingly, the FC and ZFC mag-
netization versus temperature M(T) curves [Fig. 3(a)] start
to bifurcate at 220 K, coinciding with the deviation point
between the inverse susceptibility versus temperature curve,
x~NT), and its Curie-Weiss fitting curves. This behavior
can be attributed to the onset of short-range AFM correla-
tions inside the [Fe4O3], columns, mirroring observations in

TABLE 1. Refined structural parameters and relevant interatomic distances of BaHoFeQ, at 65 K. Space group Pnma, a = 13.1239(16) A,
b =5.6900(6) A, and ¢ = 10.2346(14) A. x> = 2.12, R, = 3.08%, Ry, = 3.88%; Rexpt = 2.67%, Rg = 3.21%.

Atom Site x y z B (A?)
Bal 4c¢ 0.2135(9) 0.25 0.6767(11) 0.034(79)
Ba2 4c¢ 0.4205(11) 0.25 0.3923(13) = B(Bal)
Hol 4c¢ 0.5869(6) 0.75 0.9872(8) 0.030(69)
Ho2 4c¢ 0.3571(5) 0.75 0.8091(7) = B(Hol)
Fel 4c¢ 0.0317(5) 0.75 0.2123(6) 0.075(54)
Fe2 4c¢ 0.1889(5) 0.25 0.0242(6) = B(Fel)
o1 4c¢ 0.5873(9) 0.25 0.6175(10) 0.441(43)
02 4c¢ 0.2929(9) 0.25 0.1835(10) = B(01)
03 8d 0.0052(6) 0.5095(15) 0.3557(6) = B(01)
04 8d 0.2164(5) 0.5080(13) 0.4411(7) = B(01)
05 8d 0.1104(5) 0.0016(17) 0.1290(7) = B(01)
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FIG. 3. (a) ZFC and FC magnetic susceptibility x(7) of BaHoFeQO,, collected under H = 100 Oe. Inset: Curie-Weiss fitting of the
experimental data x ' vs 7. (b) M(H) loops at selected temperatures. (c) Corresponding dM/dH curves, enlarged and shifted vertically for

clarity.

BaYFeOy4 [7,11,15]. As the temperature decreases further, the
bifurcation becomes more pronounced, reaching a maximum
near 100 K, which likely corresponds to enhanced interactions
between the magnetic columns. At Ty, this bifurcation di-
minishes, followed by a slight increase upon further cooling
to 25 K, labeled as Ty,. Below Ty,, a sharp upturn in the
bifurcation curve is observed, which can be attributed to the
emergence of long-range magnetic ordering involving Ho**
ions, as confirmed by the NPD and M&ssbauer results, which
are presented and discussed below.

Moreover, fitting the y ~!(T) data to the Curie-Weiss law
in the paramagnetic range 220-390 K yields an effective
magnetic moment of 12.51(2)ug, which agrees well with
the theoretical value of 12.16up [Fig. 3(b)]. The negative
Curie-Weiss temperature Ocw = —25.4(8) K indicates the
dominance of AFM interactions in the material. Addition-
ally, the M(H) isothermal magnetization curves [Fig. 3(c)]
and their first derivatives [Fig. 3(d)] reveal two field-induced
metamagnetic transitions around puoH; ~ 1 T and uoH, =~
2 T [Figs. 3(c) and 3(d)]. This behavior contrasts with the
linear M(H) curves observed in BaYFeQy, at low temperatures,
which lack any metamagnetic transitions [7], implying that the
H-induced transitions in BaHoFeQy are most likely associated
with the Ho sublattice. As shown in Figs. 3(c) and 3(d), the
magnetization at 5 K increases almost linearly with increasing
magnetic field below H; and exhibits a sharp jump at Hj,
followed by a gradual rise with further increasing H up to H,,
after which it tends to saturate. The saturated magnetization of
~6.5up at 5 K is significantly smaller than the free-ion value
of 10.6up for Ho*", suggesting a substantial fraction of Ho’*+
disordered spins.

These observations also suggest a spin-flop transition in the
Ho sublattice, which is expected for the AFM spin configura-
tion of Ho spins as determined by NPD measurements (Fig. 6)
[16,17]. Here, H; and H, can be considered as the spin-
flop starting and ending critical fields, respectively [16,17].

Notably, the M(H) curves for the decreasing and increasing
field regimes at 5 K do not coincide during the spin-flop
process, indicating a first-order transition. Both the metam-
agnetic transitions are broad above 10 K, which is typical for
polycrystalline samples. Upon further cooling, the lower-field
transition becomes sharp, which can be attributed to enhanced
4f-4f interactions, consistent with the NPD results. More-
over, the higher-field transition is visible at 30 K but not
at 40 K, while the lower-H transition still persists at 40 K,
above T\», suggesting a presence of short-range correlations
between Ho* ions.

B. Zero-field magnetic structures probed
by neutron diffraction

In order to clarify the character of magnetically ordered
states formed in BaHoFeO, in the absence of magnetic
fields, the neutron powder diffraction experiments were per-
formed at selected temperatures around the metamagnetic
phase transition points detected above. As shown in the in-
set of Fig. 4(a), the NPD pattern at 42 K displays magnetic
contributions at 26 positions of 13.4°, 13.9°, and 20.7° com-
pared to the paramagnetic pattern at 65 K, which can be
indexed to an incommensurate magnetic propagation vec-
tor k; = (0,0, 0.329(7)). For this k; value and the Pnma
space group, representation analysis predicts four irreducible
representations (irreps) for the 4c¢ sites occupied by Fe
or Ho ions: I' = 1I'y 4+ 2T, + 1T'3 + 2Ty, as outlined in
Table II. Each unique 4c site splits into two orbits, with
magnetic symmetry coupling only between pairs separated
by Az = 0.5; for instance, Fe/Ho, (x,y,z) pairs with Fe/Ho,
(—x+0.5, —y,z+0.5), and Fe/Hos (—x,y + 0.5, —z) with
Fe/Hos (x + 0.5, —y 4+ 0.5, —z + 0.5). It means that there
is no symmetry coupling within individual Fe/Ho rings, but
the interchain coupling is governed by magnetic symme-
tries within a given irrep. A trial-and-error fitting approach
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FIG. 4. NPD patterns of BaHoFeO, at 42 K (a), 25 K (b), 15 K (¢), and 3 K (d). Experimental data points and calculated profiles are
displayed. Vertical ticks at the bottom denote the positions of nuclear and magnetic reflections.

has revealed that the collinear SDW magnetic structure
corresponding to I's provides the best match with the ex-
perimental NPD data [Fig. 4(a)]. This magnetic phase is
associated solely with Fe ions, and the details of its magnetic
structure refinement are listed in Table III. Due to strong
AFM intrachain interactions, the magnetic moments and the
magnetic phase are constrained to be the same for Fe ions
within the same Fe O3 ring. As depicted in Fig. 5, in the
SDW structure at 42 K, the Fe** moments, with a value of
2.75(6)up at the Fel; and Fe2; sites (Table III), are aligned

along the b axis and modulated along the c axis, the direction
of the propagation vector k;.

Upon further cooling, the NPD pattern at 25 K, below
T2, shows sharp changes [see Fig. 4(b)], including the ap-
pearance of new magnetic peaks at 5.51°, 11.08°, and 17.61°
along with enhanced magnetic contributions to the intensity
of the nuclear peaks at 13.52°, 20.79°, 27.26°, and 29.18°.
These magnetic peaks can be fully indexed to a CM magnetic
propagation vector k, = (0.5, 0, 0.5), similar to that observed
for BaErFeOy, [5]. Using the representation analysis approach

TABLE II. Irreducible representations (IR) and Basis vectors (BsV) for the 4c sites of Fe atoms in the Pnma space group with the magnetic
propagation k = (0,0, k, ~ 0.33): I' = 1I'; + 2T, 4+ 1I'5 + 2I'4. Each of the nonequivalent Fe and Ho ions were split into two orbits. Only
the pairs separated by Az = 0.5 are coupled by magnetic symmetry; for example, Fe/Ho, (x,y, z) with Fe/Ho, (—x + 0.5, —y,z + 0.5) and
Fe/Ho; (—x,y + 0.5, —z) with Fe/Ho, (x + 0.5, —y + 0.5, —z + 0.5). In the table, a = Re(¢) = cos(ik,) and b = Im(e) = sin(rk,), where

& = exp(imk,) is the phase factor.

Orbit 1: x, y, z

—x+0.5,-y,z+ 0.5

IR BsV Orbit 2: —x,y + 0.5, —z x+05 -y+05 —z+05
Re (010) (0—a0)
T b Im (0 0 0) (0b0)
v Re (100) (=a00)
r 2 Im (0 0 0) (b00)
2 ” Re (00 1) 00a)
2 Im (00 0) (00 —b)
Re (010) 0a0)
Ts s Im (0 0 0) (0 —b0)
. Re (100) (a00)
r 4 Im (00 0) (=b00)
4 v Re (00 1) 00 —a)
2 Im (00 0) 00b)
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TABLE III. Details of magnetic structures of BaHoFeOy refined from NPD data at 42, 25, 15, and 3 K.

T=42K: x2 =2.56, R, = 8.34%, Ry, = 9.30%, Rexpi = 5.82%, R = 3.14%, Ry = 18.97%

ki = (0,0, 0.329(7)); irrep: I'3
Fely, Fels: M = (0, 2.75(6), O)ug, 8 = 0
Fe2,, Fe2;: M = (0,—2.75(6),0)ug, 8 = 0

T=25K: x2 =246, R, = 8.23%, Ry, = 9.14%, Rexp = 5.83%, Ry = 3.09%, Ry = 11.5%

k, = (0.5,0,0.5); irrep: I’y

Fel;: C1 = —1.57(23),C2 =1.51(22),C3 =C4 =0,6 =0.125, M = (— 1.11(16), 0, 1.07(16)) up
Fe2,: C1 =1.57(23),C2 = —-1.51(22),C3 =C4 =0, 6 = 0.125, M = (1.11(16),0,—1.07(16)) up
Hol;: C1 =1.96(33), C2 = 1.03(59),C3 =C4 =0, § = —0.06(3), M = (1.84(31),0,0.97(54))u5
Ho2;: C1 = 1.54(22), C2 = —0.52(24),C3 =C4 =0, § = 0.59(3), M = (1.29(18),0,—0.43(20)) e

T=15K: x> =2.84, R, = 8.74%, Ryp = 9.98%; Rexpx = 5.92%, Ry = 4.08%, Rv = 9.24%

k, = (0.5,0,0.5); irrep: T’y

Fel,: Cl = —2.08(14), C2 = 2.45(14), C3 = C4 = 0, § = 0.125, M = (—1.47(9),0,1.73(9)) 15
Fe2,: C1 = 2.08(14), C2 = —2.45(14), C3 = C4 = 0, § = 0.125, M = (1.47(9),0,—1.73(9)1us
Hol,: C1 = 3.56(17), C2 = 1.72(41), C3 = C4 = 0, § = 0.22(1), M = (3.52(3),0,1.70(8)) i
Ho2,: C1 = —1.31(12), C2 = 0.93(21), C3 = C4 = 0, § = 0.32(2), M = (1.20(5),0,—0.85(9)) i

T=3K: x? =474, R, = 9.40%, Ryp = 11.2%, Rexp = 5.13%, R = 5.74%, Ry(ky) = 5.46%, Ry (ks) = 8.04%

k, = (0.5,0,0.5); irrep: T’y

Fel;: Cl = —4.55(9), C2 =2.54(13),C3=C4 =0, = 0.125, M = (—3.20(6),0,1.51(9))up
Fe2;: C1 =4.55(9), C2 = —2.54(13),C3 =C4 =0, § = 0.125, M = (3.20(6),0,—1.51(9))up
Hol;: C1 =3.43(21),C2 = —6.40(5),C3 =C4 =0, = 0.131(6), M = (2.85(14),0,4.95(3))up
Ho2;: C1 =2.70(1), C2 =4.52(11),C3 =C4 =0, 5 = 0.218(5), M = (—3.00(1),0,4.15(2))up
ks = (0,0, 0.5); irrep: T', with a combination of W,; and Wy, basic vectors

Fel,: C1 =1.41(20), C2 = 1.41(20), C3 =C4 =0, § = 0.08(5), M = (0,1.24(18),0) g
Fe2,: C1 = —1.41(20), C2 = —1.41(20), C3 =C4 =0, 5§ = 0.09(3), M = (0,—1.24(18),0)up
Hol;: C1 =0.97(35), C2 = —3.78(25),C3 =C4 = 0,6 =0, M = (0,0.97(35),0)

Ho2;: C1 =4.69(32), C2 = 2.03(35),C3 =C4 =0, 6 = 0.03(1), M = (0,4.62(31),0)up

Position of magnetic ions: Fel; (0.0317,0.75,0.2122); Fe2; (0.1889,0.25,0.0242); Hol, (0.5869,0.75,0.9874); Ho2, (0.3570,0.75,0.8091).

Magnetic phases § are in units of 2.

for the determined k, value and the Pnma space group, eight
irreps are predicted for the 4c¢ site: I' = 1T’y + 2T + 2I'3 +
1Ty + 15 4+ 2I'g + 2’y + 1I'g, as summarized in Table IV.
Notably, within all the irreps in Table IV, all four magnetic Fe
or Ho ions at the 4c sites are coupled by magnetic symmetries.
Similarly, the values of ordered moments and magnetic phases

FIG. 5. Scheme of the incommensurate magnetic structure with
ki = (0,0, 0.329) at 42 K in BaHoFeOy.

of Fel and Fe2 ions inside the same ring are constrained to be
identical, while these parameters are refined independently for
Hol and Ho2 ions. It has been established that the magnetic
structure corresponding to irrep I'; best and satisfactorily
describes the observed magnetic contributions. Notably, the
irrep observed for the k, magnetic phase in BaHoFeO, differs
from irrep I'3 reported by Donni et al. for the magnetic phase
with the same k, propagation vector in isostructural BaErFeOy,
[5]. The refined parameters of the CM magnetic phase are
presented in Table III, and its details are outlined in Fig. 6. Itis
characterized by the ferromagnetic (FM) alignment between
Fel or Fe2 ions inside the same rings; however, the coupling
between Hol or Ho2 ions inside their rings is AFM. All the
ordered Fe and Ho moments are located in the ac plane.

As shown in Fig. 6, at T = 25 K, Fe ions form a collinear
AFM spin configuration within the Fe,O g rings. The ordered
magnetic moments of the Fe ions remain consistent across
different rings. The moments are lying in the ac plane, and
they are nearly parallel to the basal oxygen plane of the Fe2Oq
octahedra and perpendicular to the FelO axial bonds of the
FelOs square pyramids. This configuration can be attributed
to the large single-ion anisotropy within the FeO pyramids and
strong AFM intrachain interactions. In contrast, the Ho ions
exhibit a noncollinear ordered structure within their respec-
tive rings. The magnitude of the ordered Ho moments varies
between different chains depending on the phase factor. There
is a large magnetic phase difference between Hol and Ho2
inside each ring of Ho ions (Table III). Notably, the magnetic
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TABLE IV. Irreducible representations (IR) and Basis vectors (BsV) for the 4c sites of Fe and Ho atoms in the Pnma space group with

the magnetic propagation k = (0.5,0,0.5): T =
coupled by magnetic symmetry.

1Ty + 2T, +2I'3 + 1y + 15 4 2T + 2I'; + 1I's. All four magnetic ions on site 4c¢ are

IR BsV X, 0,2 —x+0.5,—-y,z+ 0.5 —x,y+0.5, —z x+05 -y+05 —z+0.5
r v Re (01 0) 000) 010) (00 0)
! ! Im (0 0 0) 010) (000) (010)
v Re (10 0) 000) (=100) (00 0)
r A Im (0 0 0) (100) 000) (=100)
2 v Re (00 1) 000) ©00—1) (00 0)
2 Im (0 0 0) 00-1) 000) 001)
v Re (10 0) 000) (100) (00 0)
r 3 Im (0 0 0) (100) 000) (100)
3 v Re (00 1) 000) 001) (00 0)
32 Im (000 00-1) 000) 00-1)
r v Re (01 0) (000) 0 —10) (00 0)
4 4 Im (0 0 0) (010) (00 0) 0—10)
r v Re (010) 000) 010) (00 0)
5 > Im (0 0 0) 0 —10) 000) 0 —10)
r v Re (10 0) 000) (=100) (00 0)
6 o Im (0 0 0) (=100) 000) (100)
v Re (00 1) 000) 00—1) (00 0)
62 Im (00 0) 001 000) 00-1
v Re (10 0) 000) (100) (00 0)
r n Im (0 0 0) (=100) 000) (=100)
7 v Re (001) 000) 001) (00 0)
& Im (0 0 0) 001 000) 001D
r, " Re (010) 000) 0 —10) (00 0)
Im (0 0 0) 0—10) 000) 010)

moments of Ho ions show a tendency to align parallel with
their neighboring Fe spins; for example, Hol aligns with Fel,
and Ho2 aligns with Fe2 (Fig. 5). It suggests strong FM
Ho-Fe superexchange interactions, which are facilitated by
large values of the Ho-O-Fe bond angles: approximately 158°
for the Hol-Fel pairs and 164° for Ho2-Fe2 pairs. These

Ho2,

Os\Hoh

observations highlight the dominant role of the 3d-4f sub-
lattice interaction in inducing the magnetic ordering of the Ho
ions.

Upon cooling to 15 K, the ordered magnetic moments of
Fe ions and Hol{/Hol; ions gradually increase, with insignif-
icant deviations from their initial directions. In contrast, both

x>

a

L. e

(b)
T=15K

HM)Q¥ow

(©)
T=3K

FIG. 6. Evolution of the commensurate magnetic structure with k, with temperature in BaHoFeOj,.
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TABLE V. Irreducible representations for the 4c sites of Fe and Ho in the Pnma space group with the magnetic propagation £ = (0, 0, 0.5):
I' = 4I'1+42I;. All four magnetic ions on site 4c¢ are coupled by magnetic symmetry.

IR BsV X, ¥,Z —-x+05, -y, z+0.5 —x,y+05, —z x+05 -y+05 —=z+05
v Re (100) 000) 000) 000)
= Im (0 0 0) (100) 000) 000)
v Re (00 1) (00 0) 000) 000)
12 Im (0 0 0) 00—1) 000) 000)
v, Re (000) 000) (-100) 000)
; Im (0 0 0) (00 0) 000) (=100)
v Re (00 0) (00 0) 00-1) 000)
I, 1 Im (00 0) 000) 000) 001)
s Re (000) 000) (-100) 000)
Im (0 0 0) (00 0) 000) (100)
v Re (00 0) (00 0) 00-1) 000)
16 Im (0 0 0) 000) 000) 00—1)
v Re (100) 000) 000) 000)
17 Im (0 0 0) (-100) 000) 000)
v Re (00 1) (00 0) 000) 000)
18 Im (0 0 0) 0o 000) 000)
v Re (010) 000) 000) 000)
2 Im (00 0) 010) 000) 000)
v Re (00 0) (00 0) 010) 000)
r 2 Im (0 0 0) (00 0) (000) 010)
2 v Re (00 0) (00 0) 010) 000)
» Im (0 0 0) 000) 000) 0 —10)
v Re (010) 000) 000) 000)
# Im (00 0) 0—10) 000) (000)

the magnitude and the direction of the magnetic moments
for Ho2;/Ho2; ions remain nearly unchanged. Notably, the
magnetic moments of Hol,/Hol, and Ho2,/Ho2, ions tend
to decrease slightly upon cooling, reaching a small value of
approximately 0.64(13)up at 15 K. Additionally, the mag-
netic moments obtained at 15 K are 2.27(13)up for Fe ions,
3.91(6)up for Hol, ions, and 1.47(9)uug for Ho2; ions (Table
IIT). These values are significantly smaller than the spin-only
values of 5.9up for the high-spin Fe3* ion and 10.6up for
the Ho®* ion. Such an observation indicates the existence of
a substantial disordered component in the Fe and Ho mag-
netic sublattices. Furthermore, the magnetic phase difference
between Hol and Ho2 within the same ring, i.e., Hol; and
Ho2;, decreases sharply from Aé = 1.3z at 25 K to 0.2x at
15 K, and then remains almost unchanged upon further cool-
ing (0.18m at 3 K) (see Table III). At 3 K, a sharp increase
of the ordered magnetic moments of Ho2;, Ho23, Hol,, and
Hol, ions is also observed, accompanied by an abrupt change
in the directions of the ordered magnetic moments of both
Ho and Fe ions. This behavior highlights the enhancement of
4f-4f interactions in the compound.

Interestingly, in the NPD pattern at 3 K, in addition to the
commensurate AFM phase with k, = (0.5, 0, 0.5), extra mag-
netic reflections were observed at 26 positions of 4.28°, 8.07°,
and 14.74°, as denoted in Fig. 4(d). These magnetic peaks cor-
respond to the emergence of a new commensurate AFM order
with the magnetic propagation k3 = (0, 0, 0.5). Representa-
tional analysis identified two possible irreps, I' = 41421,
as summarized in Table V. The irrep I'y describes the mag-

netic spins arranged in the ac plane, while the I'; corresponds
to the spins aligned along the b axis. Within these irreps,
all four magnetic ions on site 4c are coupled by magnetic
symmetry. Data analysis indicates that the magnetic structure
with k3 corresponds to I';, involving a combination of the
basis vectors W, and W,,, with details provided in Table III.
As illustrated in Fig. 7, this magnetic structure is formed pre-
dominantly due to the ordering of Ho spins. The Ho magnetic
moments are aligned along the b axis and modulated along the
¢ axis, with the maximum values of 3.78(25)ug for Hol and
4.62(31)up for Ho2. For the Fe magnetic sublattice, similarly
to refinements of the other magnetic structures, the magnetic
moments of the Fe** ions within the same Fe4O;s ring were
constrained to be the same; however, their magnetic phase
factors were refined independently. It has been revealed that
the magnetic configuration of Fe rings remains consistent with
those observed for the magnetic structures associated with
ki and k, (Table III). Notably, at 3 K, the values of ordered
magnetic moments vary between 3.60(12) and 3.75(14)up for
Fel and Fe2 ions, 4.70(15) and 6.85(27)ug for Hol ions,
and 0.64(29) and 6.90(23)up for Ho2 ions, indicating the
persistence of strong magnetic disorder in the Ho sublattices.

C. Magnetic field and temperature-dependent
Maossbauer spectroscopy

Furthermore, the evolution of the microscopic magnetic
properties of BaHoFeO, was systematically investigated
using Mossbauer spectroscopy. The room-temperature Moss-
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FIG. 7. Scheme of the commensurate magnetic structure with
ks = (0,0, 0.5) at 3 K in BaHoFeOy.

bauer spectrum, recorded at 4 mm/s velocity sweep, consists
of two doublets, D; and D,, with close isomer shifts (IS) of
0.37(1) and 0.29(1) mm/s but markedly different quadrupole
splittings (QS) of 0.26 and 0.47 mm/s, respectively [Fig. 8(a)
and Table VI]. These parameters are indicative of paramag-
netic high-spin Fe** ions, with D; (higher IS) corresponding
to Fe2 in the octahedra Fe2Oq and D, attributed to Fel in
square pyramids FelOs. This assignment aligns with the gen-
eral trend of a decrease of IS with decreasing coordination
of Fe atoms in FeO, polyhedra [7,18]. The larger QS value
for the D, doublet indicates a higher principal component V,,

v (mm/s)

of the electric field gradient (EFG) at the square pyramidal
FelOs site compared to the octahedral Fe2Og site, consis-
tent with those reported for the BaRFeO,4 system [1,2,7].
To assess the sample purity, an additional room-temperature
spectrum was recorded using a wider velocity sweep 12 mm/s
[Fig. 8(b)]. A low-intensity sextet S3 (I~3%) was detected,
characterized by hyperfine parameters IS = 0.40(6) mm/s,
QS = —0.04(9) mm/s, and hyperfine magnetic field at >’ Fe
nuclei poHys = 49.8(6) T matching those reported for the
orthorhombic HoFeOj5 [19,20], confirming the presence of
this impurity as indicated by the diffraction data.

Upon cooling, below Ty, the Mossbauer spectra demon-
strate the emergence of magnetic sextets, signaling the onset
of magnetic ordering of Fe ions (Fig. 9). At43 K, the spectrum
was modeled using a single sextet with a very broad distribu-
tion of Hyt, indicative of the formation of spin-density waves
of the Fe magnetic moments [1,7]. Within the SDW phase,
the Fe magnetic moments g, exhibit significant variation,
causing corresponding fluctuations in Hy¢, which can be ap-
proximated by the relation poHps (T)~11pug. (up) [1,7,21].
The Hyy variations dominate over the differences in hyperfine
parameters between the two Fe crystallographic sites, neces-
sitating the use of a single sextet with a wide Hyy distribution
and an averaged IS to fit the experimental spectrum [see inset
of Fig. 9(a)].

Below Ty, the Mossbauer spectrum at 30 K can be decom-
posed into two sextets S1 [IS = 0.50(3) mm/s, QS = —0.11(3)
mm/s, puoHy = 35.1(3) T] and S2 [IS = 0.39(4) mm/s,
QS = 0.01(6) mm/s, poHy = 34.0(4) T] with a broad hy-
perfine magnetic field distribution poAHes = 3.7(2) T and
woAHer = 10.8(5) T, corresponding to the octahedral and
pyramidal Fe sites, respectively [Fig. 9(b)]. The line intensity
ratio in the fitted sextetsis I1 ¢ : b5 : 340 =3 :b: 1, withb =~
2, which is typical for a homogeneously random orientation
of the magnetic moments of Fe* ions in powder samples [7].
Below Ty, at 20 K, the spectral features become significantly
narrower, and the magnetic sextets become well separated
with relatively narrow distributions; for example, oA H. is
2.4(2) T and 1.9(2) T for the octahedral S1 and pyramidal
S2 sextets, respectively. At 10 and 4.2 K, the distributions
become even narrower [uoAHs; = 0.8(3) T] for both sites.
The Mossbauer parameters for all selected temperatures are
summarized in Table VI. The small doublet D3 is related to

v (mm/s)

Relative intensity

(a) RT- 4 mm/s

Relative intensity

(®)RT - 12 mm/s

FIG. 8. Room-temperature Mossbauer spectrum of BaHoFeO, at velocity sweep of 4 mm/s (a) and 12 mm/s (b).
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TABLE VI. Hyperfine parameters determined from the 'Fe Mossbauer spectra of BaHoFeQ,. The parameter designations: H, external
magnetic field; IS, isomer shift; QS, quadrupole splitting (shift); (H.s), mean value of effective magnetic field on Fe nuclei Hyr =
[Hywe — Hext|; 1, intensity; I', linewidth; AH., distribution width of effective magnetic field. Components: S1,S1a, octahedral site; S2,S2a,
pyramidal site; S3, HoFeOs; and D3, Al foil (0.5% Fe). Parameters marked with an asterisk (*) are fixed.

T,H Comp. IS (mm/s) QS (mm/s) (Hogt) (T) 1(%) b T (mm/s) AH.g (T)

300 K DI 0.38(2) 0.27(2) 48(1) 0.26(1)
D2 0.28(2) 0.46(2) 49(1) 0.26(1)
S3 0.40(6) —0.04(9) 49.8(6) 3(1) 2.0% 0.27* ~0

53K D1 0.52(3) 0.27(4) 48(1) 0.35(2)
D2 0.43(3) 0.47(4) 48(1) 0.35(2)
S3 0.6(1) —0.3(2) 54.1(9) 42) 2.0% 0.27* ~0

43K S1, S2 0.44(6) —0.10(6) 12 (6) 92(2) 2.0% 0.27* ~12
S3 0.51(7) —0.17(9) 54.8(5) 3(1) 2.0% 0.27% ~0
D3 0.34(4) 0.39(5) 4(1) 0.27*

30K S1 0.50(3) —0.11(3) 35.1(3) 46(1) 2.06(4) 0.30% 3.7(2)
S2 0.39(4) 0.01(6) 34.0(4) 46(1) 2.06(4) 0.30% 10.8(5)
S3 0.46(5) —0.25(7) 54.5(4) 4(1) 2.0% 0.27% ~0
D3 0.28(3) 0.39(4) 41) 0.27*

20K S1 0.51(3) 0.05(4) 41.5(3) 46(1) 2.11(4) 0.30(1) 2.4(2)
S2 0.41(3) —0.19(4) 40.3(3) 46(1) 2.11(4) 0.30(1) 1.902)
S3 0.45(6) —0.20(9) 54.7(5) 4(1) 2.0% 0.27* ~0
D3 0.33(4) 0.30(6) 41) 0.27*

10K S1 0.51(3) 0.02(3) 45.13) 46(1) 2.10(6) 0.26(1) 0.7(3)
S2 0.43(3) —0.15(3) 43.5(3) 46(1) 2.10(6) 0.26(1) 0.8(3)
S3 0.54(6) —0.31(17) 54.1(5) 4(1) 2.0% 0.27* ~0
D3 0.24(5) 0.54(8) 4(1) 0.27*

42K S1 0.51(2) 0.05(3) 45.9(3) 47(1) 2.05(3) 0.26(1) 0.7(1)
S2 0.42(2) —0.18(3) 44.4(3) 48(1) 2.05(3) 0.26(1) 0.8(1)
S3 0.46(5) —0.10(7) 54.6(5) 3(1) 2.0% 0.27* ~0
D3 0.37(7) 0.45(9) 2(1) 0.27*

42K;05T S1 0.51(3) 0.05(4) 45.7(3) 46(1) 1.92(6) 0.30(1) 0.9(3)
S2 0.42(3) —0.15(4) 44.2(3) 46(1) 1.92(6) 0.30(1) 0.9(3)
S3 0.40(7) —0.01(9) 53.2(5) 3(1) 2.0% 0.27* ~0
D3 0.43(5) 0.30(8) 4(1) 0.27*

42K; 10T S1 0.52(3) 0.07(4) 45.5(3) 46(1) 1.87(5) 0.28(1) 2.1(2)
S2 0.41(3) —0.16(4) 44.13) 46(1) 1.87(5) 0.28(1) 1.5(2)
S3 0.42(7) 0.11(9) 55.3(5) 3(1) 2.0% 0.27* ~0
D3 0.38(5) 0.33(7) 4(1) 0.27*

42K;20T S1 0.49(3) —0.01(4) 45.9(3) 47(1) 1.77(4) 0.29(1) 3.03)
S2 0.43(3) —0.11(4) 43.5(3) 47(1) 1.77(4) 0.29(1) 2.6(2)
S3 0.52(7) 0.26(9) 53.8(5) 3(1) 2.0% 0.27* ~0
D3 0.25(5) 0.53(7) 3(1) 0.27*

42K;60T S1 0.51%* 0.11(8) 45.5(6) 25(3) 1.43(6) 0.29(1) 6.2(9)
Sla 0.51% 0.07(4) 49.4(3) 25(3) 2.7(2) 0.29(1) 2.7(4)
S2 0.42% —0.26(8) 44.5(7) 25(3) 1.43(6) 0.29(1) 6.5(9)
S2a 0.42% —0.02(4) 39.9(4) 25(3) 2.7(2) 0.29(1) 3.5(4)

iron impurity in the aluminum foil (0.5% Fe) that covers the
detector.

It is worth noting that the broad spectral lines and the
associated distribution of Hys are attributed to the follow-
ing two factors: First, the orientation of the hyperfine field
vector is distributed relative to the local structural environ-
ment, which leads to a distribution in QS, described by
QS = 1eQVzz(3 cos’0 — 1 + nsin®6 cos2¢), where 7 is the
asymmetry parameter of the EFG tensor, Q is the quadrupole
moment of the ’Fe nuclei, and 6 and ¢ are the polar and

azimuthal angles of Hyy relative to the EFG tensor’s principal
axis system. Second, there is a distribution of Hy¢ caused by
the anisotropy of the hyperfine interaction. Both effects natu-
rally arise from the noncollinear arrangement of Fe magnetic
moments, which is consistent with the magnetic structures
derived from the neutron diffraction data. In the fitting pro-
cedure, the effects of the noncollinear magnetic structure
were modeled considering the distribution of the Hys magni-
tudes only, keeping the angles 6 and ¢ as the nondistributed
parameters.
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Relative intensity

Relative intensity

FIG. 9. Mossbauer spectrum of BaHoFeQO, at selected low temperatures 43 K (a), 30 K (b), 20 K (¢), and 4.2 K (d). Inset of (a): Distribution

of hyperfine magnetic field at 5'Fe nuclei.

To gain insight into the effects of the magnetic field on the
magnetic ordering of Fe spins, additional Mossbauer spectra
were collected at 4.2 K under various H, as shown in Fig. 10.
The in-field spectra at 0.5, 1, and 2 T retain the same features
as the zero-field spectrum, but with a decrease in the relative
intensities of the second and fifth lines (i.e., the parameter

b). This change reflects a variation in the mean angle (6,,)
between the direction of the y rays and the effective magnetic
field at the Fe nucleus H.g, described by the relationship
b = 4sin?(6,) /(1 + cos*(0n)) [7,22,23]. Specifically, b = 2
corresponds to (6y,) = 54.74° (randomly oriented moments
in the powder sample), while b =0 and b = 4 correspond

Relative intensity

Relative intensity

v (mm/s)

FIG. 10. Mossbauer spectrum of BaHoFeOy, at 4.2 K under external magnetic field 0.5 T (a), 1 T (b), 2 T (¢), and 6 T (d).
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to (Bm) = 0 and 90°, respectively, representing H.y being
completely parallel and perpendicular to the y rays. As shown
in Table VI, as uoH increases from 0.5 to 2 T, the value of
b gradually and linearly decreases from 1.92(6) to 1.77(4),
corresponding to a decrease in (6y,) from 53.6(8)° to 52.9(6)°.
This means an H-induced rotation of Fe** moments towards
the direction of the y rays, i.e., away from the external mag-
netic field.

However, at uoH = 6 T, the sextets become broader and
split into two sextets for each Fe site [Fig. 10(d)]. The fitting
results yielded one type of sextets (S1,S2) with b = 1.43(6)
and another type (S1a,S2a) with b = 2.7(2) with the same
relative intensity. Notably, the value of (6,) of 46.5(9)°, corre-
sponding to b = 1.43(6), closely aligns with the extrapolated
linear fit of the (6,,) values reported for S1 and S2 sextets
at lower magnetic fields. Therefore, the sextets with b < 2
at uoH = 6 T are likely associated with the initial phase,
whose Fe spins are rotated towards the direction of the y rays
under the application of poH < 2 T. Furthermore, the latter
case with b > 2 corresponds to (6y,) = 65.8(3)°, meaning that
the Fe** spins deviate by 24.2(3)° from the direction of the
external magnetic field. Additionally, as shown in Table VI,
oHegs of Sla for the octahedral site increases by about 4.5 T,
while poHer of S2a for the pyramidal site decreases by the
same amount. Under an applied field of 6 T, the pyramidal Fe
spins tend to align parallel to the direction of the external mag-
netic field, while the octahedral Fe spins orient antiparallel.
These observations highlight the robustness of the zero-field
initial spin configuration of the [Fe4O;g] column with AFM
correlation between neighboring Fe ions in the field-induced
magnetic phase, consistent with that reported for BaYFeOy,
[7]. Hence, the AFM [Fe4O,3] columns can be considered as
magnetic units in the analysis of the magnetic properties of
BaRFeOQy systems.

D. Terahertz time-domain spectroscopy

The spin dynamics of the BaHoFeO, sample was inves-
tigated using terahertz time-domain spectroscopy, a method
well suited for studying magnetically ordered crystalline com-
pounds [24,25]. To the best of our knowledge, there are
no reports on terahertz spectroscopic studies involving com-
pounds from the BaRFeO, family yet. Therefore, we have
performed such measurements on BaHoFeQy, as functions of
temperature and magnetic field. The first series of experiments
made use of an optical cryostat without magnetic field. The
resulting complex refractive index spectra N(f) obtained on
cooling are displayed in Fig. 11. These spectra correspond
to the product of the spectra of relative permittivity and
permeability, N(f) = [u(f)e(f)]1"/?, and they may display
resonances due to phonons, magnons, or electromagnons.
The most prominent features are observed in the spectral
range between 0.2 and 0.6 THz. At the lowest temperature of
10 K, the spectra exhibit three sharp resonances peaking at
0.3, 0.4, and 0.5 THz which, as we show below, correspond to
magnon excitations reflecting the specific spin configuration
of the material. A significant drop in the peak intensities
occurs as the temperature exceeds Tnj, with further weak-
ening observed upon further heating. Nevertheless, the three
lines persist in the spectra up to 7 = 200 K, with their

=z,
[0
[
' ! 50K [
— 20K
0.20 —— 10K
20.15-
£
0.10}/,
0.05
oo ==t
0.5 1.0 1.5 2.0

J (THz)

FIG. 11. Temperature dependence of the complex refractive in-
dex of BaHoFeO, measured by time-domain terahertz spectroscopy.

resonance frequencies slightly decreasing upon heating.
These lines above Ty; are most likely attributable to param-
agnons, indicating short-range magnetic ordering even in the
paramagnetic phase. Due to the polycrystalline nature of the
sample, no conclusions can be drawn regarding the polariza-
tion of the magnons relative to the crystal lattice. Additionally,
two weaker spectral features are observed near the frequencies
of 1.5 and 2 THz. Upon cooling, the intensity of the excita-
tion at 1.5 THz slightly increases down to 100 K, becoming
very weak at lower temperatures. In contrast, the excitation at
2 THz gradually strengthens with cooling, and its frequency
slightly increases. However, these frequencies were not de-
tectable in our experiments with an applied magnetic field
(as discussed below), challenging current understanding. Fi-
nally, the overall increase in the refractive index towards the
higher frequencies is undoubtedly due to excitations located
above the upper spectral limit of our apparatus, most probably
phonons.

Furthermore, the second series of experiments was focused
on studying the terahertz spectra of BaHoFeO,4 in magnetic
fields to verify whether the spectral features depend on the
magnetic structure of the compound. Based on the results
of magnetization measurements reported by Kumar and Sun-
daresan [3] showing that the ac susceptibility exhibits the
highest frequency dependence at 7 = 13 K, this temperature
value, corresponding to the CM AFM phase with the magnetic
propagation vector k,, was selected for the magnetic-field-
dependent experiments. The resulting spectra of the complex
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FIG. 12. Complex refractive index spectra of BaHoFeO, mea-
sured by time-domain terahertz spectroscopy at 7 = 13 K as a
function of applied magnetic field.

refractive index are presented in Fig. 12. Although the fre-
quency resolution was somewhat lower compared to that in
previous measurements due to a different experimental pro-
tocol, three excitations with peak frequencies of 0.3, 0.4, and
0.5 THz are discernible in the zero-field spectra, particularly
in the imaginary part. A magnetic field was applied parallel to
the propagation direction of the radiation (Faraday geometry),
in steps of 1 T. The aforementioned three peaks remain visible
at the field value of uoH = 1 T, beyond which the two lower-
frequency peaks gradually weaken with increasing H, and the
lowest-frequency peak becomes substantially smeared at 2 T.
Additionally, a new magnon peak around 0.6 THz emerges
at 2 T, indicative of the onset of a new magnetic phase.
With further increasing H, the field-induced mode grows at
the expense of the zero-field modes, becoming the dominant
feature above 4 T. The overall broadening of the spectrum at
the high magnetic fields might be an indication of disorder, or
of a distribution of various magnetic configurations.

IV. DISCUSSION

The observed magnetic phenomena in BaHoFeO,4 can be
explained by the following scenario. As mentioned above,
for BaRFeO, systems, the strong AFM Fel-O-Fe2 superex-
change interactions result in a collinear AFM arrangement
and equivalent relative orientation of the ordered Fe moments
inside each Fe chain across all magnetic structures. The di-
versity of magnetic states in these systems is associated with

the orientation of the magnetic moments of the Fe chains
with respect to each other, which is governed by the inter-
chain magnetic interactions connecting them. The strength of
the interchain magnetic interactions depends on the magnetic
nature and size of the R** ions. For nonmagnetic Y3, the
interchain interactions are weak super-superexchange ones
mediated through Fe-O-O-Fe pathways [7,9]. The interplay
of these pathways gives rise to a strong magnetic frustra-
tion, leading to the formation of complex incommensurate
AFM orders in BaYFeOy [7,9,11]. Conversely, the presence of
magnetic R** ions introduces new interchain superexchange
Fe-O-R-O-Fe pathways, which effectively relieve magnetic
frustration. In the case of BaHoFeO,, strong FM Ho-O-Fe
superexchange interactions, combined with strong AFM inter-
actions between Ho spins within their rings, result in a strong
AFM coupling between the chains along the a and c axes,
stabilizing the commensurate AFM order with the propagation
vector k.

Regarding the nature of the H-induced ferroelectricity
in BaHoFeO4, Kumar and Sundaresan observed the emer-
gence of the H-induced ferroelectric phase above the critical
magnetic field H; = 1 T, occurring strictly around Ty, [3].
Furthermore, this phase develops as H increases to the crit-
ical point H, =2.3 T and is subsequently suppressed with
further increasing H, disappearing above 5 T [3]. Notably,
the changes in the ferroelectric properties coincide with the
critical fields associated with the spin-flop transitions in the
Ho sublattice. Therefore, it provides evidence that the spin-
driven ferroelectricity in BaHoFeQO, is primarily related to
the H-induced modifications in the Ho sublattice. This sce-
nario is also supported by two facts. First, the collinear AFM
configuration of the [Fe4O;g] columns remains robust under
applied magnetic fields. Second, the spin-driven ferroelectric
phase in BaYFeOy,, which is associated with the Fe sublattice,
was found to be monotonously suppressed under magnetic
fields [8].

According to the spin-flop model [16,17], the Ho AFM
pairs would rotate toward the direction perpendicular to the
applied magnetic field when H < H;, which explains the ten-
dency of the Fe** moments to turn away from the external
magnetic field, as revealed by the aforementioned Mossbauer
measurements. As H > Hj, the initial antiparallel alignment
of Ho ions within the respective ring would be perturbed, be-
coming canted. According to the spin-current model [26,27],
this canting may break the inversion symmetry and induce
electric dipoles within each Ho ring, which might be the origin
of the H-induced ferroelectricity in BaHoFeO, [3]. Further-
more, the magnetization, Mdssbauer, and terahertz domain
spectroscopy results of this study indicate the emergence of
an H-induced paraelectric phase, characterized by the FM
alignment of Ho spins within their rings, as H increases to H,.
Upon further increasing H, this higher-H paraelectric mag-
netic phase grows at the expense of the lower-H ferroelectric
magnetic phase, which may explain the observed suppres-
sion of the ferroelectricity. Further in-field neutron diffraction
measurements would be useful to determine in more detail
the precise spin configurations of these H-induced magnetic
phases, shedding light on the discussed mechanism of the
magnetoelectric coupling in the BaHoFeO, system.
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V. CONCLUSIONS

In summary, the mechanisms underlying the complex mag-
netic phase transitions in BaHoFeO4 mediated by variation
of temperature and magnetic field have been systematically
investigated by the combination of neutron diffraction, macro-
scopic magnetic measurements, Mossbauer spectroscopy, and
terahertz time-domain spectroscopy. A collinear incommen-
surate SDW AFM order of Fe spins with the magnetic
propagation vector k; = (0, 0, 0.329) was observed below
Tni ~ 50 K. Strong intrachain superexchange interactions
between Fel and Fe2 spins lead to a collinear AFM con-
figuration of Fe spins within their chains, which remains
robust against temperature and magnetic field changes. Below
25 K, the 3d-4 f coupling transforms the SDW structure into a
commensurate AFM structure with k, = (0.5, 0, 0.5), where
all Fe and Ho spins lie within the ac plane. This phase is
characterized by essentially noncollinear magnetic order with
a large magnetic phase difference between Hol and Ho2
spins within the same Ho chains. As temperature decreases
further, the enhanced 4 f-4 f interactions gradually reduce the
magnetic phase difference within the Ho chains and result in
the emergence of a collinear commensurate AFM order with
k3 = (0,0,0.5) at 3 K, coexisting with the k, phase. In this
phase, the Ho and Fe magnetic moments are aligned along the
b axis and modulated along the c axis. The magnetic structure
within the Ho chains in the k3 phase differs significantly from
that in the k, phase. Under applied magnetic field, BaHoFeO4
exhibits two metamagnetic phase transitions at uoH; ~ 1 T
and uoH, ~ 2 T, corresponding to the starting and ending

points of a spin-flop transition of the Ho magnetic sublattice.
The appearance of ferroelectricity above H; in BaHoFeQ4
is proposed to be linked to the H-induced magnetic phase,
characterized by a canted magnetic structure in the Ho chains.
Beyond H,, a new paraelectric magnetic phase emerges, char-
acterized by the FM alignment of Ho spins within their rings.
The suppression of ferroelectricity at higher fields can be at-
tributed to the growth of this paraelectric phase at the expense
of the low-H ferroelectric magnetic phase.
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