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We present a study combining neutron diffraction and °’Fe Mossbauer spectroscopy on a powder sample of
CaBaMn,Fe,0; belonging to the large family of swedenborgite compounds. The undistorted hexagonal crystal
structure (space group P6smc) is preserved down to low temperatures, and all employed techniques reveal a
transition into a magnetically long-range ordered phase at 7y = 205 K. The magnetic Bragg peak intensities
from the powder diffraction patterns together with a symmetry analysis of the employed models unambiguously
reveal the classical v/3 x /3 magnetic structure on a hexagonal lattice with propagation vector q = (% % 0). The
nuclear Bragg peak intensities allowed the statistical distribution of Fe and Mn ions on both trigonal and kagome
sites of the complex swedenborgite structure to be analyzed which was considered to explain the complex shape

of the Mdssbauer spectra.

DOLI: 10.1103/PhysRevB.106.144428

I. INTRODUCTION

Crystal structures based on vertex-sharing triangles, e.g.,
kagome layers [1,2] or pyrochlore nets [3,4], coupled
with antiferromagnetic exchange interactions between nearest
neighbors lead to the well-known phenomenon of geometrical
frustration [5,6], meaning that not all exchange interactions
can be satisfied simultaneously. Compounds with a high de-
gree of frustration may remain magnetically disordered down
to low temperatures despite strong coupling between the
magnetic moments, but often small distortions, resulting in
unequal bond lengths, relieve the geometrical frustration and
may lead to exotic magnetic structures with equally fascinat-
ing properties. Swedenborgites are the structural homologue
to the hexagonal mineral SbNaBe,O7 [7,8] and may feature
transition metal (TM) ions forming kagome planes separated
by layers with trigonal symmetry which has been reported for
YBaCo,407 [9]. In this hexagonal compound, only short-range
magnetic order was observed based on the diffuse neutron
scattering from powder samples, and by diluting the mag-
netic lattice with a nonmagnetic ion in YBa(Cos_,Zn,)O;
(x = 0-3), the properties gradually change into a spin-glass
[9,10]. A chiral spin-liquid ground state has been reported
for YBaCosFeO; in which antisymmetric magnetic diffuse
scattering was observed using single-crystal neutron diffrac-
tion with XYZ polarization analysis [11]. CaBaCo,Fe, 05, on
the other hand, remains hexagonal at all investigated temper-
atures [12] but reveals a long-range magnetic order below Ty
= 160 K (typically referred to as the /3 x +/3 structure),
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at least partially, since a significant amount of diffuse scat-
tering was still present between the magnetic Bragg peaks
[13] at low temperatures. It was shown by simultaneous x-
ray diffraction and absorption experiments that the oxygen
intake and release at elevated temperatures is responsible
for the resulting symmetry of the swedenborgite atomic lat-
tice [14]. Naturally, the structural distortions in orthorhombic
swedenborgites relieve the geometrical frustration and lead
to long-range order with sharp, resolution-limited Bragg re-
flections in neutron diffraction experiments as reported for
YbBaCo,07 [15], CaBaCo405 [16,17], CaBaFe,O7 [18-20],
and CaBaCo3FeO; [21], where in some cases, the transition
temperature is close to room temperature (RT). Additionally,
the single-ion (magnetocrystalline) anisotropy effects may
affect the symmetry and magnetism [19]. Some swedenbor-
gite compounds [22] have attracted enormous interest due
to their magnetoelectric properties under the application of
an external magnetic field, which is directly linked to the
highly interesting research topic of multiferroics [23,24]. In
line with the Mermin-Wagner theorem [25], the triangular
layer of magnetic ions between the kagome layers of the
swedenborgite structure (Fig. 1) plays a decisive role in
establishing long-range ordered magnetic structures, as it fa-
cilitates the magnetic coupling between the kagome layers,
especially when magnetic ions with minor magnetocrystalline
anisotropy are involved. The magnetic coupling is effectu-
ated via superexchange pathways either within the kagome
planes (TM2-O-TM2) or between the neighboring layers
(TM1-O-TM2). In this paper, we present the magnetic prop-
erties of another magnetic swedenborgite with mixed TMs,
CaBaMn;Fe, 07, which remains in the hexagonal space group
P63mc down to low temperatures. Magnetometry and specific
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FIG. 1. (a) structure  of

Visualization of the
CaBa(TM)4O; consisting of triangular TMI1 sites (green) and
hexagonal TM2 sites (blue), where the latter form the kagome
planes within the a-b plane. (b) View along the ¢ axis emphasizing
the hexagonal symmetry and the location of the trigonal sites with
respect to the kagome sites above and below.

crystal

heat measurements revealed a long-range antiferromagnetic
ordering below Ty = 205.5 K [26]. The powder neutron
diffraction experiments presented here unambiguously reveal
the magnetic structure below 7y which is backed up by Moss-
bauer spectroscopy measurements. The negligible amount of
diffuse scattering in comparison with the strong Bragg peak
intensities points toward the fact that CaBaMn,Fe,0O7 is the
only hexagonal swedenborgite with an almost fully ordered
magnetic ground state.

II. EXPERIMENTAL DETAILS

In this paper, powder samples were employed originat-
ing from the same batch that was used for the experiments
reported in Ref. [26]. Powder neutron diffraction experi-
ments were performed on the high-flux diffractometer D1B
at the Institut Laue-Langevin (Grenoble, France) using a
350 mg sample within a sample holder made from vanadium,
which has a negligible neutron coherent scattering length
and therefore only contributes to the incoherent background.
The instrument was equipped with a standard orange cryo-
stat with a temperature range of ~1.5-300 K and a radial
oscillating collimator to reduce parasitic scattering from the
sample environment. A wavelength of 2.52 A from the (002)
reflection of the pyrolytic graphite monochromator was used.
Long acquisition runs of 3 h were recorded at RT, 215, 190,
and 1.5 K. The temperature dependence was investigated with
short acquisition runs of 3 min and a controlled warming
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FIG. 2. Observed (red dots) and calculated (black solid line)
diffraction patterns at room temperature (RT) and with the difference
curve shown (in blue) at the bottom. The first row of green markers
indicates the position of nuclear Bragg peaks of CaBaMn,Fe,0,
within the P63mc space group, whereas the second row denotes the
peak positions of the impurity phase MnO (space group Fm3m, a =
4.4615 A).

rate of 0.4 K/min from 2 to 190 K, 0.1 K/min from 190 to
210 K, and again 0.4 K/min from 210 K to RT. All diffraction
patterns were analyzed using the MAG2POL program [27]. >"Fe
Mossbauer spectra were collected at temperatures between 6
and 290 K using a standard WissEl spectrometer operated
in the constant acceleration mode (°’Co/Rh source) and a
Janis SHI 850-5 closed cycle refrigerator. About 45 mg of
CaBaMn;Fe,0; powder was mixed with BN and distributed
in an acrylic glass sample container with an inner diameter of
13 mm. The data were evaluated with the MOSSWINN program
[28] using the thin absorber approximation. The Mossbauer
parameters, namely, the isomer shifts (ISs), quadrupole split-
tings (QSs), and hyperfine fields, were obtained by fitting the
spectra to a superposition of doublets in the paramagnetic
phase and six-line patterns in the magnetically ordered phase.
Lorentzian line shapes with variable linewidths were assumed.
All ISs are given relative to that of «-iron.

III. RESULTS

A. Powder neutron diffraction
1. Crystal structure

The analysis of the diffraction pattern recorded at RT con-
firmed the hexagonal crystal structure reported in Ref. [26]
and the presence of an impurity phase MnO which was refined
to 3.8(2) wt. %. Furthermore, due to the strikingly different
neutron scattering lengths of Fe (b, = 0.945 x 10~'? cm)
and Mn (by, = —0.373 x 107!2 cm) from their comparable
number of electrons, it was possible to refine the occupation
on both Wyckoff sites 2a and 6¢. A reasonable fit (see Fig. 2)
could only be achieved with a nonzero Mn occupation of
Owin.2a = 0.182(7) on the 2a site, while a more homogeneous
mixing is present on the 6¢ site with Onmee = 0.513(3).
Note that this result was inaccessible with x-ray diffraction
employed in the original work [26]. The refined composition
is therefore CaBaMn, 7,Fe; 23074, confirming the expected
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TABLE I. Structural parameters of CaBaFe,Mn,0; within space
group P6smc derived at different temperatures. Note that the origin
was arbitrarily fixed by setting Ba z = 0. The refined lattice parame-
tersarea = b = 6.418(1) A and ¢ = 10.389(2) A at RT (Rr = 11.2),
a=b=06.4137(2) A and ¢ = 10.3776(7) A at 215 K (R = 10.9),
a=b=6.4121(2) A and ¢ = 10.3769(6) A at 190 K (Rr = 10.1)
as well as a = b = 6.4096(4) A and ¢ = 10.3657(7) A at 2 K (Rs
= 8.5). The occupation factors of Fe and Mn as well as instrumental
parameters were refined at RT and fixed for the refinements at lower
temperatures.

Atoms T (K) X y z Occupation
Ca (2b) 298 3 z 0.380(2) 1
215 0.378(2)
190 0.381(2)
L5 0.388(3)
Ba (2b) 298 ! 2 0.000 1
215 0.000
190 0.000
1.5 0.000
Fel 2a) 298 0 0 0.418(2)  0.818(7)
215 0.417(2)
190 0.423(2)
1.5 0.430(4)
Mnl (2a) 298 0 0 0.418(2)  0.182(7)
215 0.417(2)
190 0.423(2)
L5 0.430(4)
Fe2 (6c) 298 0352(1) 0.176(1) 0.179(2)  0.487(3)
215 0.352(1)  0.176(1)  0.178(2)
190  0.3482(9) 0.1741(9) 0.183(2)
1.5 0.3468(7) 0.1734(7) 0.189(3)
Mn2 (6c) 298 0.352(1) 0.176(1) 0.179(2)  0.513(3)
215 0352(1) 0.176(1)  0.178(2)
190  0.3482(9) 0.1741(9) 0.183(2)
1.5 0.3468(7) 0.1734(7) 0.189(3)
01 (6¢) 298  0.0070(9) 0.5035(9) 0.223(2) 1
215 0.0080(9) 0.5040(9) 0.224(2)
190  0.010(1) 0.505(1)  0.227(2)
1.5 0.012(1) 0.506(1) 0.230(3)
02 (2a) 298 0 0 0.230(2) 1
215 0.232(2)
190 0.236(2)
1.5 0.242(3)
03 (6¢) 208 0.1575(8) 0.8425(8) 0.487(2) 1
215 0.1585(8) 0.8415(8) 0.487(2)
190  0.1584(6) 0.8416(6) 0.491(2)
1.5 0.1596(9) 0.8404(9) 0.490(3)

surplus of Fe in the original work [26], also agreeing with
the observation of a minor MnO impurity. The possible slight
oxygen excess of x = 0.14 (charge neutrality) may form oc-
tahedral defects as reported in Ref. [29] which, however,
cannot be addressed due to the small extent and based on
the present high-flux data. Due to the broad bump around
26 = 30° originating from strong magnetic diffuse scattering,
the background was modeled using a linear interpolation be-
tween refinable points. The refined structural parameters at RT
are listed in Table 1. At lower temperatures, our data confirm
that the system remains in the hexagonal space group P63mc

FIG. 3. Fraction of the swedenborgite structure focusing on two
TM1-TM2-TM1 blocks connected via the O1 site within the kagome
plane. Different bond lengths and angles are annotated in the figure.
Within one block, the TM1-TM2 bond lengths are 3.16 and 3.35 A,
while that for TM2-TM2 is 3.39 A. The distance between two TM2
atoms of different blocks is 3.03 A.

with no significant change in the atomic parameters. Figure 3
visualizes the bond lengths and angles based on the refined
structural parameters.

2. Magnetic structure

The magnetic properties were first investigated by focus-
ing on the transition temperature between the paramagnetic
and the long-range ordered state. Diffraction patterns were
recorded as a function of temperature between 2 and 298 K,
as shown in Fig. 4(a), and for a smaller temperature range
in Fig. 4(b). The appearance of magnetic satellites was ev-
ident at scattering angles 32.0°, 14.9°, 40.6°, and 43.1°
among others, from which the first was ~2.5x stronger
than the strongest nuclear reflection. The positions of these
purely magnetic Bragg peaks can be indexed by a propa-
gation vector q = (% % 0), i.e., the magnetic unit cell (34,
3b, c) is tripled along the a and b axes with respect to
the nuclear one. The parasitic phase MnO itself reveals a
magnetic phase transition at 7 ~ 120 K which is manifest
in the strong magnetic satellite reflection (% % %) at 20 =
28.5° expressed in Miller indices corresponding to the con-
ventional nuclear cell (i.e., with a magnetic unit cell doubled
along all three axes). Figure 4(b) exhibits how the magnetic
diffuse scattering around 26 = 32° transforms into a sharp
resolution-limited Bragg reflection <~205 K, which corre-
sponds very well with the reported Néel temperature [26]
derived from specific heat and magnetization measurements
on the same sample batch. With respect to the crystal struc-
ture, the magnetic ordering goes along with an inflection
point in the temperature evolution of the lattice parameter c,
ceasing to decrease with decreasing temperature [shown in
Fig. 4(c)] which may be related to magnetoelastic coupling
in this system. At ~175 K, c is again decreasing when lower-
ing the temperature, which will be discussed later. However,
the low acquisition runs during the temperature variation do
not permit any clear conclusions on eventual anomalies in
the lattice constants due to the relatively large error bars.
As the title compound has the same space group, crystal
structure, and propagation vector as that of CaBaCo,Fe,07,
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FIG. 4. (a) Thermodiffractogram taken upon controlled warm-
ing from 2 K to room temperature (RT). Magnetic satellites, not
coinciding with predicted peak positions of the paramagnetic cell,
can be observed below T ~ 205 K and, e.g., at scattering angles
14.9°, 32.0°, 40.6°, and 43.1°. These purely magnetic intensities
can be indexed with a propagation vector q = (% % 0). The onset
of magnetic order of the parasitic phase MnO can be observed at
T ~ 105 K based on the (3 1 1) reflection at 26 = 28.5°. (b) Same
data as in (a) but focusing on the temperature region around 7y where
the broad diffuse feature around 26 = 32° transforms to the strong
and sharp (% % 2) reflection. (c) Refined lattice parameters a (blue
circles, left axis) and ¢ (green circles, right axis) as a function of
temperature indicating an inflection point of the lattice parameter ¢
at the magnetic phase transition (dashed line).

we also consider the same suggested magnetic space groups,
ie., P63c’'m', P6icm', P6c’'m, Poscm, P31m’, and P31m.
The four hexagonal magnetic space groups were not suited to
explain the observed diffraction pattern at T = 1.5 K which is
due to the fact that, for hexagonal symmetry, the a and b com-
ponents of the trigonal spins are forbidden, as already pointed
out in Ref. [13]. The magnetic space groups P31m and P31n?/,
on the other hand, explain the observed magnetic intensities
very well. The magnetic structures differ concerning the spin
direction with respect to the trigonal axes, i.e., i || (110) in
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FIG. 5. Observed (red dots) and calculated (black solid line)
diffraction patterns at 7 = 2 K and with the difference curve
shown (in blue) at the bottom. The first row of green (orange)
markers indicates the position of nuclear (magnetic) Bragg peaks of
CaBaMn,Fe,0; within the P6;mc space group, whereas the second
row denotes the peak positions of the impurity phase MnO (space
group Fm3m, a = 4.4615 A).

P31m [Fig. 6(a)] and w || (100) in P31m’ [Fig. 6(b)], and
cannot be distinguished for a perfect, uncanted 120° block
structure. Nevertheless, the spin canting patterns within the
a-b plane and along the ¢ axis are different and would allow
the real symmetry to be identified based on the presented neu-
tron diffraction data. However, in both models, the deviation
of the ordered moment from the main respective symmetry
axes is insignificant, as suggested by the refined spin compo-
nents, but especially by the absence of the (% % 1) reflection
at 26 = 20.6° which is sensitive to both the in-plane and
out-of-plane canting. Therefore, the observed magnetic scat-
tering can be explained with essentially two free parameters
corresponding to the magnetic moment size of the trigonal and
kagome sites, which were refined to 3.91(4) and 3.82(2) ug
(R = 8.5, Rp,mag = 15.3, whereas Rp ma = 6.7 for the well
isolated magnetic peaks below 26 = 45°). The observed and
refined diffraction patterns are shown in Fig. 5.

The resulting magnetic structure is shown in Fig. 6
with respect to the trigonal magnetic unit cell which is
V3% longer along the a and b axes and rotated by 90°,
as indicated by the conventional hexagonal unit cell. The
magnetic moments arranged in triangular motifs within a
kagome plane (emphasized by green bonds in Fig. 6) are
antiferromagnetically coupled to their vertically displaced
neighbor within the trigonal plane, which itself is again
antiferromagnetically coupled to the next triangle of kagome
spins. The collinear spin direction within such a cluster
rotates by 120° for a translation along the a or the b
axis of the conventional hexagonal cell characteristic of a
cycloidal modulation. Note that the three closest kagome
spins from three different clusters reveal a 120° configuration
reminiscent of a geometrically frustrated antiferromagnetic
coupling. The microscopic origin of this spin arrangement
lies in the strong antiferromagnetic TM1-O-TM2 interactions
between the trigonal and kagome planes (cf. Fig. 3)
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Qtrigonal
QDkagome

FIG. 6. Visualization of the magnetic structure of
CaBaMn,Fe,0; with respect to the trigonal magnetic unit cell
(black lines) which is 3x bigger and rotated by 90° with respect to
the conventional hexagonal unit cell (red lines). (a) P31m symmetry
with the ordered magnetic moments along the [110], [210], and
[120] directions and (b) P31m’ symmetry with the main symmetry
directions along [100], [110], and [010]. In the absence of spin
canting, the magnetic structures are indistinguishable in neutron
diffraction experiments. The spins in the trigonal layer couple
antiferromagnetically to the nearest kagome spins along the ¢ axis,
and the parallel alignment of the latter is emphasized by green
bonds.

frustrated
within the

combined with the similarly
antiferromagnetic TM2-O-TM2
kagome planes.

The analysis of the diffraction pattern recorded at
T = 190 K with equally long acquisition time yields the same
type of magnetic structure, however, with different moment
sizes for the different layers, i.e., 2.38(4) and 2.00(2) ug
(Rp = 10.1, Rg mae = 20.7, whereas Rg ma, = 8.6 for the well
isolated magnetic peaks below 26 = 45°) for the trigonal and
kagome spins, respectively. Whether the second inflection
point in the temperature dependence (7" ~ 175 K) of the
lattice parameter ¢ [cf. Fig. 4(c)] is related to the modified
coupling between trigonal and kagome spins remains specu-
lative and cannot be addressed based on the present data.

strong but
interactions

3. Magnetic diffuse scattering

The evolution of magnetic diffuse scattering between the
sharp Bragg peaks was qualitatively analyzed by compar-
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FIG. 7. Section of the recorded diffraction pattern focusing on
the magnetic diffuse scattering around the (3 1 2) reflection at
26 = 32°. While short-range correlations seem to be present at room
temperature, i.e., far above Ty, a minimal amount of disorder appears
to persist down to the lowest measured temperature of 1.5 K. Note
that the peak intensity of the strong magnetic (% % 2) reflection at
260 = 32° is >40 000 counts.

ing the long acquisition runs at four different temperatures.
Figure 7 shows a section of the measured diffraction pattern
centered at the position of the strongest magnetic reflection
(3 $2) at 20 =32°. At RT, a very broad feature can be
observed, suggesting short-ranged correlations far above the
magnetic transition temperature of 205 K. At 215 K, the
diffuse scattering is much more localized before a coexis-
tence with the resolution-limited Bragg reflection is present
at 190 K. At the lowest investigated temperature, 7 = 1.5 K,
a very small amount of diffuse scattering intensity is still
visible at the tail of the Bragg reflection, indicating that the
magnetic moments are not completely ordered. By integrating
the peak intensities of both Bragg and diffuse contributions,
an approximate ratio can be determined, where the ordered
component is ~20x stronger than the disordered one, which
is strikingly different from the CaBaCo,Fe;O; compound in
which strong magnetic diffuse scattering between the Bragg
peaks was observed down to 4 K in combination with sig-
nificantly reduced ordered magnetic moment amplitudes [13].
Note that, in this paper, the weak diffuse scattering was not
visible in the short acquisition runs.

B. Mossbauer spectroscopy

In Fig. 8, the evolution of the Mdssbauer spectra with
temperature is shown. At temperatures above 200 K, the
compound is in the paramagnetic phase, and the spectra con-
sist of an asymmetric strongly broadened quadrupole doublet
structure. For T < 200 K, the spectra reveal magnetic hy-
perfine splitting for all Fe sites, which is consistent with
the reported long-range magnetic ordering with Ty ~ 206 K
[26]. The broadening and asymmetry of the spectra in the
paramagnetic phase (Fig. 9) indicate that the spectrum is
composed of several subspectra with somewhat different hy-
perfine interaction parameters. The crystal structure of the
swedenborgite-type CaBaMn,Fe,O; comprises two different
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FIG. 8. Temperature dependence of the Mdssbauer spectra of
CaBaMn,Fe,0;. Dots correspond to the experimental data, black
solid lines to the calculated spectra, and the colored lines to the
components which were used for modeling the spectra to extract the
temperature dependence of the mean hyperfine field as a measure of
the order parameter.

lattice sites for the TM ions, namely, the trigonal (Mnl,Fel)
site on Wyckoff positions 2a and the kagome (Mn2,Fe2) sites
on Wyckoff positions 6¢. However, owing to the presence of
two different TM ions and the resulting atomic disorder, the
local environment of the Fe ions varies, and the observed
spectra depend on the distribution of the ions between the
two sites in the crystal structure and on the varying number
of nearest neighbor Mn ions around a given Fe ion. Here,
we have fitted the spectra above Ty to a superposition of
three quadrupole doublets. This model results in similar ISs
(~0.21 mm/s at RT) but different QSs (0.72, 1.01, and 1.32
mm/s) for the three doublets. This reflects the variation in
the local environment of the various Fe sites which leads to
different electric field gradients (EFGs) and thus different in-
teractions with the nuclear quadrupole moment of the excited
I = 3 state of the *’Fe nucleus. The quite small IS as well as
the nearly temperature-independent QS values confirm that all
Fe sites correspond to Fe** ions. This clue is corroborated
by the analysis of the Mdssbauer spectrum at 6 K (Fig. 9).
The complex shape of the spectrum was modeled by assum-
ing a superposition of five six-line patterns arising from the
nuclear Zeeman effect and differing in their QS parameters
QS’ and their magnetic hyperfine fields By;. Note that QS is
determined by the EFGs as well as by the orientation angles
between the EGFs and Bps. Remarkably, the outer line in the
low-velocity region of the spectrum is quite well resolved.
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FIG. 9. (a) Mossbauer spectra of CaBaMn,Fe,O; at 220 and
290 K in the paramagnetic phase. (b) Mdssbauer spectrum of
CaBaMn,Fe,0; at 6 K. Dots correspond to the experimental data,
black solid lines to the calculated spectrum, and the colored lines to
the components used for modeling the spectra. The different com-
ponents reflect the variation in the local environment of the Fe ions
owing to Fe/Mn disorder. As discussed in the text, the outer (blue)
six-line pattern in (b) is tentatively assigned to Fel sites.

Thus, we have firstly used two IS values, one for the sextet
involving the resolved component and one for the other com-
ponents of which the ISs and linewidths were assumed to be
equal. Using this model, the gross features of the spectrum
could be reproduced. A minor increase in the quality of the
fits was obtained by allowing for different IS values for all
components, which could indicate a certain variation of IS
with varying local environment of the Fe** ions. However,
the weighted average IS value of these components (0.32
mm/s) is like that of the first component (0.31 mm/s) and
in agreement with tetrahedral FeO4 coordination. This result
is in contrast to the related system YBaCos;FeO; containing
Co*t, Co*t, and Fe?t ions where the ISs of Fe3* on the 2a
and 6¢ sites were reported to be considerably different (~0.3
and ~0.45 mm/s at 4 K, respectively) [30]. The IS value of
0.31 mm/s and By value of 45 T of the outer component in
the spectrum of CaBaMn;Fe,0; [Fig. 9(b)] are quite close
to those for the Fel site in YBaCo3;FeO; (~0.30 mm/s and
~43 T) [30], and it is tempting to assign this subspectrum to
the trigonal Fel (2c¢) sites. This assignment is supported by the
quite good agreement between the area fraction of 39% of the
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FIG. 10. Mean magnetic hyperfine field By (red dots) extracted
from the Mossbauer spectra as a function of temperature compared
with the square root of the integrated intensities of the magnetic

% % 2) reflection (blue dots) observed in the powder neutron diffrac-
tion patterns. Both are a measure for the order parameter in the
system to which a power law o (1 — T /Ty)? has been fitted as a
guide to the eye (blue line, see main text). The transition temperature
has been fixed to 205.5 K as revealed by the departure of the full
width at half maximum (FWHM) from that of the resolution-limited
diffraction peaks (inset) which is in perfect agreement with Ref. [26].

outer sextet and the fraction of 36% Fel sites with respect to
the total Fe content calculated from the occupancies according
to the neutron data (Table I). Then the other subspectra are
possibly related to the 6¢ positions where disorder between
smaller Fe** and larger Mn** will lead to a variation in the
local environment and exchange interactions of the Fe ions
and thus to components with somewhat different By and QS’
parameters. Furthermore, additional oxygen sites may con-
tribute to local atomic disorder which is expected to modify
the local exchange interactions. In contrast to YBaCo3FeO»,
the By values of the other subspectra are <45 T, while the
kagome Fe2 sites in YBaCos;FeO; revealed increased aver-
age Byr values (53 T) [30]. In the present system, the Bye
values of the other components vary between 38 and 41 T.
The distribution in Bps could arise from a certain variation
of the magnetic moment at the different Fe sites and from
dipolar contributions to Bps owing to the variation in local
environment. The temperature dependence of the individual
magnetic hyperfine field components has little informative
value due to the fact that they cannot be unambiguously
attributed to well-defined sites in the phenomenological fits.
However, the weighted mean By value is a measure for the
order parameter of the system and is depicted in Fig. 10
together with the square root of the integrated intensity of
the strongest magnetic reflection in the neutron diffraction
patterns. Very good agreement between the two techniques is
apparent and the temperature evolution follows a power law
o (1 — T /Tx)P. Due to the large amount of diffuse scattering
above Ty, the Gaussian fits to the peak profile do not correctly
represent the transition into the paramagnetic phase, for which
it is not possible to extract a reliable critical exponent, as the
power law fit is very sensitive to the critical region and Ty
itself. Therefore, we have constrained 7y in the power law

fit (serving as a guide to the eye only) of the neutron data
to the value at which a clear departure from the resolution-
limited full width at half maximum (FWHM) is observed
(inset of Fig. 10), which coincides with the reported value of
205.5 K.

IV. SUMMARY AND CONCLUSIONS

We have presented the magnetic properties of a mixed
TM swedenborgite, CaBaMn,Fe,07, by combining neutron
diffraction and >’Fe Mossbauer techniques on polycrystalline
samples. Both experiments reveal a transition into a mag-
netically ordered state at 7y = 205 K which agrees very
well with the previous report [26] based on specific heat
and magnetization measurements on the same sample batch.
The square root of the integrated magnetic Bragg intensities
(neutron scattering) and the mean magnetic hyperfine fields
(Mossbauer) are a measure of the order parameter and follow
the same temperature evolution, which can be fitted to a power
law. However, the difficulty in determining the exact Bragg
peak intensities very close to Ty due to the presence of strong
diffuse scattering does not allow us to extract a reliable critical
exponent. Further powder neutron diffraction data with long
acquisition times or even complementary single-crystal exper-
iments are necessary to comment on the spin dimensionality
of this system, which, however, does not question the essential
results concerning the magnetic structure presented here. Our
neutron data unambiguously reveal the classical /3 x v/3
magnetic structure on a hexagonal lattice with propagation
vector q = (% % 0) with antiferromagnetic coupling between
neighboring kagome and trigonal spins and a 120° rotation of
spin direction for a translation along either the a or b axis.
The sense of this rotation is determined by the magnetic space
group being either P31m or P31m’, which in the absence of
spin canting away from the high-symmetry directions ({110)
in P31m and (100) in P31m’) cannot be distinguished in an
unpolarized neutron experiment because both spin configu-
rations yield the same magnetic intensities. However, due to
the inherently opposite chirality of the two possible magnetic
structures, a spherical neutron polarimetry experiment can
tell the difference by investigating the created/annihilated
neutron beam polarization along the scattering vector after
the scattering process, if an enantiopure single crystal (or
at least a sample with a significant twin imbalance) can be
synthesized. To unambiguously relate the magnetic chirality
to the structural chirality, the latter needs to be determined
by analyzing the Schwinger scattering of adequate reflec-
tions (see, e.g., Refs. [31,32]). We have identified several
reasonably strong (hkl) reflections revealing a flipping ratio
asymmetry of |[R — 1| > 0.04 which would be experimentally
feasible. A magnetic structure very similar to the one pre-
sented here was reported in the likewise hexagonal compound
CaBaCo,Fe,0. It must be noted that, despite the use of a
single crystal and additional XY Z-polarization analysis, the
magnetic space group could not be determined unambigu-
ously although spin canting was present. However, in contrast
to our study, significantly reduced magnetic moment ampli-
tudes (2.73 ug for the trigonal and 2.19 ug for the kagome
site, respectively [13]) were observed due to the presence of
significant short-range order as manifested by considerably
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strong magnetic diffuse scattering between the Bragg peaks
down to low temperatures. Here, for CaBaMn;Fe, 07, a close
inspection of the residual diffuse scattering at the tails of the
strongest magnetic Bragg reflection suggests that the system
is almost fully ordered, which is furthermore supported by
the equally sized amplitudes of kagome and trigonal spins
of almost 4y in comparison to the theoretical 5Suy for a
mixture of Fe’™ and Mn?* § = 2 spins. Full magnetic order
is also supported by the uniform evolution of the magnetic
hyperfine pattern in the Mossbauer spectra, while magnetic
disorder effects typically lead to paramagnetic signals even
below Ty [33]. With respect to the expected charge states, the
Mbossbauer spectra do not show any signals pointing toward
the presence of Fe’', which should have clearly different
hyperfine parameters. Additionally, due to the constrained
O content of the sample from evacuated ampoule synthesis
conditions, the presence of Mn>* in the sample is unlikely,
suggesting the likelihood of a uniform § = % magnetic sublat-
tice. The relatively high ordering temperature combined with
a hexagonal crystal structure at all investigated temperatures
and a negligible magnetic disorder attributes CaBaMn,Fe, 0,
a special role among the magnetic swedenborgites, especially
since all involved spins are without single-ion anisotropy
(high-spin d°). This is a perfect example of how sensitive the
magnetic lattices in the swedenborgites are to minor struc-
tural and compositional changes. The title compound exhibits
a long-range spin-ordered ground state, while YBaCosFeO,
possesses a unique magnetic ground state with partial spin
order [11]. By further changing the elemental composition
but conserving the hexagonal (or trigonal) swedenborgite lat-
tice, the magnetic ground state can be affected; the parent
compound YBaCo407 [9] is reported with both long-range
magnetic order [34-36] and with short-range ordering [9,37].
The reason for this inconsistency is probably the exact

oxygen content of the individual samples. By introducing
Ca at the Y site, thus changing also the average oxidation
state of Co, diffuse neutron scattering was reported for partial
replacement [38,39], and a structural transition with long-
range magnetic ordering was observed for the composition
CaBaCo,407 [40]. When replacing Co in YBaCo40O7, a mani-
fold of magnetic ground states has been reported: a spin-liquid
in YBaCoszFeO; [11], a mixture of long- and short-range
ordering in CaBaCo,Fe,0; [13], and further. As the swe-
denborgites are reported with various oxygen compositions,
from stoichiometric 7.0 up to ~8.5 [29,41], the oxidation
states of the magnetic ions can be further controlled, with
consequences for the magnetic properties (see, for example,
Ref. [42]). The surplus of oxygen also accounts for lattice dis-
tortions, i.e., the hexagonal (trigonal) symmetry is lowered to
orthorhombic, partly relieving the magnetic frustration within
the kagome lattice. For the title compound, a synthesis in
closed ampoules was used to restrict the oxygen composition
to be nearly stoichiometric (~7.0), which not only seems
to agree with the uniform 3d> spin lattice but also with the
relatively high (hexagonal) lattice symmetry. Hence, the ef-
fects of structural and electronic alterations on the magnetic
lattices of the swedenborgites offer challenges in fundamental
magnetism. However, the combination of neutron scattering
(global probe) and Mossbauer spectroscopy (local probe) is
the key to understanding the challenging, magnetically frus-
trated lattice.
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