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We present a systematic powder neutron diffraction study on Sr-based M-type hexaferrites SrSc,Fej»_,Oj9
using high-resolution and high-flux instruments. We have derived the magnetic configurations for the compounds
with x = 1.4, 1.6, and 1.8 at room temperature and at 2 K revealing a ferrimagnetic structure and a complex
conical magnetic structure, respectively, where the latter is decomposed into the axial ferrimagnetic and the
helicoidally modulated component in the hexagonal a-b plane. Our temperature- and composition-dependent
investigation reveals that doping nonmagnetic Sc into this system reinforces the frustration and pushes the
transition between the two ordered phases toward higher temperatures. The continuous opening of the spin cone
suggests a smooth transition from an easy-axis toward an easy-plane anisotropy with decreasing temperature,

which can be reinforced by increasing Sc content.

DOI: 10.1103/PhysRevB.98.094411

I. INTRODUCTION

The SrSc,Fej;_,0j9 system represents the family of hex-
aferrites that reveal remarkable magnetoelectric properties
and form a distinct family within the multiferroic materials
with magnetically induced electric polarization. Over the past
decade, following the report of Ref. [1], electric polarization
induced by a magnetic field has been found in a number
of different hexaferrites with M-, Y-, Z- (Refs. [1-5]), and
U-type structure [6]. In general, the value of polarization
was not very large, amounting to several tens of 1C/m? [the
maximum value of 200 1.C/m? was found in the Y -type hexa-
ferrite: Bag 5Sr 5Zn;(Feq_Al,)Oy, for x = 0.08 (Ref. [7])].
In some cases (Z-type hexaferrites), the polarization could be
observed even at room temperature. However, a quantitative
theory describing the relationship of the electric polarization
with the specific magnetic structure in various hexaferrites has
not been developed so far. A common concept is applied for
all types of hexaferrites: the magnetic structure is considered
ferrimagnetic at sufficiently high temperatures, obtained by
summing the Fe spins in various crystallographic positions
in the hexagonal lattice, which form distinct building blocks
characterized by a total magnetic moment that is ordered
ferrimagnetically and is oriented either along the hexagonal
¢ axis or in the basal plane. Hexaferrites of M-type shown
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in Fig. 1(a) consist of blocks § = 2MeFe,O4 (Me = diva-
lent metal ion), R = MFesO;; (M = Ba, Sr, .. .), and similar
blocks R*, S* rotated by 180° around the c axis [see Fig. 1(b)],
while Y-type hexaferrites consist of S and T = M;,Fe;04
blocks, and Z-type are composed of R, S, T blocks (see
Ref. [8] and references therein). Due to the competition of
exchange interactions and magnetic anisotropies, spiral or
conical magnetic structures may occur at some temperatures,
which can further be modified by applied magnetic field. The
occurrence of electric polarization is usually explained in the
framework of the inverse Dzyaloshinskii-Moriya interaction
mechanism for incommensurate structures. As to the M-type
hexaferrites (with general chemical formula AFe;,019, space
group P63/mmc), conical magnetic structures were found
by neutron diffraction studies long ago in BaSc,Fe;_,O9
for x = 1.2-1.8 (Ref. [9]), however an electric polarization
induced by a magnetic field was observed only recently in
BaScmngFe]OA_yO]g (Ref. [10]), where the small amount
of Mg, y ~ 0.05, was introduced to decrease conductivity.
A conical magnetic structure model was proposed [9] that
suggests a collinear ordering within the magnetic R’ blocks as
independent structural units where the total moment direction
within the blocks is declined from the hexagonal axis (note
that the block definition R’ corresponds to R in Refs. [9,10]).
The observed period of the helicoidal structure at 7 = 77 K
varies from 70 A for x = 1.2 to 140 A at x = 1.8, which
was also accompanied by the corresponding increase of the
cone vertex half-angle from 12° to 30°. These results have
been confirmed by further magnetic, neutron diffraction, and
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FIG. 1. (a) Perspective view of the hexagonal (space group P6;/mmc) crystal structure of SrSc,Fej;_,O;9 belonging to the family of
M -hexaferrites that can be decomposed into R, S, R*, and S* blocks (b), where the asterisk denotes a 7 rotation around the ¢ axis. The
magnetic block R’ (defined as R in Refs. [9,10]) extends between two layers of bipyramidally coordinated Fe, which is followed by R™.

Mossbauer studies of the BaSc; gFe 94019 compound [10,11].
It was also found that Sc ions preferably occupy the octahedral
positions 2a, 4f2, and 12k as compared to the tetrahedral
4 f1 and bipyramidal 2b sites (see Fig. 1) thus determining
a specific variation of exchange interactions and magnetic
anisotropy resulting in a decrease of spontaneous magneti-
zation and a change in the magnetic structure. Recently, the
magnetic and magnetoelectric properties of BaSc,Fej;_,O9
and SrSc,Fe;;_Oj9 (x = 1.3-1.7) hexaferrites have been
studied [12,13], which has revealed the phase transitions from
the high-temperature ferrimagnetic phase to the conical mag-
netic structure. Furthermore, even the Sr compounds possess
a remarkable electric polarization that has not been reported
before. The value of the magnetic-field-induced electric po-
larization exceeds 40 uC/m?, being a record for M-type
hexaferrites. Here we present a systematic powder neutron
diffraction study on the Sr-based Sc-substituted M-hexaferrite
compounds SrSc,Fej;_,Oj9 in order to elucidate the main
features of their conical magnetic structures and how they
might be related to their magnetoelectric properties.

II. EXPERIMENT

We have investigated Sr M-type hexaferrites using pow-
der samples of three different compositions on the high-flux
diffractometer D1B and on the high-resolution diffractometer
D2B at the Institut Laue-Langevin (Grenoble, France). The
samples were obtained by crushing an ingot containing several
single-crystal blocks with different orientations. The ingot
was synthesized by the crucibleless zone melting method with
radiation (light) heating as described in Ref. [12]. We used
ground polycrystalline samples with a mass of between 1.5
and 2.5 g, which were filled into vanadium sample containers

with a diameter of 3 mm. A wavelength of 2.52 A from the
(002) reflection of the pyrolytic graphite monochromator was
chosen for the D1B experiment, while a shorter wavelength of
1.59 A from the (335) reflection of a Ge monochromator was
preferred for the D2B experiment at room temperature in or-
der to obtain structural information at high Q in the absence of
magnetic scattering due to the magnetic form factor decay. On
D1B each sample has been investigated using the following
program: On cooling down to base temperature, diffraction
patterns over a short acquisition time of 2 min were recorded
that served to pinpoint the magnetic phase transition into
the conical state for a more detailed investigation afterward.
Consequently, diffraction patterns with a counting time of 4
times 30 min were recorded at base temperature and above
the respective transition temperatures (between 100 and 200 K
depending on the sample composition). Temperature ramps
were carried out by recording diffraction patterns with an
acquisition time of 2 min while ramping the temperature with
a heating rate of +1 K/min. The transition temperature into
the paramagnetic phase is well over room temperature, for
which this transition could not be studied.

III. RESULTS AND DISCUSSION

A. High-resolution experiments

The high-resolution diffraction patterns covering a large Q
range recorded at the D2B diffractometer were used to refine
the nuclear and ferrimagnetic structure models at the same
time. The fact that the magnetic form factor of the Fe’* ion
is below 0.1 for the high-angle region of the patterns allows a
meaningful refinement of the nuclear structure. The refined
structural parameters were the hexagonal lattice constants,
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TABLE 1. Refined lattice constants, atomic parameters, and
temperature factors of the SrSc,Fei,_Oj9 (x = 1.4, 1.6, and 1.8)
nuclear structure investigation as well as the Fe magnetic moments
along the ¢ axis. The ferrimagnetic components are constrained
to be u.(Fel) = u.(Fed4) = u.(Fe5) and u.(Fe2) = u.(Fe3). The
respective Wyckoff sites are Sr 2d (2 1 1); Fel/Scl 2a (0 0 0);
Fe2/Sc2 2b (0 0 %); Fe3/Sc3, Fe4/Sc4 and 02 4f(%§ z); Fe5/Sc5
and O4 12k (x 2x z); O1 4e (00 z); O3 6h (x 2x i); 05241 (x y z)
within the hexagonal space group P6;/mmc.

x=14 x=1.6 x=138
aA) 5.9166(2) 5.9203(1) 5.9229(2)
cA) 23.348(1) 23.3798(5) 23.4097(8)
Fe3/Sc3 z 0.0267(3) 0.0262(2) 0.0252(3)
Fe4/Sc4 z 0.1886(3) 0.1881(2) 0.1864(3)
Fe5/Sc5 x 0.171(1) 0.1688(7) 0.1692(8)
Fe5/Sc5 z 0.8933(2) 0.8926(1) 0.8927(1)
Olz 0.1494(5) 0.1480(4) 0.1485(4)
027 0.9417(6) 0.9455(4) 0.9450(6)
O3 x 0.185(2) 0.184(1) 0.186(1)
04 x 0.153(1) 0.1562(9) 0.156(1)
04 7 0.0516(3) 0.0526(2) 0.0538(3)
O5x 0.4988(5) 0.4978(3) 0.4994(5)
O5y 0.010(2) 0.012(1) 0.010(2)
05z 0.149(3) 0.1486(2) 0.1493(2)
Biso 0.10(4) 0.13(2) 0.09(3)
Ry (%) 12.5 7.0 8.2
wu.(Fel) (us) 2.5(1) 2.35(8) 2.1(1)
we(Fe2) (us) 3.6(2) 3.5(2) 3.4(2)
Rr mag. (%) 13.1 10.7 11.8

the symmetry-constrained positions of all atoms, the occu-
pation factor of Fe/Sc, and an overall isotropic temperature
factor. A few parasitic peaks could be observed at lower
diffraction angles, which consequently were excluded from
the refinement. In view of the complex nuclear and magnetic
structures due to five different magnetic sublattices, we have
decided to limit the number of free parameters concerning the
magnetic structure to a minimum. According to the reported
preferential occupation of Sc ions, we have constrained the
Fe magnetic moments among octahedral (Fel, Fe4, and Fe5)
and nonoctahedral sites (Fe2 and Fe3), which provides a
satisfying result in terms of agreement factors. The results
of the structural refinements are shown in Table I, and the
diffraction pattern of the x = 1.6 sample is shown in Fig. 2.
It can be seen that the lattice constants increase with
increasing Sc content due to the larger ionic radius of that
atom in comparison to Fe. The atomic parameters are prac-
tically the same within the error bars for the three investigated
compounds. The refinement of a single occupation factor
implying the same ratio between Fe and Sc on each site
returns the nominal concentration within the error bars. An
attempt to refine the occupation factors on the respective
Fe/Sc sites clearly suggests the preferential occupation of Sc
on the octahedral sites, but results in the absence of Sc on
the nonoctahedral sites and a higher overall Sc concentration,
which, however, is still inside a 20 interval. Therefore, we
have deemed it more reasonable to identify the concentration
x according to the transition temperatures from the ferrimag-
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FIG. 2. Diffraction pattern of SrSc; ¢Fe 94019 taken at the high-
resolution diffractometer D2B at room temperature. Red dots show
the experimental data, the black solid line represents the calculated
pattern, and the blue solid line at the bottom is the difference curve.
Green vertical bars indicate the peak for the nuclear (first row) and
magnetic Bragg peaks (second row).

netic to the conical phase given in Ref. [13], where the chem-
ical compositions were verified by x-ray energy-dispersion
analysis. Two of our three samples reveal that transition 7*
at very similar temperatures (see Sec. III B), for which we
identify those samples as x = 1.4 and 1.6. The third sample
has a higher T* than the samples investigated in Ref. [12].
However, following Vegard’s rule, an increasing amount of
the bigger Sc on the Fe site should result in increasing lattice
constants, which is indeed confirmed by our results. We could
therefore extrapolate the chemical composition that amounts
to approximately x = 1.8. The ferrimagnetic structure was
described using a single basis vector for all sites from the ir-
reducible representation mGM2+ (Cracknell-Davies-Miller-
Love notation [14]), which corresponds to the magnetic space
group P63mm’c’. As expected, the magnetic moments show a
decreasing trend with increasing content of nonmagnetic Sc.
Due to the fact that Sc preferably occupies the octahedral sites,
the reduction in the moment amplitude is more pronounced
on those sites (16% reduction of w. for Fel, Fe4, and Fe5
between x = 1.4 and 1.6) in comparison to the bipyramidally
and tetrahedrally coordinated sites (6% reduction for Fe2 and
Fe3), as can be seen in Table 1. The ferrimagnetic structure
consists of ferromagnetic Fel-Fe2 chains with antiferromag-
netically aligned Fe3-Fe4 chains. The magnetic moments on
the Fe5 ions arranged on a triangle are parallel to the Fel-Fe2
moments. The magnetic structure is visualized in Fig. 3(a).
The worse agreement factors for the x = 1.4 sample are due
to a higher volume fraction of parasitic peaks, which are not
always isolated and therefore overlap with peaks of the main
structure.

B. High-flux experiments

The diffraction patterns recorded with a short acquisition
time were used to construct thermodiffractograms, which are
shown in Fig. 4. One can clearly observe the appearance of
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FIG. 3. Magnetic structures in the SrSc,Fe;;_, 09 hexaferrites. According to the color code of Fig. 1, the octahedral sites are shown
in dark blue while the bipyramidal and tetrahedral sites are shown in yellow and light blue, respectively. Magnetic moments among the
octahedral sites are shown in plain blue for the 2a site, with orange stripes for the 4 f site and with white stripes for the 12k site. Structural
aspects like the Fel-Fe2 and Fe3-Fe4 chains running along the ¢ axis as well as the triangular configuration of Fe5 ions are emphasized by
respective bonds. (a) Ferrimagnetic structure model refined from the high-resolution diffraction data at room temperature. (b) Conical magnetic
structure model at 2 K derived from the high-flux diffraction data showing the superposition of the q = 0 ferrimagnetic component and the
q = (00¢g;) modulation of the in-plane component (shown by a circle with a horizontal bar indicating the in-plane moment direction). The
antiphase rotation of Fe2 spins with respect to Fel spins is highlighted with spirals following the in-plane spin component in the direction of
propagation. The antiphase rotation along the Fe3-Fe4-Fe4-Fe3 chain is symbolized by a left- or right-handed screw between the respective
Fe3-Fe4 pairs. (c) Block-type magnetic structure with collinear spin alignment within R” and R blocks (represented by yellow- and blue-
shaded areas) as reported in Refs. [9,10]. The macrospin of each block is represented by a red arrow outside the unit cell and corresponds to

[w(Fel) + w(Fe2) + 6 (FeS) — 2 (Fe3) — 2uu(Fed)] /4.

satellite reflections at 26 values of approximately 8°, 17°,
and 20°. The positions of those reflections clearly shift as a
function of temperature, indicating a temperature-dependent
propagation vector. The satellite peaks could be indexed us-
ing a propagation vector q = (00g;), where g; lies between
0.67 and 0.8. Furthermore, it can be seen that the strongest
reflection of the part of the diffraction pattern shown in Fig. 4
(26 =~ 28°) drops in intensity upon cooling. The Bragg peaks
at 8° and 28° indexed as (002)-q and (100) and representing
the in-plane modulation and the ferrimagnetic component,
respectively, have been integrated at all temperatures. The
integrated intensities and the position of the satellite expressed
by the ¢; value are shown in Fig. 5.

Vertical dashed lines indicate 7*, the onset of the satellite
reflections, which happens to coincide with the onset of
the decrease in the intensity of the main reflections, which
therefore suggests a continuous spin reorientation down to low
temperatures. Moreover, we find a good consistency with the
magnetization maximum shown in Ref. [13]. The propagation
vector seems to stay constant at an incommensurate value
at low temperature for all investigated samples (Note that
the low-temperature lattice constant obtained at 7 =2 K
on the high-flux diffractometer DIB was used to calculate
the incommensurability ¢; after having indexed the magnetic
satellites.)

For the refinement of the low-temperature diffraction pat-
terns, the nuclear structure was fixed to the results from the
high-resolution data (Sec. Il A), and the same constraints

for the ferrimagnetic moments as described above were ap-
plied. To analyze the magnetic satellites, symmetry-adapted
magnetic configurations were derived using the BASIREPS
program. This yields six irreducible representations (four
of dimension 1, two of dimension 2; see Table II), and
the Fe3, Fe4, and Fe5 sites split into two orbits that are
related by the twofold screw axis along (xx0). Since the
one-dimensional representations do not allow an in-plane
component for sites other than 12k, they were not useful to
describe our experimental data. Furthermore, only one of the
two two-dimensional representations (I'3) was able to explain
the strong (002)-q reflection.

Given the complexity of the crystal and especially of the
magnetic structures with split orbits and up to six basis vectors
for the 12k site (e.g., Y3 with uy, vy, wy, Uz, v2, and wy) and
by judging what one might expect to extract from a powder
dataset, we have considered the use of the fewest possible
refinement parameters to be the most reasonable approach.
The propagation vector of the form (0 0 g;) indicates frustrated
interactions along the Fel-Fe2 as well as the Fe3-Fe4 chains,
which run along the ¢ axis. We have therefore constrained
the in-plane component of the magnetic moments to the same
respective value along each of those chains (constraint 1 in
Table III). Furthermore, we have used the same amplitude for
the split sites (constraint 2 in Table III). Finally, when the use
of two basis vectors was necessary (i.e., for the 12k site),
their coefficients were constrained as well (constraint 3 in
Table III). This leads to three refinable parameters describing
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the sizes of the magnetic moments with an additional seven
parameters that describe the phase of the respective modula-
tion in relation to the first spin on the Fel ion. The magnetic
mode within I'; symmetry is therefore described by

Yo=Y} (uh = C1) + 9 ,(v) = Cl)e ¥

+ Y5, (uhy = C2)e 7™ | (uhy = C2)e 274

+ Y5, (uhy = C2)e ¥4 il | (uhy = C2)e™ 7 ivw

+ Y311 = C3) + Y32(uy = C3)]e 27

F W3 = C3) + Y300z = C3)e >, (1)
where the coefficients C,, and phases ¢, are the refinable
parameters, and a and b denote the split sites. The magnetic
structure factor is then given by

M(Q) = > 8" f;(Q)T; exp(—iQr;), )
J

where the sum goes over all atoms j of the unit cell, Q is
the scattering vector, f; is the magnetic form factor, 7 is the

FIG. 5. Integrated intensities of the nuclear/ferrimagnetic (100)
reflection (upper panel) and the purely magnetic satellite (002)-q
(central panel) as well as the incommensurability g, of the latter
(lower panel) as a function of temperature for SrSc,Fe;,_,0;9 with
x = 1.4, 1.6, and 1.8. Vertical dashed lines indicate the transition
from the ferrimagnetic to the conical phase. The curves in the upper
and central panel are shifted vertically for clarity.

Debye-Waller factor, and r; is the position vector of atom

j- ng‘j is the Fourier coefficient of the magnetic moment
of atom j connected to the propagation vector ¢, which
consists of the linear combination of basis vectors within
the symmetry of I, of the associated site. Following the
decomposition of the magnetic mode in Eq. (1), the Fourier

coefficients of, e.g., Fel and Fe5a would be ngl =Y, (s =

C1) and S, = [¥3.1(uy = C3) + ¥3.2(uz = C3)]e 2%,
respectively, while the Fourier coefficients of the symmetry-
related sites are summed after transforming the spin
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TABLE III. Constraints and coefficients used to refine the
complex modulated in-plane components of the conical magnetic
structure.

Number Coefficient Constrained parameters
| c1 uFel)w = p(Fe2)q
w(Fe3)ey = u(Fed)q,
M(Fe3a)ab = /'L(Fe3b)ah
2 C2 ;L(Fe4a)a;, = u(Fe4b)ab
w(FeSa)a, = n(Fe5b)a
3 C3 u(FeS)y,, = u(Fes5)y,,
4 P3b — P30 = 41
Pap — Paa = q1 — 1
¥sp —@sa =1 —q

components and the position according to the symmetry oper-
ators of the magnetic subgroup. The magnetic moment of site
J (m;) in the unit cell L (position vector R; ) can be written
as

1 . * .
m;(R) = 2 ) Sy7; exp(iqRL) + 8, exp(~igqRy). (3)
q

where the star symbol denotes complex conjugation. The ap-
proach of limiting the varying parameters led to a reasonably
good refinement, which confirms the correct choice of repre-
sentations. A comparison of this preliminary result with the
magnetic superspace symmetry, which can be obtained by the
program ISODISTORT [15], suggests the irreducible represen-
tation mDT5 (Cracknell-Davies-Miller-Love notation [14])
with the distortion mode 4D, which corresponds to the mag-
netic space group P2;1’. The use of the superspace symmetry
fixes the phases between the split sites, therefore reducing
the number of refinable parameters by 3 (constraint 4 in
Table III). Our refinement, therefore, takes into account seven
parameters in total, and the distinctly best results are shown
in Table IV, whereas the resulting calculated diffraction pat-
terns are depicted in Fig. 6. The proposed conical magnetic
structure is shown in Fig. 3(b) in comparison to the block-type
magnetic structure in Fig. 3(c).

To compare the magnetic structures among the different
compositions in the most reasonable way, especially regarding
the cone opening angles, we have used exactly the same
combination of basis vectors for all datasets. Due to the
lower quality of the data for x = 1.8 and especially x = 1.4,
the agreement factors for the in-plane modulated component
are considerably worse, however the evolution of the conical
magnetic structure as a function of Sc doping is significant:
We observe a striking reduction of the axial ferrimagnetic
moment with increasing Sc doping in favor of a strong in-
plane component. This can be evidenced by following the
(100) and (101) reflections containing the axial ferrimagnetic
contribution as well as the (002)-q satellite as a function of
Sr doping, which clearly reveals a proportional increase of
the in-plane component and therefore the opening of the cone
angle (Fig. 7). Furthermore, the g; value of the propagation
vector shows a clear dependence on the Sc content revealing
a longer pitch for higher x.

TABLE IV. Refined parameters for the description of the axial
(u.) and in-plane (u,,) components in the low-temperature conical
phase of SrSc,Fei,_,019 (x = 1.4, 1.6, and 1.8). The ferrimagnetic
components are restricted as for the room-temperature refinement,
i.e., u.(Fel) = u.(Few4) = p.(Fe5) and pu.(Fe2) = u.(Fe3). The
irreducible representation mDTS5 with the distortion mode 4D (cor-
responding to the magnetic space group P2,1") was employed for
the in-plane modulation, which is described by the parameters C,
and the phases ¢, according to Eq. (1). The magnitude of the in-plane
component is given by 11,5, Where p,,(Fel) = p, (Fe2) = 2/\/§C1,
Wap(Fe3) = wqp(Fed) = 2/\/§C2, and pu.,(Fe5) = Cs. o denotes
half of the cone opening defined as tan™! (ttap/1Lc).

x=14 x=1.6 x=1.8
q (rlu.) 0.668(2) 0.725(1) 0.793(1)
u.(Fel) (up) 2.4(2) 2.26(8) 1.7(1)
ue(Fe2) (up) 3.7(1) 2.7(1) 1.5(3)
Ry mag. ¢ (%) 10.2 9.2 9.5
Cy (up) 1.6(8) 2.9(5) 4.7(4)
Cy (up) 3.1(5) 3.1(3) 3.3(3)
C3 (up) 2.5(4) 2.9(2) 3.3(3)
© 0.3(2) 0.62(7) 0.61(7)
D3a 0.5(1) 0.67(5) 0.36(3)
Daq 0.3(1) 0.54(7) 0.36(5)
Osa 0.5(1) 0.84(6) 0.53(5)
tap(Fel) (up) LA(T7) 2.5(4) 4.14)
Hap(Fe3) (up) 2.6(5) 2.7(3) 2.903)
Hap(FeS) (up) 2.5(4) 2.9(2) 3.3(2)
a(Fel) (deg) 30(13) 48(5) 68(2)
a(Fe2) (deg) 21(9) 43(5) 70(4)
a(Fe3) (deg) 35(5) 45(3) 63(5)
a(Fe4) (deg) 47(6) 50(3) 60(3)
a(Fe5) (deg) 46(5) 52(2) 63(2)
Rr mag. ab (%) 28.6 17.9 24.2

IV. DISCUSSION

We have presented a powder neutron diffraction study
combining high-resolution and high-flux experiments on the
SrSc,Fei,_,019 hexaferrites with x = 1.4, 1.6, and 1.8,
which revealed the nature of the different magnetic structures.
Due to the fact that the paramagnetic phase lies well above
room temperature, our high-resolution data extending to rea-
sonably large Q values were necessary to analyze the nuclear
and the ferrimagnetic structure simultaneously. The magnetic
structure model above T* is in agreement with the one pro-
posed in Ref. [9] for the undoped compound. Here, on the
contrary, we can rule out a canting of the spins away from
the ¢ axis in the high-temperature ferrimagnetic phase. At
low temperature we revealed a helicoidal modulation of the
in-plane components on the Fel-Fe2 and Fe3-Fe4 chains that,
together with the ferrimagnetic component, results in a conical
structure. A triangular spin configuration with a nonzero net
magnetic moment in the plane was found for the FeS5 triangle
structure motif, which is sinusoidally modulated from triangle
to triangle. However, it has to be stated that different phases
on the Fe3-Fe4 chain and different triangular configurations
(from other combinations of basis vectors) on the Fe5 sites
lead to slightly worse agreement factors. Such details can
only be unambiguously derived using single-crystal samples.
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FIG. 6. Diffraction patterns of SrSc,Fe;_,Ojo taken at the high-
flux diffractometer D1B at T = 2 K for (a) x = 1.4, (b) x = 1.6, and
(c) x = 1.8. Red dots show the experimental data, the black solid line
represents the calculated pattern, and the blue solid line at the bottom
is the difference curve. Green vertical bars indicate the peak for the
nuclear (first row), magnetic q = 0 Bragg peaks (second row), and
magnetic q = (00 ¢g;) Bragg peaks (third row).

The magnetic satellites can only be explained by one of the
six irreducible representations, however the resulting spin
configuration differs substantially from the simple block-type
magnetic structure [9,10]. In fact, by testing the latter on our

E)
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—
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FIG. 7. Representative half-cone-opening angle of the Fe2 spin
as a function of Sc doping x. It can clearly be observed how the
in-plane component [lower right inset showing the (002)-q satellite]
increases proportionally with respect to the axial ferrimagnetic com-
ponent [upper left inset focusing on the (100) and (101) reflections].
The respective intensities are normalized with respect to the refined
scale factor. The resulting cones are sketched for every composition.

data, we obtain Ry = 26.5 compared to our best fit for the x =
1.6 sample, which yielded Rr = 17.9. A clear improvement
can be observed when subsequently adding more degrees of
freedom to the block-type structure, e.g., a refinable phase
for each site (Rr = 23.0) or noncollinear basis vectors for
the triangular Fe5 site (Rp = 21.5), which applied together
yield our proposed magnetic structure. Most importantly,
we want to point out that the block-type magnetic structure
cannot be explained within either irreducible representation of
P65 /mmc, since it would require the same basis vector for all
sites. It is allowed, in principle, to use one basis vector Wé,l’
since for site 12k it can be decomposed into

, i
Y3 =31 =w =0)— ﬁ"pll(vl =w; =0)
2i

ﬁw&l("{l =w; =0), “)
but it is not possible to achieve a collinear configuration on
a triangular plaquette due to the 3™ rotation axis connecting
Fe5 spins on positions (x y z) and (¥ x-y z), which would
require a further symmetry breaking. The transition from the
ferrimagnetic structure to the low-temperature conical phase
is effectuated by a continuous opening of the cone angle below
T*, which can be derived from the monotonic increase and
decrease of the magnetic satellite peak and integer peak inten-
sity, respectively (Fig. 5). The nonmagnetic Sc on the Fe sites
has a huge impact on the cone angles increasing from o = 36°
(x =1.4) to 48° (x = 1.6) and 65° (x = 1.8) averaged over
all Fe sites at T =2 K (see Table IV). In fact, the doping
impact on the cone opening is most pronounced along the
Fel-Fe2 chain (see Table IV). Such a significant change is
probably connected with a continuous transition from an easy-
axis to an easy-plane anisotropy with decreasing temperature
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and increasing Sc content. The cone angles reported here are
slightly bigger than in the Ba M-type hexaferrite [10], which
agrees with the higher electric polarization value.

V. CONCLUSION

Concerning the modulation of the different magnetic
structures, our thermodiffraction patterns clearly reveal a
temperature-dependent propagation vector that shows the
same tendency as in Ref. [10]. Moreover, a pronounced differ-
ence in the pitch of the magnetic structures is present for the
different compounds, with magnetic unit cells being ~3 and
~5 times larger than the nuclear ones for x = 1.4 and 1.8,
respectively. An incommensurability along the ¢* direction
can only originate from competing interactions along the
Fel-Fe2 and Fe3-Fe4 chains. In the oversimplified case of
a single helical chain, those interactions determine the in-
commensurate propagation vector of the magnetic structures
according to cos(q; ) ~ —Jyn/4Jnmn (Refs. [16—-18]). A larger
q; value would therefore indicate a proportionally increasing
nearest-neighbor interaction (Jp,,). However, the scenario in
the hexaferrite compound is by far more complicated, and
the fact that the transition temperature 7* increases with
increasing Sc doping (in agreement with the phase diagrams
reported in Ref. [13]) speaks in favor of a higher degree of
frustration. It has indeed been observed in SrCrgGasO;9 that
nonmagnetic defects can disconnect the magnetic sublattices
and even completely prevent long-range order [19]. Our de-
tailed symmetry analysis suggests that at least for the Sr-
based M-hexaferrites, the true magnetic structure is far more
complex than previously assumed, since the simple block-
type model is not compatible with our data. In particular,
the collinear Fe5 spin alignment on the triangular structure
motif is questionable. However, given the complexity of the
proposed magnetic structure, it is difficult to reconcile the
structural details with the macroscopic electric polarization.
The approach of explaining the electric polarization by the
inverse Dzyaloshinskii-Moriya effect is purely qualitative and
does not account for the internal magnetic structure of the
blocks composed of different sublattices. To explain the fact
that the field dependence of polarization for Y-type hexafer-
rites is odd, while for Z-type it is even and for M-type it
may be of both kinds, one has to make additional assump-
tions concerning the different types of domain boundaries
[10,12,13]. It is shown in our work that conical magnetic
structures in M -type Sr-Sc hexaferrites do exist for certain Sc
concentrations. However, the real structure is more complex
than the block model suggests: each iron spin of a different
sublattice has its specific cone angle, therefore having its

own contribution to the electric polarization. To quantitatively
calculate the polarization and to make any conclusions about
the specifics of the magnetoelectric coupling in different types
of hexaferrites revealing different magnetic structures is even
more difficult than for their simplified (block) models and
has not been achieved yet (note that Y- and Z-type hexafer-
rites contain additional structural blocks and reveal transverse
conical magnetic structures with the ferrimagnetic moment
and electric polarization in the basal plane). The electric
polarization can therefore only be determined by a number
of microscopic parameters and specific fine features of the
magnetic structure, which, however, require a special analysis
that is beyond the scope of the present work. In addition,
the experimentally observed polarization is often determined
by other factors, especially by the electrical conductivity,
which limits the value of the voltage applied during the
preliminary poling of the samples. Bearing this in mind, it
is hardly possible to draw conclusions concerning significant
differences between Ba and Sr hexaferrites. Nevertheless, we
suggest that the decisive factor responsible for the higher
polarization observed in Sr hexaferrites with respect to the Ba
compounds is their lower transition temperature into the con-
ical structure, allowing a more efficient poling due to the
reduced conductivity. Comparing the macroscopic properties
with the microscopic magnetic structure, it becomes obvious
that the magnitude of the electric polarization goes along with
the opening of the cone angle, which is an intrinsic property
and increases with increasing Sc concentration. In fact, the
highest polarization values for both Ba and Sr hexaferrites
were observed for x = 1.6. However, a further increase of
doping does not result in a higher electric polarization due
to the increasing T*, thus preventing an efficient poling of
the sample because of its higher electrical conductivity as an
extrinsic factor. Although we report the cone opening angle to
be slightly higher than in the Ba compounds, which goes along
with the higher electric polarization, it is not certain that it is
conserved when a transverse magnetic field is applied, which
tilts the whole cone and induces the multiferroic state. Future
single-crystal experiments will therefore hopefully shed more
light on this highly complex system.
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