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Heisenberg antiferromagnet
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Rosalba Fittipaldi‘, Qiang Zhang ®°, Jeffrey W. Lynn ®¢, Petr Cermak ® 7, Nazir Khan®,
Shibabrata Nandi® & Manuel Angst®°®

Multiferroic Ba,CuGe,O; was anticipated as a potential member of the exciting group of materials
hosting a skyrmion or vortex lattice because of its profound Dzyaloshinskii-Moriya interaction (DMI)
and the absence of single ion anisotropy (SIA). This phase, however, could not be evidenced and
instead, it exhibits a complex incommensurate antiferromagnetic (AFM) cycloidal structure. Its sister
compound Ba,MnGe,0O-, in contrast, is characterized by a relatively strong in-plane exchange
interaction that competes with a non-vanishing SIA and the weak DMI, resulting in a quasi-two-
dimensional commensurate AFM structure. Considering this versatility in the magnetic interactions, a
mixed solid solution of Cu and Mn in Ba,Cu4_,Mn,Ge,>O; can hold an interesting playground for its
interactive DMI and SIA depending on the mixed spin states of the transition metal ions towards the
skyrmion physics. Here, we present a detailed study of the micro- and macroscopic spin structure of
the Ba,Cu4_,Mn,Ge,05 solid solution series using high-resolution neutron powder diffraction
techniques. We have developed aremarkably rich magnetic phase diagram as afunction of the applied
magnetic field and x, which consists of two end-line phases separated by a potentially quantum-
critical phase at x = 0.57. An AFM conical structure at zero magnetic field is demonstrated to persist up
to x =0.50. Our results provide crucial information on the spin structure and magnetic properties,
which are necessary for the general understanding and theoretical developments on multiferroicity in
the frame of skyrmion type or frustrated AFM lattice where DMI and SIA play an important role.

induced electric polarization even under zero magnetic field. In general,
strongly correlated electron systems including square lattice Heisenberg

Melilite-type non-centrosymmetric multiferroic germanates Ba,TGe,O,
(T= Cu, Mn, Co) are well known for exhibiting an unconventional metal-

ligand d-p hybridization mechanism responsible for the spin-driven
ferroelectricity”. Remarkable magnetoelectric physical properties and
magnetic structures were comprehensively studied in refs. 1,3-8. These
materials could offer a basis for device applications, utilizing their large

antiferromagnets with $> 1 serve as an exciting reservoir for studying many
exotic quantum phenomena’"". Recent observations of intriguing physical
phenomena in quasi-two-dimensional (2D) Ba,CoGe,O, and related
compounds, like unconventional spin excitations, formation of complex
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magnetic states, and multiferroic phenomena, have attracted special
attention to such materials'>”’. The quasi 2D characteristic in those com-
pounds is driven by the large cation (e.g., Ba) separating the tetragonal layers
hosting the magnetic ion, leading to a significantly stronger symmetric
exchange within the layers than between them, as illustrated in Fig. 1*"*.
Among the Ba-germanates, Ba,CoGe,O; (S = %) and Ba,MnGe,0,
(BMGO, S = 32) exhibit a quasi 2D AFM ordering with magnetic propa-
gation vector qu=(100) and (10%) below Ty=6.7K and 40K,
respectively’*”. Their commensurate in-plane AFM moments are favored
by the magnetic anisotropy energy (MAE), including the non-vanishing
easy-plane single-ion anisotropy (SIA) that gains priority over the weak in-
plane component (D,;,) of the Dzyaloshinskii-Moriya interaction (DMI)
vector, which promotes a spin-spiral structure. Nevertheless, the out-of-
plane component of the DMI (D,) induces a small in-plane canting of the
AFM spins, resulting in a weak ferromagnetic (WFM) moment™. The
arrangement of the DMI vector components is illustrated in Fig. 1. The spin-
orbit coupling (SOC) and resulting DMI, which are both decisive in the Ba-
germanates, have become of particular interest in current condensed matter
research as they are present in a wide range of complex magnetic materials.
In particular, they are the driving force to stabilize various topological non-
collinear magnetic structures like frustrated Heisenberg AFM, spin spirals,
magnetic skyrmions, or magnetic soliton lattices™ ™.

A skyrmion phase, which is typically stabilized by DMI in uniaxial
non-centrosymmetric antiferromagnets, was predicted in Ba,CuGe,0;
(BCGO) by Bogdanov et al. in ref. 30 and immediately after, BCGO became
a special candidate in this research field for its incommensurate AFM
cycloidal structure with complex magnetic phase diagram under external
magnetic fields” . The Cu’* ion contains only one unpaired 3d electron
S= %) in a d,, orbital in a tetrahedral crystal field, and thus no SIA is
expected and the DMI is decisive’'. The incommensurate AFM spin spiral
structure is stabilized below Ty =3.26 K by the competition between the
AFM isotropic exchange interaction (J,;) and the in-plane DMI (D,;,) for
nearest neighbor Cu** ions”'. Note that even without SIA, a slight easy-plane
MAE is present due to contributions to the Hamiltonian quadratic in D,
that cause odd higher-order Bragg harmonics™ ™. In addition, an in-plane
canting of the AFM spins close to the ab plane is favored by the alternating
out-of-plane DMI component D,, inducing a WEM sinusoidal structure
perpendicular to the helical plane with the same periodicity as the AFM spin
spiral®.

With regard to frustrated spin structures resulting from competing
magnetic interactions, BMGO can not lead to any non-trivial twisted

[100]

[001]

Fig. 1 | Magnetic exchange interactions. Visualization of the potential exchange
interactions between nearest neighboring transition metal ions (blue spheres),
located in the distorted tetrahedral oxygen environment (yellow spheres) of the
Ba,TGe,O; compounds. The magnetic layers (left panel) are separated by large Ba
atoms (gray spheres) as shown in the right panel. Non-magnetic Ge,Oy structures
are removed for clarity. The complete unit cell is displayed in Supplementary Fig. 3.
The arrangement of the in-plane (D,;,) and out-of-plane (D,) DMI vector compo-
nent is displayed for a bonding direction as indicated by the black arrows in the left
panel®. The intra-plane (J,;) and inter-plane (J.) symmetric exchange couplings are
illustrated by the red arrows in the right panel.

magnetic configuration, e.g., a skyrmion, spin spiral, or soliton phase, as it
has a very strong in-plane exchange interaction compared to its DMI and
easy-plane type SIA. Interactions that lead to such frustrated phases, mainly
found in AFM materials, are the four-spin and frustrated exchange inter-
actions, long-range dipolar interaction, and most importantly the anti-
symmetric DMI’*”*. The latter one has a relativistic SOC nature and
appears in compounds with locally broken inversion symmetry between the
magnetic ions such as for the non-centrosymmetric lattice in BCGO.
However, no skyrmion phase could so far be evidenced in BCGO and
instead, a helical AFM cycloidal phase is observed at zero field below Ty.
Therefore, any indications for frustrated magnetism in the melilite-type
compounds remain elusive, and tuning the materials to maximize frustra-
tion would be highly desirable, and could be expected in an AFM material
showing significant competition between DMI, SIA, and the exchange
interactions. Such competitive interactions in the conventional spin
Hamiltonian might be realized via doping of the transition metal ion in the
host BCGO material. Therefore, Ba,Cu,_,Mn,Ge,O, (BCMGO) could be
the ideal choice for the appearance of exotic quantum phenomena resulting
from magnetic frustration. Because BCGO can host divalent Mn** with
non-vanishing SIA as a substitution of Cu’" in the range of (0 < x < 1), one
can expect substantial competition between DMI and SIA depending on the
doping concentration, possibly enhanced by external magnetic fields. Fur-
thermore, it might provide a deeper insight into the spin-driven multi-
ferroicity, which is attributed to the spin current mechanism for the
incommensurate magnetic structure BCGO’ and to the unconventional d-p
hybridization mechanism for the commensurate magnetic structure
in BMGO'.

So far, only Granata et al. in ref. 39 reported on the successful synthesis
and structural characterization of the polycrystalline BCMGO solid solution
series using laboratory X-ray diffraction (XRD). Here, we present a sys-
tematic chemical, structural, and magnetic characterization of the poly-
crystalline BCMGO solid solution series using combined XRD and high-
resolution neutron powder diffraction (NPD). It is important to have a
precise knowledge of the crystal structure and the magnetic phase diagram
to grow high-quality single crystals, to determine the physical properties,
and to study the d-p hybridization mechanism. It is also a mandatory basis
for further theoretical calculations on crystal electric field excitations and the
ground states of frustrated magnetism. To develop the rich magnetic phase
diagram of BCMGO as a function of the temperature and doping x, we have
carried out macroscopic heat capacity (HC) and bulk magnetization mea-
surements. We have successfully identified the microscopic orderings in the
individual phases using low-temperature NPD, revealing two considerably
different magnetic structures below Ty for the Cu-rich compounds with a
complex conical AFM phase and the Mn-rich compounds with a 2D-XY
AFM structure, separated by a critical phase at x = 0.57.

Results

Structural determination of BCMGO using NPD and XRD

The Rietveld structural refinement of the NPD patterns of polycrystalline
BCGO (x =0) and BMGO (x = 1) collected in the paramagnetic (PM) state
at 10 K are shown in Fig. 2a, b, respectively. The calculated intensity (red
profile) explains well the majority of the observed peaks with its PM crystal
symmetry P42, m; however, there are several clearly evident peaks (marked
by black arrows), that are not reproduced. Note that these extra peaks also do
not fit into a distorted orthorhombic unit cell. This indicates the presence of
at least one other spurious phase, which is typically found in the synthesis,
the sample preparation, or the direct sample environment”. A selection of
possible spurious phases for the x = 0 and x = 1 compounds and their crystal
symmetry is given in Supplementary Tables 1 and 2. By careful inspection, a
combination of four different phases, namely BaCu,Ge,O;, Ba;Ge;Oo,
BaCO;, and GeO, with crystal symmetries Pnma, C2/c, Pnma, and P3,21,
respectively, was successfully identified from a multi-pattern refinement as
the best match for the spurious peaks in the x =0 compound. Note that,
Ba;Ge;0y, BaCO3, GeO,, and Ba,Mn,Ge,Oy were identified as spurious
phases in the x=1 compound, with the latter having a Pbca crystal
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Fig. 2 | PM nuclear structure. The neutron powder g ' ' ! ' ! i ! i .
diffraction pattern of (a) BCGO and b BMGO 100 —_— ] obs — AT i
reduced from the time-of-flight measurement at
10 K at POWGEN (SNS) with the center of the ';'
wavelength bandwidth at 2.665 A and 1.5 A, <
respectively. Calculated intensity for pure BCGO = 501 7
and BMGO structures are shown in red, whereas the ~
observed intensities are shown in black profile. Non-
matching peak positions are marked as black arrows. L 4
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~ 10 F_ l . . h TR - n_lr — A 3
*10 1 1 1 L 1 1 1 1 1]
b — I — A~
100
=
. 50
~
0 AR A M rOKLd :
BMGO t LTI T ERLLEL U TEE e 74.2(5)%
SPM t AR T TR 1 9.9(3)%
SP1 T e e THEr e e e Eer 1 13.2(3)%
SP2 t | |l 1.7(3)%
SP3 T | | 0.9(1)%
~ 10 F I N . . E
4*10 C 1 1 1 Il 1 L 1 1 1]
10 20 30 40 50 60 70 80 90

Two theta [deg]

PM

lzc = 0.57(1)]

Phase I Phase II

1

0.0

1

1.0

1
Concentration «
Fig. 3 | Magnetic phase diagram from HC. Dependence of the obtained magnetic
phase transition temperatures Ty on x. Details about the determination of Ty can be

found in the Supplementary Note 3. The lines are linear fits to the respectively colored
symbols that serve as a guide to the eye and define the critical concentration x..

symmetry. Taking these additional spurious phases into account, a good
match between the calculated (green profile) and observed (black profile)
diffraction pattern is achieved. The precise lattice, atomic parameters, and
isotropic temperature factors U* for BCGO and BMGO resulting from the
Rietveld refinement of the polycrystalline NPD data collected at 10 K and
100 K, and XRD data at 300 K are listed in Supplementary Tables 3 and 4
and discussed in Supplementary Note 1. The corresponding powder profiles
for the 100 K and 300 K refinements for both BCGO and BMGO are shown
in Supplementary Figs. 1 and 2, respectively.

As for the x=0 and x=1 end members, some clear spurious peaks
were found for almost all samples of the BCMGO solid solution series at
room and low temperatures. Selecting the structural parameters of the
spurious phases as defined by the multi-pattern refinement for the respec-
tive temperatures of 10K, 100 K, and 300 K, the phase fractions and the
BCMGO structure were refined for all measurements of the mixed com-
pounds. An overview of the determined phase fractions for the different
samples is given in Supplementary Fig. 3. Nonetheless, precise values for the
atomic and lattice parameters of BCMGO could be refined for all tem-
peratures and available concentrations x and are illustrated in Supple-
mentary Fig. 4 and discussed in Supplementary Note 2. In general, a good
match between the calculated and observed diffraction patterns could be
achieved by Rietveld refinement for all temperatures and mixed
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Fig. 4 | CW fits of the magnetization data. CW parameters resulting from the 1 T
field-cooled measurements on the polycrystalline BCMGO compounds with dif-
ferent concentrations x. In addition to the absolute CW temperature ® (blue circles),
its ratio to the Ty values from HC measurements is shown in red triangles. The solid
blue line is quadratic in x and serves together with the red solid line as a guide to the
eye. The m.g values in (b) are calculated from the CW constant. The horizontal
dotted lines indicate the expected spin-only values for Cu** (S = §) and Mn*" (S = 3)
and the dashed blue line for their mixture Cu, _,Mn,. The green symbols in (a, b)
correspond to results from single crystals of BCGO (x = 0) and BMGO (x = 1). Error
bars represent one standard deviation.
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Fig. 5 | Magnetic phase diagram from magnetization data. a Dependence of the
obtained magnetic phase transition temperatures Ty on x for the different applied
field strengths. The results and the suggested phase boundaries from the HC mea-
surements in Fig. 3b are additionally drawn in light gray. The dashed lines are linear
fits to the respective colored symbols and indicate the magnetic field shifted phase
boundaries. b Magnetic field and temperature-dependent phase diagram in BMGO.
The single crystal data points taken from ref. 43 except the green square symbols
indicate the results from the BCMGO polycrystalline powder measurements with
x =1.00, taken from Fig. 5a. Error bars represent one standard deviation.

compounds. In particular, the high-precision results of the low-temperature
NPD measurements at 10 K and 100 K provide an excellent basis for the
study of their magnetic properties in the subsequent sections.

Zero-field magnetic phase diagram of BCMGO using HC
measurements

The HC of the BCMGO powder samples was measured as a function of
temperature from around 1.7 K up to either 20 K (low-temperature region)
or 100K (intermediate temperature range) to determine the magnetic
ordering temperature Ty. The detailed procedure is described in Supple-
mentary Note 3 and shown for different compositions in Supplementary
Fig. 5. For both Cu- and Mn-rich compounds, a mostly linear decrease of Tyy
with an increasing mixture is observed and presented in Fig. 3. This effect is
maximized at x=0.57(1) with an expected Ty~ 1.7 K and indicates the
presence of two different magnetic phases (Phase I, x <0.57 and Phase
10, x > 0.57).

In addition to the magnetic phase transition temperature, the HC
results in the low-temperature region can be used to quantify the Debye
temperature (®p) using a Debye model fit to the data. The obtained ®p,
values are shown in Supplementary Fig. 6b and increase with concentration
x as expected by the smaller atomic mass of the Mn compared to the Cu
atoms. Note that this Debye contribution at low temperatures accounts only
for an effective number of np, = 3.7 atoms as demonstrated by an extended

Debye-Einstein model fit in Supplementary Note 3 for the four compounds
(x=0.15, 0.38, 0.90, and 0.97) measured in the intermediate temperature
range. These extended results confirm the presence of phonon modes at
higher energies and reproduce well the ®p, values of the low-temperature fit,
demonstrating its reliability.

Magnetic field-dependent magnetic phase diagram of BCMGO
using bulk magnetization measurements

Analyzing the 1 T field-cooled magnetization measurements from 300 K to
2 K for the polycrystalline BCMGO compounds, a clearly linear behavior is
found in the inverse susceptibility x;,* curve above around 50 K, which has
an intercept on the negative temperature side as expected for net AFM
interactions and can be well described by the Curie-Weiss (CW) law as
shown in Supplementary Fig. 7. The absolute CW temperature values (®)
are presented in Fig. 4a by blue circles. The extracted © values are clearly
lower for the mixed compounds and the overall behavior can be roughly
approximated by a parabola centered at around x = 0.54(2). This resembles
the kink in Ty at the critical concentration of x = 0.57(1) in Fig. 3a, separ-
ating the two magnetic phases. Note that according to the mean-field theory
of alayered AFM, the ®/Ty ratio is directly connected to the relative size of
the inter- and intra-plane exchange constants*. Thus, the almost constant
©/Ty ratios of 2.5(1) for high x values suggest no relative changes in the
exchange constants in the framework of the simple AFM model. In contrast,
for the low x values, the ratio increases which suggests for the Cu-rich
compounds (Phase I) a deviation from the simple AFM model.

The effective magnetic moment (1), which is directly connected to the
CW constant, is shown in Fig. 4b. Assuming spin-only magnetism, . is
expected to be 1.73 g and 5.92 ug (dotted black lines) for x = 0.00 (S = %) and
1.00 (S = 2), respectively, which provides a good conformity between the
expected and measured values for x =0.00. In contrast, m.g is reduced to
S§=2.3 for the x=1 sample due to an admixture of the Ba,Mn,Ge,Oq
spurious phase with Mn** (S=2) ions. Thus, the corresponding distorted
data points have been removed from the plot in Fig. 4a,b. However, additional
© and m.g values for x = 0 and 1 (green rectangular symbols) are provided by
magnetization measurements on pure single crystals (see Supplementary Fig.
7) for completion. In particular, for BMGO, the values of ® = 12K and
§=2.45(2) confirm this expectation. Considering again spin-only magnetic
moments, the expected behavior of 7, for the mixed compounds is depicted
by the dashed blue line in Fig. 4b and coincides well with the measurement
results for the Cu-rich and Mn-rich compounds. It is interesting to note that
only for the mixed compounds between x=0.15 and 0.5, slightly higher
values of m.g are measured. Although this difference could, for example, be
associated with an incomplete quenching of orbital angular momenta or an
increase in the g-factor due to an admixture of exited states by SOC as in the
anisotropic g-tensor of single crystalline BCGO™, these are also likely to result
from systematical and experimental inaccuracies. Nevertheless, this peculiar
but interesting behavior in the intermediately doped region might be related
to the emergence of the conical AFM phase where the incommensurate
moment increases with increasing x (see text below).

In addition to the CW parameters, precise Ty values are identified from
temperature-dependent magnetization measurements. The detailed proce-
dure is given in Supplementary Note 4 and exemplified for different com-
positions in Supplementary Fig. 7. In Fig. 5a, the field and x-dependent Ty
values are added to the zero-field magnetic phase diagram outlined by HC
measurements. As expected, there is a broad consistency between the
resulting Ty values for the zero-field HC and the low-field (B<0.1 T)
magnetization measurements. In contrast, for fields of 1T, systematically
higher Ty values are found for the Cu- and Mn-rich compounds. This
magnetic field-induced shift of the phase boundary is depicted by the dashed
lines in Fig. 5a. For the Cu-rich compounds, even higher fields of 3 T suggest
a further increase in Ty, whereas for the Mn-rich side, Ty reduces again to
the low-field value. These results are consistent with the findings in ref. 1,
reporting a transition temperature of 4.0 K for applied fields of 1 T in BMGO
and temperatures of 3.0K, 3.3K, and 3.7K for fields of 0T, 1 T, and 3T
in BCGO.
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Fig. 6 | Microscopic magnetic structure of Cu-rich
compounds. a Magnetic intensity Iy, for different
Cu-rich BCMGO polycrystalline compounds cal-
culated as the difference between the diffraction
patterns measured in the PM and magnetically
ordered phase at 10 K and 1.5 K, respectively.
Additionally, the PM intensity Iy for the x = 0.50
compound at 10 K is shown as a reference. The
positions of AFM and FM-type reflections are
indicated by blue and red labels, respectively. The
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To complement these studies on the polycrystalline samples, the
macroscopic magnetization was also measured on the BCGO and BMGO
single crystals, and the parameters are listed in Supplementary Table 7. From
the resulting Ty values of the BMGO measurements shown in Fig. 5b, no
significant differences are apparent for the three magnetic field directions
and a comparably simple phase diagram can be built for BMGO. The Ty
values at around 4 K and 1.8 K are reported in ref. 1 for magnetic fields in the
[110] direction are shown by light blue circles. The decrease of TiyforB>1T
is also reproduced well by the Ty values obtained for the x=1.00 poly-
crystalline BCMGO powder, taken from Fig. 5a and shown by green squares
in Fig. 5b. However, the powder values at 0.01 T and 0.1 T indicate a
reduction of Ty also towards low fields for B < 1 T, which is not expected for
typical AFM systems. This unusual non-monotonic behavior in the AFM
phase boundary is similarly found in Ba,FeSi,O; and can be attributed to the
quasi-2D character with weak interplane coupling®.

Zero-field magnetic structure of Cu-rich BCMGO using low-
temperature NPD

Additional NPD patterns at 1.5 K were collected for the Cu-rich compounds
(x<0.50) to microscopically characterize the macroscopically identified
Phase I in Fig. 5a. Magnetic structure refinements were conducted

systematically based on the low-temperature nuclear structure parameters
for the BCMGO compounds determined at 10 K considering all spurious
phases previously identified. Magnetic contributions are depicted in Fig. 6a.
Two incommensurate satellites accompany the commensurate AFM (100)-
type magnetic peaks and these satellites cannot be reasonably indexed by
any of the spurious phases identified previously in Supplementary Table 1,
confirming their affiliation to the primary BCMGO phase. No magnetic
(10 %) peakis evident and thus an AFM type order as found in BMGO can be
excluded as well.

Based on the different low-temperature phases reported in BCGO,
three potential models can be identified as long-range ordered magnetic
structures in the Cu-rich BCMGO compounds. The most obvious choice is
certainly a pure AFM cycloidal structure with a cycloidal propagation vector
7= ({{0) as reported for low and zero magnetic fields in single crystalline
BCGO’"”. Note that for each T magnetic domains related by a four-fold
inversion symmetry are allowed but their magnetic contributions are
indistinguishable due to powder averaging. As a result, only contributions at
the (1 + {, £(, 0) satellite positions in the NPD pattern are expected for the
AFM cycloidal structure, not at (100). Thus, such a magnetic model can be
immediately excluded. In contrast, for an AFM cycloid with 7= ({00),
denoted as a model |, satellite reflections are expected at the (1 + {; 0, 0) and
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(1, ¢, 0) positions, with the latter being almost indistinguishable from the
(100) peak in the powder profile due to powder averaging. Using this
magnetic model, the refinement of the x = 0.50 pattern is shown in the upper
panel of Fig. 6b. A significantly higher intensity is expected at the central
position compared to the satellites at (1 + {; 0, 0). This results from the total
scattering vector q being almost normal to the spin plane for the central
(1, ¢, 0) reflection and within the spin plane for the (1 * ¢, 0, 0) satellites. As
only the magnetic moments perpendicular to q contribute, the magnetic

[001] 2¢ 4¢

—

T || [110]

110]

Fig. 7 | Microscopic magnetic structure of x = 0.5 phase. The schematic repre-
sentation of the conical phase (model III) and, constructed using the half apex angle
p and incommensurability { for the phase x =0.5.

intensities of the satellites are clearly reduced. Therefore, the expected
intensity for the pure AFM cycloidal structure does not coincide with the
measurement results, and model I can be excluded.

To reproduce the intensity of the satellite reflections compared to the
central contribution, a helical structure with a spin plane normal to the ({00)
propagation vector (model II) was assumed. The corresponding refined
magnetic intensity for this helical model is shown in the central panel of Fig.
6b. Although it demonstrates a certainly better agreement with the mea-
surement, a lower intensity of the central peak compared to the satellites is
clearly evident in the measurement data and cannot be reproduced by the
assumed helical magnetic model. Thus, it can also be excluded.

Another model of high magnetic symmetry is the AFM cone structure
(model III), which was experimentally evidenced in single crystalline
BCGO, though only under applied magnetic fields. It is composed of an
AFM cycloidal part with 7= ({{0), leading to (1£(, { 0) type satellite
reflections, and a commensurate AFM part with moments in the ab plane
perpendicular to 7, resulting in a (100) contribution. A refinement of both
incommensurate and commensurate magnetic moments results in a good
agreement between the observed and calculated intensities as shown in the
lower panel of Fig. 6b. The magnetic refinement R-factor (2.54%) for model
IIT is significantly improved compared to that (2.64%) for model II. Thus,
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the AFM cone phase can be reliably identified as the high symmetry mag-
netic structure at zero magnetic fields in Phase I of the mixed BCMGO
powder samples. Note that the simultaneous presence of two AFM cycloids
with 7=({{0) and ({00) could also reproduce the measured magnetic
intensity but this would correspond to a lower symmetry compared to the
proposed AFM cone structure. To completely exclude this possibility, single
crystal measurements allowing to distinguish between (1, 0, 0) and (1, {, 0)
magnetic contributions are required. However, no single crystals are
available for the mixed BCMGO compounds yet.

Nevertheless, assuming the AFM cone structure, commensurate and
incommensurate AFM moments are refined for all measured Cu-rich
mixed BCMGO compounds at 1.5 K. A comparison between the observed
and refined intensities close to the magnetic (100) Bragg position is given in
Fig. 6¢. The magnetic intensity strongly decreases for lower x values, causing
an almost linear behavior in the total refined magnetic moment shown in
Fig. 6d. The obtained total moment of around 1 yp per f.u. for the x = 0.00
compound coincides well with spin only moment for Cu®" ions. However,
note that the magnetic intensity is only barely visible for the x<0.10
compounds in these high-resolution NPD patterns, leading to large
uncertainties in the refined values. As a result, a clear distinction between
magnetic models cannot be made for small x, in particular for x = 0.00 and
0.05. This low magnetic intensity close to the noise level for small con-
centrations x agrees with the diffraction experiments in ref. 21 that detected
hardly any long-range magnetic ordering in BCGO powders. For the half
apex angle p of the AFM cones, the refinement yields an almost constant
value of 55(1)’, displayed in the upper panel of Fig. 6e. In contrast, a slight
decrease of the incommensurability parameter { for increasing x is visible in
the lower panel of Fig. 6e. Nevertheless, the average zeta of around 0.034(1)
is close to the value of 0.027 reported for the BCGO single crystals**. For
visualization purposes, we have presented the schematic of the conical
magnetic spin structure for model III in Fig. 7. Note that no values for p are
reported from the single crystalline BCGO measurements in the literature.

Zero-field magnetic structure of Mn-rich BCMGO using low-
temperature NPD

Low-temperature NPD at 1.5 K was used to reveal the magnetic ordering for
Phase II (x > 0.63). The intensity difference between the PM (10 K) and the
low temperature (1.5 K) NPD profile is shown in Fig. 8a where several sharp
peaks with increasing amplitude for higher x values are observed. The peak
positions can be unambiguously indexed by a magnetic unit cell doubled in
the ¢ direction (see labels in Fig. 8a). Notably, no reasonable indexing of the
observed magnetic reflections is possible by any spurious phase identified in
Supplementary Table 2, confirming their affiliation to the primary BCMGO
phase. Therefore, a doubling of the magnetic unit cell in the ¢ direction as for
BMGO can be explicitly identified for the Mn-rich BCMGO compounds. It
is noteworthy that the incommensurate peaks from the AFM cone phase in
the x=0.5 compound are completely absent already in the x = 0.63 com-
pound. Exemplified magnetic structural refinements of the NPD patterns
using this commensurate AFM model are shown in Fig. 8b for all measured
Mn-rich compounds near the strong (10 1) magnetic Bragg reflection. The
refined AFM moments are illustrated in Fig. 8c and show a linear depen-
dence on x. However, they are clearly lower than the expected values illu-
strated by the dashed line, resulting from the spin-only moments of 1 yg and
5 up for Cu’" and Mn®", respectively. As this difference becomes increas-
ingly larger near smaller x values, this suggests a connection to the linear
reduction in Ty towards the equally mixed compounds as evident from HC
measurements in Fig. 3a.

The integrated intensity of the (10 %) reflection for the x = 0.63 and 1.00
compounds are shown as a function of the temperature in Fig. 8d. The
magnetic intensity Iy with decreasing temperature below Ty is typically
described close to the magnetic transition by a power law dependence

T\
Iy = O(M) (1)

where I, is the magnetic intensity at 0 K and f3 the critical exponent of the
magnetic moment m  /Iy;. A corresponding fit to the measured inten-
sities close to the transition temperature with T/Ty>0.75 reveals
Tn=3.79(4) K and 5 =0.27(4) for x = 1.00. This transition temperature is
consistent with the value of 3.71(5) determined from HC measurements in
Fig. 3a. The small f indicates a two-dimensional AFM characteristic for
BMGO, resulting from its layered structure, and is similar to the 8 = 0.21(4)
reported for Ba,CoGe,O,". Notably, a continuation of the fitted critical
exponent curve provides an estimation for the low-temperature values. For
the x = 0.63 compound, only the onset of the magnetic intensity emerging at
low temperatures is probed with a limited number of data points. A
refinement of f3 is not possible and it was thus fixed to the value obtained
from the x = 1.00 sample and the resulting fit curve is shown as a red line in
Fig. 8d. The obtained Ty = 1.9(1) is close to the value of 2.0(1) determined
from HC measurements Fig. 3a. In addition, calculated magnetic moments
are shown in Fig. 8e. The extrapolation of the exponential fit to those data
reveals the AFM moment at 0 K of mA™ = 2.5(3) y,, for the x = 0.63 and
4.2(4) pp for the x=1.00 compound. These 0K values are indicated in
Fig. 8c by triangular symbols. The temperature-dependent results on the
x=1.00 compound are additionally supported by neutron diffraction
measurements of Sazonov et al. in ref. 43 on the BMGO single crystal. These
measurements revealed an AFM moment of around 3.2 yg per Mn at 2.5 K,
which is consistent with the results on the x = 1.00 powder sample as visible
in Fig. 8e by the light blue rectangular symbol.

Discussion

The nuclear and magnetic structures of the BCMGO solid solution series in
the PM and long-range ordered magnetic phases have been comprehen-
sively studied by macroscopic measurements and high-resolution NPD.
Contributions from spurious phases were successfully identified and char-
acterized in a multi-pattern Rietveld refinement. Therefore, precise mag-
netization and HC quantities were successfully evaluated quantitatively
taking into account the impurity phase fractions. Based on the low-
temperature HC and magnetization measurements, the magnetic phase
diagram of the BCMGO solid solution series and its magnetic field
dependence were carefully outlined. This indicates two different ordered
magnetic phases for the Cu and Mn-rich sides with transition temperatures
between 2 K and 4 K. Applying high-resolution NPD at 1.5 K, an incom-
mensurate AFM cone and a commensurate AFM structure were identified
and characterized for the Cu and Mn-rich compounds, respectively. For the
latter, the temperature dependence of the magnetic contribution was
additionally studied, revealing a reduced critical exponent that suggests a
2D-like behavior as reported, e.g., in Ba,CoGe,0O. Note that there is no
evidence for a net magnetization complementary to the AFM moments in
the macroscopic and diffraction measurements for any concentration x that
could hint at a ferrimagnetic behavior, which might arise due to the strong
difference of the spin-only magnetic moments of Cu and Mn.

In comparison to these results on BCMGO, magnetization measure-
ments on the Ba,Cu; _,Co,Ge,0; solid solution series reported by Sato et al.
in ref. 44 demonstrate the presence of a WFEM moment for x> 0.10%,
indicating that already a small Co concentration is sufficient to break the
spiral AFM state of BCGO. This is driven by the strong easy-plane type
SIA > > D, for the Co ions evidenced in Ba,CoGe,O; by Miyahara and
Furukawa in ref. 45. In addition, it is known that pure BCGO single crystals
realize a narrow AFM cone phase for applied magnetic fields in the range of
1.95<B<24T in the ¢ direction, contrary to the distorted AFM cycloidal
structure at low fields (B < 1.95 T)*'~**. Above 2.4 T, this incommensurate
AFM conical phase transitions to a commensurate ordering, where high
fields in the [001] direction, which favor an alignment of AFM moments
perpendicular to it, act like a strong SIA that forces the structure to be
staggered 2D-XY AFM like in Ba,CoGe,O-.

In the case of the BCMGO solid solution series, it is fascinating to
observe that the AFM cone phase is realized even without a magnetic
field and at a very low Mn doping. Although its long-range ordering is
less pronounced for x <0.15, the satellite signatures are still clearly
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visible. However, at higher Mn concentrations, the AFM cone phase is
unambiguously evident and its ordered moment gets stronger with
increasing x > 0.25 up to 0.5 (see Fig. 6¢), without any staggered AFM
signature (00%), and thus no BMGO phase contamination. This
observation closely resembles the case for pure BCGO under an
applied field (1.95 < B< 2.4 T) along [001] where { decreases with the
higher field, which is also reflected in Fig. 6e where { decreases with
higher x. This demonstrates that the induced SIA via the Mn**-doping
acts like an applied magnetic field, which conserves the DMI between
the two nearest Cu’" ions, resulting in the formation of the exceptional
conical AFM structure. Most interestingly, this AFM cone appears
even under zero magnetic field and dominates near x = 0.5, which is
seemingly a critical phase between the boundary of Phase I and II in
Fig. 5a. On the other hand, further doping at x=0.63 completely
diminishes the AFM cone structure and transforms it into a 2D-XY
AFM alignment with continuously increasing moments until x = 1.
This behavior can be related to the incommensurate to commensurate
transition in pure BCGO, such that the Mn-induced SIA for x > 0.63 in
BCMGO acts like an effective magnetic field with B > 2.4 T in the [001]
direction.

This dependency of the AFM cone shows again the importance of the
emerging SIA connected to the Mn doping. It is important to emphasize that
SIA-driven effective fields have not only a doping-dependent strength but
also a well-defined crystal direction. This might be particularly valuable for
powder samples, for which the application of external magnetic fields in
only a certain lattice direction is not possible. Single crystals benefit from the
induced effective field as they intrinsically have a perfect alignment and a
static nature. Thus, replacing an external field with a static SIA-driven
effective one through dedicated doping may open up new perspectives and
capabilities in designing, modeling, and tuning compounds with a set of
desired interactions and magnetic properties.

Based on these findings and the significant doping-dependent differ-
ences in the realized magnetic structures, it became clear how these differ-
ently signed and sized coupling effects compete in the mixed compounds of
the BCMGO solid solution series, providing valuable insight in the funda-
mentals of their magnetic ordering. To summarize, all these observations
reinforce the conclusion that the conical AFM structure in BCMGO most
likely results from the delicate balance between the competing interactions
of the transition metal ions, namely symmetric exchange, SIA, and DML In
addition, the provided detailed information about the nuclear and magnetic
structures of the BCMGO solid solution series will serve as a valuable
reference for further experimental and theoretical studies based on single
crystals. In particular, the presence of the strong AFM cone structure in the
mixed BCMGO compound with x = 0.50 provides promising characteristics
towards exciting magnetic structures of a complex twisted type like the
stable skyrmion phase suggested for BCGO in ref. 30. Clearly, in-depth
studies focusing on the here identified critical region 0.5 < x < 0.63 will be of
high interest.

Methods

Polycrystalline sample preparation

Ba,Cu; _,Mn,Ge,O; powders have been synthesized as pressed pellets
in the Department of Physics, University of Salerno, Italy, using a
dedicated heating procedure, and the morphology and chemical
composition were characterized by scanning electron microscopy
(SEM) and energy dispersive spectroscopy (EDS), as described in
detail in ref. 39. By adjusting the stoichiometric ratio of the starting
materials and optimizing the synthesis procedure, it could provide
polycrystalline samples with x = 0.00, 0.01, 0.02, 0.05, 0.10, 0.15, 0.25,
0.38,0.50,0.63,0.75,0.90,0.93,0.97, and 1.00. For each composition, a
pellet with a mass of up to 15 g was synthesized. For the magnetization
and diffraction measurements, a portion of the raw pellets was ground
using an agate mortar and pestle. In particular, for neutron and X-ray
powder diffraction, extensive and careful grinding is essential to avoid
texture effects. In addition, some of the Ba,Cu;_,Mn,Ge,O, powder

was pressed into thin plates for HC measurements using a manual
press with a 3 mm and 6 mm pressing die. By manually cutting the
plates, samples with various diameters were prepared, where the
typical weight of a 3 mm diameter plate was around 5 mg.

BCGO and BMGO single crystals

High-quality BCGO and BMGO single crystals were grown by the floating
zone technique at the Department of Physics, University of Salerno, Italy.
Details about the growing process and their characterization are given in
refs. 46,47.

Powder diffraction and macroscopic measurements

Room temperature X-ray and low-temperature neutron powder diffraction
measurements were performed on the BCMGO polycrystalline powders
using the laboratory X-ray diffractometer Bruker D2 PHASER at the out-
station of the Jiilich Center for Neutron Science (JCNS) in Garching, Ger-
many, and the time-of-flight (TOF) neutron powder diffractometer
POWGEN™ at the Spallation Neutron Source (SNS) of the Oak Ridge
National Laboratory (ORNL) in Oak Ridge, Tennessee, United States,
respectively. Additional diffraction measurements were performed at the
BT-1 high-resolution neutron powder diffractometer at the NIST Center for
Neutron Research in Gaithersburg, Maryland, United States. For the NPD at
POWGEN, around 5 g of BCMGO powder was filled in a 8 mm vanadium
can and mounted in an orange-type cryostat, which can reach sample
temperatures of around 1.5 K. For the experiment, the instrument was
driven in high-resolution mode with the center of the bandwidth chopper
either at a wavelength of 1.500 A or 2.665 A. For the experiment at BT-1, the
sample was similarly prepared and measured with a monochromatic neu-
tron wavelength of 1.54 A in steps of 0.05° in two theta, in a cryostat with a
base temperature of 300 mK. All powder diffraction patterns were refined
using the JANA2006 software*>*’, considering the powder averaging of both
the nuclear and magnetic structure. The HC and magnetization measure-
ments were carried out using the commercially available Quantum Design
physical property measurement system Dynacool at the JCNS in Jiilich,
Germany. Complementary HC measurements were performed at the
Physics Department of the University of Augsburg, Germany, and the
Material Growth & Measurement Laboratory in Prague, Czech Republic.

TOF data analysis

Using the Mantid software, the TOF data, collected with a 2D detector, was
automatically combined, integrated, and reduced as described in detail in
ref. 48. For the usage in the refinement software, the d-spacing of the
resulting diffraction pattern was converted into two theta values, assuming a
wavelength of 1.54 A and performing a third-order spline interpolation in
angular steps of 0.05° by the interp1d function of the SciPy package’".

Data availability
All data supporting the findings of this study are available from the corre-
sponding authors upon reasonable request.
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