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Origin of skyrmion lattice phase splitting in Zn-substituted Cu,0SeO;
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We present an investigation into the structural and magnetic properties of Zn-substituted Cu,0SeOs, a system
in which the skyrmion lattice (SkL) phase in the magnetic field—temperature phase diagram was previously
seen to split as a function of increasing Zn concentration. We find that splitting of the SkL is only observed in
polycrystalline samples and reflects the occurrence of several coexisting phases with different Zn content, each
distinguished by different magnetic behavior. No such multiphase behavior is observed in single-crystal samples.
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There has been considerable recent interest in the syn-
thesis and understanding of materials hosting topological
phases, owing to their exotic physics and potential for
applications. Skyrmions are nano-sized, topologically pro-
tected magnetic spin textures, which are promising candi-
dates for energy-efficient, high-density storage devices [1-3].
Skyrmions are found in a number of systems including MnSi
[4,5], Fe;_Co,Si [6-8], FeGe [9], B-Mn-type Co-Zn-Mn
alloys [10], Cu,08eO3 [11], GaV4Sg [12], and GaV4Seg
[13]. The discovery of skyrmions in the multiferroic insulator
Cu,08Se0s; represents an important milestone, because of the
possibility of manipulating them with an external electric
field [11,14-16]. Despite an intensive search, the number
of known skyrmion-hosting materials still remains relatively
small, owing to the very specific structural properties (absence
of inversion center) and magnetic properties (ferromagnetism
and presence of Dzyaloshinskii-Moriya interactions) needed
to promote the formation of magnetic skyrmions. An alterna-
tive route to expand the number of skyrmionic materials is
to utilize a chemical doping/substitution strategy in known
skyrmion-hosting systems. This approach has recently been
adopted in Cu,OSeO3, where Zn substitution led to observa-
tion of splitting of the skyrmion lattice (SkL) phase into two
distinct pockets [17], and Ni substitution led to an expansion
of the SKL phase [18].

Cu,08Se0; crystallizes in the noncentrosymmetric cubic
P2,3 space group [19]. Two crystallographically inequivalent
Cu’* cations in trigonal bipyramidal and square pyramidal
coordination geometry (designated as Cul and Cul, respec-
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tively) are present in a ratio 1:3. These have spins S = 1/2
pointing in opposite directions forming a ferrimagnetic lattice
[20-22]. Magnetic interactions between spins are mediated
through oxygen atoms via ferromagnetic and antiferromag-
netic superexchange interactions [23,24]. As reported by Wu
et al. [17], the magnetic moment of Cu, OSeO3; monotonically
decreases with increasing Zn-substitution levels, which they
interpret in terms of the site-specific substitution of Cu*"
cation at the Cu' site with nonmagnetic Zn>*. This is accom-
panied by a splitting of the SkL. phase observed in pristine
Cu,08Se03 into two distinct pockets.

In order to understand the effect of substitution and to
confirm the origin of the SKL splitting in this system, investi-
gations on high-quality single crystals are essential. We have
produced single crystals of Zn-substituted Cu,OSeOj3 for sev-
eral substitution levels of Zn, allowing us to compare their be-
havior to that of high-purity polycrystalline materials. We find
that the splitting of the SkL phase reflects the presence of mul-
tiple structural phases in polycrystalline samples. In contrast,
phase-pure single-crystal samples do not show such behavior.

By utilizing the chemical vapor phase transport technique,
single crystals of Zn-substituted Cu,OSeO3, with nominal
2%, 8%, and 12% Zn content, were grown. Energy-dispersive
x-ray spectroscopy (EDX), x-ray fluorescence (XRF), and in-
ductively coupled plasma mass spectroscopy (ICP MS) mea-
surements on single crystals revealed the Zn concentrations
given in Table I. We use the average values of Zn substitution
(0.5%, 1.8%, and 2.4%) below.

Structural analysis of the single-crystal samples was car-
ried out using the high resolution 119 beamline at the Dia-
mond Light Source as described in the Supplemental Material
[25-32]. The a lattice parameter, extracted from data collected
at the Zr K edge (17.9976 keV), was found to monotonically

©2018 American Physical Society


http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.2.111402&domain=pdf&date_stamp=2018-11-08
https://doi.org/10.1103/PhysRevMaterials.2.111402

A. STEFANCIC et al.

PHYSICAL REVIEW MATERIALS 2, 111402(R) (2018)

TABLE L. Percentage of Zn concentration in (Cu;_,Zn, ),0SeO;
single crystals determined by ICP MS, EDX, and XRF. Zn con-
centration in corresponding polycrystalline samples is given in the
rightmost column.

Nominal ICP MS EDX XRF Average  Polycrystal
2 0.9 0.52(9) 0.12(1) 0.5 2.0
8 1.9 1.71(4)  1.71(1) 1.8 6.4
12 24 251(3)  2.26(1) 24 10.5

increase with increasing Zn substitution levels, as expected
when substituting Cu>* with the slightly larger Zn>* cations
(with atomic radii of 0.65 and 0.68 A for five coordinate
Cu®*/Zn>*, respectively [33]). A close comparison of the
structural models for pristine Cu,OSeO; single crystals and
2.4% Zn-substituted Cu,0OSeO; revealed a very subtle in-
crease of the short Cu-O1 and Cu'-O2 bond distances of
0.004(2) and 0.002(2) A, respectively (Fig. 1). This leads to
an increase of Cu/-Cu! distances, while the Cu'-Cu! distances
remain the same [25].

Polycrystalline materials were synthesized as reported in
the Supplemental Material [25]. The phase-purity and lattice
parameters were investigated using high-resolution powder
x-ray diffraction (PXRD) at the 111 beamline, Diamond
Light Source [25,34], with diffraction patterns for each Zn-
substituted polycrystalline samples measured at 15.02 keV. A
simple axial model was used to describe the peak asymmetry
at low angles arising from axial divergence of the beam and a
pseudo-Voigt function to describe the Cu, OSeO3 peak shapes.

In the unsubstituted material, a single phase of Cu,0SeO3
is sufficient to model the diffraction pattern, with small resid-
uals. However, for the samples with increased substitution
levels, all of the peaks in the diffraction pattern split, as
shown in Figs. 2(b) to 2(f). Refinements revealed that this
splitting could only be effectively modeled by the inclusion of
two or three distinct Cu,OSeO3 phases with differing lattice
parameters, suggesting that the polycrystalline materials are
multiphase under the synthesis conditions used.

Based on our refinements, the lattice parameter a and cell
volume of each phase increases monotonically with increasing
Zn-substitution levels (Fig. 4), consistent with the behavior
of the single crystals. Using our PXRD measurements, the
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FIG. 1. Structural model for 2.4% Zn-substituted Cu,0SeOs.
Coordination environment of (a) the Cu' site (square pyramidal) and
(b) the Cu! site (trigonal bipyramidal). Arrows indicate elongation
and contraction of bond distances compared to pristine Cu,0SeO;.
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FIG. 2. Powder x-ray diffraction peak at 260 = 96.65° for poly-
crystalline samples with different Zn concentrations. Open circles:
experimental data; dashed lines: single peak fits for individual
phases; gray solid line: a sum of these fits; red line: difference
between the global fit and the data. This demonstrates that the
asymmetrical shape and splitting of diffraction peaks can only be
modeled by multiple phases.

estimated Zn-substitution levels in polycrystalline samples are
taken as 0%, 2%, 4.1%, 6.4%, 7.9%, 10.5%, and 13.4%, for
the nominal starting compositions of 0%, 2%, 5%, 8%, 10%,
12%, and 15%, respectively [25]. The substitution level of
Cu** with Zn** is higher at low nominal substitution values
(up to 5% Zn), while above this level it starts to decrease.
This decrease is reflected in the amount of unreacted CuO
detected with powder diffraction, increasing from 1% in the
sample with 6.4% Zn up to 5% in the sample with 13.4%
Zn-substitution level. The crystal structure of Zn,0SeOs, if
it exists, is not known, therefore the increase of unreacted
CuO with increasing Zn-substitution levels can be related
to the stability and Zn>* uptake ability of the Cu,OSeOs
crystal structure. In addition, up to 3% of a Zn,SiO4 impurity
phase was observed in samples with Zn-substitution levels
higher than 4%, indicating that ZnO reacts with silica tubes
(although we would normally expect this reaction to occur
at higher temperatures of > 1000°C [35]). The estimated
Zn concentrations are given in Table I for comparison with
the single-crystal samples. We note that the Zn uptake is
far smaller in the single-crystal samples, compared to the
polycrystalline analogs.

To characterize the magnetic behavior of all samples, dc
magnetic susceptibility measurements were carried out using
zero-field-cooled and field-cooled protocols. Single crystals
were aligned with the applied magnetic field directed along
the [111] direction. The resulting magnetization curves are
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FIG. 3. (a) Magnetization M vs T for polycrystalline samples,
measured in a magnetic field of 25 mT. (b) The same for single-
crystal samples. (c) The temperature derivative of M vs T for poly-
crystalline samples, revealing multiple magnetic transitions. (Open
circles: experientially obtained data; blue, orange, and green dotted
lines: fits to distinct magnetic phases.) (d) The temperature derivative
of the M vs T single-crystal data, showing a single transition.

shown in Figs. 3(a) and 3(b). In single crystals the magnetic
transition temperature 7 is found to decrease with increasing
Zn content. The decrease in T, seen in single crystals is
comparable to that observed in polycrystalline materials for
the same actual Zn-substitution levels. The steplike nature of
the data for the polycrystalline material suggests that there
are multiple magnetic transitions occurring. This is more
clearly seen in the derivative of these data [Fig. 3(c)], which
show multiple peaks, particularly for higher Zn substitution,
indicating the presence of several magnetic phases with dif-
ferent values of 7. (This may be contrasted with analogous
measurements on single crystals [Fig. 3(d)] showing a single
transition.) By fitting the peaks a critical temperature 7, and
volume fraction for each distinct phase was determined, as
summarized in Fig. 4.

The existence of skyrmions, along with the size and po-
tential splitting of the skyrmion pocket, were investigated
using ac magnetic susceptibility. The resulting magnetic phase
diagrams are presented in Fig. 5, where we show the real
component x’ as a function of applied field and temperature,
which provides a good indication of the helical, conical, and
skyrmion structures. The phase diagrams for polycrystalline
samples closely resemble the data from Wu et al., with T, of
the sample decreasing with increasing Zn substitution, while
the skyrmion region seemingly splits into two (or even three
in, for example, the case of the 6.4% substituted sample)
distinct pockets. (This is also seen in the imaginary compo-
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FIG. 4. Top: Critical temperature 7. (crosses) and lattice param-
eter a (circles) for each Cu,OSeO; phase in polycrystalline samples,
as a function of Zn substitution. Bottom: Volume fractions of each
distinct phase in polycrystalline samples extracted from x-ray and dc
magnetometry data.

nent of the susceptibility x” [25].) Data measured on single
crystals [Figs. 5(e)-5(h)], show a single skyrmion phase in
each of the samples. The skyrmion pockets in single crystals
with 0.5%, 1.8%, and 2.4% Zn-substitution levels stretch
from 54.75 to 57.25 K, 53.5 to 56 K, and 52.75 to 55K,
respectively. Although the pockets shift to lower temperatures
with increasing Zn concentration, their widths remain roughly
constant (between 2.25 and 2.5 K), in contrast to the skyrmion
pockets detected in polycrystalline materials. Single crystals
with 2.4% Zn-substitution level were also measured with B ||
to [110] and the only noticeable differences are in the shape
and size of the skyrmion pocket as reported in the literature
[36]. For B || to [111], the skyrmion pocket can be found in
the temperature range between 52.75 and 55.0 K, while for
B || to [110] the pocket exists from 53.25 to 55.0 K.

Our analysis of the magnetization measurements suggests
the presence of multiple magnetic phases in the polycrys-
talline samples. To establish whether these are intrinsic to each
material, we carried out longitudinal field (LF) muon-spin
relaxation (uSR) measurements on polycrystalline samples,
since the muon is a sensitive local probe of magnetism [37].
In order to parametrize the spectra across the measured tem-
perature regime, they were fitted to an exponential function,
with the resulting values of relaxation rate A shown in Fig. 6.
We find A to be significantly larger inside the SkL phase
than outside it. Notably, we observe peaks in A coinciding
with the Sk phases which are significantly broader than
the typical peaks that indicate transitions between long-range
ordered and paramagnetic phases (shown in Ref. [25]). This
suggests that emergent dynamics in the SKL phase enhance A.
In both 6.4% and 10.5% Zn-substituted materials we see two
peaks which coincide with the SKL regions identified above.
To estimate the correlation time for dynamics in the local
magnetic field distribution in the SkL phases, we compared
these results and further transverse field SR measurements
on 6.4% Zn-substituted Cu,OSeQOs3. From these [25,38] we
estimate that the correlation time in the SkL phase is of order
7 ~ 100 ns, compared to 230 ns in the conical phase. This
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FIG. 5. (a)-(d) Real component of ac susceptibility x' at a
frequency of 10 Hz and driving field of 0.3 mT as a function of
field B and temperature 7" for polycrystalline samples, showing the
paramagnetic (P), ferrimagnetic (F), conical (C), helical (H), and
skyrmion lattice (S) phases. (e)—(h) The same, but for single-crystal
samples.

possibly reflects an increase in spin stiffness in the SkL phase
compared to the surrounding magnetic phases.

Closer examination of the spectra measured for 6.4% Zn
substitution near the peaks in A suggests that they are better
described by the sum of two exponential functions with dis-
tinct relaxation rates A;. This is seen in Fig. 6(a), where data
plotted on a logarithmic scale shows two approximately linear
regimes (separated by a crossover at ~2.5 us) with signifi-
cantly different gradients, suggesting that a two-exponential
model provides a more accurate description of the data. This
strongly implies the occurrence of two magnetically and spa-
tially distinct classes of muon site, with different correlation
times, since if there were only one muon site subject to
fluctuations with two correlation times, the slower one would
dominate, leading to a single relaxation rate [39]. Moreover,
we expect both classes of muon site to occur in the bulk
of the material. For comparison, the same analysis was also
carried out on LF uSR data measured on a polycrystalline
sample of pristine Cu;OSeO; (where only one peak is seen).
Here, a single exponential function models the data best,
suggesting that there is only one magnetically distinct muon

46 48 50 52 54 56
T (K)

44 46 48 50 52 54
T (K)

FIG. 6. (a) LF uSR spectra for 6.4% Zn-substituted polycrys-
talline Cu,OSeO; measured at 54 K in 18 mT on a logarithmic
scale with the background subtracted. Lines are guides to the eye.
Relaxation rate A for LF SR measurements of (b) pristine, (c) 6.4%,
and (d) 10.5% Zn-substituted Cu,0SeOs. Shaded regions indicate
the location of the SkL phase derived from ac susceptibility.

site in this material. These measurements therefore provide
unambiguous evidence for the coexistence of at least two
magnetic phases in the bulk of polycrystalline Zn-substituted
CU2OSCO3.

Evidence for multiple phases in polycrystalline samples
has come from structural and magnetic measurements. We
may link these with the observation of a correlation between
the lattice parameter and 7. for each phase in the polycrys-
talline samples. These are plotted in Fig. 4(a), labeled by Zn
substitution. The fractional volume of each phase was also de-
termined by both Rietveld refinement and magnetometry and
is shown in Fig. 4(b). There is good agreement between the
two datasets. We therefore conclude that the polycrystalline
Zn-substituted Cu,OSeO3 samples are multiphase, featuring
multiple, distinct Zn-substituted Cu,OSeOs phases. This then
explains the origin of the split skyrmion pocket: each distinct
phase exhibits the skyrmion spin structure at a different tem-
perature, reflecting the differing values of T-.

The synthesis conditions for our polycrstalline samples are
similar to those employed by Wu ef al. However, when we
subsequently prolonged the reaction times to 4 weeks, we
found that, while additional phases are formed, one majority
phase starts to become dominant. We believe that employing
sufficiently long reaction periods should cause all the addi-
tional phases to eventually converge into one thermodynami-
cally stable phase (see Ref. [25]).

Although the estimated Zn content in our single-crystal
samples is, at most, 2.4% and so we might not expect to
resolve any splitting in the skyrmion phase, we note that in
the 2.0% substituted polycrystalline sample there is evidence
for both structural and magnetic phase separation. We see
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no evidence for multiphase behavior in our single crystals,
suggesting that these are composed of a single phase with a
single magnetic transition and should be expected to host a
single skyrmion lattice phase.

In conclusion, we have shown that the splitting of the
SkL. phase observed exclusively in polycrystalline samples
reflects the system’s splitting into multiple Zn-substituted
phases, each characterized by different magnetic behavior.
The occurrence of these multiple phases can probably be
eliminated by employing suitably extended reaction times
during synthesis. Our results demonstrate the importance of
high-quality single-crystal samples in the investigation of the
magnetic properties of skyrmion-hosting systems.

Data will be made available via Warwick Research Archive
Portal [40].
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