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Chapter 7

Growth of non-centrosymmetric Cu2OSeO3

single crystals

Abstract

We have grown Cu2OSeO3 single crystals with a new vapor transport technique using
SeCl4 as a transport agent. We are able to grow Cu2OSeO3 crystals of maximum size
8 mm × 7 mm × 4 mm with a transport duration of around three weeks. We found
this new technique more efficient and simple compared to the commonly used growth
technique reported in literature. The Cu2OSeO3 crystals have a very high quality and the
absolute structures can be fully determined by simple single crystal x-ray diffraction. We
observe crystals with both left-handed and right-handed chiralities.

7.1 Introduction

Noncentrosymmetric magnetic materials have attracted considerable attention re-
cently in the field of magnetoelectric materials (ME). In these materials the absence
of an inversion center can lead to novel behavior such as multiferroics or novel mag-
netic textures like skyrmions. The most well studied chiral systems are MnSi [1, 2],
Mn1−xFexGe [3], FeGe [4] and a semiconducting Fe1−xCoxSi [5]. In these chiral
magnets, the principal magnetic phases are a helical phase, a single domain coni-
cal phase and a skyrmion state (known as the A-phase) which appears in a small
magnetic field-temperature (B-T) pocket close to transition temperature TN. In the
chiral atomic framework of this crystal family, the orbital motion of localized elec-
trons also takes helical paths. The neighboring spins of localized electrons are cou-
pled by the relativistic spin-orbit interaction called the Dzyaloshinskii-Moriya (DM)
interaction [6, 7]. As the sign of the DM interaction is determined by the chemical
composition, it emphasizes that the magnetic chirality is intrinsically dependent on
the lattice handedness. It has been shown experimentally in Mn1−xFexGe crystals
that the skyrmion helicity is directly correlated with the crystal helicity [3].

Cu2OSeO3 is one of the most important members of the chiral group with the
P213 chiral cubic crystal structure. It is the first insulator in which the skyrmion
lattice has been observed [8, 9] with a very similar B-T phase diagram to those of
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100 7. Growth of non-centrosymmetric Cu2OSeO3 single crystals

other related members of this chiral group. The insulating behavior of Cu2OSeO3

makes the study of the decisive role of crystal helicity especially more interesting by
excluding other contributions caused by conduction electrons. To understand the
unique magnetic structure of Cu2OSeO3, several different techniques have been em-
ployed including muon spin rotation spectroscopy [10], Lorentz transmission elec-
tron microscopy [9], AC susceptibility measurements [11], Terahertz Electron Spin
Resonance [12] and time-resolved magneto-optics [13]. Recently, generation of spin
currents has been studied in Cu2OSeO3 by a spin-pumping experiment [14].

Considering the large interest in the magnetic properties of Cu2OSeO3, it is im-
portant to look for new, efficient and fast growth techniques. Conventionally, Cu2OSeO3

is grown by the vapor transport method with HCl gas as transport agent. With this
growth method only one helicity has been reported [15], but the other helicity has not
been reported yet to the best of our knowledge. It is known that the structural and
magnetic chiralities for Cu2OSeO3 crystals are directly correlated [15]. Therefore, to
obtain both magnetic chiralities, it is needed to improve the growth techniques not
only to increase the growth rate but also to get crystals with both chiralities. Here,
we report a new and efficient way for the growth of Cu2OSeO3 single crystals with
SeCl4 as transport agent. We observe very high quality crystal growth having both
chiralities with this new transport agent. The crystal structure of Cu2OSeO3 crys-
tals has been studied before [16–18] with different diffraction techniques. Here, we
use single crystal x-ray diffraction (XRD) to establish the absolute structures for both
handednesses. This confirms the good quality of the crystals.

7.2 Synthesis and experimental methods

Single crystals of Cu2OSeO3 were grown by the standard chemical vapor transport
method. The novelty of our growth method is the use of selenium tetrachloride
(SeCl4) as a transport agent. Previously, SeCl4 was mainly used to grow molybde-
num and tungsten diselenides. In the literature Cu2OSeO3 is usually grown with
HCl gas [19]. Here, we report the growth of chiral magnets with SeCl4 as trans-
port agent which is new and different from those used in the literature [20]. For
growth, transparent quartz ampoules (30 mm inside diameter, 30 cm length) were
used. They were first carefully cleaned with ethanol, acetone, 10% HF, and demi
water and dried overnight at 200 ◦C before the charge was introduced. SeCl4 is very
hygroscopic; therefore, it was weighed and introduced into the transport tubes in a
glove box under a nitrogen atmosphere. Mixtures of high-purity CuO (Alfa-Aldrich,
99.995 %) and SeO2 (Alfa-Aldrich, 99.999%) powders in a molar ratio of 2:1 were
sealed in an evacuated quartz ampoule with 0.54 g of SeCl4 (Alfa-Aldrich, 99.5%).
After a few minutes of degassing, the part of the ampoule containing the chemi-
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cals was immersed into liquid nitrogen, subsequently evacuated and sealed after the
chemicals had cooled below their evaporation temperatures. The ampoule was then
placed horizontally into a tubular three-zone furnace having 18 cm - long zones sep-
arated by a distance of 3 cm. The temperature of the furnace was raised gradually
by 50 ◦C/h to 600 ◦C. To get rid of unwanted nucleation centers, a reverse tempera-
ture gradient was applied by adjusting the temperature of the source zone (Thot) to
610 ◦C and the deposition zone (Tcold) to 660 ◦C for 24h. Afterwards, Thot and Tcold

were adjusted to 610 ◦C and 570 ◦C, respectively, for growth. These furnaces were
regulated by a PID electronic regulator (SHINKO) with ±0.5 ◦C temperature stability
at 500-650 ◦C. After two weeks, shiny crystals could be seen at the deposition zone.
After four weeks, the ampoules were quenched at the source zone so that all gas va-
pors quickly condensed at the source zone. The extreme hygroscopic nature of SeCl4

Table 7.1: Growth conditions for Cu2OSeO3 with CVT growth method for different transport
agents (TA).

TA Thot (◦C) Tcold (◦C) growth duration
(d)

max. size of
crystals (mm3)

HCl [19] 620 580 49 130-150
SeCl4 610 570 23 210-224

resulted in the presence of water in the ampoules, in spite of all precautions taken.
The presence of water can create the vapor phase of hydrogen chloride (HCl) and a
chalcogen oxichloride (SeOCl), thus making the analysis of the transport mechanism
more complex. However, we observed that the presence of moisture slows down the
transport process. This transport method with SeCl4 resulted in reasonably big and
thick crystals. To compare the efficiency of the growth method, we also synthesized
the crystals with HCl gas as transport agent as reported in the literature [19]. The
growth conditions are summarized in Table 7.1. The crystal structure of Cu2OSeO3

crystals is investigated with a D8 Venture single crystal x-ray diffractometer (XRD).
The crystal quality is checked with precision scans of XRD for full sphere approxi-
mation.

7.3 Results

Table 7.2 shows the parameters used to establish the absolute structure of Cu2OSeO3

single crystals. Cu2OSeO3 crystals display the P213 space group and the ions occupy
the Wyckoff positions that are summarized in Table 7.3. The precision scans of XRD
for full sphere approximation show the high quality of Cu2OSeO3 single crystals
without any twinning.
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102 7. Growth of non-centrosymmetric Cu2OSeO3 single crystals

Table 7.2: Crystallographic data and structure refinement for Cu2OSeO3 single crystals.

Temperature 100 K
crystal system cubic
space group P213

wavelength 0.7107 A◦

unit cell dimension a 8.9446 A◦

θ range for data collection 3.147◦ - 32.25◦

Limiting indices -13 ≤ h ≤ 13
-11 ≤ k ≤ 11
-13 ≤ l ≤ 13

Reflections collected / unique 0.0367
Final R indices [I > 2σ(I)] 0.0312
Absolute structure parameter -0.01(2)

The chirality of the crystals was characterized with the Flack parameter analy-
sis. The Flack parameter is defined as the ratio between two opposite-handed do-
mains for non-centrosymmetric crystals giving rise to a resonant contribution in the
x-ray scattering amplitudes. A Flack parameter equal to zero corresponds to a sin-
gle domain of the chiral structure (enantiopure) and a Flack parameter equal to 1
represents a single domain structure but with opposite chirality. The absolute struc-
tures are solved by calculating the atomic coordinates during refinement of the Flack
parameter x by using the twin model for intensities of hkl reflections as follows:

Icalc
hkl = (1-x) | Fhkl |2 +x | F-h-k-l |2 (7.1)

Here, | Fhkl | and | F-h-k-l | represent the structure factors. The dual-space SHELXL
method was used for the structure determination. The full sphere of Bragg reflec-
tions was used for refinement. Results of least square refinement give a Flack x of
0.013(17) indicating two absolute structures having opposite chirality. The deviation
factor is defined as:

R1 = Σ | Fobs − Fcalc | /ΣFobs (7.2)

The standard deviation R1 was found to be 0.0217, which shows that the scattering
strictly follows the Flack conditions. We measured eleven crystals to resolve the ab-
solute structure, in which we found seven right-handed and four left-handed enan-
tiomers. The atomic coordinates for absolute structures for left-handed and right-
handed enantiomers of Cu2OSeO3 are summarized in Table 7.3.
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Table 7.3: Atomic coordinates and Wyckoff positions (WF) for Cu2OSeO3 for both handed-
ness.

Right-
handed

Left-
handed

WP x y z x y z
Cu (1) 4a 0.88589(3) 0.88589(3) 0.88589(3) 0.11404(4) 0.11404(4) 0.11404(4)
Cu (2) 12b 0.13439(3) 0.12108(3) 0.87247(3) 0.86549(4) 0.87895(4) 0.12754(4)
Se (1) 4a 0.45963(3) 0.45963(3) 0.45963(3) 0.54031(4) 0.54031(4) 0.54031(4)
Se (2) 4a 0.21201(3) 0.21201(3) 0.21201(3) 0.78802(4) 0.78802(4) 0.78802(4)
O (1) 4a 0.01031(3) 0.01031(3) 0.01031(3) 0.98974(3) 0.98974(4) 0.98974(3)
O (2) 12b 0.76232(2) 0.76232(2) 0.76232(2) 0.23730(3) 0.23730(4) 0.23730(3)
O (3) 4a 0.27029(2) 0.48318(2) 0.46954(2) 0.72971(3) 0.51663(4) 0.53014(3)
O (4) 12b 0.27257(2) 0.18681(2) 0.03276(2) 0.72786(3) 0.81329(4) 0.96738(3)

7.4 Discussion

7.4.1 Chemical vapor transport

The vapor transport technique [19] commonly used for the growth of Cu2OSeO3 sin-
gle crystals is relatively slow and complex due to the use of HCl gas as transport
agent. However, the method reported in this paper is very simple and easy due to
the use of a solid transport agent SeCl4, and it was also found to be relatively fast.
A disadvantage of SeCl4 as a transport agent could be the strong silica attack and its
strong hygroscopic nature which can be easily settled by using the transport agent
in an inert and dry atmosphere. SeCl4 has been frequently used in the past as an
efficient transport agent for the growth of diselenides such as WSe2 and MoSe2 [20–
22]. Like SeCl4, TeCl4 can also be an efficient transport agent. TeCl4 is more sta-
ble and less hygroscopic than SeCl4 which makes it a more suitable transport agent
than SeCl4 for vapor transport growth. However, TeCl4 can dope the crystals and,
therefore, SeCl4 is more suitable for growth of undoped Cu2OSeO3 crystals. The
decomposition of SeCl4 will give a mixture of selenium and dichlorine that can re-
sult in possible gaseous oxygen compounds during transport for SeCl4 can be SeO2,
SeOCl2 and SeO. Chlorine resulting from the decomposition of SeCl4 is probably
playing the efficient role in the transport but the role of the selenium is not very clear
in the transport. In case of presence of water, the transport would be more compli-
cated by also involving HCl vapors for the transport. We observed a clear decrease
in the deposition rate by exposing the SeCl4 transport agent to air.



Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017Processed on: 10-1-2017

506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel506325-L-sub01-bw-Aqeel

7

104 7. Growth of non-centrosymmetric Cu2OSeO3 single crystals

[111]

Left-handed Right-handed

(a) (b)

Figure 7.1: The two chiral crystal structures of Cu2OSeO3 where blue (green) spheres rep-
resent Cu1 (Cu2) atoms and orange spheres represent non-magnetic Se atoms. The non-
magnetic Se atoms are represented by orange spheres. The top views are along the body
diagonal of the cube (along [111] axis). (a) left-handed and (b) right-handed crystals.

7.4.2 Absolute structure determination

The absolute structures were solved for eleven crystals, grown with SeCl4 as trans-
port agent. During refinement the Goodness of Fit (GooF) was found to be 0.9-1.03,
the scale factor K was 0.95-1.0 and the standard deviation R1 was found to be 0.2-0.5,
which confirmed the high quality of those crystals. Seven out of eleven analyzed
crystals showed the same helicity and the other four crystals showed the opposite.
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The helicity can be defined from the Wyckoff position of magnetic ions. In the case
of Cu2OSeO3, Cu(1) and Cu(2) ions are located at 4a and 12b Wyckoff position as
shown in Table 7.3. The 4a Wyckoff positions of Cu(1) in Cu2OSeO3 are (x,x,x),
(0.5+x,0.5x,x), (x,0.5+x,0.5x) and (0.5x,x,0.5+x) where x ≈ 0.136 or x ≈ 1 - 0.136 = 0.863
corresponding to two enantiomers. The crystals having Cu(1) at x = 0.863 are defined
as the right-handed enantiomer and others with x = 0.136 as the left-handed enan-
tiomer as shown in Table 7.3. The structure of Cu2OSeO3 with the same set of coordi-
nates for the right-handed crystals shown in Table 7.3 is also defined as right-handed
in Ref. [15]. There, the crystals are defined as right-handed on the basis of similarity
of the 4a Wyckoff position of Cu(1) ion in Cu2OSeO3 and Mn in MnSi (right-handed).

The crystal helicity can also be defined by considering the closeness of the struc-
tural symmetry of the P213 space group with the absolute structure of P4132 as
proposed by Ref. [23]. The P4132 space group contains only right-handed screw
axes 41. Therefore, the right-handed crystals of the P213 space group can be easily
distinguished by comparison. The same approach is also mentioned for B20 struc-
tures [24]. The set of coordinates determined with this definition for right-handed
crystals is found to be consistent with the obtained absolute structure for the right-
handed crystals as shown in Table 7.3.

7.4.3 Broadband helimagnon resonance measurements

Experimental investigation of magnetic resonances1 confirmed the high quality of
the Cu2OSeO3 single crystals grown by the method described above. The measure-
ments were performed at 5 K using a broadband spectroscopy technique based on
vector network analysis (VNA).

The magnon resonances were excited and detected in different magnetic phases
of Cu2OSeO3 by measuring the complex transmission S21 with a VNA between two
ports, as a function of frequency f. To remove the background contributions, the
normalized transmission is defined as

δS21(f,H0) =
S21(f,H0 + δH0)− S21(f,H0 − δH0)

S21(f,H0)
(7.3)

where H0 is the external static applied magnetic field and δH0 is the sweeping incre-
ment. Such a measurement is shown in Fig. 7.2. Fig. 7.2 shows the real part of the
complex transmission Re(δS21) defined in equation 7.3 as a function of frequency f
and H0 at 5 K. The contrast in Re(δS21) is attributed to the excitation and detection of
magnetic resonances at a certain frequency. Three distinctive sets of helimagnon res-
onances are identified (indicated in Fig. 7.2). In addition to the previously observed

1For detailed information see Experimental observation of quantized helimagnon resonances in the chiral
magnetic insulator Cu2OSeO3 by M. Weiler, A. Aqeel, M. Mostovoy, A. O. Leonov, S. Geprägs, R. Gross, H.
Huebl, T. T. M. Palstra, & S. T. B. Goennenwein, to be submitted.
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Figure 7.2: Colorcoded ReδS21 (as defined in equation 7.3) spectra recorded as a function of
f and H0 at T = 5 K for three different orientations of the external magnetic field H0, swept
from positive to negative values. Contrast in δS21 corresponds to the detection of magnon
resonances and the dotted lines correspond to the resonance frequencies.

resonances in the literature [25, 26] at frequencies f < 6 GHz, helimagnon resonances
were also detected at higher frequencies (middle and top row in Fig 7.2) in grown
Cu2OSeO3 crystals. Linewidth analysis suggests a magnetic damping α ≤ 0.003

which is substantially larger than the damping of yttrium iron garnet. Nevertheless,
the damping of Cu2OSeO3 is comparable to the record value recently reported in
a metallic ferromagnetic CoFe alloy at room temperature [27]. The low damping in
high quality single crystals of Cu2OSeO3 in different magnetic phases opens the pos-
sibility to excite quantized helimagnons with exciting perspectives for spintronics in
chiral magnets.
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7.5 Conclusions

In conclusion, we have demonstrated a simple route that allows the growth of Cu2OSeO3

single crystals in a relatively short duration. The XRD analysis shows high qual-
ity single crystals. We observed both right-handed and left-handed enantiomers of
Cu2OSeO3 and the absolute structure was fully determined by the Flack parame-
ter analysis of the refined XRD pattern. The growth of crystals with both left- and
right-handed structural chiralities can be useful to understand the coupling between
structural and magnetic chiralities. The understanding of the coupling is important
to control the magnetic textures such as skyrmions for spintronics applications.
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