challenge in the study of recombination. A pop-
ulation sequencing approach, such as the one
taken here, should enable further informative
studies of recombination across a wide range
of species.
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Observation of Skyrmions in a
Multiferroic Material

S. Seki,™* X. Z. Yu,? S. Ishiwata,? Y. Tokura'??3

A magnetic skyrmion is a topologically stable particle-like object that appears as a vortex-like
spin texture at the nanometer scale in a chiral-lattice magnet. Skyrmions have been observed

in metallic materials, where they are controllable by electric currents. Here, we report the experimental
discovery of magnetoelectric skyrmions in an insulating chiral-lattice magnet Cu,0SeO3 through
Lorentz transmission electron microscopy and magnetic susceptibility measurements. We find
that the skyrmion can magnetically induce electric polarization. The observed magnetoelectric
coupling may potentially enable the manipulation of the skyrmion by an external electric field without

losses due to joule heating.

opological spin textures in solids are of

I great interest to future spin-electronic
technology. One example is a magnetic
skyrmion (/-3), a vortex-like spin-swirling ob-
ject (Fig. 1H) with a typical size of 10 to 100 nm,
recently observed in chiral-lattice magnets (4-7).
Conduction electron flow with low current den-
sity can drive skyrmion motion, which in turn
gives rise to the transverse electromotive force
(8—10). Such electric controllability, as well as its
particle-like nature with nanometric size, points
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to potential application of skyrmions in high-
density magnetic storage devices.

Another promising route to electric control of
magnetism is through the usage of multiferroics,
insulating materials characterized by both mag-
netic and dielectric orders (/7). Recently, helical
spin textures have been found to affect the sym-
metry of charge distribution and magnetically in-
duce electric polarization (P) in compounds such
as TbMnOj; (12-14). Such coupling between fer-
roelectricity and magnetic structure enables versa-
tile magnetoelectric response, such as the magnetic
field (H) control of electric polarization direction
(14) and the electric field (E) control of spin-
chirality (15, 16), magnetic modulation vector ((I)
(17), and magnetic domain distribution (/8). Be-
cause the energy dissipation by applied £ is neg-
ligible in insulators, this approach is energetically
more efficient compared with the current-driven
approach in metals or semiconductors.

In the noncentrosymmetic environment of a
chiral lattice, the spin-exchange interactions are
composed of two terms: symmetric S; ;§j -like
(e.g., ferromagnetic) and antisymmetric S; X S; -
like, where S; and §j represent spins on neigh-
boring sites. The antisymmetric exchange term,
called Dzyaloshinskii-Moriya (D-M) interaction,
stems from the relativistic spin-orbit interaction
and tends to stabilize helical (mostly screwlike)
spin texture with fixed handedness (spin chiral-
ity) against the simple ferromagnetic state. The
skyrmions or their crystallized form are known
to appear in a restricted window of magnetic
fields and temperatures in chiral-lattice helimag-
nets as the intervening state between the helical
and field-induced spin-collinear (ferromagnetic)
states. The crystallized form of skyrmions has
been experimentally detected in specific metallic
alloys with B20 structure, such as MnSi (4),
Fe;_,Co,Si (5, 6), and FeGe (7). They all have a
cubic crystal lattice with chiral space group
P2,3, as well as the helimagnetic ground state
formed as a result of the competition between
the ferromagnetic exchange and D-M interac-
tions (/9). In bulk form, their magnetic phase
diagram is characterized by the so-called A-phase,
positioned within a narrow temperature (7) and
magnetic field window just below the magnetic-
ordering temperature (7.) (20-22), where the
formation of a triangular lattice of skyrmions
is confirmed by small-angle neutron scattering
experiments (4, 5). In each skyrmion, spins at the
core (or edge) of the vortex orient antiparallel (or
parallel) to the applied H. The real-space obser-
vation of skyrmion crystal (SkX) by Lorentz trans-
mission electron microscopy (TEM) has been
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achieved for the thin-film form of the specimen
(6, 7), in which SkX is found to be stabilized
over a much wider 7 and H range than in bulk
specimen. Because the existence of the SkX state
has been confirmed only in conductive materials
(4, 5, 7), the dielectric nature of this spin state
remains unexplored.

The crystal structure of Cu,OSeOj is char-
acterized by the same space group (cubic and
chiral) P2,3 as the B20 alloys, but with very dif-
ferent atom coordination (Fig. 1A) (23-25). Cu**
(spin S = 1/2) sites are surrounded by either a
square pyramid or a trigonal bipyramid of ox-
ygen ligands, with the ratio of 3:1. Recent pow-
der neutron diffraction (26) and nuclear magnetic
resonance (27) studies suggested that a three-
up, one-down type of ferrimagnetic spin arrange-
ment is realized in the magnetic ground state
below T, ~ 60 K, where collinear spins align
antiparallel among two inequivalent Cu®" sites
(Fig. 1B). The single crystal of Cu,OSeO; has
been grown by chemical vapor transport meth-
od (27).

To investigate the nanometric-scale modifi-
cation of the magnetic structure, we performed

high-resolution Lorentz TEM imaging of a thin-
film single crystal of Cu,0OSeO; with a thick-
ness of ~100 nm. Combined with a magnetic
transport-of-intensity equation calculation, this
technique enables mapping the lateral magne-
tization distribution in real space (28). Under
zero magnetic field for the (110) and (111) sample
planes (Fig. 1, C and F, respectively), we ob-
served the stripe patterns of the lateral magneti-
zation, corresponding to a proper screw-spin
order with a modulation period of ~50 nm, where
spins rotate within a plane perpendicular to the
magnetic modulation vector ¢ || <110>. These
results are consistent with the existence of a finite
D-M interaction and reveal that the magnetic
ground state of Cu,OSeOs is helically modu-
lated. Note that the modulation period (~50 nm)
of the magnetic moment is long enough as com-
pared with the Cu-Cu atomic distance, being
compatible with the local ferrimagnetic spin ar-
rangement. With /7 ~ 800 Oe applied normal
to the sample plane, the formation of a trian-
gular lattice of skyrmions is observed both for
the (110) and (111) planes (Fig. 1, D and G).
Here, the diameter of a skyrmion is identical to

H || [110] H || [111]

Fig. 1. (A) Crystal structure of Cu,05e0s, characterized by two inequivalent Cu®* sites with different oxygen
coordination. (B) Ferrimagnetic spin arrangement on Cu®* sites. (C to G) Lateral magnetization distribution
map for a thin-film (~100-nm-thick) sample of Cu,0Se0Qs, obtained through the analysis of Lorentz TEM data
taken at 5 K. The color wheel in the bottom-left corner of (F) shows the direction (hue) and relative magnitude
(brightness) of the lateral magnetization. Panels (C) and (D), as well as (F) and (G), represent images for the
(110) and (111) plane, respectively, and a magnetic field is applied normal to the observed sample plane. In
both cases, proper screw-spin texture appears for zero magnetic field, whereas a skyrmion lattice with the
identical spin chirality is formed for H = 800 Oe. A magnified view of (D) is shown in (E), where white arrows
represent the magnetization direction. (H) Schematic illustration of a single magnetic skyrmion.
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the modulation period of the helical spin state.
Every skyrmion in the SkX state has a uni-
form spin chirality (spin-swirling direction), and
three magnetic modulation vectors always lie
perpendicular to the applied H. These features
are consistent with the recent report for the
SkX state in B20 alloys (4, 6, 7). Based on these
real-space observations, Fig. 2B shows the H-T'
phase diagram under # || [111] for thin-film
Cu,0Se05 determined through the measure-
ment of skyrmion density. Skyrmions disappear
for H > 1800 Oe, which implies transition into
the collinear (ferrimagnetic) spin state. Typical spin
textures for selected (7, H) points are displayed
in Fig. 2, D to K.

In B20 alloys, the stability of the SkX state
essentially depends on the dimensions of the
system: Whereas the SkX is stable over a wide
T and H range in the two-dimensional (2D) limit
(thin film), it shrinks into the narrow A-phase
region in the 3D limit (bulk) (6, 7). To invest-
igate the effects of dimensionality in our system,
we studied the magnetic behavior of a bulk
single crystal of Cu,0OSeOs for H || [111]. Figure
3, A and B, indicate the H-dependence of mag-
netization M and ac magnetic susceptibility /'
measured at 5 K. Around 600 Oe, the M profile
shows a steplike anomaly, and y’ also exhibits a
clear kink structure. Above 1800 Oe, M-value
saturates at M ~ 0.5up/Cu®" (where pg is the
Bohr magneton), which suggests the transition
into the three-up, one-down ferrimagnetic state
(Fig. 1B) (25, 26, 29). The same measurements
are also performed at 55 (Fig. 3, D and E) and
57 K (Fig. 3, G and H), and the obtained ¥’
profiles indicate that the above two magnetic
transitions still take place at both temperatures.
Notably, we found an additional dip anomaly
for 200 Oe < H < 400 Oe in the ' profile at
57 K, which has not been identified previously.
The H-T phase diagram for the bulk crystal of
Cu,0SeO; obtained through H and T scans of
M and ' is summarized in Fig. 2, A and C. The
overall features of the magnetic phase diagram,
including the existence of a narrow A phase char-
acterized by the dip anomaly in the y’ profile,
bear close resemblance to those reported for B20
alloys (21, 30). Considering the reported dimen-
sion dependence for the stability of the SkX state
in B20 alloys (6, 7), we conclude that the ob-
served A phase represents the SkX state in the
bulk form of Cu,0SeO;. The ground state of the
bulk Cu,0OSeO; can be assigned to be helimag-
netic, but with multiple ¢ domains due to the
high symmetry of the cubic lattice. Here, the ap-
plication of H leads to the formation of a single
g-domain state with H || ¢ keeping the proper
screw-spin texture, as antiferromagnetically aligned
spins tend to lie perpendicular to the applied H.
Such rearrangement of a ¢ vector within the heli-
magnetic state explains the steplike anomaly of
the M profile (Fig. 3A) and the enhancement of
the %' value (Fig. 3B) observed around 600 Oe
at 5 K, as in the case of B20 (e.g., Fe;_,Co,Si)
compounds (22).
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Fig. 2. Magnetic phase diagram under H Il [111], deduced for (A) bulk and (B) ~ Magnified view of (A) near the A-phase (skyrmion crystal phase) region. (D to G)
thin-film forms of Cu,05e0s, respectively. The former is determined by temperature  Magnetic field dependence of lateral magnetization distribution at 5 K with the
(T) and magnetic-field (H) scans of magnetization (), electric polarization (P), and  same color wheel mapping as in Fig. 1, where a magnetic field is applied normal to
ac magnetic susceptibility (x), and the latter by the measurement of skyrmion  the (111) thin film. (H to K) Temperature dependence of the magnetic domain
density through Lorentz TEM imaging at selected data points (small gray circles). (C)  configuration (underfocused Lorentz TEM images) with H = 400 Oe.

Cu,0SeO; has recently been reported to
show small anomalies in the dielectric constant
accompanied with magnetic transitions (26, 31).
To fully understand the magnetoelectric response
in this material, we performed the electric pola-
rization measurement for each magnetic phase,
focusing on the [111] component of the electric
polarization (Pf;;y;) under || [111]. Figure 3C
indicates the magnetic field dependence of Py
at 5 K, measured after cooling at zero £ and H.
In the helimagnetic phase with multiple ¢ do-
mains (denoted as h'), Pp;;;) remains zero even
under finite A (<400 Oe). Upon the transition
into the single g-domain helimagnetic state (de-
noted as h) around 600 Oe, Py first takes a
nonzero negative value but then changes its sign
as H is further increased. In the ferrimagnetic
state (denoted as f), P11y saturates at a positive
value. The reversal of the H direction gives the
same sign as that of Ppj;y). In general, applica-
tion of H induces the continuous deformation of
spin texture from proper screw to conical, and
finally to collinear (that is, ferrimagnetic) (Fig. 4A).
The variation of Py, with || [111] appears to be
well scaled with the relation that P[] = Po + pM?
(where Py and P are the fitting parameters) (red
dashed line in Fig. 3C), except for the low-H re-
gion where P remains zero probably due to the
cancelation of P averaged over different ¢ domains.

Cu20Se0s HII[111]

%0.5 5&5 0 iEO-
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S5 1 502 | 0.
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Fig. 3. Magnetic field (H Il [111]) dependence of magnetization M, ac magnetic susceptibility ', and [111]-
component of electric polarization (Pf314;) measured for bulk single crystal of Cu,05e03 at 5 (A to €), 55 (D to
F), and 57 K (G to I), respectively. Red dashed lines in the Pj;15)-profiles indicate the numerical fit for the
single-domain helimagnetic state with Pjyq1) = Po + B, Letter symbols f, h, h’, and s denote ferrimagnetic,
helimagnetic (single g domain), helimagnetic (multiple g domains), and skyrmion-crystal states, respectively.

Similar behavior is observed at elevated tem-  is, the bulk SkX phase (denoted as s) at 57 K—
peratures: 55 (Fig. 3F) and 57 K (Fig. 3I). How- Py} shows an abrupt change and takes a non-
ever, when passing through the A phase—that  zero positive value. Each magnetic transition
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Fig. 4. (A) Development of helical spin order under an applied magnetic field. (B)
Spin distribution for a magnetic skyrmion crystal, with background color repre-
senting the out-of-plane component of the magnetic moment (5%). Compatible
symmetry elements are also indicated: twofold rotation axes followed by time

coincides with the anomalies in the P-H profile
(Fig. 2, A and C), suggesting a strong mag-
netoelectric coupling in this material. The above
results indicate that all the magnetic phases (fer-
rimagnetic, helimagnetic, and even the skyrmion
lattice spin state) can magnetically induce non-
zero electric polarization with varying sign and
magnitude.

The emergence of P || H || [111] in these
magnetic phases can be justified from the view-
point of magnetic symmetry. The crystal struc-
ture of Cu,OSeO3 belongs to the nonpolar
(paraelectric) space group P23, which possesses
threefold rotation axes along <111> and 2;-screw
axes along <100> (Fig. 4C). The skyrmion lattice
spin texture itself'is also nonpolar, because it holds
an orthogonal arrangement of a sixfold rotation
axis (6) along H and twofold rotation axes followed
by time reversal (2") normal to / (Fig. 4B). When
a skyrmion lattice is formed with A || [111] on
the Cu,0SeO; crystal lattice, however, most of
symmetry elements are lost, and only the three-
fold rotation axis along the H direction survives.
As a result, the system can become polar along
the H direction, and the emergence of P || H || [111]
is allowed (Fig. 4F) (32). Likewise, the ferri-
magnetic order with / || M || [111] (Fig. 4D) or
the helimagnetic order with H || ¢ || [111] (Fig. 4E)
leaves only the threefold rotation axis or screw
axis along H, and hence also allows the
emergence of P || H || [111]. Because of the dif-
ferent magnetic-moment distributions, however,
the M dependence of Ppj;;; becomes distinct
between the helimagnetic (conical) and SkX or-
ders, thereby causing the nonmonotonous change
of Ppyyyp by way of the SkX state in the H-
increasing/decreasing runs, as seen in Fig. 31.
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Cu,0SeO; can be regarded as an insulating
analog of B20 alloys, given the similarity in the
crystal symmetry and a magnetic phase diagram
characterized by the narrow A phase (SkX state)
region; this might suggest that chiral-lattice cu-
bic ferro/ferrimagnets ubiquitously host skyrmion
spin texture regardless of metallic or insulating
state. In insulators, the skyrmion can be accom-
panied by electric polarization, which may enable
manipulation of skyrmions by an applied electric
field. In B20 alloys (6), skyrmions can appear not
only in crystallized form but also as independent
particles, especially at the phase boundary be-
tween the collinear and SkX states. An individual
skyrmion particle should locally carry a distinc-
tive magnitude of electric dipole under the fer-
rimagnetic background in Cu,OSeOs, which, in
principle, allows the transport of skyrmions by
the spatial gradient of an electric field as the pro-
cess of minimizing electrostatic energy. Skyrmions
in multiferroics may be a building block to design
energy-efficient spintronic devices with unique
magnetoelectric functions.

References and Notes
1. T. H. R. Skyrme, Nucl. Phys. 31, 556 (1962).
2. U. K. R6Rler, A. N. Bogdanov, C. Pfleiderer, Nature
442, 797 (2006).
3. A. N. Bogdanov, D. A. Yablonskii, Sov. Phys. JETP
68, 101 (1989).
. S. Mihlbauer et al., Science 323, 915 (2009).
. W. Miinzer et al., Phys. Rev. B 81, 041203(R) (2010).
. X. Z. Yu et al., Nature 465, 901 (2010).
. X. Z. Yu et al., Nat. Mater. 10, 106 (2011).
. P. Bruno, V. K. Dugaev, M. Taillefumier, Phys. Rev. Lett.
93, 096806 (2004).
9. A. Neubauer et al., Phys. Rev. Lett. 102, 186602 (2009).
10. F. Jonietz et al., Science 330, 1648 (2010).
11. M. Fiebig, J. Phys. D Appl. Phys. 38, R123 (2005).
12. S. W. Cheong, M. Mostovoy, Nat. Mater. 6, 13 (2007).

® N o

REPORTS

T R

T R

reversal (2) and a sixfold rotation axis along the out-of-plane direction (6). Red
arrows indicate 2" axes. (C) Symmetry elements allowed for the crystal structure
of Cu,0Se0; with space group P2,3. (D to F) The P direction for ferrimagnetic,
helimagnetic, and skyrmion-crystal states under H Il [111], respectively.

13. V. Tokura, S. Seki, Adv. Mater. 22, 1554 (2010).

14. T. Kimura et al., Nature 426, 55 (2003).

15. Y. Yamasaki et al., Phys. Rev. Lett. 98, 147204 (2007).

16. S. Seki et al., Phys. Rev. Lett. 100, 127201 (2008).

17. H. Murakawa, Y. Onose, Y. Tokura, Phys. Rev. Lett. 103,
147201 (2009).

18. Y. Tokunaga et al., Nat. Mater. 8, 558 (2009).

19. Y. Ishikawa, K. Tajima, D. Bloch, M. Roth, Solid State
Commun. 19, 525 (1976).

20. Y. Ishikawa, M. Arai, J. Phys. Soc. Jpn. 53, 2726 (1984).

21. A. Bauer et al., Phys. Rev. B 82, 064404 (2010).

22. S. V. Grigoriev et al., Phys. Rev. B 76, 224424 (2007).

23. G. Meunier, M. Bertaud, . Appl. Cryst. 9, 364 (1976).

24. H. Effenberger, F. Pertlik, Monatsh. Chem. 117, 887 (1986).

25. K. Kohn, J. Phys. Soc. Jpn. 42, 2065 (1977).

26. ].-W. G. Bos, C. Colin, T. Palstra, Phys. Rev. B 78, 094416
(2008).

27. M. Belesi et al., Phys. Rev. B 82, 094422 (2010).

28. M. Uchida, Y. Onose, Y. Matsui, Y. Tokura, Science 311,
359 (2006).

29. C. L. Huang et al., Phys. Rev. B 83, 052402 (2011).

30. C. Thessieu, C. Pfleiderer, A. N. Stepanov, ]. Flouquet,
J. Phys. Condens. Matter 9, 6677 (1997).

31. K. H. Miller et al., Phys. Rev. B 82, 144107 (2010).

32. Based on the similar symmetry analysis, the emergence
of P11 [001] can be allowed in a skyrmion lattice spin
state with H I [110], because only the 2;’-axis normal to
H remains unbroken.

Acknowledgments: We thank N. Nagaosa, T. Arima,

M. Mochizuki, S. Miyahara, N. Furukawa, B.-]. Yang,

F. Kagawa, Y. Shiomi, N. Kanazawa, T. Kurumaji, M. Shibata,
M. Rikiso, and A. Nakao for enlightening discussions and
experimental contributions. This work was partly supported by
Grants-In-Aid for Scientific Research (grants 20340086 and
2010458) from the Ministry of Education, Culture, Sports,
Science and Technology of Japan, and the FIRST Program by
the Japan Society for the Promotion of Science.

Supplementary Materials
www.sciencemag.org/cgi/content/full/336/6078/198/DC1
Materials and Methods

References

19 September 2011; accepted 2 March 2012
10.1126/science.1214143

13 APRIL 2012

201

Downloaded from www.sciencemag.org on April 27, 2012


http://www.sciencemag.org/

