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Outline

• “Partial” helical order


• Fe3PO4O3: Antiferromagnetic partial 
helical order with short correlation 
length 


• Evidence for a disordered, 
antiferromagnetic Skyrmion-like state
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Helical order
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Figure 1: Some different types of magnetic structures.

2

pitch length, λ

Caused by competing 
interactions e.g.:  

1) Ferromagnetism 
competing with 
Dzyaloshinskii Moriya 
(Si x Sj)


2) Heisenberg AFM 1st 
and 2nd neighbors

H = J1 ∑
< i,j>

Si ⋅ Sj + J2 ∑
< < i,j> >

Si ⋅ Sj H = J ∑
< i,j>

Si ⋅ Sj + D ∑
< i,j>

Si × Sj
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Figure 5: The magnetic structures of the heavy rare earth metals.

• Incommensurate- there is no simple relation between the structural and
magnetic cells.

It is important to note that these classifications describe only the prop-
agation vector; the magnetic structure itself is the result of the propagation
vector k and the basis vector Ψj. It is the combination of both of these that
gives rise to the different possible structures[1, 4, 5, 6].

5.1 Simple structures and Sine structures

As we have seen, the translation properties of a magnetic structure may be
described by:

mj = Ψk
j e−2πik·t (19)

Let us now expand the exponential:

mj = Ψk
j [cos(−2πk · t) + isin(−2πk · t)] (20)

and consider various possibilities for the basis vector Ψj and the propagation
vector k.
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Example: B20 Compounds
• The B20 compounds 

with space group P213, 
e.g. MnSi, Fe1-xCoxSi 
exhibit helical order


• Dominant FM 
interactions plus DM 
interaction are 
responsible (“locally 
ferromagnetic”)


• Bonus: under a small 
applied field, the helical 
order transforms into a 
Skyrmion Lattice!

(several tens of nanometres) can be regarded as a magnetically 2D
system, in which the direction of q is confined within the plane
because the sample thickness is less than the helical wavelength;
therefore, various features should appear that are missing in bulk
samples. In the context of the skyrmion, the thin film has the advant-
age that the conical state is not stabilized when the magnetic field is
perpendicular to the plane23 . Therefore, it is expected that the SkX can
be stabilized much more easily, and even at T 5 0, in a thin film of
helical magnet.

In this Letter, we report the real-space observation of the forma-
tion of the SkX in a thin film of B20-type Fe0.5Co0.5Si, the thickness of
which is less than the helical wavelength, using Lorentz TEM28 with a
high spatial resolution. The quantitative evaluation of the magnetic
components is achieved by combining the Lorentz TEM observation
with a magnetic transport-of-intensity equation (TIE) calculation
(Supplementary Information).

We first discuss the two prototypical topological spin textures
observed for the (001) thin film of Fe0.5Co0.5Si. The Monte Carlo
simulation (Supplementary Information) for the discretized version
of the Hamiltonian in equation (1) predicts that the proper screw
(Fig. 1a) changes to the 2D skyrmion lattice (Fig. 1b) when a perpen-
dicular external magnetic field is applied at low temperature and when
the thickness of the thin film is reduced to close to or less than the
helical wavelength. The Lorentz TEM observation of the zero-field
state below the magnetic transition temperature (,40 K) clearly
reveals the stripy pattern (Fig. 1d) of the lateral component of the
magnetization, with a period of 90 nm, as previously reported18; this
indicates the proper-screw spin propagating in the [100] or [010]
direction. When a magnetic field (50 mT) was applied normal to the
plate, a 2D skyrmion lattice like that predicted by the simulation
(Fig. 1b) was observed as a real-space image (Fig. 1e) by means of
Lorentz TEM. The hexagonal lattice is a periodic array of swirling spin
textures (a magnified view is shown in Fig. 1f) and the lattice spacing is
of the same order as the stripe period, ,90 nm. Each skyrmion has the
Dzyaloshinskii–Moriya interaction energy gain, and the regions
between them have the magnetic field energy gain. Therefore, the
closest-packed hexagonal lattice of the skyrmion has both energy
gains, and forms at a magnetic field strength intermediate between
two critical values, each of which is of order a2/J in units of energy. We

note that the anticlockwise rotating spins in each spin structure reflect
the sign of the Dzyaloshinskii–Moriya interaction of this helical mag-
net. Although Lorentz TEM cannot specify the direction of the mag-
netization normal to the plate, the spins in the background (where the
black colouring indicates zero lateral component) should point
upwards and the spins in the black cores of the ‘particles’ should point
downwards; this is inferred from comparison with the simulation of
the skyrmion and is also in accord with there being a larger upward
component along the direction of the magnetic field. The situation is
similar to the magnetic flux in a superconductor29, in which the spins
are parallel to the magnetic field in the core of each vortex.

Keeping this transformation between the two distinct spin textures
(helical and skyrmion) in mind, let us go into detail about their field
and temperature dependences. First, we consider the isothermal vari-
ation of the spin texture as the magnetic field applied normal to the
(001) film is increased in intensity. The magnetic domain configura-
tion at zero field is shown in Fig. 2a. In analogy to Bragg reflections
observed in neutron scattering22, two peaks were found in the cor-
responding fast Fourier transform (FFT) pattern (Fig. 2e), confirm-
ing that the helical axis is along the [100] direction. In the real-space
image, however, knife-edge dislocations (such as that marked by an
arrowhead in Fig. 2a) are often seen in the helical spin state, as
pointed out in ref. 18. When a weak external magnetic field, of
20 mT, was applied normal to the thin film, the hexagonally arranged
skyrmions (marked by a hexagon in Fig. 2b) started to appear as the
spin stripes began to fragment. The coexistence of the stripe domain
and skyrmions is also seen in the corresponding FFT pattern (Fig. 2f);
the two main peaks rotate slightly away from the [100] axis, and two
other broad peaks and a weak halo appear. With further increase of
the magnetic field to 50 mT (Fig. 2c), stripe domains were completely
replaced by hexagonally ordered skyrmions. Such a 2D skyrmion
lattice structure develops over the whole region of the (001) sample,
except for the areas containing magnetic defects (Supplementary
Information). A lattice dislocation was also observed in the SkX, as
indicated by a white arrowhead in Fig. 2c. The corresponding FFT
(Fig. 2g) shows the six peaks associated with the hexagonal SkX
structure. The SkX structure changes to a ferromagnetic structure
at a higher magnetic field, for example 80 mT (Fig. 2d, h), rendering
no magnetic contrast in the lateral component.

d e f

90 nm 90 nm 30 nm

[010] [100]

a b c

Figure 1 | Topological spin textures in the helical magnet Fe0.5Co0.5Si.
a, b, Helical (a) and skyrmion (b) structures predicted by Monte Carlo
simulation. c, Schematic of the spin configuration in a skyrmion. d–f, The
experimentally observed real-space images of the spin texture, represented
by the lateral magnetization distribution as obtained by TIE analysis of the

Lorentz TEM data: helical structure at zero magnetic field (d), the skyrmion
crystal (SkX) structure for a weak magnetic field (50 mT) applied normal to
the thin plate (e) and a magnified view of e (f). The colour map and white
arrows represent the magnetization direction at each point.
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Similar skyrmion nucleation and SkX-forming processes were
observed as we varied the temperature change at a constant magnetic
field (50 mT) applied normal to the film, as shown in the colour-
wheel representation (Fig. 2i–l) obtained by our TIE analysis of the
Lorentz TEM images. As temperature is increased, the stripy spin
texture at 5 K changes to a hexagonal skyrmion crystal at 25 K,
through a mixed structure of stripes and skyrmions at 15 K, and
the magnetic contrast finally disappears at ,40 K.

The experimental phase diagram for the spin texture for a thin film
of Fe0.5Co0.5Si, based on the real-space observation, is summarized in
Fig. 3d and can be compared with that of the theoretical simulation
(Fig. 3h) of the 2D model; in these figures, the phase change of the
spin texture is represented as the contour mapping of skyrmion
density. The experimental and theoretical results show good agree-
ment not only in the behaviour of the phase change between the
helical state and the SkX state (Fig. 3b, f), but also in the transitional
coexistence regions of the helical (or ferromagnetic) state and the
SkX state; see Fig. 3a, c for the experimental observations and Fig. 3e,
g for the theoretical simulation. We see that such a SkX transition,
although driven by a weak magnetic field applied perpendicular to
the crystal plate plane, also depends on temperature. The SkX phase
occupies a larger region of the T–B plane in the experimental phase
diagram than in the simulated phase diagram. One possible reason
for this is that the pinning effect due to, for example, imperfections in
the crystal suppresses the fluctuation of the SkX; this is not taken into
account in the simulation. Another possibility, which might be more
fundamental, is that the real system has a finite thickness whereas the
simulation was carried out for a purely 2D model. The ferromagnetic
coupling between the layers effectively increases the spin stiffness in

the real case, leading to a ‘heavier-spin’ object and, consequently,
relatively weaker thermal fluctuations than in the 2D model23.

In a bulk (three-dimensional) crystal, the SkX phase appears in
a narrow window of the T–B plane, at around 10 mT and 35–40 K
(ref. 19). In comparison with the bulk case, the critical field in the
ferromagnetic region is enhanced (up to 100 mT at 5 K) owing to the
appreciable demagnetization effect in the 2D case. More significantly,
the SkX phase can be produced with a magnetic field normal to the
plane even at the lowest temperature. The suppression of the single
conical spin state with an applied magnetic field in the 2D system
should favour the emergence of the SkX phase, as indicated by the
theoretical simulation. We note that the dimension (2D) of the mag-
netic texture is defined by the thickness of the crystal film being
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Figure 3 | Phase diagrams of magnetic structure and spin textures in a thin
film of Fe0.5Co0.5Si. a–c, Spin textures observed using Lorentz TEM
obtained by Monte Carlo simulation. e–g, Spin textures after TEM. H, helical
structure; SkX, skyrmion crystal structure; FM, ferromagnetic structure.
d, h, Observed (d) and calculated (h) phase diagrams in the B–T plane. The
magnetic field was applied perpendicular to the image plane. In h, B and T are
normalized using the arbitrary constants BC and TC. The colour bars in the
phase diagrams indicate the skyrmion density per 10212 m2 (d) and per d2

(h), d being the helical spin wavelength. Dashed lines show the phase
boundaries between the SkX, H and FM phases. Stars in d and h indicate
(T, B) conditions for the images shown in a–c and e–g, respectively.
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Figure 2 | Variations of spin texture with magnetic field and temperature in
Fe0.5Co0.5Si. a–d, Magnetic-field dependence of the spin texture, in real-
space Lorentz TEM (overfocus) images. e–h, FFT patterns corresponding to
a–d. i–l, Temperature profiles of the distribution map of the lateral
magnetization for a magnetic field of 50 mT. Magnetic fields were applied
normal to the (001) thin film. The colour wheel represents the magnetization
direction at every point.
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• MnSi: under pressure, and at temperatures T>Tc, exhibits a 
spherical shell instead of Bragg spots 


• “Partial order”: Well-defined pitch length, but not direction
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“Partial” Helical order

opposite !“down”" the guide field are shown in Fig. 1. Below
Tc four Bragg peaks with k=0.39 nm−1 and with different
intensities are visible. They are the reflections from the do-
mains oriented along #111$ and #111̄$. This is possible due to
the large magnetic mosaic, as in the ideal case the Bragg
condition would be only fulfilled for one reflection. In our
geometry it is the !111̄" peak. The peaks at k= !111" and

k= !1̄1̄1̄" are polarization independent, as k is perpendicular

to Pi % #112̄$. Reflections with k= !111̄" and k= !1̄1̄1" depend
on Pi as expected for helices with the Dzyaloshinskii vector
along q. The intensity between the peaks !half-moons" is
induced by the critical fluctuations. Above Tc, there are such
half-moons only. In sum they compose a ring with the maxi-
mal intensity at q&k. There are weak spots on these half
moons corresponding to the former Bragg peaks. The inten-
sity along the ring at q=k and T=Tc+0.3 K is shown in Fig.
2. The maxima of the measured intensity corresponds to the
weak spots observed on the ring along the '111(in Fig. 1!b".
As will be shown below the longitudinal q-scan of the scat-
tering intensity at T!TC is well described by the Lorentzian.
No contamination of the Bragg peaks, described by the
Gaussian, is observed at T!TC. Thus, we found that the
critical scattering is maximal along '111(axes and is re-
stricted along other directions which shows the importance
of the anisotropic exchange interaction above Tc. To describe
these experimental findings the following theory was devel-
oped.

III. MEAN-FIELD THEORY

A theoretical description of the paramagnetic fluctuations
in cubic system with the Dzyaloshinskii-Moriya interaction

!DMI" starts, according to Ref. 11, with the bilinear part of
the free energy density of the form

W!q" = )B

2
!q2 + "0

2"#$% + iD&$%'q'*Sq
$S−q

%

+
F

2
!qx

2+Sq
x +2 + qy

2+Sq
y +2 + qz

2+Sq
z +2" , !1"

where the first, second, and third term correspond to the iso-
tropic exchange, the DM interaction, and the AE interaction,
respectively. "0

2=C!T−Tc0" and Tc0 are nonrenormalized
square of the inverse correlation length and the transition
temperature, respectively. As is well known the DM interac-
tion and AE interaction are of first and second order in the
spin-orbit interaction. Thus, we have B!Da!F, where a is
the lattice constant. In the exchange approximation for the
magnetic susceptibility we have the well-known expression
($%

!0" =(0#$%, and (0=T / #B!q2+"0
2"$ and using Eq. !1" for the

susceptibility tensor we get

($%!q" = (0!q"#$% + (0!q"K$)!q"()%!q" , !2"

where the tensor K=KA+KS. Its antisymmetric part
K)%

A =−i!D /T"q'&')%. For the symmetric part we have
Kxx

S =−!F /B"qx
2, etc.

The solution of Eq. !2" has the form

($% =
(0

Det,#$% −
2ikqD/+D+

q2 + "0
2 q̂'&'$% − ) 2kq

q2 + "0
2*2

q̂$q̂%- ,

!3"

where q̂=q /q, k= +D+ /B=2* /d and d is the length of the
spiral. Here, in the numerator we omitted small terms of the
order Fqx,y,z

2 / #B!q2+"0
2"$ and

FIG. 1. !Color online" Maps of the SAPNS intensities for the
polarization Pi parallel to the #112̄$ direction, along the guide field
!left" and opposite to it !right", T=Tc−0.1 K !a", T=Tc+0.2 K !b".

FIG. 2. Dependence of the scattering intensity !dots" and the
cubic invariant !solid line" on the angle + seen from the #110$
direction. The strong maximum of the intensity at +&325° corre-
sponds to the most intensive Bragg peak below TC in the #111̄$
direction.

GRIGORIEV et al. PHYSICAL REVIEW B 72, 134420 !2005"

134420-2

below Tc  
(helical)

Above Tc  
(Partial order)

S.V. Grigoriev et al, PRB 72 134420 (2005)

that non-Fermi-liquid phases of metals may exist in some heavy-
fermion compounds1,2 and oxide materials3–6, but the discovery
of a characteristic microscopic signature of such phases presents
a major challenge. The transition-metal compoundMnSi above a
certain pressure (p c 5 14.6 kbar) provides what may be the
cleanest example of an extended non-Fermi-liquid phase in a
three-dimensional metal7–9. The bulk properties of MnSi suggest
that long-range magnetic order is suppressed at p c (refs 7–12).
Here we report neutron diffraction measurements of MnSi,
revealing that sizeable quasi-static magnetic moments survive
far into the non-Fermi-liquid phase. These moments are organ-
ized in an unusual pattern with partial long-range order. Our
observation supports the existence of novel metallic phases with
partial ordering of the conduction electrons (reminiscent of
liquid crystals), as proposed for the high-temperature supercon-
ductors4–6 and heavy-fermion compounds13.
The identification of novel metallic phases, as opposed to

complicated crossover phenomena, has become controversial for a
number of reasons. (1) The behaviour is observed in entirely new
classes of materials for which little is known in general. (2) The role
of dimensionality is unclear. (3) Metallurgical complexities exist,
such as chemical segregation and defects. (4) The properties are
extremely sensitive to a careful fine-tuning of the experimental
conditions. (5) Characteristic energy scales are all of similar mag-
nitude, and cannot be distinguished properly; examples are fluctua-
tions of spin, charge or superconducting order in the high-Tc

copper oxides.
The transition-metal compound MnSi is devoid of these com-

plexities. (1) It is a very well-known system, and is perhaps the most
extensively studied itinerant-electron magnet apart from iron,
cobalt, nickel and chromium. (2) A large body of thermodynamic
and microscopic data10–12,14–20 establish the ground state below the
magnetic ordering temperature Tc ¼ 29.5 K as a three-dimensional
weakly spin-polarized Fermi liquid par excellence, with the possible
exception of recent high-frequency optical conductivity exper-
iments21. (3) As a congruently melting compound, MnSi can be
produced at high purity and high crystalline perfection in the cubic
B20 structure. (4) At the first-order magnetic quantum phase
transition at p c ¼ 14.6 kbar, a discontinuous change from Fermi-
liquid behaviour to an extended non-Fermi-liquid (NFL) phase has
been inferred from the resistivity7–9, which is proportional to T1.5

for almost three decades in temperature T from around 6K down to
a few mK and for a large pressure range above p c. This suggests that
the novel behaviour does not require careful fine-tuning. (5) Three
well-separated energy and length scales can be distinguished in
MnSi at all temperatures, pressures and magnetic fields as follows.
First, MnSi has a strong tendency to itinerant ferromagnetism on
length scales of a few lattice constants, a ¼ 4.56 Å, with an ordered
moment of about 0.4 mB per formula unit (where mB is the Bohr
magneton). Second, as the B20 structure lacks an inversion sym-
metry, weak spin–orbit interactions assume a Dzyaloshinsky–
Moriya (DM) form,

R
Sz(f £ S) dr, which (being linear in momen-

tum) destabilizes the uniform ferromagnetic order and introduces a
well-understood22,23 helical modulation of a long wavelength 175 Å
at ambient pressure. (Here S(r) is the space dependent magnetiza-
tion.) Third, in the ordered phase, further spin–orbit interactions
induced by the cubic crystalline electric fields lock the direction of
the spiral to Q ¼ k111l, where S ’ Q (refs 19, 20, 22, 23). Typical
sizes of magnetic domains in the ordered state are 104 Å (ref. 20).
The locking of the direction of the helix hence represents the
weakest scale.
For our study the helical modulation at ambient pressure proves

to be crucial, because the corresponding Bragg scattering at
jQj ¼ 0.037 Å21 is confined to a tiny volume of reciprocal space,
making it easy to track the magnetic order as a function of pressure.
The experiments were made possible through use of a single-crystal
sample of exceptional structural perfection, which permits the

resolution of the magnetic satellites at high precision. Cold neutron
triple-axis diffraction was performed at the Laboratoire Léon
Brillouin (LLB), and small-angle neutron scattering (SANS) at the
Hahn-Meitner Institut (HMI), Berlin, using a miniature clamp-
type pressure cell (see Methods).

At ambient pressure, we observe resolution-limited magnetic
Bragg reflections of a coherence length y . 2,000 Å at
Q ¼ 0.037 Å21 (111), which are characteristic of conventional
three-dimensional long-range order. This is in excellent agreement
with previous studies19,20. In the temperature versus pressure (T–p)
plane, the magnetic ordering temperature of MnSi at ambient
pressure, Tc ¼ 29.5 K, determined by resistivity and susceptibility
measurements10,11, falls monotonically with pressure, and vanishes
at pc ¼ 14.6 kbar in a first-order transition, indicative of a collapse
of the static ordered magnetic moments10 (see Fig. 1). For the
pressure range of interest, the lattice constant changes by only a few
tenths of a per cent only in agreement with the compressibility14,
and at all pressures the lattice mosaic spread remains unchanged,
and is that of an essentially perfect single crystal.

Shown in Fig. 1 is a qualitative illustration of our key result, as we
approach and enter the NFL phase. Below a crossover temperature
T0 and even for pressures well above pc (that is, deep inside the NFL

Figure 1 Schematic temperature T versus pressure p phase diagram of MnSi, and

qualitative illustration of the scattering intensity characteristic of the magnetic state. Data

points of Tc(p) are taken from ref. 10. In the T–pplane, the transition at Tc decreases with

increasing pressure and changes from second-order to weakly first-order at

p* ¼ 12 kbar, before it disappears above pc ¼ 14.6 kbar. It has been argued that above

pc the non-Fermi-liquid (NFL) resistivity r / T1.5 (which has been observed down to a

few mK near p c) provides evidence of an extended NFL phase (shaded) in a clean three-

dimensional metal7–9. The insets qualitatively show the location and key features of elastic

magnetic scattering intensity in reciprocal space at ambient pressure (left) and at high

pressure (right). Data were collected near the [110] lattice Bragg peak. At ambient

pressure, resolution-limited magnetic Bragg peaks (indicated by the black dots) are

observed at a distance Q ¼ 0.037 Å21, characteristic of three-dimensional long-range

magnetic order, in perfect agreement with previous work. Note that the size of the dots

does not reflect the resolution, and is only chosen for clarity. At high pressure, intensity is

observed below a crossover temperature T0 on the surface of a tiny sphere of radius

Q < 0.043 Å21. The intensity on this surface varies as roughly depicted by the shading,

and is highest around k110l. In the phase diagram, we show that T0 decreases with

increasing pressure, but remains finite at 19 kbar (.pc), the highest pressure studied.

letters to nature
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C. Pfleiderer et al, Nature 427, 227-231 (2004)
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Origin of “Partial” Helical order?

“Partial order”: Well-defined pitch length, but not direction



“Blue Phase” description of 
partial Helical order in MnSi

8

sometimes induce the formation of blue phases character-
ized by topological singularities. Such singularities in the
form of a Skyrmion lattice have been recently found in the
A phase of MnSi, which appears close to Tc in a small part
of the B-T phase diagram [4].

We performed energy-minimization calculations of
magnetic moment orientations for clusters of MnSi. Such
finite-size clusters capture the correct physics, because the
magnetic correlation length ! inMnSi decreases on heating
down to one-half of the helix period right above Tc [19].
This trend continues up to at least 100 K [see Fig. 2(a)].
We model the T dependence of the size of correlated
domains by clusters with varying number of sites N be-
tween 4 and 9000 (limited by computer power). Larger N
corresponds to lower T. Our assumption of open boundary
conditions is equivalent to magnetic domains surrounded
by randomly oriented moments. In order to ensure that the
biggest clusters are larger than the helix pitch, D=J was
chosen deliberately to be larger than in MnSi. Different
D=J values gave qualitatively similar results.

The calculations start with randomly oriented magnetic
moments (same fixed magnitude) on a B20 lattice. Moment
orientations are optimized with respect to the nearest
neighbors one by one in random order until the total energy
defined by Eq. (1) stabilizes. The final spin configurations
obtained after each optimization routine are similar but not
identical. Thus they represent not a unique ground state but
local minima. Their energy Eopt evaluated by using Eq. (1)

and normalized by the number of nearest neighbors is
shown in Fig. 1(e) with energies Ehelix and EFM of helical
and ferromagnetic (FM) order. Eopt is nearly identical for

the same cluster size and shape each time the calculation
is performed and is always lower than Ehelix . The energy
gained from the optimization, Ediff ! Ehelix " Eopt, is large

for small N (in fact, comparable to the scale of EFM) and
decreases with increasing N. The importance of this result
will become clear below.

Figures 1(b) and 1(f) show optimized spin arrange-
ments. Their topology is similar to double-twist cylinders
in blue phases of liquid crystals [1]. Within such a cylinder,
helical modulations propagate along all directions perpen-
dicular to the cylinder axis, and a line singularity of paral-
lel moments is formed along this axis. One important
difference in our structure is the presence of splay (twist
away from the cylinder axis) in addition to the double
twist, leading us to the terminology of ‘‘triple twist.’’ As
opposed to liquid crystals, where double-twist cylinders
can be packed to fill 3D space, our calculations never yield
a network of double-twist cylinders. Rather, the addition of
splay is essential for stacking the cylinders in a 3D network
(see [20], Fig. S1). This structure also differs from a
Skyrmion lattice, where the cylinder axes align parallel
to an applied B [4,21]. However, our triple-twist structure
is similar to an amorphous network of Skyrmions proposed
previously [9] but whose stability has never been proven
theoretically. In order to connect with experiments, we

calculated the magnetic neutron intensity following
Eq. (7.61) in Ref. [22]. To mimic scattering from an infinite
number of clusters, we summed the signal of several
clusters of slightly different sizes in the plane spanned by
reciprocal ½110$=½001$ axes and averaged over crystallo-
graphically equivalent Q points. Helical order along h111i
(occurring below Tc) [Fig. 1(a)] results in four diffraction
spots [Fig. 1(c)], whereas the blue phase [Fig. 1(b)] yields
the ring [Fig. 1(d)] observed by SANS [17].
A moderately large crystal anisotropy stabilizes helical

order along the favored direction [Fig. 1(a)] over the blue
phase lacking a pitch axis with a well-defined direction
[Fig. 1(b)]. Small anisotropy energy will lead to phase
competition driven by the cluster size N. Below Tc and
at zero magnetic field, the pitch axes of helical order are
pinned along h111i [23]. However, a field as low as 0.1 T
applied along a random direction overcomes the pinning
potential (represented by E111) aligning the pitch axes
along that direction [24,25]. A much larger field of

FIG. 1 (color online). Calculations for clusters of spins inter-
acting via Eq. (1). Real-space 6 % 6 % 6 unit-cell clusters:
(a) helix locked in the cubic 111 direction (as in the low-T
phase) and (b) the optimized structure. Parallel spins have the
same color. (c),(d) Calculated magnetic SANS intensity of (a)
and (b), respectively. The 20% variation along the ring in (d) is
most likely due to the finite size, the cubic shape, and the small
number of clusters averaged over. (e) Average energies E (arbi-
trary units) per pair of nearest-neighbor spins interacting via
Eq. (1) for FM order (green), a locked helix (red), and optimized
configurations (blue) vs the number of sites N. Zero is E of a
pair of spins in a fully optimized (unfrustrated) 1D chain.
(f) Optimized 12 % 12 % 12 unit-cell cluster.

PRL 107, 037207 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending
15 JULY 2011

037207-2

"Blue Phase" of Liquid 
Crystals: “Double twist 

Cylinders”

Same topologies proposed in 
partial order phase of MnSi. Very 

similar to disordered Skyrmions.

A. Hamann, D. Lamago, Th. Wolf, H. v. 
Lohneysen, D. Reznik, PRL 107, 037207 

(2011)

Dou Hu, Ma Hong-Mei, Sun Yu-Bao. 
Acta Physica Sinica 64 126101 (2015)
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Fe3+ in trigonal bipyramids  
forms triangular units

Triangles decorate corners  
of a rhombohedral cell: 

fully connected 3D structure
The medial lattice connecting the Fe3O10 triangular 

a) b)

Triangular plaquettes on a rhombohedron
From c-axis, looks like 

“triangular lattice of triangles”

Modaressi,	Courtois,	Gerardin,	Malaman,	Gleitzer,	

J.	Sol.	State	Chem.,	(1983)	47,	245–255.

	 within	a	triangle:	J1		
	 between	triangles:	J2

H =
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n.n.

J1
�Si · �Sj +
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n.n.n.

J2
�Si · �Sj

R3m: non-centrosymmetric
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Antiferromagnetic	order:	peak	in	

the	specific	heat	and	drop	in	the	

susceptibility;	TN	~	163	K.			

Frustration	index:		

f	>	900	K	/	163	K	=	5.52	

J1		>	319	K	

Very	strong	magnetic	interactions	
and	frustration.		

Frustration and Antiferromagnetic Order in 
Fe3PO4O3

Fe3-xGaxPO4O311

Ross, Bordelon, Terho, Neilson, PRB 92, 134419 (2015)  
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Antiferromagnetic structure…
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• Helical structure with 
perfect cancellation 
of moments along c-
axis (“AFM Helical”)


• λ= 86 Å

• kord = (#a, #b, 1.5)

• 6 symmetry-related k 

vectors possible
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Magnetic Dilution: Fe3—xGaxPO4O3

Tarne, Bordelon, Calder, Neilson, Ross, PRB 96 214431 (2017)  

Helical pitch and 
“domain radius” are 
tracking each other! 
What could cause this?

Correlation length and pitch length are connected!
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Neutron Diffraction: single crystals

0.33 mm

• Crystals grown by chemical vapor 
transport by Neilson group at CSU 

• But they are tiny: need huge 
neutron flux, 2D area detector, 
and a focusing monochromator

Jamie Neilson Michael Tarne

17

HB-3A at High Flux Isotope 
Reactor (HFIR)

Huibo Cao

Vertically focussing 
Monochromator

sample

detector



• Vertical focusing/divergence 
creates a very elongated 
ellipsoid for resolution function 

• Resolution function rotates into 
hkl differently depending on 
specific measurement 
conditions

(-1,0,2)  
Nuclear  

reflection

Model

Colin Sarkis

18

Modeling resolution function: key to success!

Vertically focussing 
Monochromator

sample

detector



"Incommensurate Rings” in Structure Factor:
Helical modulation with no preferred direction

19

Incommensurate ordering wave vector 
 ring around (0,0,1.5):  λ = 98 ± 12 Å



"Incommensurate Rings” in Structure Factor:
Helical modulation with no preferred direction

(2,0,0.5) (-2,2,0.5)

(0,2,-0.5) (-2,2,0.5)
20



Quasi-degenerate ring of k-vectors in the 
frustrated Heisenberg model

Luttinger-Tisza shows that energetic variation

 around the ring is ~400 mK (aka TINY!)


for J1 ~ 319 K and J2/J1 ~ 1.9, appropriate for for Fe3PO4O3

H =
�

n.n.

J1
�Si · �Sj +

�

n.n.n.

J2
�Si · �Sj

21

Ethan Coldren Marty Gelfand
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So what do we have?

• Fe3PO4O3 has needle-like 
domains of antiferromagnetic 
helical (partial) order 

• The helical order does not 
have a preferred modulation 
direction:  (quasi-)degenerate 
ring of ordering wavevectors is 
observed, and is consistent 
with J1 - J2 frustrated 
Heisenberg model 

• Correlation length in ab plane 
tracks helical pitch length

resolution	

limited	(~μm)

	~	20	nm

2π/λ
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Skyrmion-like liquid / glass in Fe3PO4O3?

23

S.Z. Lin, S. Hayami, PRB 93 064430 (2016)

Spin  
configuration

Monte Carlo: J1-J2-J3 Square Lattice, Happ

Spin 
Structure  

factor  

Skyrmion Lattice Skyrmion Liquid• "Skyrmion liquids” 
can be seen 
above ordering 
transitions 

• Skyrmion-
Skyrmion 
distance is the 
same as in the 
Skyrmion lattice 
phase, i.e. set by 
helical pitch 
length
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• locally	compensated	moments	in	a	

single	layer	or	as	“bilayers”	

• Stable	against	stray	fields	

(Magnus	force),	smaller	—	better	

for	information	processing	

• Recently	made	in	a	synthetic	

antiferromagnet:	Legrand	et	al,	

Nat.	Mater.	2019

Barker,	Tretiakov,	PRL	116,	147203	(2016)

Zhang,	Zhou,	Ezawa,	Sci.	Rep.	6,	24795	(2016)

X. Zhang et al, Nat.Comm, 
 7,102932016 (2016)

Locally Antiferromagnetic Skyrmions
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• If Fe3PO4O3 displays a (frozen?) AFM Skyrmion-
like phase (or something like Blue phase), how 
are the spin textures / defects stabilized? 

• What role does the quasi-degeneracy of the 
frustrated J1-J2 model play in generating these 
textures?  What role does the DM interaction 
play? 

• How to see the spin structure in real space? 
NOTE: compensated moments, no net field! 

• What are the dynamics of this weird magnetic 
phase? Can it be manipulated with e.g. thermal 
gradients, electric fields?

Open questions in Fe3PO4O3

?
? ?

?
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