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All-In-All-Out Magnetic Domains: X-Ray Diffraction Imaging and Magnetic
Field Control

Samuel Tardif,l’m Soshi Takeshita,1 Hiroyuki Ohsumi,1 Jun-ichi Yamaura,2 Daisuke Okuyama,3
Zenji Hiroi,4 Masaki Takatal,l’s’6 and Taka-hisa Arima'>’
'RIKEN, SPring-8 Center, Sayo, Hyogo 679-5148, Japan
*MCES, Tokyo Institute of Technology, Kanagawa 226-8503, Japan
RIKEN, CEMS, Wako, Saitama 351-0198, Japan
*ISSP, University of Tokyo, Kashiwa 277-8581, Japan
5Department of Advanced Materials Science, University of Tokyo, Kashiwa 277-8561, Japan
SJASRI, SPring-8, Sayo, Hyogo 679-5148, Japan
(Received 28 July 2014; revised manuscript received 18 November 2014; published 8 April 2015)

Long-range noncollinear all-in—all-out magnetic order has been directly observed for the first time in
real space in the pyrochlore Cd,0s,05 using resonant magnetic microdiffraction at the Os L5 edge.
Two different antiferromagnetic domains related by time-reversal symmetry could be distinguished and
have been mapped within the same single crystal. The two types of domains are akin to magnetic twins and
were expected—yet unobserved so far—in the all-in—all-out model. Even though the magnetic domains are
antiferromagnetic, we show that their distribution can be controlled using a magnetic field-cooling

procedure.
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Low-connectivity lattices—such as the pyrochlore
lattice (a three-dimensional network of tetrahedra joined
by their vertices)—have proven to be rich hosts for new
physics. For example, magnetic monopoles and Dirac
strings have recently been reported in the so-called spin-
ice configuration [1], i.e., when two of the four magnetic
moments sitting at the vertices point toward the center of
each tetrahedron while the other two moments point away
from it (2-in—2-out) in a pyrochlore lattice [2,3]. When all
the four magnetic moments point simultaneously either
toward the center of the tetrahedron or away from it, i.e.,
in the so-called all-in—all-out (AIAO) order, the frustration
is lifted and only two magnetic configurations exist in
the ground state: all-in—all-out and all-out—all-in (AOALI).
These two configurations are not equivalent and are
related by time-reversal symmetry, as illustrated in
Figs. 1(a) and 1(b). Similar ATAO configurations and
relevant domain wall spin dynamics have been studied in
the distorted kagome lattice, a two-dimensional analog of
the pyrochlore lattice [4]. The ATAO order is particularly
interesting in many respects in 5d transition metal oxides
pyrochlores: the combination of the time-reversal sym-
metry breaking with strong spin-orbit coupling (due to the
heavy magnetic element) and electron-electron correla-
tions [evidenced by a metal-insulator transition (MIT)]
would be key ingredients to observe the predicted Weyl
semimetal state [5]. Furthermore, the two time-reversal
symmetric configurations can be seen as twins in a zinc-
blende crystal of magnetic monopoles, or as differently
oriented realizations of face-centered crystals of elemen-
tary magnetic Skyrmions [Fig. 1(c)] [6]. Finally, the AIAO
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order is equivalent to a Moessner pseudoferromagnet [7]
and each configuration can be described in terms of
pseudo-orientation (all-in—all-out and all-out—all-in being
opposite pseudo-orientations). Domains with opposite
pseudo-orientations are expected to display time-reversal
odd magnetic properties, such as opposite parabolic

FIG. 1 (color online). (a) All-in—all-out and (b) all-out-all-in
magnetic order on the pyrochlore lattice, both configurations are
time-reversal symmetric of each other. All Os spins are located at
the vertices of the tetrahedra and point either towards the center
of the blue (dark gray) tetrahedra or away from the center of the
red (light gray) tetrahedra, as shown in the magnified region.
(c) Equivalent zinc-blende lattice.
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magnetization curves, or opposite linear magnetostriction,
magnetocapacitance, and piezomagnetic effect [§]. Probing
the magnetic state-dependent physical properties would
therefore be highly desirable. In this Letter we tackle the
two obstacles in the way of such measurements: (i) the
ability to locally distinguish all-in—all-out from all-out—all-in
in order to match the local physical properties with the local
magnetic orientation, and (ii) the ability to control the local
magnetic order.

We propose here to use polarized resonant x-ray micro-
diffraction to distinguish between the two possible
realizations of the ATAO order (all-in—all-out and all-out—
all-in), i.e., to measure experimentally the local pseudo-
orientation. As a demonstration, we imaged simultaneously
the two types of magnetic domains in Cd,0s,0; single
crystals and report on a way to control their distribution.
The pyrochlore Cd,0s,05 is highly suited to investigate
the properties of the AIAO order since the magnetic
transition temperature is relatively high (Ty = 225 K).
This temperature also corresponds to a continuous MIT
[9]. The exact nature of the MIT and the closely related
magnetic order of the low temperature insulating phase
have recently been the focus of much interest [10-17].
Using symmetry considerations and resonant x-ray dif-
fraction, Yamaura et al. recently showed that the spins on
the 5d°0s>* ions order according to the ATAO rule in the
low temperature phase [18], and this picture was further
supported by various ab initio calculations [19].

Since x-ray diffraction can be site, element, and elec-
tronic transition specific, it usually allows one to determine
the local absolute structural chirality [20-22], local mag-
netic order [23-25], or local magnetic chirality [26], while
circumventing the technical limitations of neutron scatter-
ing (nonlocal probe and limited by strong absorbers like
Cd) or Lorentz transmission electron microscopy (requiring
ultrathin slabs). In order to distinguish the all-in—all-out
magnetic order from the all-out—all-in magnetic order, we
made use of the interference between the resonant magnetic
and resonant nonmagnetic terms of the structure factor.
The polarization dependence of the resonant part of the
structure factor of the space group-forbidden 004n + 2
reflections can be written as a sum of two 2 X 2 matrices
between the conventional (¢, ) and (o', z’) bases:

(004n+2) sin 2y sin @ cos 2y
F = Fars . o .
—sinfcos2y sin“0sin 2y
VF 0 1sin @ o
"|1sin@ 0o |

where F,rg represent the nonmagnetic term, related to
the anisotropic tensor susceptibility (ATS) [27], F,, is the
magnetic term, related to the magnetic order [28], O is
the Bragg angle, and y is the azimuth angle, defined as
the angle around the scattering vector such that w =0

when [100] is parallel to k; + k¢, where k; and k; are
the incident and diffracted wave vector, respectively. As
previously noted by Yamaura et al. [18], in the special
experimental condition where y = 45°, the scattering plane
is parallel to the (110) plane (i.e., the mirror plane broken
by the AIAO order) and the off-diagonal components of
the ATS vanish. In this condition, the intensity /* scattered
from an incoming beam with the elliptical polarization
et =(of.,ny) or e = (o;,m;) is respectively propor-
tional to

Ii X ”(TgFATS + lﬂ-'aE sin9Fm||2
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We define the flipping ratio (FR) as the contrast in
diffraction of an x-ray beam for two opposite handednesses:

R_1+—1—
It

(3)

In the particular case of circular polarized light (right
handed and left handed), the polarization is convention-
ally described by (of,75) = (1,—1), (o5.75) = (1,1),
respectively. Accordingly, the FR is explicitly given by

2rcos ¢ sinO(1 — sin6)
FR = . —
(1 + sin*@) + 2sin’0

(4)

where r = |Fars|/|F,,| and ¢ is the phase difference
between Farg and F,,. Let us now look closely at the
resonant terms: we note that the magnetic structure factor
F,,(Q) is proportional to M(Q), the Q Fourier component
of the Fourier transform of the magnetization m(r) [29].
At Q = 004n + 2, the sign of M(Q) is opposite in AIAO
and AOAI domains. On the contrary, Frs(Q) is only
dependent on the local anisotropy, which is the same for
both ATAO and AOAI domains; therefore, its sign is
constant. As a result, ¢ takes the values of 0 or 7; i.e., the
sign of the FR is opposite in opposite types of domains:

FRAIAO = _FRAOAI‘ (5 )

The FR can be calculated from successive measurements
of the diffracted intensity of the right-handed and left-
handed circular polarized x ray and used to distinguish
the local magnetic pseudo-orientation.

We performed the FR measurements in high-quality
Cd,0s,05 single crystals, as described in Ref. [18]. The
measurements were performed at the Os Lj; absorption
edges (10.871 keV) and carried out on a magnetic dif-
fraction setup (high resolution in reciprocal space) and on a
microdiffraction setup (high resolution in real space),
respectively, in experimental hutch 1 and 4 of beam line
BL19LXU at the SPring-8 synchrotron radiation source [31].
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FIG. 2 (color online). Profiles of the forbidden 0010 reflection
at the Os L3 edge (10.871 keV) and at 10 K in the case of left-
handed (LHCP) and right-handed (RHCP) circular polarized
incident beam. The inset shows the same measurement at the 006
reflection.

After cooling the sample in a magnetic field along a
(111) direction through the ordering temperature down to
10 K, the resonant magnetic x-ray diffraction was measured
on the magnetic diffraction setup at space group-forbidden

0010 and 006 reflections for an incident x-ray beam with
either left-handed circular polarization or right-handed
circular polarization, as shown in Fig. 2. After correction
from the incident intensity, a large difference was observed,
amounting to a FR of about 22%. The sign of the FR was
the same for both the 0010 and the 006 reflections, which is
consistent with the observation of either a single all-in—all-
out (or all-out-all-in) domain or a strongly unbalanced
population of all-in—all-out and all-out—all-in domains.
The local pseudo-orientation of the AIAO and AOAI
domains was investigated with submicron resolution on the
x-ray microdiffraction setup. The typical results of a
mapping experiment with a probe size of 500 x 500 nm?
at the 0010 magnetic reflection and 7 = 100 K are shown
in Fig. 3(a). The measurement goes over the center (001)
facet and the adjacent {111} facets of the Cd,0s,0;
crystal. In order to be able to compare the magnetic domain
maps on different facets of the sample, we corrected the
measured maps assuming a slightly misaligned ideal
crystal, outlined in Fig. 3(a). In Figs. 3(a)-3(c), one can
see that in that configuration the center (001) facet is a
single domain with negative FR, while several magnetic
domains and domain walls (DW) can be observed on the
top and bottom {111} facets along high symmetry
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FIG. 3 (color online).

(a) FR map at the 0010 reflection, as measured experimentally by rastering the sample in a plane perpendicular

to the scattering vector. The ideal crystal is outlined and the orientation of the facets is shown. Opposite signs of the FR indicate opposite
pseudo-orientations of the magnetic domains (AIAO versus AOAI). (b),(c) FR maps and (d),(e) normalized intensity on the top (lil)
and bottom (111) facets after correction of the projection, respectively. The intensity is normalized to the average value on each facet to
outline the deviation from the average structure. All scale bars are 100 gm across. (f) Line scan across the bottom (111) facet, indicated
by the AB dashed line in (c),(e), for both right- and left-handed circular polarization and their average.
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orientations. Both top and bottom {111} facets show a
stripelike structure with a typical size in the range of a few
tens of micrometers [Figs. 3(b) and 3(c)], much larger than
that observed, e.g., in kagome quinternary oxalate com-
pounds [4]. Some preferential orientations of the intersec-
tions of the DW with the facets are observed, e.g., [011],
[211], [110], [112], [121], and [101] on the top (111) facet
and [121], [011], [211], and [112] on the bottom (111)
facet. Some orientations ([011], [211]) are correlated with
the distribution of the average intensity, as can be seen by
comparing Figs. 3(b) and 3(d). This indicates that in those
cases the local magnetic domain structure is probably
pinned by crystal defects. The other DW seem to occur
at places where the crystal quality is homogeneous, as seen
in Figs. 3(c) and 3(e), and further illustrated in Fig. 3(f)
where a line scan across the bottom facet shows the
alternation of positive and negative FR domains while
the average intensity remains constant. We note that only
two groups of equivalent DW planes could explain all the
orientations of the intersections with the top and bottom
facets simultaneously: the “113” group [{(113),(113),
(113),(113)} and circular hkl permutations] and the
“011” group [{(011),(011)} and circular Akl permuta-
tions]. The frustation is lower in the 113 group than in the
011 group since there are, respectively, 1 and 4 frustrated
moments per unit cell at the DW position [29]. As a result,
we would expect the 113 group to be more energetically
favorable. However, only the 011 group can account for the
[100] orientation observed in Fig. 4(c), which makes it a
more likely candidate for the DW orientation. The existence
of magnetic DW can explain particular features common
to several AIAO magnets, i.e., the finite conductivity at
T =0, attributed to transport along the DW, and the
nonzero remnant magnetization below Ty [32]. As also
suggested in Ref. [4] and consistent with our results, the
latter is most likely due to magnetic ordering along the DW.
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FIG. 4 (color online). (a) Sketch of the sample view in the
geometry used, the central rectangle is the (001) facet. The scale
bar is 25 ym across. (b)—(e) Maps of the flipping ratio across the
sample at the 0 0 10 reflection at 100 K for different field-cooling
conditions, as sketched in the lower panels. The north pole of the
cylindrical permanent magnets is indicated in red (light gray), the
magnetic field at the surface of the magnets is 0.4 T. The surface
of the magnet is also parallel to the (11 1) facet, indicated in light
gray in the sketch.

In order to assess in more detail the domain reversal
observed previously, we performed the same mapping
experiment after cooling the sample in a magnetic field.
The magnetic domain distributions for different field-cooling
configurations are displayed in Figs. 4(b)-4(e), while the
outline of the corresponding ideal crystal is shown in
Fig. 4(a). In all cases the field was oriented along the
+[1 1 1] direction in the diffraction plane. One can see that
for each pair of configurations, reversing the orientation
of the magnetic field applied during cooling results in a
reversal of the magnetic domain distribution. In the case of
the single magnet [Figs. 4(b) and 4(c)], there exists a DW
across the center of the (001) facet, oriented along the
[100] direction. Upon reversed magnetic field cooling, the
domain distribution is reversed over most of the imaged
area and the interface retains the same position while the
upper right-hand part of the image still remains with the
same orientation. The possible origin of this asymmetry is
the low reproducibility, homogeneity, and/or magnetic
field strength of the single magnet cooling procedure and
the pinning of the DW by some crystalline defects. Using
a two-magnet configuration yields a different domain
distribution with single domains of opposite orientation
over the (001) facet and the top (111) and bottom (111)
facets, respectively. Moreover, reversing the more homo-
geneous cooling field symmetrically reverses the domain
distribution over all the imaged area [Figs. 4(d) and 4(e)],
demonstrating the reversibility of the procedure.

The magnetic field control of the orientation of anti-
ferromagnetic domains was initially observed by Brown
et al. in Cr,03, and it was speculated that this effect was
due to defects within the crystal [33]. In Cd,0s,05, the
possible origins of the magnetic field control of the AIAO
and AOAI domains lie in the domain-dependent magnetic
properties described by Arima [8]. To the first order, any
small strain that could be induced during the cooling
independently of the applied magnetic field (for example,
due to the thermal expansion mismatch with the sample
holder) will lower the free energy of one of the two pseudo-
orientations with respect to the other, in a given orientation
of the applied magnetic field. Reversing the magnetic field
during cooling will in turn favor the opposite pseudo-
orientation. To the second order, the magnetization pos-
sesses a nonlinear (parabolic) component, the sign of
which is dependent on the pseudo-orientation; i.e., opposite
pseudo-orientations will be favored in opposite applied
magnetic field. Furthermore, we also suggest that {111}
surfaces may play a role. On such surfaces, the absence of
the fourth Os ion in the tetrahedra results in uncompensated
magnetic moments and one can expect a ferromagnetic
order of the net magnetic moments on a perfect {111}
surface, perpendicular to the surface. It is possible that
these uncompensated moments couple to the cooling field
and set the orientation of the underlying all-in—all-out
magnetic order during the cooldown. As a result, the
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ability to control the pseudo-orientation paves the way for
the study of the magnetic domain-dependent properties,
e.g., in the case of (111)-oriented thin films.

In summary, we observed the long-range all-in—all-out
magnetic order in the insulating phase of the pyrochlore
Cd,0s,07 using polarized resonant magnetic x-ray dif-
fraction. In particular, all-in—all-out magnetic domains
could be distinguished from all-out—all-in domains accord-
ing to the sign of the flipping ratio of left- and right-handed
circularly polarized x-ray diffraction. Both types of
domains were shown to coexist in single crystals, with
sizes in the range of a few tens of microns. Additionally,
the pseudo-orientation of the domains could be easily
controlled by a simple magnetic field-cooling procedure,
consistent with theoretical predictions in the AIAO model.
The experimental techniques to image and control the local
all-in—all-out order that we describe here are not limited
to the particular Cd,0Os,0; compound, but may further be
applied to any all-in—all-out-type pyrochlores.
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