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In the spinel compound GeCoz04, the Co®t pyrochlore sublattice presents remarkable magnetic
field-induced behaviors that we unveil through neutron and X-ray single-crystal diffraction. The
Néel ordered magnetic phase is entered through a structural lowering of the cubic symmetry. In this
phase, when a magnetic field is applied along a 2-fold cubic direction, a spin-flop transition of one
fourth of the magnetic moments releases the magnetic frustration and triggers magnetostructural
effects. At high field, these ultimately lead to an unusual spin reorientation associated with structural

changes.

PACS numbers: 75.25.-j,75.50.Ee,75.30.Gw,75.80.4q

I. INTRODUCTION

Spinel compounds with the generic formula AB;0,
crystallize in the cubic space group Fd3m. The B sites
can accomodate a magnetic ion, in this case Co?". They
form a pyrochlore lattice, a network of corner-sharing
tetrahedra, that is the archetype of geometrical frustra-
tion. In addition, they combine magnetic and lattice
degrees of freedom, which confer them a magnetostruc-
tural flexibility in zero and finite magnetic field. The
interplay between magnetic frustration and magnetoelas-
tic coupling has been intensively studied in spinels with,
for instance, either V3T or Cr?* on the B site and var-
ious ions on the A site (Hg, Mg, Cd and Zn) [I-6]. In
these systems, at the Néel temperature (T ), a transition
to an antiferromagnetic (AFM) ordering is accompanied
by a cubic to tetragonal or orthorhombic structural dis-
tortion. It is interpreted as a 3-dimensional spin-Peierls
transition acting to reduce the frustration [1, 3]. In the
Cr compounds, when applying a magnetic field, a magne-
tization plateau at half of the saturation magnetization is
stabilized by the spin-lattice coupling on a wide range of
fields [2, 3, 7, 8]. Moreover, the beginning of the plateau
coincides with a structural distortion. It corresponds to
a recovery of the cubic structure as a consequence of the
release of the frustration by the magnetic field [4, 5].

Ge spinels, with Ni?* or Co?* on the pyrochlore lat-
tice, have comparable rich phase diagrams but have been
less studied because the frustration effects are not as
straightforward, in particular not solely driven by the

*Corresponding author: virginie.simonet@neel.cnrs.fr

first neighbor interactions. They were both shown, by
powder neutron diffraction, to order in a magnetic struc-
ture characterized by a propagation vector k=(1/2, 1/2,
1/2) and stabilized through competing interactions be-
yond the third neighbors [9, 10]. The magnetic arrange-
ment was described assuming a single propagation vec-
tor (single-k structure) as follows: alternating kagome
(KGM) and triangular (TRI) ferromagnetic (FM) planes,
perpendicular to the <111> directions associated with
the propagation vector, and antiferromagnetically cou-
pled to the nearest planes of the same kind (see figure
la). In GeNiyOy4, which retains the cubic structure in
the magnetic phase, both KGM and TRI sites are mag-
netically decoupled, i.e. the molecular field created by
the magnetization of one type of site on the other one
is zero. It leads to an independent ordering of the two
kinds of planes with distinct transition temperatures [11—

]. This is at variance with GeCoy04 in which a unique
magnetic transition is observed at Ty=23.5 K. This is as-
cribed to a structural distortion that couples the two sites
and allows to reduce the frustration in the absence of any
external magnetic field. This distortion was proposed to
be mainly cubic-to-tetragonal from powder neutron and
X-ray diffraction [1, 15].

Besides this zero-field magnetostructural behavior,
a complex H-T phase diagram has been observed in
GeCoy04 by magnetization, ultrasound and electron
spin resonance measurements, evidencing several field-
induced anomalies [1, 9, 16-22]. Their microscopic ori-
gin was investigated by powder neutron diffraction under
magnetic field up to 10 T [10]. A transition, observed
at =~ 4 T, was attributed to an antiferromagnetic-to-
ferromagnetic spin rearrangement between the triangular
planes while retaining the antiferromagnetic arrangement
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FIG. 1: AFM ordered components of the KGM (red) and TRI (green) moments determined from low temperature single-
crystal neutron diffraction refinements in zero-field and under a magnetic field applied along the [1-10] direction (black arrow):
at uoH=0 T for the k1 domain (one of the 3 equipopulated S-domains represented) (a), at poH=>5.5 T for the k; domain (b)
and at uoH=12 T for the ks domain after the high-field spin-reorientation (c). Note that the ferromagnetic component that
develops under magnetic field at the expense of the antiferromagnetic component is not shown. The AFM component of the

TRI magnetic moments is only present in (a) since they get polarized by the magnetic field above Hc;.

From (b) to (c), the

KGM planes, in which lie the AFM component of the magnetic moments, are reoriented from (111) to (1-1-1), consistent with

the change of propagation vector.

between the kagome planes. The final ferromagnetic or-
der of the kagome planes was proposed to occur at the
second transition around pogH=10 T.

We hereafter present the results of single-crystal neu-
tron and synchrotron X-ray diffraction under zero and
finite magnetic fields applied along a 2-fold axis of the
high temperature cubic structure. We show in particular
that the high field transition, for this orientation of the
field, is much more subtle than a plain antiferromagnetic-
to-ferromagnetic one. It implies a change of the magnetic
anisotropy, a switch of the magnetostructural domains,
and the stabilization of a new canted magnetic structure.
We discuss the interplay between magnetostructural ef-
fects and frustration in triggering these field-induced un-
conventional behaviors.

II. EXPERIMENTAL DETAILS

Single-crystals of GeCoy04 with an octahedral shape
of approximately 2 mm size were synthesized by chemical
vapor transport in 0.1 atm of HCl gas. A heat treatment
was performed with a heating plateau at 950°C followed
by a slow cooling at 1°/mn.

Magnetization measurements on the oriented single-
crystal were performed up to 10 T in the temperature
range 2K -300 K using an extraction magnetometer. The
magnetic susceptibility data are in agreement with those
published in the literature with a Néel temperature of

23.5 K (see Supplemental Material).

Single crystal neutron diffraction was carried out at the
Institut Laue Langevin (ILL). Single-crystal diffraction
in zero magnetic field was obtained on the CEA-CRG
D15 diffractometer operated in the 4-circle mode, with
the sample mounted in a displex refrigerator, and with
an incident wavelength of 1.173 A. Measurements under
magnetic field up to 12 T was performed on the CEA-
CRG D23 two-axis diffractometer with a lifting arm de-
tector and an incident wavelength of 1.280 A. The single-
crystal was mounted in the cryomagnet with the [1-10]
axis set vertical, parallel to the applied field. An ad-
ditional diffraction experiment using polarized neutrons
with spherical polarization analysis was performed on
the single-crystal installed inside the CRYOPAD device
on the CEA-CRG IN22 spectrometer at the ILL using a
wavelength of 2.36 A. This set-up allows measuring the
three orthogonal components of the polarization vector
of the neutron beam after scattering by the sample what-
ever the direction of the incident neutron beam polariza-
tion. It gives for a reflection (Qn, Qk, Qi) a polarization
matrix P;;, with ¢,j=X,Y,Z (X || scattering vector, Z L
the scattering plane) [23, 24].

High magnetic field X-ray single-crystal diffraction
experiments were performed at the ID06 beamline of
the European Synchrotron Radiation Facility using a
monochromatic beam selected by a Si(111) double
monochromator. Magnetic field was provided by a 10
T split-coil superconducting magnet [25]. A 2x2x1 mm
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FIG. 2: Magnetic domains in cubic symmetry: the direction
of the propagation vectors is shown by red lines for the pair
(k1, k2) selected between Hyqom and Hez, and by blue lines for
the other pair (ks, ka) selected above Hes. For each k-domain,
the 3 S-domains are listed in the boxes for two possible ori-
entation of the magnetic moments, either along the <110>
directions (left) or along the <112> directions (right). The
domains in bold and the double arrows give the orientation
of the AFM component on the KGM sites for Hijom < H <
Heo and for H > Hes.

single-crystal was aligned with the [110] and [001] axes
within the horizontal plane giving access to the (h,h,l)
Bragg reflections. Magnetic field was applied along the
[1-10] direction. The measurements were performed with
E =32keV (A = 0.3876 A) and the diffracted intensities
were collected with a photodiode.

III. RESULTS

A. Magnetic structure in zero and finite magnetic
fields

To analyze the single-crystal neutron diffraction results
of GeCoy0y4, we first assume a cubic structure and a
single-k magnetic arrangement. Both hypotheses will be
discussed later on. We take into account the presence of
several magnetic domains, that appear at the phase tran-
sition (see figure 2): we consider four k-domains that cor-
respond to the symmetry-equivalent directions of propa-
gation of the AFM order given by the propagation vec-
tors ka=(1/2, 1/2, 1/2), ka=(1/2, 1/2, -1/2), ks=(1/2,
-1/2,-1/2), ka=(1/2, -1/2, 1/2). Moreover, if the mag-
netic moments lie in the {111} planes, there are three
S-domains per k-domain with moment directions rotated
by 120° between S-domains [20].

Note that the magnetic refinements reported below are
based on the analysis of the magnetic Bragg reflections
indexed by the four propagation vectors with half-integer
indices mentioned above. Therefore, it concerns only the
antiferromagnetic component of the magnetic arrange-
ment. While it describes the whole magnetic structure
in zero-field, it is accompanied by a rising ferromagnetic

component when a magnetic field is applied, which is not
refined in the present work.

In zero field, our refinement of the magnetic intensities
collected on D15 at T=10 K (see figure 3) confirms the
antiferromagnetic structure deduced from powder neu-
tron diffraction [9, 10]. It additionally proves that the
TRI and KGM magnetic moments lie in the plane per-
pendicular to the <111> directions given by the propa-
gation vectors. Due to the presence of 12 domains that
we found approximately equipopulated (see Table I), the
moment orientation could not be further determined us-
ing unpolarized neutrons. Polarized neutrons and spheri-
cal polarization analysis allowed us to determine the rela-
tive orientation of the magnetic moments on the TRI and
KGM sites (but not their absolute direction that was only
inferred from neutron scattering under magnetic field, as
presented below). The best fit of the measured polariza-
tion matrix at 1.5 K for 23 reflections is shown with blue
dots in figure 4. It is obtained for a parallel orientation
of TRI and KGM magnetic moments in the {111} planes
(see figure 1a) and a population of the three S-domains
equal to 26/40/34 %.
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FIG. 3: Observed versus calculated intensity of the magnetic
Bragg reflections measured for the four k-domains on D15 at
H=0 T and T=10 K. The wR2 factors give the goodness of
the fit.

Under a magnetic field, the populations of the mag-
netic domains are expected to vary, the domains with
the AFM component perpendicular to the magnetic field
being favored by the exchange and Zeeman terms. We
followed four AFM reflections while applying a magnetic
field along the 2-fold axis [1-10] direction: (0.5, 0.5, 0.5),
(0.5, 0.5, -0.5), (0.5, -0.5, -0.5), (0.5, -0.5, 0.5). They are
characteristic of the four k-domain populations and have
roughly the same intensity at H=0. As shown in figure
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FIG. 4: Spherical polarization analysis at T=1.5 K using
CRYOPAD on IN22: observed versus calculated components
of the final polarization for 23 magnetic Bragg peaks belong-
ing to the ki domain. The magnetic moments on the TRI and
KGM sites lie in the plane perpendicular to the [111] direc-
tion. The best fit is obtained when they are parallel to each
other (blue filled circles, goodness of the fit wR2=21.4%),
and it deteriorates as soon as they depart from collinearity.
For comparison, an example is given for perpendicular TRI
and KGM spins (red empty circles, wR2=63.0 %). Note that
4 points out of 207 are still not well described by the best
model with collinear TRI and KGM magnetic moments. They
corresponds to the Pyy and Pzz components of the polar-
ization matrix for the (0.5, 0.5, 2.5) and (1.5, 1.5, -0.5) Bragg
reflections. The origin of this discrepancy is unclear at the
moment.

5a, when increasing the magnetic field, the 4 equipop-
ulated k-domains start to split into two pairs of reflec-
tions with different intensities, one pair being selected
(k1, ko) whereas the other pair (ks, kq) is suppressed
with increasing field. This selection occurs irreversibly
mostly below pgHgom ~ 2 T. At pgHe.=4.3 T, there is
a slight change of curvature of the field dependence of
the (0.5, 0.5, 0.5) and (0.5, 0.5, -0.5) signal. This field
corresponds to the first anomaly observed in the mag-
netization curve measured on a single-crystal shown in
figure 6, in agreement with the results of Hoshi et al. [1].
The second magnetization anomaly occurs at pgH.2=9.5
T, when the populations of the four k-domains change
again abruptly in a remarkable way: the two selected do-
mains (ky, ko) vanish and the two k-domains that were
absent (kg, kq) are populated (see figure 5a).

In addition to the AFM components probed with the
previous reflections, a gradual rise of the intensity of the
(1, 1, 1) nuclear reflection is observed (see figure 5b).
It is associated with the FM component (M) developing
along the field on the TRI and KGM sites. It leads to
the integrated magnetic intensity on the (1, 1, 1) reflec-
tion, given by the square of the magnetic structure fac-
tor, oc (Mrrr — 3Mgaar)? [10]. Two step-like increases
of this signal are observed, a small one at H.; and a pro-
nounced one at He.y. Above H.o, both a FM and an AFM

TABLE I: Results of the magnetic structure refinements in
zero field (D15) and under applied magnetic fields (D23). In
the successive columns are reported the value of the magnetic
field in T, the k-domains population, the antiferromagnetic
component of the magnetic moments in Bohr magneton on
the KGM and TRI sites (only the amplitude at 0 T and the
magnetic moment vector components under finite fields), and
the population of the corresponding S-domains, listed as in
figure 2.

H |k-domain Mrom Mrrr S-domain

0 ki 0.255 3.3 2.2 0.34/0.28/0.38
ko 0.257 3.2 2.3 0.35/0.34/0.31
ks 0.234 3.2 2.2 0.35/0.34/0.31
k4 0.255 3.2 2.2 0.32/0.28/0.40

5.5 [ ki 0.510 (1.29, 1.29, -2.59) 0 0.97/0.015/0.015
ks 0.490 (1.27,1.27,253) 0 0.94/0.06,/0.0

9.4 [ki 0510 (0.74, 0.74, -1.48) 0 0.99/0.0/0.01
k2 0.490 (0.71, 0.71, 1.43) 0 0.98/0.0/0.02

12 | ks 0.605  (1.10, 1.10, 0) 0 1/0/0
k4 0.395 (1.09, 1.09, 0) 0 1/0/0

contributions are thus present indicating a canted mag-
netic structure, consistent with the magnetization still
increasing in higher fields [9].

The field-induced antiferromagnetic component of the
magnetic orders could be determined from refinements
of the half integer magnetic reflections collected on D23
at T=4.5 K under the selected fields of 5.5, 9.4 and 12
T as shown in figure 7. At uoH=>5.5 and 9.4 T, i.e. for
H.1<H<H., the KGM AFM component of the moments
is found aligned along the [11-2] direction for the k; se-
lected domain (see figure 1b) and along the [112] direction
for the kg selected domain. The amplitude of this com-
ponent decreases from 3.1 to 1.8 pup between 5.5 and 9.4
T while the FM component increases. On the TRI site,
the AFM component is found equal to zero above H.q,
as already proposed [10]. At pgH=12 T, i.e. for H>H_o,
the KGM AFM component of the two new k3 and k4 se-
lected domains is found aligned along a unique direction
[110], also perpendicular to the applied magnetic field
(see figure 1c). At this field, the AFM and FM compo-
nents of the KGM magnetic moment are found = 1.5 and
2.4 up respectively from neutron diffraction refinement
and magnetization measurements.

The field-induced magnetic behavior is summarized in
Table II and leads to the following scenario: at zero-
field, we assume that both the TRI and KGM moments
are parallel to each other and along the 12 equivalent
<112> directions. Increasing the field applied along [1-
10] selects, above Hgom, the two [11-2] and [112] direc-
tions perpendicular to it, and thus the two associated kj
and ko domains. H.; marks an AFM to FM transition of
the TRI magnetic moments that become oriented along
the field. At H.o, a new magnetic order is stabilized with
the AFM component on the KGM sites aligned along the
[110] direction. This orientation is compatible with the
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FIG. 5: Neutron counts at the peak maximum versus mag-
netic field applied along the [1-10] direction at 4.5 K for: (a)
four magnetic Bragg reflections representative of the AFM
k-domains, (b) the (1, 1, 1) weak nuclear reflection on top
of which grows a field-induced FM component, (c) the (-4,
-4, 0) strong nuclear reflection sensitive to the extinction, (d)
the (0, 0, 2) forbidden nuclear reflection. The Haom, He1 and
H.o characteristic fields are indicated by vertical lines. The
filled (open) symbols correspond to increasing (decreasing)
field measurements.

selection of two new domains, k3 and kg4, and implies a
redefinition of the KGM and TRI planes. A canted mag-
netic structure is induced by the field on the former while
the latter are ferromagnetic.

B. Structural changes

Correlated to the complex magnetic behavior of
GeCo,0y4, there is a remarkable variation of the extinc-
tion. It corresponds to a decrease of the intensity of
strong Bragg reflections when the structural crystal qual-
ity is improved possibly due to magnetostructural effects
[27]. An irreversible decrease of the intensity is observed
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FIG. 6: Single-crystal magnetization M and its derivative
(red dashed line) measured as a function of the magnetic field
oriented along the [1-10] direction at 2 K.

TABLE II: Selection of the antiferromagnetic domains under
a magnetic field applied along [1-10]. For the three field ranges
given in the Table, the columns indicate the selected propa-
gation vectors and the orientation of the antiferromagnetic
component of the KGM and TRI magnetic moments. Note
that in zero field the four magnetic domains are equipopulated
and that they get selected for H > Hgom. Above Hci, the TRI
moments are ferromagnetically aligned along the field.

Haom < H < Hey Het < H < Heg Ho < H
k KGM TRI k£ KGM TRI k£ KGM TRI
ki [11-2] [11-2] ki [11-2] none ks [110] none

ky [112] [112] kg [112] none kg [110] none

on the intense nuclear reflection (-4, -4, 0) up to Hyom
(see figure 5¢), which shows that the structural quality is
improved when the magnetic domains are selected. The
intensity is then constant up to H.o where a very narrow
peak of extra intensity is visible, indicating a transient
crystal deterioration at the transition toward the new
magnetic structure.

In the present paper, these magnetostructural effects
were further investigated by single-crystal X-ray diffrac-
tion on ID06. Back to the temperature dependence in
zero field, the (0, 0, 16) structural reflection splits into
two peaks below Ty (see figure 8a). This agrees with a
main cubic-to-tetragonal structural distortion implying
a 0.12 % elongation of one of the cubic axes [1], hence
yielding three tetragonal domains (see Table III and the
Supplemental Material for complementary powder neu-
tron diffraction results).

It should be noted however that, in a single-k picture,
a (1/2, 1/2, 1/2) propagation vector for the magnetic
structure cannot result in a tetragonal strain. An im-
portant issue is therefore whether the magnetic order is
described by only one or several members of the star of
the k-vector. A similar puzzling behavior was reported
in CoO: this oxide was known to undergo a cubic-to-
tetragonal structural transition at the temperature of the
collinear magnetic ordering, itself described by an AFM
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FIG. 7: Observed versus calculated intensity of the magnetic
Bragg reflections measured on D23 at T=4.5 K, and refined
at 5.5 T, at 9.4 T (Hea<H<Hc2), and at 12 T (H>Hcz). The
wR2 factors give the goodness of the fit.

stacking of ferromagnetic planes with a (1/2, 1/2, 1/2)
propagation vector and the magnetic moment along the
<112> directions [28]. Symmetry arguments [29] were in-
voked showing that, if the tetragonal distortion is driven
by the magnetic ordering, the magnetic structure has to
be described by 4 propagation vectors, leading to a non-
collinear magnetic arrangement. On the other hand, if
the main tetragonal distortion is not caused by the mag-
netic structure, a single-k magnetic structure will induce
an additional small trigonal distortion leading to a mono-
clinic space group. In CoQ, the evolution of the magnetic
domains under applied stress allowed to discriminate be-
tween the two scenarios, in favor of a single-k structure
[29]. Direct evidence of a small but finite trigonal lat-
tice distortion was finally found through X-ray diffraction
[30], which agreed with the magnetic structure symme-
try.

In GeCo50y, as in CoO, a tetragonal distortion result-
ing from the magnetic ordering would imply 4 propaga-
tion vectors and a non-collinear magnetic structure. This
is hardly compatible with the field-induced magnetic do-
main selection that we observe and that we can explain
straightforwardly in a single-k magnetic structure. Simi-
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FIG. 8: Single-crystal X-ray diffraction: temperature depen-
dence in zero field of the lattice parameter determined from
the (0, 0, 16) reflection (a). Field dependence at 2 K under
a magnetic field along the [1-10] direction of the lattice pa-
rameter determined from the (0, 0, 16) reflection (b), of the
intensity of the (0, 0, 2) forbidden reflection (c). The Haom,
Hc1 and Hco characteristic fields are indicated by vertical lines.

larly to CoO [29, 30], we therefore suggest that the single-
k magnetic structure emerges in a primarily tetragonal
context, inducing an additional small trigonal distortion
(see figure 9). This should lead to a monoclinic space
group, that has still to be evidenced [31]. This scenario is
consistent with the reported first-order transition at Tx
in GeCo204 [32, 33]. Also supporting this assumption
is the orientation of the Co?T magnetic moments that
we determined along the same direction as in CoO [28].
The monoclinic distortion is characterized by a unique
2-fold axis along the < 110 > direction perpendicular to
the selected cubic trigonal < 111 > direction and to the
tetragonal axis. In this case, each tetragonal domain is
further split into four monoclinic domains, yielding 12
structural domains (see Table III).

It is interesting at this stage to correlate the struc-
tural and the magnetic domains. For this purpose, we
have studied the field evolution of the (0, 0, 16) nuclear
Bragg peak that got split below Ty in zero field. Under
a magnetic field along [1-10], the two (0, 0, 16) peaks



C [111]

[1-10]

FIG. 9: Structural distortion: example of monoclinic cell (in
blue), with a unique 2-fold axis [1-10], derived from the tetrag-
onally distorted cubic cell (black) with the elongated c axis.
The monoclinic distortion is achieved through an additional
trigonal distortion (here along the [111] direction) leading to
a deviation of the 8 angle from 125.264°.

TABLE III: Description of the magnetostructural domains.
The successive columns indicate the tetragonal domains char-
acterized by their elongated axis, the 12 monoclinic domains
characterized by the trigonal axis of the cubic cell and the
monoclinic 2-fold axis, and the associated 24 magnetic do-
mains for the magnetic moments along the < 112 > direction,
with the additional requirement that the magnetization must
be the closest to the plane perpendicular to the tetragonal
axis. The domains selected by a magnetic field applied along
the [1-10] direction are in bold.

Tetragonal Monoclinic Magnetic
a [111] [01-1]  [11-2] [1-21]
[11-1] [011] [112] [1-2-1]
[1-1-1] [01-1] [1-12] [12-1]
[1-11] [011]  [1-1-2] [121]
b [111] [10-1] [2-1-1] [11-2]
[11-1] [101]  [2-11] [112]
[1-1-1] [101]  [211] [1-12]
[1-11] [10-1] [21-1] [1-1-2]
c [111] [1-10]  [2-1-1] [1-21]
[11-1] [1-10] [2-11] [1-2-1]
[1-1-1] [110]  [211] [12-1]
[1-11] [110] [21-1] [121]

are still visible up to poHgom=2 T, but only one peak
remains above Hy,, associated with the smaller lattice
parameter (see figure 8b). It means that the field se-
lects two tetragonal domains out of three, with an a or b
elongated axis. To understand the relation between this
field-induced structural domain selection and the mag-
netic domain selection, we refer to the behavior of the
magnetic moment of Co?t in CoO films submitted to
different strains that compress or elongate the tetragonal
axis. It has been shown in particular that for an elon-
gated tetragonal axis, the magnetic moment should lie
in the plane perpendicular to this axis [34]. This condi-
tion in GeCoy04 allows to identify 24 magnetostructural

domains listed in Table III. The trigonal cubic axis char-
acterizing the distortion coincides with the direction of
the magnetic propagation vector. Our single-crystal neu-
tron diffraction results indicate that H || [1-10] selects,
below Ho, the magnetostructural domains with the [112]
and [11-2] magnetic moments directions. These are in-
deed closer to the (100) and (010) planes than to the
(001) one, hence compatible with the a and b elongated
axis, as observed.

From Hg, to Hgs, the position of the remaining peak
progressively changes signaling an increase in the c lat-
tice parameter. Above H.o, a unique peak finally appears
abruptly shifted at a value corresponding to a larger c
lattice parameter. In addition to the lattice parame-
ter variation, other structural changes start to occur for
H > H.;. For instance, the (0, 0, 2) structural reflection,
forbidden by the 4;/d symmetry element of the Fd-3m
space group, rises in intensity from H., to H.o where it
presents a marked step, as observed both with neutron
and X-ray diffraction (see figures 5d and 8c) [35].

IV. DISCUSSION

These results provide a strong indication that the field-
induced evolution of the magnetic structure of GeCos0y4
is not merely due to an energy balance between the Zee-
man term, the magnetic exchange interactions and the
single ion magnetocristalline anisotropy. The key ingredi-
ent is actually the magnetostructural coupling. The TRI
and KGM sites, which were coupled in zero-field through
a structural distortion at Ty, get decoupled above H.q
when the field strength is enough to polarize the TRI
planes. This renders ineffective the zero-field structural
distortion in reducing the magnetic frustration and low-
ering the energy of the system. It thus triggers new
structural changes evidenced by the rise of the (0, 0, 2)
structural reflection and the increase of the ¢ lattice pa-
rameter. These magnetoelastic effects ultimately lead at
H.5 to an abrupt structural change and to a novel mag-
netic configuration. The latter consists in a stacking of
FM planes of KGM moments. The canted plane to plane
arrangement exhibits a ferromagnetic and an antiferro-
magnetic components, both perpendicular to the <111>
directions. The AFM component is now orientated along
the [110] direction, which implies the magnetic domain
switching from k; and ko to kg and k4 at Heo, and a
change in the KGM and TRI sites distribution.

This remarkable spin reorientation can be ascribed
to a change of the magnetocrystalline anisotropy of the
Co?* ions induced by the structural deformation acting
on the Crystal Field parameters. The exact nature of
the structural changes occurring at H.o cannot be un-
ambiguously established. From an analogy with the Cr
spinels, the first possibility is that this is a transition
towards a new structure of cubic symmetry with a lat-
tice parameter enlarged with respect to the paramagnetic
state. The second option rather implies a change of the



selected structural domains, triggered by the magnetism.
The weakening of the structural distortion tilts the mag-
netic moments from the [112] and [11-2] directions to
the (001) plane. The magnetic moments are then per-
pendicular to the c-axis thus favoring, above H.o, the
tetragonal structural domain with the elongated c-axis
instead of those with elongated a and b axes selected for
Hiom < H < Hgo. This is supported by the fact that the
c lattice parameter above H.s is identical to the one of the
zero-field domain that disappears above Hyopy,. Finally,
complementary studies are crucially needed, first to con-
firm the single-k nature of the magnetic structure and
the monoclinic distortion, and then to decide between
the two above scenarios.

V. CONCLUSION

In conclusion, the spinel compound GeCo,04 exhibits
common features to both Cr/V spinels and binary oxides

such as CoO, in spite of different interaction schemes or
different topology of the lattice. Our neutron and X-ray
single-crystal diffraction study has shown that unconven-
tional behaviors are generated by the strong interplay
between the structural and frustrated magnetic degrees
of freedom under the influence of an external magnetic
field. The high field transition is particularly rich, involv-
ing deep structural changes and a reshuflling of the inho-
mogeneous magnetization distribution, associated with a
rare field-induced change of magnetic anisotropy.

We thank J. Debray for the single-crystal orientation
and polishing necessary for the X-ray experiment, E.
Lhotel, R. Ballou and J. Robert for fruitful discussions,
and L. Chaix, S. Diaz and A. deMuer for their help dur-
ing the single-crystal neutron diffraction experiments.
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VI. MAGNETIZATION VERSUS TEMPERATURE
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FIG. 10: Temperature dependence of the magnetic susceptibility (magnetization divided by the magnetic field, M/H, in the
linear regime) measured on the GeCo204 single-crystal used in the neutron diffraction experiments, for three orientations of
the magnetic field uoH=1 T with respect to the main crystallographic directions. The cusp in the three curves indicates the
Néel temperature, Tn=23.5 K, at which the antiferromagnetic ordering occurs.

VII. POWDER NEUTRON DIFFRACTION

In addition to single-crystal X-ray diffraction, we performed powder neutron diffraction under magnetic field to
investigate the structural distortion. Powder patterns were recorded on the D2B high-flux diffractometer of the Institut
Laue Langevin (ILL) under a magnetic field up to 6 T on a pressed pellet of GeCopOy at the wavelength A=1.594 A.
Our powder neutron measurements are in agreement with the proposed cubic-to-tetragonal main distortion with an
elongated tetragonal axis occurring at Ty [1]: The large 26 angle (0, 0, 8) nuclear reflection splits into 2 below Ty
with the lower angle reflection being twice smaller in intensity than the higher angle reflection (see figure 11). Under
a 6 T magnetic field, only the higher 260 angle peak is still visible which corresponds to the selection of tetragonal
domains with an elongated a or b axis.

[1] T. Hoshi, H. Aruga Katori, M. Kosaka, H. Takagi, Journal of Magnetism and magnetic Materials 310, E448 (2007).
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FIG. 11: Splitting of the (0, 0, 8) nuclear reflection at Tx from powder neutron diffraction measurements on D2B.
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