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We report the observation of magnetic domains in the exotic, antiferromagnetically ordered all-
in-all-out state of Nd2Zr2O7, induced by spin canting. The all-in-all-out state can be realized by
Ising-like spins on a pyrochlore lattice and is established in Nd2Zr2O7 below 0.31 K for external
magnetic fields up to 0.14 T. Two different spin arrangements can fulfill this configuration which
leads to the possibility of magnetic domains. The all-in-all-out domain structure can be controlled
by an external magnetic field applied parallel to the [111] direction. This is a result of different spin
canting mechanism for the two all-in-all-out configurations for such a direction of the magnetic field.
The change of the domain structure is observed through a hysteresis in the magnetic susceptibility.
No hysteresis occurs, however, in case the external magnetic field is applied along [100].

Cubic pyrochlore oxides, RoT507 (R = rare-earth el-
ement, T = transition metal), have attracted strong
interest since the discovery of spin ice in HosTisO7
and DyyTipO7 [IH5] and the excitation of magnetic
monopoles [6H8] even though their low temperature prop-
erties are known since more than fifty years [9]. In these
systems, the R and T ions are each located on a sublattice
of corner-sharing tetrahedra. In pyrochlore compounds
the strong crystal electrical field (CEF) mostly splits up
the 2J+1 multiplet of the R ion by several hundred kelvin
which can result in an effective spin-half ground state
with a strong magnetic anisotropy [3]. The spins of the
magnetic ions are highly anisotropic, and can behave as
Ising spins forced to point mostly along the local (111)
direction, i.e., the four corner-to-center directions of each
tetrahedron, or as XY spins as in EryTi;O7 [10].

The interplay between exchange (nearest-neighbor
(nn) and next-nearest-neighbor) interaction and dipole-
dipole (and higher multipoles) interaction leads to a va-
riety of ground states, such as ferromagnetically [IT], 2]
or antiferromagnetically [I3] ordered states, spin ice
[1l 2 T4, [15] or the absence of long-range order down to
the lowest temperatures as found in spin liquids [16] [17].

Besides the intensively studied spin-ice regime, the all-
in-all-out state just recently became a highly discussed
topic due to its proximity to the spin-ice regime. The
all-in-all-out configuration is an antiferromagnetically or-
dered state where all spins of a given tetrahedron are
pointing either inward towards its center or outward.
This order can be realized by two spin arrangements,
either All-In-All-Out (ATAO) or All-Out-All-In (AOAI),
which are interchangeable by time-reversal transforma-
tion [I8] (see Fig. [3). The existence of these two spin
arrangements allows for the formation of domains within
this ordered ground state as it was shown experimentally
[19, 20]. If the degeneracy of this state can be lifted by an
external magnetic field, the order becomes ferrimagnetic

[18] and the domain structure can be changed.

RyT507 systems which exhibit such a ground-state
configuration are for instance NdoZroO; [2I, [22],
NdszgO'y [23}, Nd28n207 [24}, and ngII‘QO’y. In
NdsIryO7, the transition to the all-in-all-out phase is
accompanied by a metal-insulator transition, the occur-
rence of a huge magnetoresistance and the stabilization
of a Weyl semimetallic state [25].

In contrast to NdaIrsO7, where both, the Nd3* and the
Ir** are magnetic, in NdyZroO7, only the sublattice of
the Nd3* ion forms the all-in-all-out order. In addition,
we determined the ordering temperature of NdsZroOr
(Tv = 0.31 K) to be two magnitudes smaller than in
NdyIraOr (T ~ 32 K [19]). Because of this difference in
the energy scale, Nd2Zr,O7 is an adequate model system
to study the magnetic properties of the exotic all-in-all-
out ground state using small magnetic fields. Further-
more, this compound recently gained interest due to re-
sults from neutron scattering experiments. They showed
evidence for the coexistence of all-in-all-out ordering and
spin-ice behavior for which the concept of fragmentation
of the magnetic moment was proposed [26].

Here, we report that the all-in-all-out domain struc-
ture of NdsZr,0O7 can be controlled by an external mag-
netic field. We probe the spin and domain dynamics
in the all-in-all-out ground state configuration by means
of dynamic susceptibility and static magnetization mea-
surements where we find that the all-in-all-out order is
established below Ty = 0.31 K and is stable for external
magnetic fields up to pgHg. = 0.14 T.

Static (DC) magnetization was measured using a DC
SQUID magnetometer equipped with a dilution refriger-
ator moving through a 2°4 order gradiometer. Dynamic
(AC) susceptibility was measured with a pair of compen-
sated coils using frequencies between 20 Hz and 25 kHz
and field amplitudes, H,., between 75 nT and 10 uT. The
AC-field direction was aligned parallel to the DC field. If
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FIG. 1. (a) Static magnetic susceptibility versus temperature
for Nd2Zr20O7, H || [111], for small magnetic fields. A Curie-
Weiss fit with § = —0.01 K describes the low-temperature
behavior above Tn (fit range 2 K < T' < 50 K). Inset: Mag-
netization of the same data.(b) AC susceptibility and inverse
AC susceptibility versus Temperature for Hq.|| [111] as well as
the corresponding Curie-Weiss fit (fit range 0.4 K < T < 4.5
K). (¢) AC susceptibility versus temperature for different fre-
quencies. (d) Comparison of the AC susceptibility versus
temperature for different orientations of the crystal with re-
spect to the AC field as well as for an external DC field of
0.04 T and 0.5 T. For poHac = 0.04 T, data taken at f = 160
Hz was used.

not denoted differently, the AC susceptibility was mea-
sured at f = 2500 Hz and pgHye = 2.8 pT. The measure-
ments were performed on two NdsZroO7 single crystals
with different crystal orientations, both having a weight
of approximately 8 mg. The single crystals were grown
by the floating-zone technique using a high-temperature
optical image furnace.

Both, the temperature dependence of the static sus-
ceptibility, Xstat & M/H and the amplitude of the AC

susceptibility xac = /X2 + x’? follow the Curie-Weiss
law x = % with a paramagnetic Curie temperature

around zero, § = —0.01+0.03 K [Fig. [I| (a), (b)]. The
small value of the paramagnetic Curie temperature indi-
cates that J,, and Dy, are balanced, and that NdyZr,07
lies on the border between all-in-all-out ordering and the
spin-ice regime.

At Ty = 0.31 K, NdZr507 shows a maximum in the
zero-field AC susceptibility for Hy.|| [111] as well as for
H,.|| [100] [Fig. [l| (d)]. Both peaks, in x’ and in x”,
appear at the same temperature (not shown).

A straightforward approach to describe the magnetic
interactions on the pyrochlore lattice is the dipolar spin-
ice model, where the Hamiltonian considers only the

dominant nn exchange, J,,, and the dipole energy D,
Hpsi = —Jon -3 87 - 87
(i5)
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In this model, a spin ice or an all-in-all-out ground-
state configuration is favored depending on the ratio
of Jun/Dnn [20H29]. The latter is only achieved if
Jun/Dnn < —0.91 [27], which requires an antiferromag-
netic exchange interaction. The disadvantage of this
model is, that the spins are treated as ideal Ising spins
which is only approximately the case for Nd spins in
NdyZr,07. Instead, Nd?t is, besides Dy>*, the only el-
ement of the lanthanide series whose J value and CEF
parameter BY allows the Kramers ground-state doublet
to be a dipolar-octupolar doublet [30]. In this case, two
components of the effective pseudospin operator 7 be-
have like a dipole under space-group transformation (in-
cluding the dominant component, which couples to J,
that points along the local (111) direction), whereas the
third component behaves like an octupolar tensor. Y.-P.
Huang et al. introduced the XY Z model for the dipolar-
octupolar doublet in the localized limit [30]. Depending
on the ratio between the components of f, quantum spin
ice, antiferro-octupolar ordering or all-in-all-out ordering
can be established at lowest temperatures.

Evidence, that in the case of NdyZroO7 the all-in-all-
out ground-state configuration is realized, was recently
provided by neutron diffraction [21 22, [26] and mean-
field calculations [22]. Therefore, we can conclude that
the peak of the AC susceptibility at T is the signa-
ture of the phase transition to the all-in-all-out ground
state. Further evidence is gained from the observation
that the maximum in y,.(7") is shifted to lower temper-
atures by applying a small external magnetic field and
completely suppressed using a moderate external mag-
netic field, such as 0.5 T along the [111] direction [Fig.
(d)]. Compared to spin-ice systems, where typically
a maximum of the AC susceptibility appears at a cer-
tain temperature which is strongly frequency dependent
[B1H33], Nd3Zro07 does not show any frequency depen-
dence of x..(T') for frequencies of 50 Hz up to 25 kHz
[Fig. [1] (¢) ] consistent with a previous work, reporting
no dependence between 0.11 and 570 Hz [22]. Further-
more, no additional features can be seen in the AC sus-
ceptibility data at temperatures up to 4 K. Therefore,
we have to underline that we do not find evidence for
the spin-ice phase in coexistence with the all-in-all-out
phase, which was reported to exist in NdyZryO7 in con-
sequence of observing a pinch-point pattern which per-
sists up to 0.6 K [26]. It is puzzling why a Coulomb
phase, emerging from the fragmentation of the magnetic
moment, would not be observable by means of dynamic-
susceptibility measurements. Furthermore, the theory of
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FIG. 2. AC susceptibility versus external field applied along
the [111] direction. Measurements were performed at various
temperatures.

magnetic-moment fragmentation predicts that the char-
acteristic cusp of the antiferromagnetic phase transition
would be masked and the AC susceptibility would ap-
pear to be featureless which is contradiction to the clear
visible cusp-like feature appearing at Tx [Fig. (a) -
(@)

Below Ty, a hysteresis occurs in the magnetic-field de-
pendence of the AC susceptibility, for fields aligned along
[111] (Fig. . After zero-field cooling the susceptibility
first decreases with increasing DC field, running through
a shallow and broad minimum. At a certain field, H*,
a maximum appears after which x..(H) decreases again
for higher DC fields. This maximum is the signature of
a spin-flop transition where the system enters the 3-in-
1-out or 2-in-2-out configuration depending on the field
direction [22] 25].

Reducing Hj. from the polarized state (Hge > H*),
however, the susceptibility shows a broad maximum in-
stead of the minimum, before x..(H) reaches its zero-
field value at H = 0. A qualitative similar behavior was
reported for the derivative of the static magnetization
(dM/dH) of the all-in-all-out-ordered system NdsIraO7
but not discussed further [25]. In contrast to NdzIr2O7,
the T4 -ions (Zr**) in NdpZr,O7 possess no magnetic
moment. The hysteresis is therefore a direct result of the
all-in-all-out state and not attributed to the interplay of
the two all-in-all-out ordered sublattices in NdsIroO-.

As mentioned above, the all-in-all-out state has two
possible realizations. There are four distinct directions
along which all spins are pointing. One of these local
(111) directions is the [111] crystallographic direction so
that all those spins are pointing either parallel (ATIAO
domain) or anti-parallel (AOAI domain) to an external
magnetic field applied along [111] [Fig. |3 (a),(b)].

@) (b)

AIAO AOAI

H | | [111]

FIG. 3. Visualization of the both possible configuration of
the all-in-all-out ground state for an external magnetic field
parallel to the [111] direction. In this case one quarter of the
spins (yellow arrows) is aligned parallel (a) or anti-parallel
(b) with respect to the field. The remaining spins have thus a
component which is anti-parallel (green arrows) respectively
parallel (red arrows) with respect to the field.This leads a
canting of the non-collinear spins which is different for the
ATAO (c) and AOAI domains (d).

Now we consider that in the presence of an external
magnetic field, the spins can be canted by a small an-
gle ¢ out of their local (111) anisotropy. In the case
of NdyZrsO7, this assumption seems to be probable due
to the admixture of non-Ising terms inside the CEF
ground state of Nd3* (in addition to the leading term
[*I/2,4£9/2)) [21, 22]. It was further shown that the
dipolar-octupolar nature of the Nd3* doublet leads both
to the Ising-like z-component of the pseudo-spin and to a
y-component in the local coordinate system of each spin
[26]. Whereas the z-component is a result of the effec-
tive exchange interaction, Jeg, the off-axis component is
a result of the octupolar coupling K. By applying an
external magnetic field, the off-axis component will be
polarized. In this case, the pseudo-spin can be treated
as a canted Ising-spin. One can further assume that the
canting angle is equal for both domains because the cant-
ing strength is dominated by the ratio of J.g and K.

Without such a spin canting, each pseudo spin S points
along its local (111) direction. Therefore, the total spin
sum per tetrahedron Seg = Z?:l §Z - €, in the all-in-all-
out state is zero as a necessary result of the antiferro-
magnetic order.

Setf = S(+1 — 3sina) =0,
Set = S(—1+ 3sina) = 0.

(AIAO)

(AOATI) @
Whereas « is the angle between the perpendicular line
of the [111] direction and the local (111) direction of the
non-collinear spins and sina = 1/3. (For simplicity, the
global z-direction was chosen to be parallel with respect
to the [111] direction.)
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FIG. 4. AC susceptibility versus external field. Magnetic
hysteresis appears below the transition temperature for H .
|| [111] (lower graph, T' = 70 mK) but for Hg. || [100] (upper
graph, 7' = 107 mK) the curves almost coincide.

A canting of the spins leads to a small ferrimagnetic
contribution of each tetrahedron. In the case for an
ATAO domain, the three non-collinear spins have a com-
ponent along the [111] crystallographic direction which
is anti-parallel with respect to the field. For this reason,
they cant towards the plane, perpendicular to the field
[Fig. [3[ (¢)]. In contrast, the three non-collinear spins of
the AOAI domains have a parallel component with re-
spect to the external field and cant towards a parallel
configuration [I8] [Fig. [3| (d)]. If the assumed canting
of the non-collinear spins in an fixed external magnetic
field B = poH parallel to [111] has the fixed value ¢, the
projection of total spin onto the field direction is given
by

Set = S(+1 — 3sin(a — ¢)) (AIAO)

S(+1 — cos ¢ + 2v/2sin ¢),

Set = S(—1+ 3sin(a + ¢)) (AOATI)
= S(—1+ cos ¢ + 2v/2sin ¢).

For the Zeemann energy per tetrahedron which is gained
by the canting, follows AE = —mB = —gupSegB. One
can than calculate the energy difference of the two all-in-
all-out configurations per tetrahedron to be

AFE = Eatao — Eaoar = =29 - pus - B+ (1 —cos ¢)
~ _g/“LBB : ¢2a

3)

whereas the last approximation is valid for small canting
angles ¢ < 1, peg is the Bohr magneton and g the effec-
tive g-factor of the Nd3* spins. The twofold degeneracy
of the all-in-all-out state is lifted in such a field and the
ATAO arrangement is preferred.
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FIG. 5. H-T phase diagram of Nd2Zr2O7. The critical

fields and temperatures of the all-in-all-out state were ob-
tained from the peak position of the temperature- and field-
dependent AC susceptibilities for different orientations. The
dashed line is a guide to the eye. Inset: AC susceptibility
versus external static magnetic field (H || [100]) for different
temperatures below the phase transition.

The observed hysteresis, shown in Fig. is, thus,
a result of the changed domain structure. If the all-
in-all-out state is realized in zero field, randomly dis-
tributed domains with the AIAO or AOAI configura-
tion are formed. This was shown for example by use of
microwave-impedance microscopy for NdsIraO7 [19] and
X-ray diffraction for Cd3O0s207 [20]. If an external mag-
netic field is applied parallel to the [111] direction, the
spins are canted and the ATAO configuration becomes
favorable. The system tends to transform the multi-
domain structure to a single-domain phase. The reduc-
tion of domain-wall density, where the antiferromagnetic
order is broken, leads to a negative contribution of the
magnetization and so to a decreasing susceptibility. If
the all-in-all-out structure is, on the other hand, formed
under field cooled condition, a single ATAO domain ap-
pears.

If the external magnetic field is parallel to the [100]
direction, almost no hysteresis can be seen for the field
dependence of the AC susceptibility (see comparison for
both orientations in Fig. . Whereas the spins are also
canted in such a [100] field, the gained Zeeman energy
is equal for both configurations of the all-in-all-out state
because the ATAO configuration can be transformed to
the AOAI configuration by a simple 90° rotation along
the [100] axis [19].

From the maxima in the field- and temperature-
dependent x,. data, the phase diagram of NdsZr,O7 can
be constructed (Fig. [5). The phase boundary is dif-
ferent for external DC fields applied along the [111] or
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FIG. 6. x” versus x’ at zero external magnetic field for sev-
eral temperatures. The maximum in this Cole-Cole plot cor-
responds to wr = 1, where 7 is the so-called single-spin relax-
ation time.

[100] direction. Whereas the critical field for suppress-
ing the all-in-all-out order shows a steep increase near
Tn, only a small further increase appears below 0.15 K.
Such a shape of the all-in-all-out phase boundary was pre-
dicted by mean-field calculations considering the dipolar-
octupolar nature of the NdoZroO7 doublet (see Fig. 5 in
[22]) and is in global agreement with the phase diagram
extracted from magnetization measurements [22].

The spin-relaxation time for H| [111] is about
7 = 0.2 ms and stays almost constant in the ordered
and in the paramagnetic phase. This was determined by
measuring the frequency dependence of x,. and analyz-
ing the frequency of the maximum in the Cole-Cole plot,
using 7w = 1 with w = 27 f (see Fig. @ This value is
fast in comparison to other pyrochlore systems, in par-
ticular compared to DysTisO7 which has a much longer
spin-relaxation time. At T' < 2 K, 7 of Dy3Ti;O7 rapidly
increases due to spin freezing [33].

In summary, Nd2ZroO7 undergoes a phase transition
to an antiferromagnetically ordered all-in-all-out ground
state configuration at temperatures below 0.31 K and
magnetic fields smaller than 0.14 T. This result confirms
recent calculations [22, [34] as well as observations of
neutron-diffraction experiments [2I] 26]. The all-in-all-
out state can be realized by two possible spin arrange-
ments which leads to randomly distributed domains of
both kinds in zero field. A canting of the spins out of
their local (111) anisotropy leads to a gain of Zeeman
energy. This energy is the same for the both configu-
ration of the all-in-all-out state if the magnetic field is
applied along the [100] direction, but different for a field
along the [111] direction. The twofold degeneracy of the
all-in-all-out state is, therefore, lifted for an applied field
along [111] and the ATAO configuration is preferred. The
dynamics of the domain structure can be directly ob-
served by measuring the resulting hysteresis in the field
dependence of the AC susceptibility. To understand the
spin canting mechanism in more detail, a study of a re-

lated Ndy7507 compound with non-magnetic T** ion,
i.e. NdoHf>07, would be desirable.

No signature for the recently proposed fragmentation
of the magnetic moments in NdyZroO7 and the result-
ing spin-ice phase coexisting with the all-in-all-out or-
dering [26] was found. In contrast to spin-ice systems no
frequency dependence of the dynamic susceptibility was
found when changing f from 50 Hz to 25 kHz. In addi-
tion, the spin relaxation time is fast compared to spin-ice
systems such as Dy;TisO5.

We believe that NdoZroO7 is a excellent model system
to investigate and control domain structures of the
antiferromagnetically ordered all-in-all-out state due to
the small fields needed to change the domain structure
and the fact that the magnetic moments are only located
on the Nd?* sublattice.
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