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Magnetic order in Th,Sn,05 under high pressure: From ordered spin ice to spin liquid
and antiferromagnetic order
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We have studied the Tb,Sn,0- ordered spin ice by neutron diffraction under an isotropic pressure of 4.6
GPa, combined with a stress of 0.3(1) GPa. Measurements down to a temperature of 0.06 K and up to 100 K
probe the effect of pressure both on ground state and spin fluctuation in the paramagnetic region. In the
pressure-induced ground state, the ordered spin ice structure with a ky=0 propagation vector persists, but it
coexists with a structure with k;=(0,0,1). The ordered moment at 0.06 K is reduced, suggesting that pressure
also enhances the spin liquid fluctuations at 7~ 0. In the paramagnetic region, applying pressure changes the
short-range spin correlations and suppresses the ferromagnetic correlations. The influence of pressure is dis-
cussed considering both isotropic pressure and stress effects.
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Geometrical frustration combined with spin-lattice cou-
pling is one of the key ingredients of physics, allowing one
to design materials or tune several physical properties con-
comitantly. This cocktail is at play in some multiferroic and
frustrated materials where electric, elastic, and magnetic or-
der parameters interfere. In the ordered magnetic state, it
may induce magnetoisostructural transitions,! hybrid spin-
lattice excitations,? and spontaneous distortions to remove
the frustration like in the spin Peierls orders found in
spinels.? In the paramagnetic state, the interaction of the lo-
calized magnetic moments with a magnetic field may shift
the ions from their equilibrium position, resulting in magne-
tostriction effects. Magnetoelastic coupling may also be
probed by varying interatomic distances through pressure or
stress and studying their effect on the magnetic properties.

Magnetoelastic coupling has also been recently invoked
in the frustrated magnets called spin ices, whose magnetic
short-range ordered ground state can be mapped to that of
real ice* and possesses the same entropy.’ In pyrochlore spin
ices R,Ti,O; (R=Dy,Ho), the effective ferromagnetic (F)
interactions between rare-earth R moments is combined with
a strong uniaxial anisotropy, constraining the R moments
along local (111) axes. Spin ices are presently highly topical,
as their local magnetic structure supports excitations of mag-
netic monopc)le*,s,6’7 searched for decades, but never observed
up to now. In spin ices, interesting spin-lattice coupling ef-
fects are expected.®® An isotropic pressure should tune the
charge of the monopoles (inversely proportional to the inter-
atomic distance) and their density since the energy to create
a monopole varies with the strength of the exchange interac-
tion, which depends on interatomic distances. Applying a
stress may also suppress the spin ice state and induce a long-
range order (LRO). But such effects have not been observed
yet, and the influence of pressure or stress on spin ice mag-
netism seems to be very small (if there is any).>!” Actually
the strong anisotropy of the spin ices, where the ground-state
crystal-field level of the R ion is far from the excited levels,
results in a moderate magnetostriction.

In the R,Ti,O; family, the uniaxial anisotropy is much
weaker for Tb than for Ho or Dy spin ices due to the peculiar
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Tb crystal-field scheme, with an excited doublet separated
from the ground-state doublet by a small gap of 10-20 K.!"1
This  reduced  anisotropy  explains the  giant
magnetostriction'®* of Tb,Ti,0; (TTO), and allows one to
alter its spin liquid (SL) ground state by pressure and stress,
inducing antiferromagnetic (AF) order.!*!> The effective
Tb-Tb exchange interaction and the magnetic ground state
may also be tuned by substituting Ti for Sn with larger ionic
radius, which induces a lattice expansion.

Tb,Sn,0; (TSO) is an intriguing example of a soft or
ordered spin ice, showing a local spin ice structure but long-
range magnetic order and nonzero magnetization below
~1 K.'® The nature of this LRO and its coexistence with
spin fluctuations in the ground state are highly debated.'’!°
As outlined in the model of Champion et al.,”® the weaker
anisotropy of a soft spin ice yields an extra degree of free-
dom, the ratio of anisotropy and exchange energies, or
equivalently the canting angle with respect to the (111) local
trigonal axis, making it the “missing link” between true spin
ice and Heisenberg ferromagnet. A soft spin ice should then
be sensitive to changes in interatomic distances, both in para-
magnetic and ordered regimes. In Tb,Sn,O,, pressure or
stress should affect both the local Tb environment through
the crystal field and the Tb-Tb interactions in the geometri-
cally frustrated lattice. Two scenarios could be a priori pre-
dicted for the effect of pressure on the spin correlations: (i) a
“melting” of the spin ice long-range order, due to the de-
crease in the lattice constant, yielding a spin liquid state as in
Tb,Ti,O; at ambient pressure and (ii) the onset of another
ordered structure induced by a stress.

The best way to check such effects is to perform high-
pressure neutron diffraction. Such a measurement is an ex-
perimental challenge, needing to combine high-pressure and
very-low-temperature environments, with a sample volume
several orders of magnitudes smaller than for usual powder
neutron diffraction. Here, we report measurements of TSO
under pressure. We studied the pressure-induced state both in
the paramagnetic region up to 100 K and in the ordered spin
ice region down to 0.06 K. By combining a high isostatic
pressure of 4.6 GPa with a uniaxial stress of 0.3(1) GPa, we
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FIG. 1. (Color online) Magnetic diffraction pattern in Tb,Sn,0-
at 0.06 K under a pressure of 4.6 GPa (P,~0.4 GPa). A spectrum
at 4.5 K was subtracted. The solid line is a refinement involving Kk
and k; structures. Top: spin structures in one tetrahedron, having
propagation vectors kg (left) and k; (right). The local anisotropy
axes are in dashed lines.

find that the ordered spin ice structure with a ky=0 propaga-
tion vector partly transforms into a structure with k;
=(0,0,1), which has no net magnetization. Both structures
coexist in the ground state. The LRO moment at 0.06 K is
reduced with respect to its ambient pressure value, suggest-
ing that the spin liquid ground state is favored by pressure. In
the paramagnetic region, short-range order (SRO) between
Tb moments is also affected by pressure.

A Tb,Sn,0; powder sample was inserted into a sapphire
anvil cell, with an isostatic pressure component P;
=4.6(1) GPa. High-pressure neutron-diffraction patterns
were recorded at the diffractometer G6-1 of the Laboratoire
Léon Brillouin,?! with an incident neutron wavelength A
=4.74 A. Two experimental setups were used. In one setup,
the sample was mixed with a pressure transmitting medium
(40 vol % NaCl), yielding a uniaxial component P,
~0.2 GPa along the axis of the pressure cell. The cell was
inserted in a helium cryostat and diffraction patterns were
recorded between 100 and 1.5 K to measure the SRO. Pat-
terns were also recorded at ambient pressure on G6-1 and
G4-1 (\=2.426 A) spectrometers for comparison. In the
other setup, no transmitting medium was used to maximize
the sample volume and increase P, to ~0.4 GPa. Pressure
components were measured by ruby fluorescence technique
and through the positions of the NaCl Bragg peaks. The cell
was fixed on the dilution insert of a cryostat, and diffraction
patterns recorded between 0.06 and 4.5 K to measure the
LRO. Magnetic patterns were obtained by subtracting a pat-
tern measured at 100 and 4.5 K for SRO and LRO, respec-
tively. The ordered Tb moments were calibrated by measur-
ing the intensity of the (222) nuclear peak.

The magnetic pattern of Tb,Sn,O,; in the pressure-
induced ground state (7=0.06 K) shows the coexistence of
two families of Bragg peaks indexed in the cubic unit cell of

Fd3m symmetry (Fig. 1): those of the face-centered cubic

lattice, with a propagation vector ky=0 which already exist
at ambient pressure, and those of the simple cubic lattice,
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indexed by a vector k;=(0,0, 1), which appear under pres-
sure. A small peak also appears under pressure at g
=1.01 A" It is attributed to a long period structure with a
larger unit cell than the cubic one, which cannot be charac-
terized. The magnetic structures corresponding to the two
families were analyzed separately since they do not yield
Bragg reflections at the same positions. The intensities of the
overlapping g=1.01 A~' and (111) peaks were determined
by fitting them to Gaussian lines.

The k( structure, similar to that found at ambient
pressure,'® has four identical tetrahedra in the cubic cell. It is
one of the possible structures allowed by the crystal symme-
try found by means of representation analysis?? in the space

group I4,/amd, the largest subgroup of the Fd3m space
group allowing a ferromagnetic component. The local spin
structure in a tetrahedron (Fig. 1, top left) is simply de-
scribed by the ordered Tb moment M, (the same for all Tb
ions, determined by absolute calibration) and its canting
angle « with respect to the (111) local anisotropy axis. The
refinement at 0.06 K (R=1%) yields My=3.3(3)up and «
=28(1)° to be compared with the ambient pressure values
My=59(1)up and a=13°. So, under pressure the Tb mo-
ments in the k=0 structure decrease and turn away from
their local easy axis. The magnetization evaluated to
2.2up/Th at 1 bar is reduced to 0.4(1)up under pressure.

In the k; structure, two tetrahedra of the cubic unit cell
have identical orientations of the magnetic moments, and
two tetrahedra have reversed orientations. This structure has
no ferromagnetic component. It is somewhat similar to that
found in TTO under pressure. The details of its local spin
structure inside a tetrahedron remain unknown since several
configurations refine the data equally well. A possible spin
structure (R=3%) is given in Fig. 1 (top right). From our
analysis, we outline two robust characters of the local struc-
ture, namely, the average Tb moment in a tetrahedron, which
keeps a value M,=2.7(2)up at 0.06 K, and the presence of
an antiferromagnetic pair of Tb moments.

By measuring the temperature dependence of the mag-
netic Bragg peaks [Fig. 2(a)], we can determine the transition
temperature. As for the Kk, structure, the value T,
=1.2(1) K is close to the upper transition in TSO at ambient
pressure which situates at 1.3(1) K. At ambient pressure, the
order parameter (inset in Fig. 2) shows a steep variation at
the lower transition of 0.87 K. The first-order character of the
transition is also supported by a small anomaly of the lattice
constant [Fig. 2(b)]. Under pressure, the T dependence of the
magnetic intensity is strongly smeared, without any anomaly.
The k; structure collapses at a slightly higher temperature
T,=1.6(1) K.

We now discuss the influence of pressure on the SRO,
measured just above the transition. Difference patterns at 1.5
K with respect to 100 K clearly show broad modulations of
the intensity Iggo versus the momentum transfer [Fig. 3(a)],
which change under pressure [Fig. 3(b)]. At ambient pres-
sure, Isgo was fitted by the expression Iszo=F*(q)[I(q)
+L(g)]+C, where F(q) is the magnetic form factor of the
Tb3* ion, L(q) is a Lorentzian function, and C a constant
background. The liquidlike function I(g)=7; sin(gR))
/(gR;) accounts for correlations between first-neighbor Tb
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FIG. 2. (Color online) (a) integrated intensity of the F ((J, O)
and AF (H, @) peaks versus temperature under pressure (P;
=4.6 GPa, P,=0.4 GPa). Lines are guides for the eye. Inset:
(200) peak intensities with and without pressure, scaled at 0.06 K.
(b) Temperature dependence of the lattice constant at ambient
pressure.

pairs at a distance R;. It has two maxima in the measured g
range, as also seen in TTO.? The v, value is negative, show-
ing that first-neighbor Tb pairs are AF coupled, and its in-
crease in modulus on cooling (Fig. 4) reflects the increasing
correlations as the temperature decreases. The Lorentzian
term L(g) accounts for ferromagnetic correlations, expected
just above the ordered spin ice transition, and still observed
below. It enhances the magnetic intensity at low ¢’s, shifts
the position, and damps the intensity of the two maxima.
Under pressure, the 7, value remains unchanged, whereas
the Lorentzian term vanishes [Fig. 3(b)]. The fit of the SRO
under pressure is slightly improved by inserting third-
neighbor correlations between Tb moments (with ferromag-
netic y3), noticing that second-neighbor Tb pairs are absent
in the pyrochlore structure. The suppression of the Lorentz-
ian term by pressure suggests that the critical fluctuations
associated with the ordered spin ice transition vanish, as the
k, structure is stabilized.

The nature of the pressure-induced ground state may be
understood by referring both to TSO at ambient pressure and
TTO under pressure and stress. At 0.06 K the ordered mo-
ment M per Tb ion, considering both F and AF structures,
can be calculated as M?=Mj+M3, yielding M=4.3(3)up.
Taking into account the long period structure, one gets a
value of 4.5(3) . So, the pressure-induced ordered moment
is strongly reduced with respect to the ambient pressure
value of 5.9(1)up. We attribute this effect to the enhance-
ment of the spin liquid fluctuations, which should naturally
wash out the magnetic long-range order.

We therefore conclude that the applied pressure favors
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FIG. 3. (Color online) Magnetic SRO patterns at 1.5 K; a pattern
at 100 K was subtracted. (a) Ambient pressure. The solid line is a fit
as described in text. Dashed-dotted (dashed) line shows the liquid-
like (Lorenzian) component. (b) SRO pattern measured at ambient
pressure and under pressure (P;=4.6 GPa, P,=0.2 GPa) in the
same ¢ range. Solid lines are fits as described in text.

both the SL behavior and the k; order at the expense of the
k, order. To understand this result, one needs to consider the
effects of isotropic and uniaxial pressure components sepa-
rately. An isotropic pressure of 4.6 GPa induces an average
compression of the lattice AV/V of about 2%.2** This fa-
vors the SL rather than the Kk, structure, like under chemical
pressure when Sn is replaced with Ti of smaller ionic radius.
Compressing the lattice enhances the AF superexchange with
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FIG. 4. Temperature dependence of the first-neighbor correla-
tions in the paramagnetic region. Solid line is a guide to the eye.
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respect to the F dipolar interaction. The influence of the
stress depends on its orientation with respect to the crystal
axes, and a powder average must be performed. In TTO
single crystal,' a stress along a [110] axis induces the k;,
order with ordered moment at 0.1 K up to 3.9up and Ty of
1.8 K. The [110] stress relieves the geometrical frustration by
inducing three different bond lengths in the distorted tetrahe-
dron. This is not the case for stresses along [111] or [100]
axis, which have a much smaller effect.

To evaluate the effect of the stress on the powder sample,
noticing that the smallest angle between [110] and [111] axes
is 35°, we assume that only stresses applied close to a [110]
axis can induce the k; order. In a powder sample, the prob-
ability of finding a [110]-type axis in a cone of angle 0 is
simply given by P(6)=6(1-cos 6), for #=30°. Taking, for
instance, #=20°, we find that 36% of the grains should ex-
perience an efficient stress. We therefore conclude that both
SL and k; orders are favored by pressure, but in different
ways. With these assumptions, the k; structure occurs only in
the well-oriented grains, with a strong moment M,=4.7up
and a total one of 5.4up, whereas in the other grains SL and
k, orders are stabilized. This inhomogeneous picture of the
pressure-induced ground state also accounts for the different
transition temperatures found for both structures.

Our results bring strong evidence that the magnetoelastic
coupling responsible for the pressure-induced k; order in
TTO is also at play in TSO. The high sensitivity of the mag-
netic interactions to a pressure-induced distortion allows one
to tune ordered spin ice, spin liquid, and AF orders through
pressure and stress. This coupling also plays a role at ambi-
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ent pressure. In TTO, a spontaneous distortion was observed,
likely precursor of a Jahn-Teller transition.?® Recent results?’
suggest that this distortion is also present in TSO and helps
stabilizing the ordered spin ice state. A quadratic distortion
corresponding to an energy scale Dy,=0.2 K can account for
the canting angle a=13°, not explained by the soft spin ice
model.?® One naturally expects this distortion to increase un-
der stress. This could explain both the increase in the canting
angle in the Kk structure (a distortion Dy=0.4 K yields «
=26° close to the experimental value) and the onset of the k;
structure.

This spin-lattice coupling should be considered both at the
local level (the crystal field) and for the collective states.
Taking it into account may help one to understand the special
properties of terbium pyrochlores, with giant magnetostric-
tion and paraelectric constant, magnetic orders induced by
stress or magnetic field applied along (110) axes only, and
spin fluctuations in the ground state.

In conclusion, applying pressure in Tb,Sn,0O5 soft spin ice
destabilizes the ordered spin ice state and induces spin liquid
and antiferromagnetic orders. This onset occurs through two
different mechanisms, which evidence the effect of isotropic
compression on the energy balance of magnetic interactions
and the influence of the pressure-induced distortion on the
magnetic exchange and crystal field, respectively.
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