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From magnetic, specific heat, 170yh Mossbauer effect, neutron diffraction, and muon spin relaxation
measurements on polycrystalline Yb,Sn,0,, we show that below the first order transition at 0.15 K all of
the Yb*" ions are long-range magnetically ordered and each has a moment of 1.1ug which lies at =~ 10° to
a common fourfold cubic axis. The four sublattice moments have four different directions away from this
axis and are therefore noncoplanar. We term this arrangement splayed ferromagnetism. This ground state
has a dynamical component with a fluctuation rate in the megahertz range. The net ferromagnetic
exchange interaction has an anisotropy that favors the local threefold axis. We discuss our results in terms
of the phase diagram proposed by Savary and Balents [Phys. Rev. Lett. 108, 037202 (2012)] for a

pyrochlore lattice of Kramers 1/2 effective spins.

DOI: 10.1103/PhysRevLett.110.127207

There is much interest in the pyrochlore lattice com-
pounds R,M,0,, where R is a rare earth and M is a
transition or sp metal. The chief motivation is that the R
ions form corner-sharing tetrahedra such that the interionic
interactions are prone to geometrical frustration. A number
of different situations have been encountered depending on
the form, sign, size, and anisotropy of the various possible
interionic interactions [1]. The quest for the spin liquid
state, namely a ground state where the spins are strongly
correlated while they show no long-range order and are
dynamical, has motivated important theoretical and experi-
mental efforts. For example, pyrochlores like Ho,Ti,O7,
where the R = Ho ion has a large axial anisotropy and
where there is a net ferromagnetic interaction, evidence
magnetic frustration which shows analogies with the posi-
tional fluctuations of the protons in ice. Such systems have
been labeled ““spin ice” [2]. Their behavior is essentially
driven by the classical dipolar interaction between the
spins [3]. More recently, the interest has focused on the
quantum spin liquid model where exchange interactions
determine the low temperature behavior [4-6] and the
possibility has been raised that the pyrochlore Yb,Ti,O,
is a physical realization of this model [7-10]. Even more
striking, four phases are predicted from a gauge mean field
theory depending on values of the symmetry dictated near-
est neighbor Hamiltonian parameters: two Higgs phases
either ferromagnetic (FM) or antiferromagnetic (AFM),
the quantum spin liquid phase, and a new exotic phase,
the Coulombic ferromagnetic (CFM) phase [7]. Three
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types of magnetic excitations which are either gapped or
not can be observed: they are respectively associated with
an effective electric charge (gapped), an effective magnetic
charge (gapped), and an artificial photon (gapless) [9].
Fractional spin excitations are present in the CFM phase.

The Higgs FM phase has recently been proposed for
Yb,Ti,O; at low temperature [11]. However a long-
standing controversy exists as to the intrinsic presence of
magnetic Bragg reflections in this compound [11-17]. In
this respect, recent studies show the variability of the low
temperature physical response of this system [11,18,19].

Beside the R,Ti,O; series, the pyrochlore rare earth
stannates R,Sn,O; have also attracted strong interest
[1,20] since both series share similar R anisotropies and
a nonmagnetic M sublattice. As an illustration of the
similarities of the two families of pyrochlores, Ho,Sn,0;
is a dipolar spin ice, like Ho,Ti,O; [21]. Comparing the
two series, it seems that the titanates are more influenced
by exchange interactions beyond the nearest neighbors
than the stannates [22,23]. Therefore Yb,Sn,0O; could be
a better test case than Yb,Ti,O for the current theoretical
works dedicated to quantum spin liquids which consider a
nearest neighbor Hamiltonian on the pyrochlore lattice
[7,8,10,11].

Here we present a detailed study of Yb,Sn,O. Its
ground state is a long-range magnetically ordered phase,
essentially of the ferromagnetic type, i.e., one of the FM or
CFM phases predicted by the gauge mean field theory. We
first report bulk macroscopic properties, followed by

© 2013 American Physical Society
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microscopic results obtained from !7°Yb Mdssbauer spec-
troscopy, powder neutron diffraction, and muon spin re-
laxation (uSR).

The low temperature inverse susceptibility follows
a Curie-Weiss law: xy NT) = (v/uo)[B3ks(T — Ocw)]/
Mpara, Where v is the volume per Yb** ion. Fitting the
data between 2 and 10 K we measure for the paramagnetic
moment 7, = 3.05(5)up/Yb and the Curie-Weiss tem-
perature 6w = 0.53(5) K, indicating a net ferromagnetic
exchange interaction as found previously [20].

The heat capacity, measured by the dynamic adiabatic
method in the range 0.08—4 K, is presented in Fig. 1(a). Its
main features are a fairly symmetric narrow peak signaling
a transition at 7, =~ 0.15 K, and a broad hump centered at
about 2 K. As this hump cannot correspond to a crystal-
field Schottky anomaly (the lowest excited crystal field
doublet lies at = 50 meV above the ground level [24]), it
is attributed to the exchange splitting of the ground
Kramers doublets associated with the onset of magnetic
correlations. This is a commonly observed feature in frus-
trated magnets [25]. A tentative analysis of the low tem-
perature heat capacity is presented in the Supplemental
Material [26].

The 70Yb Méssbauer spectroscopy measurements [see
Fig. 1(b)] were made down to 0.045 K. The experimental
details and analysis protocol are given in Refs. [12,27].
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FIG. 1 (color online). (a) Low temperature heat capacity of
Yb,Sn,05. (b) '79Yb absorption Mdssbauer spectra at selected
temperatures. The decomposition of the spectra at 0.12 and
0.10 K in terms of two subspectra, pure quadrupole and quad-
rupole with magnetic hyperfine interactions, is indicated.
(c) Thermal evolution of the magnitude of the Yb3* magnetic
moments detected by Mossbauer spectroscopy and (d) the per-
centage fraction of the Yb?* ions carrying a magnetic moment.
Here the lines are guides to the eye. The behaviors shown in
panels (c) and (d) are the signature of a first order transition.

At 4.2 K a pure quadrupole hyperfine spectrum is observed
[26]. The size and symmetry of the quadrupole hyperfine
interaction are independent of temperature. On decreasing
the temperature, the line shapes broaden progressively [see
Fig. 1(b) at 0.2 K] due to the build up of short range
correlations amongst the Yb3™ moments as also evidenced
by the specific heat measurements. These correlations lead
to a decrease of the Yb>* spin fluctuation rate v,y so that
it enters the 7Yb Mossbauer frequency window. v, (T)
is displayed in Fig. 2. As the temperature is lowered
through 7,, an additional magnetic hyperfine interaction
initially appears on some of the Yb*" spins. The relative
weight of this fraction increases as the temperature is
decreased [see Fig. 1(d)] such that below = 0.09 K the
pure quadrupole subspectrum has disappeared and only the
mixed quadrupole with magnetic hyperfine spectrum
remains. This behavior evidences that paramagnetic and
magnetically ordered moments coexist in a small tempera-
ture range around the transition; this is the hallmark of a
first order transition. Below the transition, the fluctuation
rate is below the sensitivity limit of the technique
(108 s71), but it may be assessed by uSR (see below).
The hyperfine field magnitude, proportional to the mag-
netic order parameter, i.e., to the spontaneous magnetic
moment mygp, is 110 (2) T. It corresponds to mg, = 1.1ug, a
value common to all the Yb** moments of the compound
and which is temperature independent [see Fig. 1(c)].
These moments which are parallel to the hyperfine
field lie at an angle ¢ = 65° relative to their local (111)
direction [26].

Since mpy,, mg, and ¢ have been determined, we can
deduce the spectroscopic g factors of the anisotropic Yb3*
ground state Kramers doublet [26]. We find g, =~ 1.1 and

T
. 100000 Yb,Sn,0;
T £
g 10000 vp\\‘ 3
= £ VM | ]
o 1000 F | <
[ E I : \ E
s 100 £ ‘ +
S E . E
= : ‘ : Yb,Ti, 0, 7
2 10k L .
E} toe | " Yeu
i o VoM ]
e | ’ E
L 1 Ll Lol Lol ]
0.01 0.1 1 10

Temperature (K)

FIG. 2 (color online). Temperature dependence of the fluctua-
tion rates of the correlated Yb3™ moments in Yb,Sn, 0, obtained
from '70Yb Mossbauer and SR spectroscopies, and comparison
with the Yb,Ti,O; data [38]. The full lines above the transition
temperatures result from fits to activation laws. The dashed lines
are guides to the eye. At the temperature of the respective
specific heat peaks they are vertical, indicating a sharp change
in the spin dynamics at those temperatures. The few points below
T, for Yb,Sn,0; correspond to paramagnetic moments which
coexist with ordered moments [see Fig. 1(c)].
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FIG. 3 (color online). Neutron scattering intensity from a
powder of Yb,Sn,0O; at 0.052 K versus the scattering angle
26. Neutrons of wavelength 2.4565 A were used. To ensure a
good thermal contact, the powder was placed in a copper con-
tainer filled at room temperature with 10 bars of helium and
sealed. Data nearby 26 = 72° and 85° are not shown because
they are strongly influenced by neutrons scattered from the
container. The solid black line results from a Rietveld refinement
of the sum of intensities associated with the nuclear and mag-
netic structures. The lattice parameter of the cubic Fd3m struc-
ture is a = 10.2766(5) A and the parameter controlling the
oxygen position at the 2mm site is x = 0.340(1). The difference
between the experimental data and the refinement is shown at the
bottom. The insert displays the details of the central part of the
pattern. The green dotted, blue dashed, and black full lines
correspond to the nuclear, magnetic, and total scattering inten-
sities, respectively. The measured intensity is essentially of
magnetic origin at Bragg positions (311) and (400), while the
nuclear intensity is overwhelming at position (222). The side
panel represents the magnetic structure.

g1 = 4.2. This means that the XY anisotropy is stronger in
Yb,Sn,0; than in Yb,Ti,O7; i.e., r = g, /g. is larger for
the stannate (3.8 versus 2.4).

While the ground state g-tensor anisotropy favors the
plane perpendicular to the local threefold z axis, mg, is
tilted towards this axis by the exchange field which is
oriented at an angle arctan(tan¢/r?) =~ 8° from it. This
result directly evidences the strong easy-axis anisotropy
of the exchange in Yb,Sn,0,, as already noticed for
Yb,Ti, 05 [27,28] and Yb,GaSbO; [29].

The neutron diffraction measurements were performed
at the cold neutron powder diffractometer DMC of the
SINQ facility, Paul Scherrer Institute (PSI), Switzerland
(see Fig. 3). Remarkably, magnetic reflections are observed
at the position of the nuclear Bragg peaks. Therefore a
long-range magnetic order is found characterized by a
k = 0 propagation wave vector. A Rietveld refinement
[30] was performed according to a linear combination of
two basis vectors of the sixth order irreducible representa-
tion (IR) I'g, [22]. 'y, is indeed the only one of the four
possible IRs for a k = 0 magnetic structure in the Fd3m
space group allowing for an angle between the ordered
moment and the local (111) axis different from 0° and 90°.
Setting this angle to ¢¢ = 65° we obtain a very good fit of

TABLE I. Components of the four magnetic moments of the
Yb3* ions in a tetrahedron. The site positions X, Y, and Z and the
moment coordinates mg,, mY,, m%,, given in Bohr magneton units
at the temperature of 52 mK, are expressed respective to the
cubic axes.

X Y z

Site X Y zZ mg, mg, mg,

1 oo b o3 —013(1)  1.03(D)
2 I 0.13(1)  —0.13(1)  1.03(1)
3 T —o0a3 0.13(1)  1.03(1)
4 R 0.13(1) 0.13(1)  1.03(1)

the data (see Fig. 3) with mg, = 1.05(2) g, a value close to
the Mossbauer spectroscopy result. The Yb** magnetic
moment components are reported in Table I [31]. While
the main moment component lies along one of the fourfold
cubic axis, a small component transverse to it and parallel
to a twofold axis is present. This means the four magnetic
moments of a tetrahedron are directed away from a com-
mon fourfold axis along four different directions (see
Fig. 3). We term this arrangement a splayed ferromagnetic
structure [34].

The profile of the magnetic reflections is Gaussian and
very slightly broader than the instrument resolution, point-
ing to a rather long correlation length of the magnetic
order. This is in contrast to Tb,Sn,0O; for which a quasi-
Lorentzian profile was found for the magnetic intensity
[32,36].

Further information was derived from wSR measure-
ments which were performed at the ISIS facility
(Rutherford Appleton Laboratory, United Kingdom) and
at the Swiss Muon Source (SuS) of PSI, in the temperature
range 0.014-2 K. These measurements give access to the
so-called asymmetry aoP3 " (f), where aj is an experimen-
tal parameter and P%,"(¢) the muon polarization function
which reflects the physics of the compound under study
[37]. All the spectra were fitted to aogP3 (1) = a,P,(t) +
ang, where the second time-independent component
accounts for the muons implanted in the sample surround-
ings, essentially the silver backing plate.

Above T, we found P,(r) to be an exponential function,
i.e., P;(r) = exp(—A4t), where Ay is the muon spin-lattice
relaxation rate [see Fig. 4(a)]. This means the system is in
the fast fluctuation limit; i.e., the fluctuation rate v, ,, of the
Yb3* dipolar field at the muon site verifies the relation
Ve > ¥ulpaa, Where A, is the root-mean-square
of the field distribution at the muon site and 7y, =
851.6 Mrads™ ! T~! is the muon gyromagnetic ratio. We
find that A, increases on cooling. This is a usual behavior
reflecting the slowing down of the fluctuations of exchange
coupled Yb*" moments. In this temperature range, Apara
can be taken to be temperature independent. As in
Refs. [12,29], to extract v, , from Az, we first identify it
with v . Since at 0.2 K we have v, = 2.08 X 1010 7!
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FIG. 4 (color online). SR spectra. (a) Zero external field data
recorded at ISIS shown together with fits to an exponential
(0.200 K) and a Gaussian-broadened Gaussian (GBG)
(0.075 K) function [45]. The lower sets show the difference
between the 0.075 K data and the best fits to an exponential (top)
and a GBG (bottom) function. (b) Weak longitudinal field
dependence recorded at 0.014 K at SuS and fitted with the
GBG function (see text).

and Az =0.37 us™!, we infer A, =73 mT using the
motional-narrowing relation limit Ay = 2y2 A%, /v, ,
[37]. This A, value is very close to that obtained in the
isomorphous compound Yb,Ti,O; (80 mT) [38]. Figure 2
displays v, ,(T) deduced from the above analysis together
with v, (7). An activation law is rather well obeyed, with
an activation energy of 0.20 K in temperature units.
Below T}, i.e., in the presence of long-range magnetic
order, it might be expected that the spectral shape would
show rapid depolarization or pronounced oscillations due
to muon spin precession in the spontaneous field [37].
Instead the spectral shape shows little change on crossing
T, [see Fig. 4(a)]. A similar unusual behavior was already
found in Er,Ti,O5 and Tb,Sn,04 [32,39,40] and explained
by a persistent dynamics in the ordered state, with a
fluctuation rate larger than the muon precession frequency.
Persistent spin dynamics which is ubiquitous in rare earth
pyrochlores has been observed by different techniques [41]
and we believe that it is spin dynamics and not muon
diffusion [42] that is evidenced here. In Yb,Sn,05, since
Vey =3 X 10° s=! (see below) the spontaneous field at
the muon site would be on the order of 1 mT or less, a small
value which could only be explained by a near cancellation
of the dipole field produced by the Yb** spins at the muon
site. An alternative explanation would be the presence of
fluctuation modes coexisting with and faster than the mode
at =~ 3 X 10° s~!, which would have escaped detection by
the Mossbauer and wSR techniques. This mode could be
looked for with inelastic neutron scattering techniques.
Although there is no evidence of spontaneous precession
below T,, the spectral shape has changed and it no longer
follows a simple exponential form [see Fig. 4(a)]. This means
that the fast fluctuation limit no longer applies and therefore
the Yb*>* spins have undergone a drastic slowing down at T,.
This is confirmed by weak longitudinal field measurements
[see Fig. 4(b)]. The weak minimum seen below 1 s indeed
reveals the presence of a field distribution at the muon site
with dynamics in the microsecond time scale. The shape of
the spectra recorded below T is reminiscent of the dynamical

Kubo-Toyabe function [43], however with a slight modifica-
tion as in Ref. [12] (see also Ref. [26]). We find v, M(T) in the
105-107 s~ ! range (see Fig. 2).

The chief result of the SR study is the abrupt decrease
of v, to an essentially temperature independent value in
the megahertz range below T;,. It is consistent with the
upper bound of 10® s~! derived from Mdssbauer spectros-
copy measurements. This unusual transition in the dynam-
ics is similar to that in Yb,Ti,O; (see Fig. 2).

In summary the pyrochlore Yb,Sn,0; is characterized
by the following low temperature properties. The net inter-
actions between the Yb’>" moments are weakly ferromag-
netic [fcw = 0.53(5) K]. Owing to the small size of the
ordered magnetic moments (1.1ug) the dipolar interaction
energy is small. Together with an easy-plane g-tensor
anisotropy and a strong easy-axis exchange anisotropy,
these properties qualify Yb,Sn,0; as a quantum or ex-
change spin ice candidate. The system undergoes a first
order phase transition at 7, = (0.15 K associated with a
degeneracy lifting whose characteristics are controlled by
the specific exchange and g-factor anisotropies. The Yb>*
magnetic moments which are not coplanar are nevertheless
nearly ferromagnetically aligned along a cubic fourfold
axis—the canting angle is arctan(y/(md)* + (m&,)?/
mSZp) =~ 10°—while the components transverse to this axis
are oriented along twofold axes and cancel in a unit cell.
We term this type of order splayed ferromagnetism.

The Yb,Sn,0; ground state properties are closely
related to the CFM and Higgs FM phases recently pre-
dicted [7]. A robust evidence for the presence or absence
of an energy gap and its characterization would help to
distinguish between these two phases [44]. The analysis
of the broad hump measured by specific heat around 2 K,
besides the sharp peak at 7, [10], as well as the constraint
imposed by the 65° angle between the Yb** moment and
the local trigonal axis should provide clues for the
Hamiltonian parameters and the location of Yb,Sn,0,
in the phase diagram. A further challenge for the theory
is to find a physical mechanism for the persistent spin
dynamics which is observed as the temperature goes to
Zero.
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