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Doping-induced quantum crossover in Er2Ti2−xSnxO7
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We present the results of the investigation of magnetic properties of the Er2Ti2−xSnxO7 series. For small
doping values, the ordering temperature decreases linearly with x, while the moment configuration remains the
same as in the x = 0 parent compound. Around x = 1.7 doping level, we observe a change in the behavior,
where the ordering temperature starts to increase and new magnetic Bragg peaks appear. For the first time, we
present evidence of a long-range order (LRO) in Er2Sn2O7 (x = 2.0) below TN = 130 mK. It is revealed that the
moment configuration corresponds to a Palmer-Chalker type with a value of the magnetic moment significantly
renormalized compared to x = 0. We discuss our results in the framework of a possible quantum phase transition
occurring close to x = 1.7.
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Compounds based on the pyrochlore lattice of rare-earth
ions, with a general formula A2B2O7 (A = rare earth, B =
metal), have in recent decades provided a fruitful arena for
discoveries of new emergent phenomena based on the inter-
play between exchange interactions, single-ion anisotropies,
geometrical frustration and quantum fluctuations. The most
notable example represents the case of a spin-ice manifold
where excitations in the form of magnetic monopoles have
been established [1]. A necessary prerequisite for the spin-ice
ground state is the Ising-type of a single-ion anisotropy found
in Ho2Ti2O7 [1], Dy2Ti2O7 [2], as well as in an erbium-based
spinel compound CdEr2Se4 [3]. To the contrary, the Er-based
titanate, Er2Ti2O7, exhibits an almost ideal XY-anisotropy, with
moments confined to the plane perpendicular to local 〈111〉
axes.

Er2Ti2O7 has the highest ordering temperature of all the
rare-earth pyrochlores studied so far (TN = 1.23 K, Ref. [4])
with no apparent sample dependence, indicating a robust
ground state. It orders into a noncoplanar k = 0 antiferro-
magnetic structure, described by the ψ2 basis vector of the
�5 irreducible representation [5]. Interestingly, another spin
configuration (ψ3) within �5 results with the same energy as
ψ2 (ψ1 and ψ2 in Ref. [6]). It has been long-proposed that ψ2

is favored based on entropic grounds with both thermal [7] and
quantum fluctuations [8]. This so-called “order-by-disorder”
scenario has recently been verified both experimentally [9]
and theoretically [10]. It is thus of great interest to investigate
further the delicate balance between these degenerate states.

One direction of investigation is a magnetic dilution of er-
bium sites by nonmagnetic ytrium ions, Er2−xYxTi2O7. Niven
et al. [11] have concluded from a heat capacity study that the
dilution reduces the ordering temperature in a linear fashion,
with a percolation threshold of ≈ 60 %. To the contrary, two
independent theoretical studies [12,13] suggested an existence
of a first order phase transition between ψ2 and ψ3 at around
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7% level. Indeed, recent neutron diffraction experiments [14]
showed an instability of ψ2 state and closing of an energy gap
at somewhat higher level of doping, between 10% and 20%.
They interpreted the results on the 20% sample as a frozen
mosaic of ψ2 and ψ3 domains.

The emergence of the ψ3 state is explained through the
“order-by-structural disorder” mechanism, which competes
with the before-mentioned, entropy-based order-by-disorder
[12]. When the system is found within such an intricate balance
between the states, it is natural to consider effects of exchange
energy tuning. A very general theoretical approach has been
conducted by Wong et al. taking into account the anisotropic
nearest-neighbor couplings [15]. Due to their very similar ionic
radius, magnetic dilution with ytrium does not affect much
the exchange interaction between erbium moments [11,14].
On the other hand, when doping is performed on the B site
of the pyrochlore lattice, replacing Ti by either Sn or Ge,
the effects are much more pronounced. For instance, it has
been claimed recently that in Er2Ge2O7 the order-by-disorder
mechanism favors the ψ3 state, albeit the study has been
performed on powder samples, with the final confirmation
from single crystals still awaited [16].

Relatively more work has been done on various rare-earth
pyrochlore stannates. In Ho2Sn2O7 and Dy2Sn2O7 the low-
temperature features characteristic of a spin-ice behavior have
been reported, similar to their Ti-based counterparts [17]. With
A = (Tb, Yb) the situation is quite different. While there are no
signatures of magnetic ordering down to lowest temperatures
in Tb2Ti2O7 [18], making it a spin-liquid candidate, a clear
LRO has been detected in Tb2Sn2O7 [19], with persistent
magnetic fluctuations exhibiting dynamical freezing within
the ordered state [20]. For Yb compounds, an additional
complication arises from a strong sample dependence where a
small Yb deficiency [21] or “stuffing” of Yb on the Ti-site [22]
in Yb2Ti2O7 quickly suppresses a first-order transition around
240 mK. Similarly for Yb2Sn2O7 two recent reports have
shown a transition to a highly dynamic splayed ferromagnetic
structure below 140 mK [23,24]. It has been argued that the
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system is very susceptible to even the smallest amounts of
disorder due to the proximity of a quantum critical point,
resulting in a cluster glasslike state [24].

Er2Sn2O7 has been a subject of several studies, all of
them reporting an absence of a LRO [6,25,26]. In muon-spin
relaxation experiments [25] the relaxation rate showed the
same qualitative slowing down of spin fluctuations as observed
in the Ti analog. On the other hand, the measured spectra
showed the same exponential type of relaxation at high and
low temperatures, indicating no ordering. Low-temperature
heat capacity data (down to 350 mK) observed a sharp rise
above the level expected from the assumed crystal field scheme
[26]. It has been hypothesized that the cause of the increase
might come from either the split of the lowest lying crystal
field doublet or from the phase transition occurring just below
350 mK. However, inelastic scattering profile at 100 mK
did not reveal the presence of additional magnetic Bragg
peaks, which would indicate LRO. Lastly, magnetization
measurements [6] down to 100 mK showed no sign of ordering
but the imaginary component of ac susceptibility did reveal
evidence of freezing below 200 mK. It is noteworthy to
mention that from the magnitude of the shift of its maximum
one can infer the existence of superparamagnetic clusters,
rather than a classical spin-glass behavior [27]. Indeed, neutron
scattering experiments in Ref. [6] revealed the presence of
short-range correlations at 1.5 K, which they have attributed
to a different irreducible representation, �7, with the basis
vector corresponding to a particular spin configuration called
Palmer-Chalker [28].

The evidence of a different irreducible representation
characterizing Er2Sn2O7 indicates a possible quantum phase
transition induced by doping of Er2Ti2O7. In that context we
present the results of our study on several members of the series
Er2Ti2−xSnxO7 using heat capacity, ac susceptibility and neu-
tron scattering. We have found that the ordering temperature
decreases linearly with x down to x = 1.7, characterized by
the same basis vector ψ2 of the �5 representation as the parent
compound x = 0. For the x = 2 end member of the series, we
report for the first time evidence of a LRO below 130 mK, with
a spin configuration corresponding to a Palmer-Chalker type.

Polycrystalline samples were prepared via the standard
solid-state method. Stoichiometric amounts of Er2O3, TiO2,
and SnO2 where thoroughly ground and fired at 1200 ◦C and
1400 ◦C with intermediate regrinding. The quality and phase
purity of the samples was confirmed by in-lab x-ray and
neutron diffraction measurements. Neutron diffraction data
were collected in the temperature range 0.05 < T < 1.25 K
at the D20 instrument at the Institute Laue Langevin (ILL,
France). Inelastic scattering has been performed at the HET
spectrometer at ISIS (Oxford, UK). The specific heat data were
obtained with a Quantum Design Dynacool system equipped
with a dilution refrigerator option using a standard semi-
adiabatic heat pulse technique. The addendum heat capacity
was measured separately and subtracted. Alternating current
susceptibility was obtained using a homemade set of induction
coils on a dilution refrigerator.

In Fig. 1, we present the powder diffraction pattern for x =
0.5 as an example. All the peaks could be indexed according
to the calculated profile for the Fd3m space group, and no
additional phases could be detected. The unit cell size, given
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FIG. 1. X-ray diffraction pattern for the x = 0.5 composition.
Peak positions are marked with small vertical bars. The line at the
bottom indicates the difference between the measurement and the
model prediction. Inset shows the doping dependence of the unit
cell parameter a0 across the series. The straight line indicates that
investigated compounds follow Vegards law [35].

10-1 100 101
0

2

4

6

8

10

S
pe

ci
fic

 h
ea

t (
J/

K
 m

ol
E

r)

(a)
phon. + nucl.
x = 0.0
x = 0.5
x = 1.0
x = 1.5
x = 1.7
x = 1.8
x = 2.0

0 2 4 6 8

Temperature (K)

0

1

2

3

4

5

6

S
 (

J/
K

2
 m

ol
E

r)

R ln2

(b)

0  0.5 1  

3

4

5

6

T (K)

A
C

FIG. 2. (a) Temperature dependence of the total specific heat for
the investigated compositions. The dashed line represents the lattice
and nuclear contributions as explained in the text. (b) Integrated
electronic magnetic entropy of the Er2Ti2−xSnxO7 series per mole of
Er3+ ion. Theoretical level for a low-temperature doublet is indicates
by a horizontal line. Inset shows the real component of the ac
susceptibility for the x = 2.0 sample.
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FIG. 3. (a)–(e) Magnetic diffraction profiles for the investigated compositions. The data are obtained by subtracting the profile above the
ordering temperature (∼1.3 K) from the profile obtained within the ordered state (∼100 mK). The line below each graph is the difference
between the magnetic diffraction profiles and the prediction of the model. The modeling of the diffuse background has not been attempted. (f)
Temperature dependence of the ordered moment for each investigated composition obtained from the refinement of neutron scattering profiles.

by the parameter a0, increases linearly with x due to a larger
ionic radius of Sn compared to Ti, see inset of Fig. 1.

The evolution of thermodynamic behavior with doping
has been monitored using heat capacity. In Fig. 2, we
present the temperature dependence of specific heat for all
the compositions. At temperatures above T ∼ 6 K all the
curves are overlapping and specific heat can be well described
with phononic contributions. At very low temperatures (below
∼0.1 K) the nuclear contribution seems to dominate the mea-
sured specific heat for some compositions (notably x = 0.5
and 1.0). Figure 2 shows the fits used to subtract both lattice and
nuclear contributions (dashed line). These fits were obtained
from scaling polynomial fits to the heat capacity measurements
on the structurally similar nonmagnetic material Lu2Ti2O7

and the nuclear contribution calculated for Er2Gd2O7 (see
Supplemental Material of Ref. [16]). All compositions exhibit
pronounced features at intermediate temperatures, which we
associate with long-range magnetic ordering, also confirmed
by neutron scattering results (see below). The transition
temperature TN decreases linearly with x and at the same time
the peak becomes smaller. This trend is seen up to x = 1.7
where a small peak occurs just below 100 mK. For x = 1.8,
we already notice a reversed trend with TN occurring above
100 mK and the peak height becomes visibly taller. Finally,
for the end member of the series Er2Sn2O7, we see a sharp
peak positioned at 130 mK, revealing for the first time a LRO
for this composition. The inset of the lower panel shows the
ac magnetic susceptibility of the same composition exhibiting
a sharp peak around the same temperature, corroborating the
claim of LRO. We also notice a broad maximum centered
just above 1 K, especially pronounced for higher x. A similar
feature has been observed in several other pyrochlore systems

[16,23,29] and it has been ascribed to exchange splitting of
the ground state doublet due to the build up of magnetic
correlations at low temperatures [23].

The electronic magnetic entropy associated with the low-
lying crystal field levels of Er3+ ions can be obtained
integrating the specific heat after subtraction of the lattice and
nuclear contributions. The results are presented in the lower
panel of Fig. 2 and show that the saturation level remains close
to Rln 2 for x = 1.5 and 1.8, an indicative of the presence
of a Kramers doublet. The remaining compositions show a
somewhat lower value of the integrated entropy, which might
be related to systematic errors associated with the nuclear
contribution subtraction. This is especially important in the
case of x = 0.5, 1.0, and 2.0, in which case the nuclear
magnetic contribution corresponds to a substantial part of the
total measured specific heat at low temperatures.

To confirm the nature of ordered states, we present the
results of neutron scattering experiments. In Figs. 3(a)–3(f),
we plot the magnetic diffraction pattern for all the investi-
gated compositions (x = 0.0,0.5,1.0,1.5,2.0). x = 0 exhibits
a usual magnetic diffraction pattern with magnetic moments
oriented according to the ψ2 basis vector of the �5 irreducible
representation [8] (although ψ3 cannot be excluded based on
powder diffraction profile). Other compositions up to x = 1.5
show the same pattern, with the visible shift of diffraction
peaks, reflecting the increase of the unit cell size (see inset of
Fig. 1). On the other hand, the pattern of x = 2.0 composition
markedly differs from others, with a new magnetic Bragg peak
at [002]. The diffraction profile can be successfully described
using the Palmer-Chalker model [28] of the �7 irreducible
representation, with the ordering vector k = 0. It is noteworthy
to mention that we also observe a broad, diffuse scattering as
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reported before [6,26]. Since it has been argued that this diffuse
scattering originates from the same �7 representation [6], it
leads to the conclusion that our Er2Sn2O7 sample exhibits
simultaneously long- and short-range order effects. This could
be attributed to local imperfections in the crystal structure, not
seen in our x-ray and neutron profiles, resulting in short-range
correlated islands of spins not connected to the majority of
ordered phase. Similar coexistence of long- and short-range
order effects have been observed in Yb2Sn2O7 [24].

The temperature dependence of the refined moment for
different compositions is presented in Fig. 3(f). Three lower
x compounds saturate around the same value at low tempera-
tures, μsat ≈ 3.45μB . On the other hand, x = 1.5 compound
shows a reduced moment and would reach a maximum of
around 2μB , although the complete saturation has not been
observed. Even more drastic case is presented for x = 2.0
where the refined moment shows an upward trend even at
the lowest temperature (70 mK) and reaches only ∼0.9μB . In
any case, it is safe to conclude that the observed moment is
significantly reduced compared to the Ti analog.

To address the question of the reduction of the magnetic
moment for x = 1.5 and 2.0, it is instructive to take into
account the doping dependence of the single-ion anisotropy of
the erbium ion. Inelastic neutron scattering experiments have
been performed in order to obtain the crystal field level scheme
for each compound. The corresponding wave functions were
then calculated using the refined values of Stevens’ operators.
In order to calculate the magnetic moments, only the ground
state Kramers doublets have been taken into account. Figure 4 a
displays the results of the crystal field level analysis [30], which
indicates that the anisotropy gradually shifts from almost
XY -like in the x = 0 compound to more Ising-like for x = 2.0,
with the moment size unchanged across the doping level.
The crossover occurs between x = 1.0 and 1.5, correlating
with the reduction of the value of the ordered moment at low
temperature. We point out that the co-existence of ordered and
fluctuating components of the magnetic moment have been
recently demonstrated in Nd2Zr2O7 pyrochlore [31], based on
the theoretical concept of magnetic moment fragmentation
[32]. At low temperatures the Nd-based system exhibits
magnetic Bragg peaks, characteristic of LRO, while at the same
time displaying pinch points in its inelastic scattering profile,
indicative of the dynamical Coulomb phase. It is important
to emphasize that both of these components, ordered and
fluctuating, are oriented along the 〈111〉 axis. In Er2Sn2O7,
to the contrary, two components are orthogonal to each other.

In Fig. 4(b), we plot how the ordering temperature obtained
from the heat capacity measurements depends on x. For 0 �
x � 1.5, a linear decrease of TN is observed. Although x = 1.7
composition seems to continue along the same trend, it is
difficult to argue that it belongs to the same ordering type (ψ2)
because the same argument could be used when looking at the
trend of x = 1.8 and 2.0 compositions (Palmer-Chalker type).
The most reasonable assumption is that around x = 1.7 there is
a crossover from one type of ordering to another which in real
samples is heavily influenced by extreme sensitivity to local
inhomogeneities caused by the process of sample preparation.
This goes in line with the observed diffuse scattering profile for
x = 2.0. On the other hand, one cannot rule out that for ideally
prepared samples there is a true quantum phase transition
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FIG. 4. (a) The variation of the single-ion anisotropy of erbium
moments with doping. μXY and μz designate components perpen-
dicular and parallel to the 〈111〉 axis, respectively. |μ| is the total
moment value. (b) Phase diagram of the Er2Ti2−xSnxO7 series. The
x = 1.7 composition should be close to the expected quantum phase
transition between ψ2 and Palmer-Chalker phases. The exact shape of
phase boundaries in that region is unknown and it might be strongly
influenced by exact processes of sample preparation.

where the reduction of the moment is caused by incipient
quantum fluctuations. Indeed, recent theoretical consideration
[33] of the phase boundary between ψ2 and Palmer-Chalker
configurations claims that the ordered moment within the ψ2

state is strongly renormalized, with logarithmically divergent
corrections as the boundary is approached from the x = 0.0
side. On the other hand, they suggest that on the Palmer-
Chalker side of the boundary the renormalization is rather
small, at the order of 10%. The contradiction with our obser-
vations is not surprising knowing that the spin-wave theory
underestimates effects of quantum fluctuations. An alternative
scenario, based on extensive Monte Carlo simulations [34],
indicate a possibility that a ψ2—Palmer-Chalker boundary is
characterized by a nonzero ordering temperature. Neverthe-
less, due to proven difficulties of preparing “ideal” stannate
samples, future progress in this direction will come only after
painstaking accumulation of many studies. We hope that our
study will provide a good starting point for more thorough
understanding of the processes underlying this hotly debated
topic.
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To conclude, we have presented the evolution of long-range
order in the series of samples Er2Ti2−xSnxO7. The end
member of the series, Er2Sn2O7, does order below 130 mK in
the Palmer-Chalker configuration, at the same time showing
short-range correlation effects in the form of diffuse scattering.
The details of the crossover between the ψ2 state and the
Palmer-Chalker state are expected to be strongly influenced
by the sample preparation. Given that XY -anisotropy of long-
range order is preserved across the series, and that for ideally
prepared samples around x = 1.7 one could expect to have a

true quantum phase transition, this system would represent
a rare example of an XY -dominated quantum spin-liquid,
which from a theoretical point of view has been seldom
addressed.

Note added in proof. Recent study [36] also found LRO in
Er2Sn2O7.
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