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While it is commonly accepted that the disorder induced by magnetic ion doping in quantum magnets usually
generates a rugged free-energy landscape resulting in slow or glassy spin dynamics, the disorder/distortion
effects associated with nonmagnetic ion sites doping are still illusive. Here, using AC susceptibility mea-
surements, we show that the mixture of Sn/Ti on the nonmagnetic ion sites of pyrochlore Yb,(Ti;_,Sn,),0;
induces an antiferromagnetic ground state despite both parent compounds, Yb,Ti,O; and Yb,Sn,0O;, order
ferromagnetically. Local structure studies through neutron total scattering reveals the local distortion in the
nonmagnetic ion sites and its strong correlation with the magnetic phase switching. Our study demonstrates
the local distortion as induced by the nonmagnetic ion site mixture could be a new path to achieve magnetic
phase switching, which has been traditionally obtained by external stimuli such as temperature, magnetic field,

pressure, strain, light, etc.
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I. INTRODUCTION

The complex interplay between various degree of free-
dom in frustrated quantum systems enables rich physics
involving complex ground states and exotic excitations [1,2].
The balancing between those weak interaction terms in the
Hamiltonian (long-range dipolar interactions, exchange inter-
action beyond the nearest neighboring, site disorder, lattice
distortions, etc.) and the frustration could determine the co-
ordination in the phase diagram [3-6]. Exploring such a
complex interplay thus becomes critical in terms of under-
standing the formation of those exotic states such as the
quantum spin liquid (QSL) state where the long range mag-
netic ordering is completely suppressed by frustration and
the quantum fluctuation yields strong dynamics even at zero
temperature. Though the QSL state of matter (e.g., the non-
Abelian anyons in 2D QSL) hosts promising applications
in practice such as the error-proof quantum computation
[7-9] and high temperature superconductivity [10-12], the
identification of the true QSL states among possibilities is
challenging. Typically, for the parent compound Yb,Ti,O;
of the samples to be studied in this report, it had long been
believed that the quantum fluctuation is associated with the
QSL physics [6,13—-15]. However, more recent studies by A.
Scheie et al. revealed that it is in fact the ferro- (FM) and
antiferromagnetic (AFM) phase competition that accounts for
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the quantum fluctuation [16—18]. This infers that the phase
switching between FM and AFM should be paid serious atten-
tion in the studies of quantum fluctuations in both Yb,Ti,O;
and its derivative compounds.

The lattice degree of freedom, encompassing chemical
order/disorder and lattice/sublattice distortion, is crucial in
determining the magnetic phase diagram. For example in
pyrochlore systems, which are the main focus of the cur-
rent report, extensive research has been conducted on the
effects of disorder related to magnetic species, including
those diluted [19-23] or stuffed [24—27] pyrochlores. In such
systems, the chemical order/disorder resulting from doping
can introduce randomness into the magnetic Hamiltonian,
thereby impacting the magnetic phase diagram. Following
such studies, there are recently emerging interest in exploring
the nonmagnetic species doping on the nonmagnetic sites
in frustrated quantum systems. Several notable examples are
YbMgGaO, (YMGO) [28-32], Sr3CuTa,O9 (SCTO) [33],
Sr,Cu (Te;—W,)Og (SCTWO) [34-36], etc. Compared to
the magnetic species doping, nonmagnetic doping on non-
magnetic sites has a limited direct involvement in magnetic
coupling. As a result, the disorder effect induced by non-
magnetic doping is not expected to play as significant a role
in interplaying with the magnetic coupling, which provides
opportunities to better understand the separate influences of
disorder and distortion. However, the practical impact of non-
magnetic doping on nonmagnetic sites upon the magnetic
phase diagram remains complex and not fully understood.
Further, although excessive theoretical work has provided
clear indication for the impact of local structural distortion,
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via the spin-lattice coupling effect, upon the magnetic states
and spin ordering [37-43], direct experimental probing of the
local structural variation and its link to the magnetic coupling,
especially in the pyrochlore systems, is still lacking. To the
best of our knowledge, there is only limited experimental
work focusing on the spin-lattice coupling effect in pyrochlore
systems from the local perspective, like the report by P. M.
Thygesen, et al. demonstrating the local orbital dimerization
of Jahn-Teller active Mo*" ions instead of random composi-
tional or site disorder drives the spin-glass state in Y,Mo,0;
[44]. More relevant experimental efforts, though still limited,
were mainly from the average long-range structure perspec-
tive [24,45-47]. However, while the local distortion could be
extracted from conventional Bragg diffraction, the local and
short-range probe could provide unique pathway and different
angle to such explorations, as is already demonstrated by the
work on the herbertsmithite and barlowite QSL candidate
systems [48-53]. In this report, we are trying to focus on
the Yb,Ti,O; pyrochlore system and exploring the effect of
the Sn doping on the nonmagnetic Ti sites. The magnetic
susceptibility measurement was employed to study the mag-
netic phase switching and neutron total scattering combined
with the reverse Monte Carlo (RMC) modeling was utilized
to explore the local distortion and its potential link to the
magnetic phase switching.

II. NEUTRON AND X-RAY DIFFRACTION

For comparison, we synthesized both Yb,(Ti;_,Sn,),0
and Yb,(Ti;_,Ge,),O; samples and used neutron powder
diffraction (NPD) and synchrotron x-ray diffraction(SXRD)
to characterize their lattice structures. Figure 1(a) shows
the refinement for the NPD data of Yb,(TipeSng4)>07
measured at room temperature using the POWGEN diffrac-
tometer [55]. The data could be well fitted by the Fd3m
pyrochlore structure. Though minor contribution from im-
purity phase could be observed (e.g., ~2.8 A), the impact
upon the major phase refinement should be ignorable, for
both the average structure analysis and the local structure
analysis below. The NPD data for several other Sn and Ge
doped samples was also refined (not shown here), which
all exhibits pure pyrochlore structure. As summarized in
Fig. 1(b), the lattice parameter a decreases from Yb,Sn,O5
to Yb,TiO; and then Yb,Ge, O for all doped samples. This
is reasonable since the lattice parameter is strongly related
to the ionic radius of the (Sn/Ti/Ge) site, and therefore
the Sn sample has the largest lattice parameter, Ti sample
the second, and Ge sample the smallest. We further used
p = dyv-02/dyv-01 and the Yb-O2-Yb angle to characterize
the axial distortion of the YbOg polyhedra, here dyy.o1 rep-
resents the bond length for the six longer Yb-O1 bonds in the
plane perpendicular to the (111) axis and dyy.o2 represents
the bond length for the two shorter Yb-O2 bonds along the
(111) axis. As shown in Fig. 1(c), again, both of them decrease
linearly, without abrupt change.

III. AC SUSCEPTIBILITY

Figure 2 shows the AC susceptibility measured at
different DC magnetic fields for Yb,(Ti;—,Sn,),O; and
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FIG. 1. Average structure of  Yby(Ti;_,Sn,),0; and
Yb,(Ti;—Ge,),0;7. (a) Neutron powder diffraction pattern (red
circles) for Yb,(TigSng4),07; measured at 300 K with the central
wavelength of 1.5 A on POWGEN diffractometer. The solid
black line is the Rietveld refinement using [54]. Solid blue line
at the bottom of the panel shows the difference curve. The Bragg
peaks are marked with green markers. (b) The doping concentration
dependence of the lattice parameter. (c) The doping level dependence
of the ratio between the two different Yb-O bond lengths and the
Yb-O2-Yb angle.

Yb,(Ti;_,Ge,);07. For all samples, the data at zero field
exhibits a peak, which represents the long range magnetic
ordering at 7*, and such a peak shows obviously shift
under applied DC fields. As demonstrated in Ref. [56],
the field dependence of AC susceptibility can be used as
a convenient tool to identify the nature of a long-range
magnetic ordering, i.e., the ferromagnetic (FM) ordering
temperature will shift to higher temperatures with increasing
DC field due to the contribution of domain magnetization
while the antiferromagnetic (AFM) ordering temperature will
show an opposite DC field dependence.

The field dependence of T* for each doping level was
summarized in Fig. 3(a). The data shows (i) for Yb,Ti,O;
and Yb,Sn, 07, the T* increases with increasing field, which
is consistent with the fact that both samples have a splayed
ferromagnetic (SF) ground state; (ii) for Yb,Ge,O7, the T*
decreases with increasing field, which is consistent with its
AFM ground state [56-58]; and (iii) for all Sn- and Ge-
doped samples except Yb,(TipgSng2),07, the T* decreases
first with increasing field and then increases while the field
surpasses a critical value H.. This indicates that as soon as
Sn and Ge are doped, certain volume of AFM phase is intro-
duced. This AFM order should be in long range nature since
it dominates the bulk magnetism at low fields. With H > H,
the sample comes back to ferromagnetic or is fully polarized;
(iv) for Yb,(TipgSng ), 07, it has ferromagnetic ground state
since its 7* monotonically increases with increasing field.
Further, the frequency dependent AC data are presented in
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FIG. 2. AC susceptibility. (a) Real part of AC susceptibility measured under different DC magnetic fields in the arbitrary unit (arb. units)
for Yb,(Ti;_,Sn,),0; with x = 0.2, 0.4, 0.6, and 0.8. (b) Similar data for Yb,(Ti;_,Ge,),0; with x = 0.2, 0.4, 0.6, and 0.8. The used AC
frequency is 3317 Hz for the Sn-doped system and 331 Hz for the Ge-doped system with a magnitude of 5 Oe. Dashed arrows indicate the

evolution of the peak’s position with increasing DC fields.

Ref. [59]—the AC susceptibility peak position shows no ob-
vious frequency dependence between the data measured with
H =331 Hzand H = 3317 Hz, thus ruling out the spin glass
state possibility.

IV. MAGNETIC PHASE DIAGRAM

Accordingly, a magnetic phase diagram of 7* and H, for
Yb,(Ti;_Sn, )07 and Yb,(Ti;_Ge,),07 is summarized in
Fig. 3(b). For Ge-doped samples, both T* and H, mono-
tonically increase with increasing Ge-doping level. On the
other hand, for Sn-doped samples, (i) while the 7* generally
decreases with increasing Sn-doping level, it exhibits a dome
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FIG. 3. Magnetic phase diagram. (a) The field dependence of
the magnetic ordering temperature T* for Yb,(Ti;_,Sn,),0; and
Yb,(Ti;_,Ge,),07 with different doping concentration. (b) Magnetic
phase diagram as a function of the doping concentration x, temper-
ature 7', and external DC field noH. Red and blue regions represent
the FM and AFM phases, respectively. Data points for Yb,Ti,O7,
Yb,Sn,05, and Yb,Ge,O7 are from Dun et al. [56].

around x = 0.5; (ii) the H, first increases with increasing
Sn-doping level, peaks at x = 0.5, and thereafter decreases.

The evolution of T* and H. in the Ge-doped samples
is expected. The magnetic ground states of Yb-pyrochlores
are determined by the ratio among the anisotropic exchange
interactions [57,60,61]. Unlike Yb,Ti,O7, Yb,Ge,O7 orders
antiferromagnetically in the ['s manifold [58]. From the
point view of chemical pressure effect, with increasing the
Ge-doping level in Yby(Ti;_,Ge,),07, the lattice parame-
ter decreases monotonically and gradually tunes the balance
of anisotropic exchange interactions that drives the system
towards the AFM I's phase from the SF phase [57,58]. Alter-
natively, if we assume that the phase coexistence in Ge-doped
samples is similar to that of Yb,Ti,O7, then the H. could
be related to the strength of the exchange interaction of the
AFM phase since the larger the H. is, the more difficult
to polarize the system. Therefore, the evolution of H. in
Fig. 3(b) means a monotonic increase of the AFM interaction
in Yb,(Ti;—,Ge, ),07, consistent with the SF and AFM phases
in Yb,Ti;O7 and Yb,Ge,O7, respectively.

However, although we cannot determinate whether it is the
Y or Y3 phase of the I's manifold, the appearance of the long
range AFM order in Yb,(Ti;_,Sn,),07 is surprising. Since
both Yb,Ti,O; and Yb,Sn,0O; have the SF ground state, an
AFM ground state should not be expected for Sn-doped sam-
ples from the view of chemical pressure effects. Even if there
is still magnetic phase coexistence [16], it is puzzling to ob-
serve this nonmonotonic change of H, in Yb,(Ti;_,Sn,),07.

V. TOTAL SCATTERING

The total scattering signal contains both the Bragg peaks
and the diffuse scattering contribution. The diffuse scatter-
ing part, which is usually taken as the background and thus
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FIG. 4. Local distortion as characterized by various local bond
angles, as extracted from the RMC resulted configuration. The inset
is an illustration for the local geometry involving the critical triplet
angle-Ti and Sn-O-Ti and Sn. Yb — cyan, Ti and Sn — blue, O —
red. Error bar was estimated via running 15 repeated RMC modeling
on three different computers (5 on each), followed by the same bond
angle calculation. The variation trend as the function of the doping
level is preserved considering the uncertainty level, regarding the
discussion in the context.

subtracted off in conventional Bragg peaks analysis, in fact
provides unique access to the local structure. Although both
the Bragg peaks and total scattering data would yield informa-
tion about local distortions, the former is based on the distance
between average positions whereas the latter is based on the
average of distances ensemble. Therefore, the local probe via
total scattering data could provide access to the local structural
variation that is inaccessible through the conventional Bragg
analysis. Here, we collected neutron total scattering data on
POWGEN for the series of Yb,(Ti;_,Sn,),07 samples and
performed the reverse Monte Carlo (RMC) [62,63] modeling
to extract the local structure (see the Supplemental Material
[59], including references [62—65]). A 10 x 10 x 10 supercell
containing 88 000 atoms could be constructed from the RMC
modeling and the following statistical calculation could be
performed to extract the key structural aspects. Typically, here
we focused on the various bond angles involving both the Yb,
Ti/Sn, and O atoms — from the RMC resulted configuration,
a statistical distribution of various triplet angles could be ob-
tained [59]. Further, the width of the triplet angles distribution
could be extracted through a Gaussian peak fitting, which in-
dicates the dispersiveness of the bond angle and thus infers the
significance of the local distortion. In another word, a larger
peak width value indicates a wider distribution of the triplet
angle, which further infers a larger degree of the relevant
local distortion. The results are presented in Fig. 4. No abrupt
change as the function of the doping level could be observed
except for the Ti and Sn-O-Ti and Sn triplet (see the inset of
Fig. 4). Further, the trend of the observed variation of the Ti
and Sn-O-Ti and Sn triplet angle as the function of the doping
level tends to be consistent with the magnetic phase switching
behavior as the doping level varies. The results here indicate

the non-magnetic-site involved local distortion is enhanced
as the result of the doping and a phenomenal link could be
observed between such an enhancement of local distortion and
the magnetic phase switching behavior. This is an interesting
finding since one would expect the magnetic species involved
sublattice distortion to be directly linked to the magnetic cou-
pling. According to various reports by K. A. Ross and others
[6,15,66—68], the nearest-neighbor (NN) interaction domi-
nates the magnetic coupling in Yb,Ti,O5. If assuming the NN
interaction stays dominant in the doped Yb,(Ti;_,Sn,),05
system, the nonmagnetic doping is not expected to introduce
randomness along the magnetic interaction pathway. In such
a situation, the magnetic phase switching associated with the
nonmagnetic doping should be considered as being caused by
the local distortion. Fundamentally, the electron redistribution
associated with the local nonmagnetic sublattice distortion
[69-72] could indirectly impact the magnetic coupling across
the Ti-O-Ti exchange pathway, through the bridging O atoms
as illustrated in the inset of Fig. 4. Such a scenario falls in
line with various theoretical studies for the spin-lattice cou-
pling in pyrochlore systems. For example, through many-body
quantum-chemical calculations, N. Bogdanov et al. showed
the magnetic interactions and ordering in Cd,0s,05 are cru-
cially dependent on the local geometrical features [41]. H.
Shinaoka, et al. showed the coupling of spin-glass transitions
to local lattice distortions on pyrochlore lattices via Monte
Carlo simulation [38]. Also using Monte Carlo simulation,
K. Aoyama et al. revealed a lattice distortion induced spin
ordering in the breathing pyrochlore lattice [37].

As a final remark, it is important to highlight that our
conclusion regarding the causal relationship between local
distortion and magnetic phase switching is based on the as-
sumption that the NN interaction is still dominant in the doped
Yb,(Ti;—Sn, )07 system. However, the possibility of the NN
interaction being altered to extend to the next nearest neighbor
interaction does exist. As reported in the SCTWO system, the
W doping on the Te sites was found to alter the magnetic inter-
actions from nearest-neighbor (NN) to next-nearest-neighbor
(NNN) coupling, which further induces randomness in the
Hamiltonian and alters the magnetic ground state [35]. As
such, further experimental and theoretical explorations on the
doped Yb,(Ti;_,Sn,),07 system are needed — magnetic inter-
action beyond the nearest neighbor needs to be inspected and
its effect on the magnetic phase diagram should be studied.
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