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Signatures of a Spin-% Cooperative Paramagnet
in the Diluted Triangular Lattice of Y,CuTiOg
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We present a combination of thermodynamic and dynamic experimental signatures of a disorder driven
dynamic cooperative paramagnet in a 50% site diluted triangular lattice spin-% system: Y,CuTiOg.
Magnetic ordering and spin freezing are absent down to 50 mK, far below the Curie-Weiss scale (—0cyy) of
~134 K. We observe scaling collapses of the magnetic field and temperature dependent magnetic heat
capacity and magnetization data, respectively, in conformity with expectations from the random singlet
physics. Our experiments establish the suppression of any freezing scale, if at all present, by more than
3 orders of magnitude, opening a plethora of interesting possibilities such as disorder stabilized long range

quantum entangled ground states.
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Conventional wisdom suggests that structural disorder in
magnetic insulators usually leads to random spin-spin
exchanges, which, in turn, promote spin freezing at low
temperatures [1-3]. There is, however, an interesting
alternative where quenched randomness may promote
competing magnetic interactions and quantum fluctuations,
thereby enhancing the possibility of realizing quantum spin
liquids (QSLs) [4], as recently suggested for Ba;CuSb,0y
[5] and Pr,Zr,O; [6].

This raises several interesting and experimentally rel-
evant questions: Can structural disorder in magnetic
insulators enhance quantum fluctuations and drive a mag-
netically ordered state (in clean limit) to a quantum para-
magnet? What then is the nature of such a paramagnet? Can
such a state support nontrivial many-body entanglement
and realize a disorder driven QSL [7,8]? This possibility of
realizing QSLs [9-11] and associated novel superconduc-
tors [12] arising from the interplay of disorder and
interactions near the metal-insulator transition was
explored theoretically in the context of doped semicon-
ductors and boron doped diamond. On the experimental
front, low temperature dynamic paramagnetism was
observed in the irradiation induced disordered organic
magnet k-(ET),Cu[N(CN),|Cl [8]. However, the question
of a disorder driven QSL is different from that of the effect
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of disorder in a clean QSL. In the latter case, the QSL is
often stable to at least dilute local impurities, albeit with
interesting defect states [13—18].

These issues are particularly pertinent for two-
dimensional spin-} frustrated magnets where reduced
dimensionality enhances quantum fluctuations and sup-
presses ordering tendencies. Thus, these systems serve as
natural platforms to realize QSLs as in candidate
materials Herbertsmithite (ZnCuz(OH)(Cl,) [19-24] and
k-(ET),Cu,(CN); [25]. Notably, in Herbertsmithite, QSL
is suggested to be stable to off-plane Cu’* magnetic
disorder [26,27]. Similarly, in three-dimensional hyper-
kagome QSL candidate NayIr;Og [28,29], the coexistence
of slow timescales and signatures of quantum fluctuations
has been observed [30].

In this Letter, we report an experimental realization of a
dynamic cooperative paramagnet in a spin—% magnet on a
site diluted triangular lattice Y,CuTiOg¢ (YCTO) [31,32].
This is established by the absence of any ordered or frozen
magnetism down to the lowest accessible temperature
(50 mK) despite substantial magnetic interactions indicated
by a large Curie-Weiss temperature (@cw ~ —134 K) and
disorder in the system. YCTO, therefore, is an example of a
disordered triangular lattice magnet with 50:50 random
mixture of spin-3 Cu®* atoms and nonmagnetic Ti** atoms,

© 2020 American Physical Society
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FIG. 1. Double perovskite structure with one unit cell of
Y,CuTiOg and corner-shared polyhedra of (Cu/Ti)Os connected
via oxygen atoms in the ab plane. The Cu®*/Ti** ions form
edge-shared triangles.

as shown in the left frame of Fig. 1. We observe a specific
scaling behavior of thermodynamic quantities [1,33-36]
indicating a low temperature dynamic spin—% paramagnet
with possible formation of random singlets that survive
down to the lowest accessible temperature [37].

In YCTO, each Cu/Ti site is surrounded by a triangular
bipyramid of five oxygen atoms with three in the basal (ab)
plane and two along the ¢ axis. The resultant (Cu/Ti)Os
units arranged in a triangular lattice in the (ab) plane are
well-separated by an intervening layer of nonmagnetic Y>*
ions along the ¢ axis with a large interlayer separation of
~5.7 A. The exchange interaction strengths between near-
est neighbor Cu atoms in the (ab) plane (J,,) and the
interlayer magnetic coupling (J.) were calculated using
density functional theory [see Supplemental Material (SM)
[40] for calculation details]. J,,/kg and J./kp were
determined to be ~ —33.6 K and ~ — 1.0 K, respectively.
These estimates lead to a calculated Ocyw of ~ — 104 K in
reasonable agreement with the experimental value of
—134 K. Larger than an order of magnitude anisotropy
in magnetic interactions indicates that two-dimensional
triangular lattices of corner-shared (Cu/Ti)Os units, as
shown in the right frame of Fig. 1, are coupled only weakly
along the c¢ axis. Thus, we may think of the system
approximately as one spin-% at each Cu’* site sitting on
an isotropic triangular lattice that is 50% diluted with
nonmagnetic Ti** ions. Experimentally, no superlattice
formation is observed in spite of the charge difference of
the Cu>* and Ti*" ions with the structural uniformity
achieved only at a statistical level. We also note that
superlattice formations on a triangular motif are geomet-
rically frustrated at 50% dilution [58]. Thus, YCTO, to a
very good approximation, is a randomly 50% diluted spin-
rotation invariant spin—% magnet on a triangular lattice. Note
that the random in-plane dilution and the spin-rotation
symmetry are the two key differences between YCTO and
the recently much investigated YbMgGaO, [7,59].

Polycrystalline samples of YCTO were synthesized by
standard solid state reaction techniques. Details of the
sample preparation and measurements [magnetization, heat
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FIG. 2. The left y axis shows y(T) (open blue circles) of
Y,CuTiOg and the right y axis shows the inverse susceptibility
(open pink triangles) free from y,. The Curie-Weiss fit is shown
in the T range 200—400 K with a solid line. The intercept on the x
axis gives a Oy of about —134 K. Inset “I” shows the ac
susceptibility for different frequencies till 2 K. Inset “II” shows
the absence of any bifurcation in the ZFC/FC data in 50 Oe down
to 500 mK.

capacity, %°Y nuclear magnetic resonance (NMR), and
muon spin relaxation (uSR)] are presented in the
Supplemental Material [40]. From Rietveld refinements
of x-ray diffraction data (see the SM [40] for details), we
confirmed that YCTO crystallizes in the noncentrosym-
metric hexagonal structure with the space group P6s;cm
[31,32] isostructural to LuMnO; [60].

The dc susceptibility y(7) = M(T)/H as a function of T
is shown in Fig. 2, where no signature of any magnetic
ordering is seen down to 2 K. The divergence of y at lowest
temperatures is well-known to generally arise from the
presence of a minor fraction (~2% in the present case) of
free spins in many such systems, as detailed in the SM [40].
A fitting of the high temperature (200-400 K) dc suscep-
tibility to a Curie-Weiss form y = yq+ C/(T — Ocw)—
where y, C, and Oy are the temperature independent Van
Vleck paramagnetic and core diamagnetic susceptibilities,
the Curie constant, and the Curie-Weiss temperature,
respectively—yields  y, = 3.48 x 10™* emumol~' Oe™!,
C =047 emuKmol™' Oe™!, and Ocw = —134 K. The
value of 6Ocw is in agreement with earlier reports
[31,61], and the inferred moment of p g = 1.94 pp is
consistent with the expected value of ~1.9 up for a spin
S =4 Cu?t system with g = 2.2, as reported for many
cuprates. The large and negative @y suggests substantial
antiferromagnetic spin-spin interactions within each tri-
angular layer.

The real and the imaginary parts of the ac susceptibility
(see inset “T” of Fig. 2) did not show any indication of
magnetic ordering. Further, the lack of frequency depend-
ence of the ac susceptibility over a range of frequencies
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FIG. 3. (a) Muon depolarization with time shown for various
temperatures at zero fields. Solid lines are fits as described in the
text. The inset shows the variation of the obtained muon
relaxation rate with temperature. (b) Muon depolarization for
various longitudinal fields at 0.5 K. The corresponding inset
shows the variation of the obtained muon relaxation rate
with field.

indicates the absence of spin-freezing down to 2 K.
The lack of freezing despite extensive disorder is reempha-
sized by the absence of any irreversibility between the Field
Cooled (FC) and Zero Field Cooled (ZFC) magnetization
data at a low field (50 Oe) (see inset “II” of Fig. 2), also
ruling out any magnetic ordering down to 500 mK. Thus,
this system with substantial antiferromagnetic interactions
on an essentially two-dimensional triangular lattice with
spin—%s and a relatively small spin-orbit coupling strength
with no evidence of any magnetic ordering or freezing
down to 500 mK offers a unique opportunity to probe a
dynamic low temperature correlated paramagnetic phase
that can possibly harbor an intricate interplay of quantum
fluctuations and disorder.

We extend the limit of the low temperature probe down
to 50 mK with 4SR experiments. Figure 3(a) shows smooth
exponential depolarization of muon spins without any
oscillations at all temperatures in the absence of an external
magnetic field. This shows that the fluctuation frequency of
the local fields is much greater than the uSR frequency,

ruling out any static magnetic ordering down to 50 mK,
though it cannot rule out a dynamic magnetic order [62].
We fit the muon spin polarization data to e, as detailed in
the SM [40], and obtain the muon spin relaxation rate A,
plotted as a function of the temperature in the inset of
Fig. 3(a). We note that for a random internal static magnetic
field with Gaussian distribution and zero mean, one expects
a muon signal to decay as ¢~ (a = constant), which is
different from the e~ dependence seen in our experi-
ments [63].

The initial increase in A [see inset of Fig. 3(a)] on cooling
indicates the expected slowing down of spin dynamics of
Cu moments with a lowering of temperature down to about
2 K, below which it essentially levels off at a value of
A~ 0.1 us~! down to ~50 mK. This indicates a dynamic
low temperature state [64,65]. If the observed muon
depolarization arises from any static internal magnetic
fields, 2 ~ 0.1 us~' would suggest an estimate of that field
(=274/y,, with y, being the muon gyromagnetic ratio) to
be about 7.4 Oe. Then the muon spins can be decoupled
from the static moments with the application of a longi-
tudinal field of a magnitude which is about ten times this
internal field [63]. We have measured the muon polariza-
tion as a function of time at various temperatures and
applied longitudinal fields up to 2048 Oe—about 270 times
larger than 7.4 Oe—yet we did not observe the total
suppression of muon depolarization. This indicates the
existence of strongly fluctuating local magnetic fields in the
system. A set of representative data obtained at 500 mK is
shown in Fig. 3(b). The corresponding decay constants 1
are shown in the inset to Fig. 3(b) as a function of the
applied field for different temperatures. At all measured
temperatures, A is nearly constant apart from a peak around
10 Oe, which is presumably due to a quadrupolar level
crossing resonance [66] coming from the neighboring
copper nuclei. This temperature independence suggests
rapid spin fluctuations and the absence of any spin ordering
or freezing down to at least 50 mK despite sizable magnetic
interactions.

This observation of the absence of spin freezing or
magnetic ordering down to 50 mK then raises the interest-
ing possibility of realizing disorder driven quantum para-
magnetism in YCTO. The lack of spin ordering or freezing
down to a very low temperature is also emphasized in the
total heat capacity C,(T) (see the SM [40]), measured
down to 350 mK for various magnetic fields. The total
contribution C of all spins to the specific heat is estimated
by subtracting the lattice contribution, Cyy, from C,. We
find C,/T ~ 0 by 20 K [see inset to Fig. 4(a)]. Spin entropy
estimated by integrating C,/T vs T up to 20 K is shown in
Fig. 4(a) for different applied magnetic fields. Clearly, this
procedure accounts for only about 15% of the total spin
entropy per mole of spin-} Cu ions, evidencing a huge
unquenched spin entropic content down to the lowest
temperatures (350 mK) and complementing the muon
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FIG. 4. (a) The change in the spin entropy AS as a function of
temperature between 350 mK and 20 K. In the presence of a
magnetic field, marginally more entropy is released, indicating a
possible partial lifting of frustration by the Zeeman field, another
canonical signature of cooperative magnets such as spin ice [67].
The inset shows the spin contributions to the specific heat (C, =
C, — Ciy)/T vs T over the same range. (b) The scaled magnetic
heat capacity H”C,,/T of YCTO is plotted against the scaled
temperature 7'/ H for various applied fields H. The data collapse
in the low temperature regime is consistent with the ¢ = 0 form of
the universal function of Ref. [27], which is expected in absence
of spin-orbit coupling. The inset shows the C,, of YCTO after
deduction of the lattice and Schottky contributions. (c) The M(H)
isotherm has been scaled in the form of MT~% vs H/T.

relaxation data. We can further remove the contribution of
free spins from C, by subtracting the Schottky terms as
detailed in the SM [40], thereby defining C,,. The inset to
Fig. 4(b) shows the T dependence of C,, vs T at different
fields on a log-log scale for better clarity in the low
temperature region. The data clearly show that above
~2 K, C,, is independent of the applied magnetic field.
Below 2 K, C,, follows a power law (C,, =~ fT'#), with
temperature indicating the presence of a large number of

low energy excitations. The regime of power-law behavior
of C,, shrinks with a decreasing magnetic field to a fraction
of a Kelvin for a field of 1 T, suggesting that the low energy
excitations directly couple to the magnetic field, which is
characteristic of random singlets with a distribution of bond
energies [7,27].

With the above results, we now turn to investigate the
nature of the low temperature, dynamic, correlated para-
magnet. The primary in-plane superexchange between two
nearest neighbor Cu?* atoms is mediated by the inter-
mediate in-plane oxygen, as is evident in Fig. 1. Further
neighbor exchanges either involve more intermediate O%~
and in-plane Cu®>* /Ti** or out-of-plane Y>* and hence are
expected to be suppressed similar to the interplane mag-
netic exchanges. This indicates that the magnetic physics of
YCTO can be understood within a minimal model of a
diluted short-range antiferromagnet on a triangular lattice
with a Hamiltonian: H = > JnpSy - Sy, where S, are
spin—% operators on the triangular lattice sites r and #, =
0(1) for a Ti** (Cu®") site [68,69]. The distribution of Ti**
and Cu?* in the 1:1 ratio is given by a probability
distribution function P[{n,}]. J,v denotes short range
antiferromagnetic interactions between the Cu’t ions,
and the randomness of the position of Cu?* leads to a
distribution in J, given by P[{J,v}], which is correlated
with (but not necessarily same as) P[{#, }]. The absence of
signatures of formation of a superlattice or any other
structural anomalies in diffraction experiments suggests
Pl{n:}] to have weak correlations among different sites.
Therefore, we expect that P[{/.}] has a relatively small
width.

Due to the site dilution, YCTO is more similar to doped
semiconductors [1,9,10] than the recently discovered
YbMgGaO, [59]. However, in contrast to the low density
of magnetic moments in doped semiconductors, YCTO has
a dense (50%) concentration of spins. In the absence of any
magnetic order, as established experimentally, the natural
option for the system in such circumstances is to locally
minimize energy of the antiferromagnetic exchanges by
forming singlets. In the process of the formation of these
singlets, a smaller number of spins are left over due to a
lack of partners. However these spins, sitting on a random
network, are not isolated because of the high density of the
magnetic ions with which they interact. Indeed, if the
background network of the dimers is dynamic, the posi-
tions of such unpaired spins are not even static [26]. These
unpaired dynamic quasispins [70] then interact with each
other with effective exchange interactions of the form
Her = Zij JiSi-S;, where the effective couplings are
expected to be |7 ;| ~ e~ IFiTil/¢ where £ is the underlying
spin correlation length [7,70]. Thus, [J;; are weak and
random, and the fate of the system crucially depends on
their distribution as well as the sign structure. Owing to the
lack of bipartite structure of the underlying triangular motif,
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these exchanges are expected to be a mixture of ferro-
magnetic and antiferromagnetic interactions, eventually
leading to a spin-glass state at a much lower temperature
[1,7,71] depending on the magnitude and distribution of
Ji it A power-law distribution ~777 in these effective
couplings leads to a magnetic specific heat scaling at a
finite magnetic field of C,, ~TH™" for T/H < 1.

The heat capacity measurements reveal a power-law
behavior with the universal scaling of the H”C,,/T with
T/H and y ~ 0.7 [Fig. 4(b)]. Indeed, recently such a scaling
has been argued to result from an intermediate temperature
random singlet phase in a bond disordered system [27,72].
The above conclusions are consistent with the finite
dynamic rate observed in muon spin-relaxation experi-
ments where the rate is fairly insensitive to the applied
small external magnetic fields.

Further evidence of the correlated nature of the low
temperature paramagnet comes from the magnetic field
dependence of the magnetization at low temperatures [see
inset of Fig. 4(c)], which cannot be described by a free spin
Brillouin function. Analysis of the specific heat allows us to
estimate the free spin magnetization. Having removed this
contribution, the magnetization shows a scaling collapse of
the form MT~* (with @ = 0.34 £ 0.02) as a function of
H/T [see Fig. 4(c)] as expected for the above-mentioned
power-law distribution of the effective exchanges with o =
1 —y [26,27].

In summary, through a complementary set of experi-
ments on the randomly 50% depleted triangular lattice
S = 1/2 magnet Y,CuTiOg, we establish the absence of
magnetic order and/or spin freezing down to 50 mK.
This is 0.037% of the Curie-Weiss scale of about
—134 K, the latter implying strong antiferromagnetic cou-
plings between the magnetic Cu’* spins. While spin
freezing may occur at even lower temperatures, such drastic
suppression of freezing compared to the Curie-Weiss scale
opens up a cooperative paramagnetic regime, at least
between 50 mK and 2 K. In the cooperative paramagnet,
a scaling collapse, consistent with the random singlet
phenomenology [27], is observed in the magnetic field
dependent on specific heat and magnetization. An exciting
question, fueled by our experimental observation of
dynamical signatures, pertains to the role of quantum
coherence in the cooperative paramagnet and in particular
whether it can support the nontrivial entanglement expected
in a QSL. While our existing understanding of clean
frustrated magnets indicates that cooperative paramagnets
provide the right background to look for QSLs, the search
for such quantum coherence in Y,CuTiOg is clearly a very
interesting future step in exploring disorder driven QSLs.
The issue of doping away from the 50% dilution or with
carrier doping forms similar sets of interesting open
questions.
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