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The magnetic ground state of oxynitride pyrochlore Lu;Mo,0s_,N,, a candidate compound for the quantum
spin liquid (S = 1/2, Mo’ "), was studied by muon spin rotation/relaxation experiment. In contrast to Lu;Mo0,0;
(S = 1, Mo*") which exhibits the spin-glass behavior with a freezing temperature T, ~ 16 K, no such spin
freezing or long-range magnetic order was observed down to 0.3 K. Moreover, two separate magnetic domains
were detected below ~13 K, which were characterized by differences in spin dynamics. The first is the “sporadic”
spin fluctuation seen in frustrated antiferromagnets, where the amplitude of the hyperfine fields suggests that the
excitation comprises a local cluster of unpaired spins. The other is rapid paramagnetic fluctuation, which is only
weakly suppressed at low temperatures. In place of the paramagnetic fluctuation, the volume fraction for the
sporadic fluctuation steadily increases with decreasing temperature, indicating the formation of an excitation
gap with a broad distribution of the gap energy involving a null gap.
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I. INTRODUCTION

Geometrically frustrated magnets have been quite exten-
sively studied in the quest of exotic magnetic ground states
[1,2]. The local spins in these magnetic lattices are arranged
on the vertices of the corner shared triangular or tetrahedral
units so that the pairwise satisfaction of minimizing energy
is not achieved under isotropic antiferromagnetic interaction
with the nearest neighbor (nn), leading to the macroscopic
degeneracy of ground states. Moreover, quantum fluctuations
associated with small spin quantum numbers can produce
quantum spin liquid (QSL) states in which there is no mag-
netic long-range order or spontaneous symmetry breaking
down to zero-temperature limit (7 — 0) [3-5].

Understanding the nature of QSLs requires detailed knowl-
edge of the low-lying elementary excitations for 7" — 0,
particularly the presence or absence of an excitation gap. This
information has immediate implications for the spin corre-
lations of the ground state as well as the correlation length
scale of the QSL. For example, in one-dimensional (1D) spin-
1/2 Heisenberg chains, the elementary excitations are gapless
spinons (charge-less spin-1/2 quasiparticles) with a linear
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energy dispersion and a power-law decay of the spin correla-
tion [6], whereas in the integer spin case, such excitations are
gapped [7]. While there have been several two-dimensional
(2D) materials that exhibit gapless or nearly gapless QSL-like
properties, candidates in three-dimensional (3D) materials are
relatively scarce [8—14]. Among these, the model system of
quantum spin pyrochlore Heisenberg antiferromagnets with
geometric frustration has been regarded a promising candidate
for 3D QSL states [15-17].

Luy;Mo,05N; is an insulating oxynitride compound de-
rived from molybdate pyrochlore antiferromagnet Lu, Mo, 0.
The substitution of oxygen (O?~) with nitrogen (N>~) changes
the valence of Mo from Mo*" (4d?) to Mo " (4d'), which
is presumed to constitute spin-1/2 Heisenberg antiferromag-
net at nominal composition. The bulk magnetic susceptibility
(x) exhibits no sign of spin freezing or long-range magnetic
order down to 2 K [10]. The magnetic specific heat shows
a linear temperature dependence for 0.5-30 K, suggesting a
spinon Fermi surface [18]. Inelastic neutron scattering (INS)
experiment has revealed a broad dynamic structure factor
at 1.5 K due to strong spin fluctuations [10]. These results
imply that the QSL state with a negligibly small gap is
realized in Lu;Mo,0s5N,. Density functional theory (DFT)
calculations predicted that the compound is well described by
the Heisenberg model with exchange parameters up to third
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nearest neighbors and is intrinsically paramagnetic down to
|Ocw /100 by geometrical frustration (where Ocw = —121 K
is the Curie-Weiss temperature) [19].

Meanwhile, the effect of bond randomness (disorder) on
the QSL states has been studied theoretically in a variety of
2D systems, where it was predicted that gapless nonmagnetic
random singlet states appear when randomness exceeds a crit-
ical value [20-25]. This prediction is not self-evident, as it is
believed that in pure systems, the slightest disorder breaks the
QSL state and induces a spin freezing, as seen in the example
of Y,Mo,07 [26-29]. The disorder-induced QSL state can
be visualized as a random arrangement of spin-singlet dimers
between spins with varying distances. Unpaired spins that fail
to form a singlet dimer migrate in the sea of singlet dimers
by spinonlike orphan-spin excitations, imparting a linear tem-
perature dependence to the low-temperature specific heat. In a
disorder-free system, spinon excitations are expected to prop-
agate ballistically, while orphan-spin motions are expected to
be essentially diffusive due to the bond randomness.

One of the first 3D systems to be scrutinized for the
effects of bond rondamness was Lu,Mo,OsN,, where a situ-
ation qualitatively similar to that of 2D systems is predicted
[30]. The gapless behavior with a Curie law-like tail of
x in the temperature range of 0.5-2 K is consistent with
the existence of orphan spins in the spin singlet state in
Lu;Mo,05N,. However, microscopic information on the spin
dynamics in LuyMo,OsN is so far limited to the INS result at
1.5 K [10].

Muon spin rotation and relaxation (uSR) is a power-
ful method to study local spin dynamics in a unique time
window of 107-10~'s, complementary to other microscopic
spin probes such as nuclear magnetic resonance and INS. In
particular, it has been used to reveal peculiar spin fluctuations
in geometrically frustrated magnetic materials [2]. While bulk
properties such as specific heat are sensitive to all kinds of
excitations, implanted muons selectively probe magnetic ex-
citations via the local spin fluctuation. Here, we report on
the uSR experiment of LuMo,05_,N, over the temperature
range down to 0.3 K. It reveals that two distinct magnetic do-
mains emerge with decreasing temperature. One is a domain
characterized by the “sporadic” spin dynamics as reported ear-
lier for frustrated antiferromagnets [14,31-39]. The amplitude
of the hyperfine fields § implies that this excitation consists
of a local cluster of unpaired (S = 1/2) spins, and there is
no significant decrease in § as expected for isolated spinon
excitations. The other exhibits fast paramagnetic fluctuations
that are only weakly suppressed at low temperatures.

The presence of an oxygen deficit (y 2~ 0.4) in our sample
suggests that these two domains correspond to two different
Mo valence states, with the sporadic spin fluctuations hosted
by the Mo’ -rich domains and the other in the Mo**-rich
domains. The increase in the volume fraction x for the spo-
radic fluctuation with decreasing temperature suggests that
this ground state is accompanied by a finite excitation gap.
However, the temperature dependence of x implies the ex-
istence of a broad distribution of gap energies, including a
null excitation gap, which can be interpreted as an effect
due to bond randomness. Furthermore, the predominance of
paramagnetic fluctuation in the secondary domains suggests
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FIG. 1. Temperature dependence of the zero field (ZF) SR time
spectra in Lu;Mo,Os_,N,. The spectra at 298 K under ZF and a
longitudinal field of 5 mT were measured using *He flow-type cryo-
stat, and thereby the initial asymmetry is slightly different. Solid
curves represent the best fits obtained by the least-square analysis
(see text).

that the bond randomness serves to suppress the spin freezing
in the Mo** domains.

II. EXPERIMENTAL DETAILS

Polycrystalline oxynitride samples were synthesized by
solid phase reactions and ammonolysis techniques as de-
scribed elsewhere [10]. To investigate Mo valence, their
quality was evaluated by dc x, CHN elemental analysis,
synchrotron x-ray diffraction, powder neutron diffraction
(PND), and Mo K-edge x-ray absorption near edge structure
(XANES); details are found in Appendix A. These analyses
suggest that the presence of O deficiency reduced the av-
erage valence to Mo*’®*  corresponding to y = 0.43(8).
Therefore bond randomness in this sample is presumed to be
induced by both O deficiency and N substitution.

The ©SR measurements were performed using the S1 in-
strument ARTEMIS in MLF, J-PARC, where a nearly 100%
spin-polarized pulsed muon beam (u*, with the full width at
half-maximum of 100 ns and a momentum of 27 MeV /c) was
transported to the sample. A detailed experimental account
is given in Appendix B. For controlling sample temperature,
“He flow-type and *He-type cryostats were employed over the
region 5-298 and 0.3-30 K, respectively.

III. RESULTS
A. Muon site

We quantitatively evaluated the spin fluctuation in uSR
experiment by first measuring the detailed change with tem-
perature under zero field (ZF) conditions and then measuring
the detailed longitudinal field (LF) dependence at charac-
teristic temperatures where a distinct change is observed in
the ZF spectrum. Figure 1 shows examples of ZF-uSR time
spectra [the time-dependent put-e* decay asymmetry, A(t)]
in the temperature range of 0.3-30 K. There is little change
at temperatures above 15 K, and the depolarization is mainly
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FIG. 2. (a) The linewidth for the nuclear random local fields,
(b) total energy for the interstitial hydrogen plus LuyM0,OsN; sys-
tem (with the origin at the minimum), and (c) the hyperfine parameter
due to the magnetic dipole moment of Mo electrons, which are
calculated at a distance ro,, from an oxygen atom as defined in (d).
The crystal structure is depicted using VESTA [41].

due to the hyperfine fields (H,) exerted from nuclear magnetic
moments. The line shape is well described by the product
of the Gaussian Kubo-Toyabe (GKT) relaxation function,
GXT(1;Hy, 8, v), and a slow exponential damping due to the
fluctuation of paramagnetic Mo moments,

A(t) = AoGET (¢ Hy, 8n, i) - exp(=21) + Ay, (1)

where Hj is the applied longitudinal field in the direction
of the initial muon polarization, &, is the linewidth deter-
mined by the distribution of H,, and v, is the fluctuation
rate of &, [40]. In the case of zero external field and v, <
8y (ie., static Hy), we have GXT(2;0, 8,, v,) =~ exp(—8212).
(For more details on the hyperfine interactions between the
muon and nuclei and resulting GKT relaxation functions, see
Appendix C.)

In the paramagnetic phase, the depolarization due to rel-
atively fast fluctuations of the hyperfine fields from electron
magnetic moments is given by exp(—A't), where A’ is de-
termined by the hyperfine fields from unpaired Mo spins.
As discussed below, the GKT function is also employed to
describe the muon depolarization due to the contribution of
Mo electron moments, where §,, and v, are replaced by those
of unpaired Mo electrons, § and v. [The exponential decay in
Eq. (1) corresponds to the approximation of the GKT function
for the condition v 3> §; see Eqgs. (3) and (4).]

As seen in Fig. 1, the lineshape of the ZF spectrum at
298 K is Gaussian-like (A" < §,), and the magnitude of §,
is reliably estimated as §, = 0.0458(9) MHz by curve fitting
combined with the LF spectrum. By comparing this value with
the calculated §,,, the muon site can be determined.

Figure 2 shows a summary of the physical parameters
calculated at a distance rg, from an oxygen atom (O’) in
the [111] direction, with the minimum total energy included
on this axis. As shown in Fig. 2(a), the calculated 4, using
Eq. (C8) (in Appendix C) is closest to the experimental value
at ro, = 0.44 nm, suggesting that this location is the only

candidate site. It is often the case that muons form OH bonds
with ligand O and are located at a site ro, >~ 0.1 nm from
oxygen. However, it is obvious in Fig. 2(a) that the calculated
8, at this position is more than three times the experimental
value, which experimentally rules out the possibility of the
Ou bonding site. Meanwhile, since the calculated &, showed
a broad tail towards oxygen site, we used the DFT calcu-
lation to refine the muon location. As a result, we found
that the candidate site is consistent with that of the minimal
total energy shown in Fig. 2(b) (see Appendix B for the
details). From these we conclude that the muon occupies
a site near the center of the tetrahedron consisting of four
nn Mo ions at the corners. The hyperfine parameter . (per
Bohr magneton) calculated for the Mo electron spins using
Eq. (C15) (in Appendix C) is shown in Fig. 2(c), from which
we obtain §./up = 122.9 MHz/up at the muon site, which
is used to evaluate the effective Mo moment size at lower
temperatures.

B. Two types of magnetic domains inferred from
ZF /LF-uSR spectra

Below ~15 K, fast depolarizing component appears in
the early time region (¢ < 1 ps), implying that the slowing
down of the spin fluctuations sets in. However, the absence of
spontaneous oscillatory signals in these time spectra indicates
that the long-ranged magnetic order does not occur down to
0.3 K. In this component, the depolarization rate increases
with decreasing temperature down to 2 K, below which there
is no change in the depolarization rate. Whether this is due to
spin freezing can be determined from the LF-SR spectra.

Figure 3 shows typical examples of the LF-4SR time spec-
tra over a temperature range from 0.3 to 15 K, obtained above
5 mT to quench the contribution of nuclear magnetic mo-
ments [i.e., GKT(1; Hy, 8n, vn) = 1 for y,H, > 8, in Eq. (1),
v = 2m x 135.53 MHz/T is the gyromagnetic ratio of muon
spin] and extract the electronic contribution [exp(—A't)]. One
of the major challenges in analyzing these time spectra was to
find a realistic physical model to describe the temperature and
magnetic field dependence of G,(¢) coherently. From Fig. 3,
it was obvious that the single exponential decay would not
satisfy this objective. It was also found that introducing a
conventional GKT function (with §, replaced by that for the
electronic hyperfine fields §) did not improve the situation.
(It should be emphasized that there is a clear rationale for
expecting a description of G,(¢) by the GKT function here,
as indicated in Appendix C.) In the following, we show that
all these spectra can be reproduced coherently by considering
two channels of depolarization originating from two different
spin dynamics. One is due to the “sporadic” field fluctuation
described by the “undecouplable” Gaussian KT (uGKT) func-
tion [35] and the other is due to the fluctuation modeled by the
conventional Markovian process.

The uGKT function is known to describe the muon
depolarization due to sporadic field fluctuations seen in
various spin-1/2 frustrated magnets including CuAl,Oy4 [31],
PbCuT6206 [14], SI‘CUQ(BO3 )2 [32,33], and PbCu3TeO7 [34]
Interestingly, it has been reported that some systems with S >
1 such as Cr-kagome bilayer compounds, SrCrg,Gaj2_9,019
[SCGO(p)] and BaSn,ZnGajg_7,Cr7,02 [BSZCGO(p)]
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FIG. 3. Examples of puSR time spectra observed at typical
temperatures in Lu,Mo,0s_,N, under various longitudinal fields:
(a) 0.3, (b) 2, (c) 5,(d) 7, (e) 9, and (f) 15 K. Solid curves are the
best fits by the least-square analysis using the model described in
the text.

[35,36], and YBaCosO; [37] also exhibit spin
fluctuations that are well described by the uGKT function. The
function is derived by introducing a scaling factor f (<1) in
the time domain to the conventional dynamical GKT function
as foT( ft;Hp, 8, v) [35]. The physical interpretation is that
the muons feel the hyperfine field § for f¢ due to the sporadic
appearance of unpaired spins, and for the rest of the time
the muons are surrounded by spin-singlet dimers, so they
do not feel § and no depolarization occurs. The fraction f
can also be interpreted as the relative hopping frequency of
unpaired spins from one magnetic site to another [35,36,38].
This model is in remarkable coincidence with the situation
predicted by the theory for the oxynitride [30], where orphan
spins which failed to find dimer pairs or unpaired spins
generated by unconfined spinon excitation are expected to
show up sporadically near the muon site for a mean fraction
time ft, exerting the hyperfine field § (with a fluctuation rate
v) to the muon. The model is effectively equivalent with the
case where all the frequency parameters in the uGKT function
are scaled by the factor f instead of ¢ [35],

GX'(ft;Hy, 8,v) = GX'(t; fHy, [, fv). ()

Here, the physical scenario is that the effective Mo hyperfine
field and fluctuation rate are interpreted as f times diluted by
the time average.

Meanwhile, depolarization due to spin fluctuations dom-
inated by the Markovian process is described by the GKT
function (corresponding to the limit of f = 1 in the uGKT

function). In the case of fast fluctuation, we have
GET (15 Hy, 8,v') ~ exp(—A't), 3)
o 282

~_ OV 4
YEH? + "7 @

as an approximation of the GKT function (v' >> §). Note that
when the fluctuation rate satisfies the condition v’ > vuHy,
Eq. (4) is least dependent on Hy. (The contributions of Mo**
domains from Mo>* domains to paramagnetic fluctuations are
not distinguished, and ¢ is taken as the mean value.) Given
that the long-tail part of A(¢) has least dependence on Hy, we
presume that Eq. (4) is a good approximation for this part.

The time-dependent asymmetry can be then analyzed by
curve-fitting using the following function:

At) = Aox - GET(t; fHL, £, fv)
+ (1 —x) - exp(—A'1)] + Ap, 5)

where x is the volume fraction where the muon senses
short-time sporadic Mo hyperfine field fluctuations during
excitation, and 1 — x is that for the rest of the region where
the muon senses spin fluctuations due to continuous thermal
processes. (For the undecouplable character of the time spec-
tra in Lu,Mo,0s5_,N,, see Appendix B.)

Following previous examples of analysis using uGKT
functions in CuAl,O4 [31] and Cr-kagome bilayer compounds
[36], we assumed that x changes with LF as the effect of LF on
the spin dynamics [x = x(H.) ]. Note that the suppression of
spin fluctuations near the critical slowing down by applying
external magnetic field is a well-known phenomenon. In the
least-square analysis, the parameters other than x were as-
sumed to be independent of LF, and fixed to values obtained
from ZF-u SR data at each temperature point. A curve-fitting
analysis based on these assumptions yielded excellent least-
squares fits for the entire set of ZF/LF-uSR time spectra.

C. The local spin dynamics in each type of domains

The temperature dependence of the parameters in Eq. (5)
deduced from the curve fit is summarized in Fig. 4. For
the sporadic fluctuation component in Fig. 4(a), a plateau is
observed for x below ~2 K (with x = x¢ =~ 0.67). Similarly,
the hyperfine field fluctuation in Fig. 4(c) also levels off at
v = vy ~ 150 MHz after decreasing rapidly with decreasing
temperature toward 2 K. The dashed curve is the result of fit-
ting to the relation v = vy + ¢ - (T — T),)*, with o = 0.30(3)
for T, =2 K. Such a behavior of v is markedly different
from the conventional magnetism where vy = 0; « is also
unusually small (e.g., « = 3 for spin-wave excitation). Since
v/8§ =~ 0.75, the upward shift in the long-tail part of A(¢) with
increasing LF seen in Figs. 3(a)-3(c) can be attributed to the
component represented by the uGKT function. The hyperfine
field (§ =~ 200-210 MHz) is comparable to v up to 13 K,
which is the main reason why this part of the relaxation cannot
be described by Eq. (4), which is valid only for the case v > 4.

At higher temperatures above ~2 K, x decreases mono-
tonically and approaches zero around 13 K. This suggests
that the magnetic domains exhibiting sporadic fluctuations
are changing to those dominated by Markovian fluctuations.
The sharp decrease of f with increasing temperature for

024407-4



LOCAL SPIN DYNAMICS IN THE GEOMETRICALLY ...

PHYSICAL REVIEW B 107, 024407 (2023)

1.0 T 300 NMBARARARS nasas nasss nanss Ranes 1.0 T T T T 0.15 — T T T T
N N . ) e ] 0sf ok T @] ®)
— P ——15K —o-7K /[3010 |
. E 240 F 4 06F —v—2K ——9K ] T r 7]
0.6 - B - ® : \ —*—29K 1K = ﬁ
= = \%210;..["'- I T T R04k \ 13K ] 2
04 ‘m 1 - 180 | E ’ R i) 0.05 - g
AR S = 5 02fF &<« < 1
0.2 .\‘ ] 150 [eo 00 B % s
- oV i 1 1 1 1 0.00 1 ! ! ! 1
0.0 e 120 T U T I T A 00 01 02 03 04 00 01 02 03 04
0.10 e nanas x(b)x 0.20 ((;) R Longitudinal field (T) Longitudinal field (T)
0.08 ] b F15¢ e 1] o
= 015 z ; g E o o FIG. 5. Longitudinal field (LF) dependence of (a) x and
[ 4 ~05F L] 4 . .
- 0.06 . % 010 ma™ w = 00! ° - i (b) A" deduced from curve-fits of the LF-uSR time spectra. Solid
004 b '~___.l ] : LI lines are guide to the eye.
002 F "l--l.__.__. 1 0.05 |- -
000 1 1 1 1 1 1 1 000 1 1 1 1 1 1 1
02 4 6 8 1012 14 0 2 4 6 8 10 12 14 can assume that the situation is similar to that in the kagome
Temperature (K) Temperature (K) bilayer compounds, SCGO(p) and BSZCGO(p) where the

FIG. 4. The volume fraction x at ZF (a), scaling factor f (b),
hyperfine parameter 8, and fluctuation rate v (c) for the domains
of sporadic fluctuation over the temperature range 0.3—13 K. For
the dashed curves in (a)—(c), see text. The relaxation rate A’ in the
paramagnetic domains is shown in (d), where the inset shows the
relaxation rate in Lu,Mo,0; quoted from Ref. [42].

0.3-2 K seen in Fig. 4(b) also suggests that the sporadic
fluctuations are strongly suppressed by thermal excitation.
The anti-correlation between f and v at temperatures above
~2 K is consistent with the interpretation that sporadic field
fluctuations are a hallmark of the quantum fluctuations.

Magnetic domains dominated by the Markovian fluc-
tuations also exhibit qualitatively different behavior than
normally be expected. While A" gradually increases down to
~2 K [see Fig. 4(d)], there is no cusp-like peak signifying
spin glass freezing in the system is observed (see the cusp-like
peak in the muon depolarization rate near 7, 2~ 16 K seen in
Luy;Mo,07 in the inset [42]). The fact that this does not occur
is also evident in the ZF-u SR spectra in Fig. 1, where there is
no drastic change near 7. In addition, the least dependence of
A" on Hp (see below) indicates that it is in the relatively fast
fluctuation limit down to 0.3 K. Assuming § ~ 1.732-2.8286,
(for § = 1/2-1), the fluctuation rate can be estimated as v’ >~
82/) ~ 10°~10” MHz, which is orders of magnitude faster
than v for the sporadic fluctuation. Thus, the transition to the
quasi-static spin glass is suppressed even in the paramagnetic
domains.

Now, let us briefly examine the effect of the external
magnetic field on spin dynamics, which is summarized in
Fig. 5. The volume fraction x at low temperatures decreases
significantly with increasing field around H; ~ 50 mT and
approaches a constant value x/xy ~ 0.5 towards 0.4 T [see
Fig. 5(a)], which is common to CuAl,O4 [31] and SCGO(p)
[36]. In contrast, A’ for the Markovian spin fluctuation is
mostly independent of Hy; the sharp decrease seen from 0
to 5 mT is due to the decoupling of the nuclear dipolar
fields (8,). This is in line with the estimation that v’ >> y, H}.
(< 3.4 x 10> MHz for the present experiment).

IV. DISCUSSION

Since the present oxynitride sample consists of a mixture
of Mo** and Mo’* ions that may cause site randomness, we

random substitution of Cr with Ga occurs for p < 1 [36].
The behavior of Cr spins at low temperatures in these ma-
terials is reported to vary continuously with p, suggesting the
prevalence of QSL-like states even at p < 1. Moreover, site
randomness and bond randomness are thought to have similar
effects on the ground states, where the latter is predicted to
stabilize QSL states by the formation of random singlets when
the degree of randomness exceeds a certain threshold [30]. It
is therefore meaningful to discuss the experimental results of
this sample in terms of QSL.

Now, the observation of two magnetic domains with
different dynamic properties is presumably due to the hetero-
geneous distribution of Mo valence; the paramagnetic fraction
as large as 1 — x 2 0.33 seems too large to be attributed to the
spin-triplet component induced by the bond randomness [30].
Therefore it is reasonable to attribute the sporadic fluctuation
component to the Mo>*-rich domains and the continuous fluc-
tuation component to the Mo**-rich domains. The saturation
of x below ~2 K at about xy >~ 0.67 can be interpreted as the
net volume fraction for the sporadic fluctuations being limited
by the fraction of Mo>t ions. From this, it is inferred that Xo
is determined by oxygen deficiency, i.e., xo >~ 1 — y.

The above conclusion is also supported by the magnitude
of the hyperfine parameter for the sporadic fluctuation. Using
the calculated value §. /g in Fig. 2(c), we obtain the effective
moment Size esg = /8. = 1.63—1.71pp. This value is close
to ter = 1.732pp for S = 1/2 in agreement with that for
the Mo”" ions. Furthermore, § is significantly smaller than
the average value when the Mo**/>* valence configuration is
randomly selected from a population determined by oxygen
defects (see Appendix D for details), providing experimental
evidence that the local valence distribution of Mo is heteroge-
neous. The presence of domains less than a few nanometers in
diameter is also consistent with the peak widths observed in
our x-ray and neutron scattering measurements.

Considering that §. of the paramagnetic state is dominated
by the sum of the hyperfine field 8y, exerted by the four
most adjacent Mo spins (Spo = %56 = 61.5 MHz/ug, from
the relation 83 o~ 461340), the active spin number is estimated
to be §/8mo = 3.3-3.4 per muon site. This can be interpreted
as corresponding to a local cluster of spins generated by the
sporadic breakdown of spin-singlet correlations; § could have
been deduced to ~%8e for the isolated spinon excitations.
(Note that this does not necessarily imply the absence of
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spinon excitations, but only that time scale of the spinon
fluctuations is outside the «SR time window.)

However, the following two facts must be considered. (1)
x shows a strong temperature dependence, which is not ex-
pected if x is simply determined by the ratio of Mot to
Mo**. (2) Spin glass freezing, which is expected to occur
in the Mo*" domain, is not observed in the present sample.
Therefore we discuss the possibility that these are due to the
effect of bond randomness.

First, given that the sporadic fluctuations are associated
with the QSL state, x can be regarded as the fractional vol-
ume of the “QSL phase.” Then, the rapid decrease of v with
decreasing temperature and leveling-off below ~2 K suggests
a critical behavior associated with some kind of the second-
order phase transition to the QSL state. Therefore we postulate
that x is an order parameter of the QSL state similar to the
superfluid density in the superconducting phase transition.
The temperature dependence of x then suggests the energy
gap for breaking the QSL state exists at an energy scale of
Ag ~ 10! K (~1 meV).

The complication here is that Ay can be inhomogeneous
due to bond randomness modulating the exchange interaction
Ji; between singlet pairs S;-S;; the Mo-O-Mo path is disrupted
by N substitution for O [43]. According to the random-bond
spin-1/2 isotropic Heisenberg model on a pyrochlore lattice
with antiferromagnetic nn interactions, the introduction of
a bond-independent uniform distribution of the normalized
Jij between [1 — g, 1 + €] (with 0 < e < 1) leads to the dis-
appearance of the excitation gap and the emergence of the
spin-triplet states for ¢ > ¢, >~ 0.6 [30]. This result suggests
that A has a spatially non-uniform distribution to accompany
nodal (null-gap) parts, which is somewhat similar to the su-
perconducting gap with nodes.

In order to examine the effect of bond-randomness on the
observed gap more quantitatively, let us consider the possibil-
ity of spin-singlet correlations in the spinon Fermi surface as
the origin of this gap, and further assume that A is the BCS
gap with the transition temperature 7. (= A(/1.764kg). Since
the variation of A with temperature (7') can be approximated
by [1 — (T/T.)*] [44], the T dependence of x, taking into
account the effect of randomness on the Gaussian distribution,
would be given by

o0 T 4
X CX/ Tc|:1 - <—> ]P(Tc)ch,
0 T

(@1
2

P(T) = e M, (6)

1
V2rT,
where Ty and T, are the mean and the standard deviation of
the distribution for 7. Curve fitting x in this form yields 7o =
7.20(7) K [i.e., the mean value of Ay is 1.10(1) meV] and
T. = 4.03(5) K [T;/Ty = 0.560(5)], where the dashed curve
in Fig. 4(a) shows the result. In other words, the states of about
3.6% [= fi)oo P(T.)dT.] correspond to those without gap.

This scenario is supported by the fact that the magnitude of
f is close to the ratio R of the samples with spin-triplet states
inferred from the theoretical simulation for the oxynitride
[30]. R becomes comparable to f when the relative magnitude
of bond-randomness exceeds a threshold (¢ > €.) where the

excitation gap vanishes. From these observations, it is reason-
able to suppose that the sporadic fluctuations observed in SR
correspond to gapless excitation associated with such gap
nodes. This is in line with the inference of gapless excitations
from INS experiment [10], while the wide distribution of Aq
would make it difficult to identify features associated with Ag
from INS spectra.

Experimentally, it has been reported that f is propor-
tional to the fractional concentration p of Cr spins (f o p) in
kagome bilayer compounds, SCGO(p) and BSZCGO(p) [36].
This indicates that f is reduced by the random substitution
of Cr with Ga, suggesting that f can be also regarded as a
measure for the coherence of the QSL state. The decrease in
f with increasing temperature in Fig. 4(b) can be interpreted
as the coherence also being destroyed by thermal excitation.
A curve fit in the form f = fyexp[—(T/ Tf)/3 ] yields fy =
0.14(5) and Ty = 0.97(1.17) K with 8 = 0.27(7). The rela-
tively small value of kg7; compared with Ag and the small
B (K 1) indicate that Ay has a broad distribution. This may
correspond to the case where the distribution width ¢ is greater
than ¢, in the aforementioned theory.

We would like to comment on the fact that the magnetic
domain dominated by fast paramagnetic fluctuations (mainly
composed of Mo** ions) do not undergo a spin freezing.
Considering that Lu;Mo0,07 (S = 1) exhibits spin glass freez-
ing at T, >~ 16 K [43], it suggests that the glass transition
occurring in pure Lu,Mo,0O7 may also be suppressed by bond
randomness. This is seemingly at odds with the consensus that
the origin of the spin glass transition lies in some randomness
(e.g., a quenched disorder in atomic positions that has been
favored for Y,Mo0,07), and it may provide a clue to the
mystery of the spin glass transition in Mo oxide pyrochlore.

Finally, to examine the possibility for larger-sized domains
by further x-ray and neutron scattering experiments, the Mo
valence change must be accompanied by a detectable modu-
lation of the local lattice structure. However, it is not obvious
that this requirement is satisfied in pyrochlore oxynitrides, and
experimental confirmation of this would be a major departure
from the scope of this paper and should be left for future work.
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FIG. 6. The magnetic and inverse susceptibility (x) of
Lu;Mo,0s_yN, with a Curie-Weiss fit to the high temperature
region of x ~! shown by the solid line. (See Table I for the numerical
result.)

APPENDIX A: SAMPLE CHARACTERIZATION

Magnetic susceptibility (x) of LuMo0,05_,N, was mea-
sured using a SQUID magnetometer (Quantum Design Co.)
at an applied field of 0.1 T from 2 to 350 K in both zero-field-
cooled (ZFC) and field-cooled (FC) conditions. As shown in
Fig. 6, there is no significant difference between ZFC and
FC data, which is consistent with the absence of spin freez-
ing. The effective magnetic moment p.¢ and Weiss constant
extracted from the Curie-Weiss curve fitting depend on the
temperature range over which the fitting is performed. The
results are summarized in Table I. The values of .y are
intermediate between those for Lu;Mo,OsN; (~1.1ug) and
Luy;Mo,07 (~1.9up) reported in Ref. [10], and the average
valence was estimated to be Mo*¢+

In the CHN elemental analysis, a sample on an
alumina sample boat placed in a quartz tube was combusted at
~1000 °C, decomposed in a mixture of He (150 ml/min) and
0O, (20 ml/min) gases and allowed to pass through a copper
oxide layer filled as an oxidant to detect H as H,O, C as CO5,
and N as the remaining gas component to be detected. The
analysis showed that the N content was 4.74(30) wt%. This
is in good agreement with the theoretical value of 4.31 wt%,
and it is concluded that N is contained in almost the same
composition as the chemical formula.

Powder XRD data were collected at room temperature us-
ing the BLO2B2 diffractmeter at SPring-8 with a wavelength
of 0.0420526(1) nm. The sample (~10 mg) was sealed in
a glass capillary with an inner diameter of 0.2 mm under

TABLE I. Result of the Curie-Weiss fit to Lu;Mo,Os5_yN,.
The corresponding result for the Lu,Mo,OsN, sample reported in
Ref. [10] are quoted for comparison.

o Data
20k - Cale. |

Intensity (arb. unit)

1 L 1 L 1
0.1 0.2 0.3
d (nm)

FIG. 7. Powder diffraction profiles of oxynitride sample with the
cubic Fd3m model. Rietveld refinement results: observed (circles),
calculated (line), and residual (line below the vertical bars) diffrac-
tion profiles. Top tick marks show the reflection positions for the
oxynitride pyrochlore phase and bottom tick marks a MoO, impurity
phase (~1%) that was present in the oxide precursor.

atmospheric pressure conditions, where a volumetric filling
factor was approximately 50%. The exposure time was 20
seconds, and the capillary was measured while rotating. Ri-
etveld refinement on the cubic Fd3m model was performed
using the JANA2006 code package [45], and analysis results
in perfect agreement with the pyrochlore structure were ob-
tained.

More detailed structural analysis, including that for oxygen
deficiency, was performed by PND experiments using the
BL21 instrument NOVA in the Material and Life Science Ex-
perimental Facility (MLF) at J-PARC. The sample (~0.45 g)
was placed in a vanadium container with an outer diameter
of 3.0 mm and a thickness of 0.1 mm. Diffraction data were
collected at room temperature and a data collection time was
4 hours. The consistency of scattering data was checked via
reference materials such as silicon powder (NIST SRM 640d).
The cubic model was refined by the Z-Rietveld code [46,47]
for data collected over a lattice spacing of 0.083-0.373 nm on
the 90° detector bank. A plot of the fit to the 90° data set is
shown in Fig. 7. The refinement results are in good agreement
with the pyrochlore structure, yielding the oxygen/nitrogen
occupancies at the 48 f and 8b sites as summarized in Table II.
From these values, the oxygen deficit is estimated to be y =
0.455(3) and the Mo valence to be Mo***®+ However, the
O-site disorder characteristic of pyrochlore oxides was found
to add considerable ambiguity into the analytical results, and
the oxygen deficit was finally evaluated to be y = 0.5(1),
corresponding to Mo*>(V+,

TABLE II. Refined atomic coordinates and occupancies for
Lu;Mo,05_yN;, [a = 1.0165750(8) nm]. Total Ry, = 6.70% and
R, =5.00%.

This work L. Clark et al. [10]
Fitregion (K)  —fcw (K) et ()  —Ocw (K)  phesr (18)
150-300 115(10) 1.41(6) 121(1) 1.11(1)
200-300 135(22) 1.47(8) 135(1) 1.13(1)
250-300 148(2)  1536(5)  1522)  1.16(1)

Atom Site X y oz Occupancy Usso
Lu 16d 1/2 1/2 172 1.0 0.02822(8)
Mo 16¢ 0 0 0 1.0 0.03877(9)

O/N  48f 0.33709(1) 1/8 1/8 0.5830(3)/0.3211(2) 0.04547(6)
O'/N° 8  3/8 3/83/8 0.9574(11)/0.0  0.01729(15)
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FIG. 8. XANES spectra around the Mo K-edge obtained for
the oxynitride sample and reference compounds (Mo, MoO,, and
Mo0O3). Inset: the spectra around the main edge after subtracting
pre-edge peak near 20.003 keV.

The XANES spectra were measured at NW-10A of the
Advanced Ring in the Photon Factory (PF-AR) at KEK, Japan
to estimate the Mo valence in the oxynitride sample by com-
parison with those for Mo, MoO, and MoO3; which contain
Mo with valence of 0, 44 and 6+, respectively. Normaliza-
tion of the raw spectra was performed by subtracting linear
pre-edge and polynomial post-edge backgrounds by ATHENA
program [48].

Normalized XANES spectra of Mo K-edge are shown in
Fig. 8. The spectra of MoO3 and oxynitiride samples exhibit
a pre-edge peak around 20.003 keV, which is attributed to the
transition from 1s to 4d-5p due to the d-p orbital mixing. The
absence of this feature for MoO, may be due to differences in
local structural distortions; both MoO3; and oxynitiride have
considerable distortions in the MoOg octahedra, which may
lead to stronger d-p mixing. To compare the main edges, the
spectra are shown with the pre-edge contribution subtracted
using a curve-fit by Gaussian peaks (see the inset of Fig. §).
The energy of the Mo K edge, defined by the middle of the
normalized intensity in these corrected spectra, suggests that
the average valence is Mo*®()+,

APPENDIX B: uSR EXPERIMENT AND DFT
CALCULATION

In the usual SR experiment, the time evolution of
muon spin polarization is observed by monitoring the time-
dependent asymmetry of positrons emitted from muons upon
beta-decay (the mean lifetime 7, ~ 2.198 us). The time-
dependent positron counting rate is given by [49]

N(t) = Noe "/™[1 + A(t)] + B, (B1)

where N, is the initial rate, A(z) is the muon-positron decay
asymmetry, and B is the time-independent background. More
specifically, the muon polarization along the initial muon spin
direction [G,(t), where z is parallel to the beam direction] is
observed by a set of positron counters placed in the forward
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FIG. 9. uSR time spectra observed at 2 K in Lu,Mo,05_,N,
under various longitudinal fields (LFs), where the solid curves rep-
resent fits with f as a free parameter common to all LFs (yielding
f = 0.044), and dashed curves represent f = 1. The data points for
t < 0.1 ps were not used for analysis to mitigate the ambiguity due
to the time resolution (~eq100 ns).

and backward positions [Ng(¢) and Ng(f )] against sample [50],

_ Na(t) — aNe(1)

A= 5O T ane)

= AoG: (1) + Av, (B2)

where « is the factor to correct the instrumental asymmetry
due to the difference in the efficiencies between the forward
and backward counters, determined from the spectra obtained
under a weak transverse field in samples in nonmagnetic
phase. Ay is the initial muon asymmetry for the sample and Ay,
is the background from the muons which missed the sample.
The magnitude of Ay, depends on the sample environment in-
cluding the cryostat; A, comes mainly from the sample holder
(made of silver) in the *He cryostat.

In the first-round analysis of the uSR time spectra, we
attempted a curve fit without the sporadic fluctuation model
[i.e., corresponding to an analysis using Eq. (5) with f = 1],
which failed to reproduce the data. The dashed lines in Fig. 9
show the field dependence of A(t) corresponding to the inter-
nal magnetic field (§/y,, ~ 0.011 T) that is evaluated from the
magnitude of depolarization (§ >~ 9.23 MHz) at r = 0-0.2ps.
The data points show a much weaker field dependence than
these, which is in close similarity with the “undecouplable”
behavior observed earlier in various frustrating antiferromag-
nets [14,31-37]. From this result we conclude that a sporadic
model is needed for the analysis of these spectra.

For the DFT calculations to estimate muon site, we em-
ployed the VASP code package [51] to perform a total energy
calculation for a unit cell (88 atoms) containing an interstitial
hydrogen atom (to mimic muon) without structural relax-
ation, using the GGA-PBE exchange correlation function with
cutoff energy 400 eV and 14K points. We performed total
energy calculations without N substitution (corresponding to
Lu;Mo0,07) and for 16 of 56 O atoms randomly substituted
with N and compared them, finding little difference near the
energy minima.
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APPENDIX C: HYPERFINE INTERACTIONS

In the following, we summarize the hyperfine interactions
between muon and nuclear/electron spins in Lu,Mo,Os5_,N;
that is represented by the effective local magnetic field H (r)
and the corresponding time variation of the muon spin polar-
ization (time spectrum) to be observed.

Let us first consider the interaction between muon and
nuclear spins. In general, the term “hyperfine interaction” in-
cludes both magnetic dipole interaction and the Fermi contact
interaction. However, since both nuclei and muons are well
localized in the ground state, the interaction between them is
mainly magnetic dipole interaction. The Hamiltonian is then
given as

H|h = Az [h+ Hq/h, (CD)
%/ﬁ = y/l.S/L 'HO+ananni 'HO’ (C2)
Halh =S Y fuvnAi T, (C3)

n,i

where 77 represents the Zeeman interaction for muon and
nuclear spins under an external magnetic field Hy, S, is the
muon spin, ¥, = 27 x 135.53 MHz/T is the gyromagnetic
ratio of muon spin, I,; is the nth kind of nuclear spin at
distance r,; (n = 1,2, 3, and 4 for '"Lu, **Mo, *"Mo, and
14N) on the ith lattice point, y, and f, are the gyromagnetic
ratio and natural abundance (or occupation) of the nth nuclear
spin, Agi is the magnetic dipole tensor

i\ o 1 3 niPni
(Agl) ﬁ = _3< - 2’3 _Solﬁ> (a7ﬂ szy’ Z)v (C4)

Thi Thi

representing the hyperfine interaction between muon and
nuclear magnetic moments at r,; = (Xp;, Yni, Zn;) being the
position vector of the nucleus seen from muon. In the case
of zero-external field (.77 = 0), the effective magnetic field
expressed as

Hr)y=Hy,=Y_ fiyay AiL, (C3)
is used to obtain the effective Hamiltonian
H|h=y,S, -Hy, (C6)

and the time evolution of the muon spin polarization P(t) =
(5,.(0) - Sﬂ(z‘))/ISM(O)|2 can be obtained analytically using
the density matrix of the muon-nucleus spin system for a
small number of nuclei (where y,j qi 18 the effective magnetic
moment considering the electric quadrupole interaction for

On the other hand, if the coordination of the nuclear mag-
netic moment viewed from the muon is isotropic and the
number of coordination N is sufficiently large (N 2 4), the
classical spin treatment is easier, and the density distribution
P(H) of H(r) is approximated by a Gaussian distribution with
zero mean value [40],

P(Hot) = <6(Hot - Ha(r))>r
2

’H
7R .
V278, 2683

) (¢ =x,y,2). (C7)
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FIG. 10. (a) Schematic of a muon localized at the center of a Mo
tetrahedron. The internal magnetic field at the muon site is governed
by the magnetic dipole moment of the nuclear (u,) and electron ()
moments. (b) Probability distribution P(X) of random variable X =
va X; generated by uniform random numbers X; = [—0.5, 0.5] for
N =4.

To check the validity of this approximation, let us simulate
the magnetic field exerted on the muon by a single magnetic
dipole with random orientation at the ith site by a uniform
random number X; = [—0.5, 0.5]. In this case, the magnetic
field distribution from N dipoles is represented as a distribu-
tion P(X) of random variable X = va X;. If the muon is at
the center of the Mo tetrahedron as in Fig. 10(a), then P(X)
takes the distribution shown in Fig. 10(b) for N = 4 which is
in good agreement with Gaussian distribution. Note that this
does not depend on whether the magnetic dipole is nuclear or
electron-derived. P(X) rapidly approaches the true Gaussian
distribution with increasing N (this is one example of what is
called the “central limit theorem” in statistics).

The magnitude of §, is given by the second moment of
H, as

52 o
=2 h 2 2 @)L )
n n

i ap

with B8 taking all x, y, z, and the « over the x, y components
that are effective for longitudinal relaxation when Z is the
longitudinal direction; the z component does not contribute
to the relaxation because it gives a magnetic field parallel to
the muon spin. In this case, the time-dependent muon spin
polarization G(¢) is given by the motion of one muon spin
projected onto H with the angle between the magnetic field H
and the Z axis as 6,

P.(t) = cos> 6 + sin’ 6 cos(y, Ht), (C9)
which is averaged by P(H ) in Eq. (C7) to yield the Gaussian
Kubo-Toyabe function

GX(t;8,) = f / f N P.(t)[1,P(H,)dH,
1 2

=L 21 sye e,

373 (C10)

When 4§, is relatively small, the recovery of polarization to
1/3 (for t > +/3/8,) is out of the 1SR time range (< 20 ps),
and we only observe the initial Gaussian damping, GXT (1) ~
exp(—821?) (which is the case for LuyM0,05_,N; at 298 K).
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FIG. 11. (a) Probability distribution P(m) of four nn Mo ions
consisting of m Mo®>* and 1 — m Mo*" ions. (b) Hyperfine param-
eters derived by scaling Fig. 2(c) for each valence configuration of
the nn Mo ions determined by m (with the effective moment size
1.732p and 2.828; for Mo+ and Mo**, respectively). The dashed
curve shows an average of all m cases weighted with P(m). The
horizontal bar indicates the experimental value shown in Fig. 4(c).

The lineshape GfT(t;HL, 8,) under a longitudinal field Hy
(|| z) can be derived by replacing H, in Eq. (C7) with H, — H;.

In the case of fluctuating 8, over time (e.g., due to the
self-diffusion of muon), GX"(r; Hy, 8,) is subject to the mod-
ulation and adiabatically approaches exponential decay with
increasing fluctuation rate v,, where the detailed lineshape of
GXT(t;Hy, 8y, vn) as a function of v, and an external longitu-
dinal field H;, are found elsewhere [40].

The magnitude of §,, is sensitive to the size of the nearest-
neighbor nuclear magnetic moment y,j i and the distance |r;|
from the muon, and the position occupied by the muon as
pseudo-hydrogen can be estimated by comparing the experi-
mentally obtained §, with the calculated value at the candidate
sites. We used the DIPELEC code [52] to calculate §, for
Lu2M0205_yN2.

In the paramagnetic state of Lu;Mo0,0s5_yN,, the hy-
perfine interaction between muon and Mo electronic spins
are presumed to be dominated by magnetic dipolar inter-
action. (Because of the small electric charge of muon and
its interstitial position, hybridization between the ls orbit
of muon as pseudohydrogen and the outershell electrons of
surrounding atoms is small to yield negligible Fermi contact
interaction at the muon site.) The Hamiltonian for the mag-
netic interaction between muon and unpaired electron is then
given by

H|h = [y + AR, (C11)
Ay |l =vuSu-Ho+ve Y Si-Ho, (C12)
A B = yuveSu Y ALS:, (C13)

where Hyz represents the Zeeman interaction for muon and
electron spins, H. is the Hamiltonian of the muon interac-
tion with ith electron spin S;, Y. is the gyromagnetic ratio
of the electron (= 27w x 28.02421 GHz/T). In the case of
zero-external field (Hyz = 0), the effective magnetic field is
expressed as

H(r)=H.=y. ) AiS:. (Cl4)

By comparing Egs. (C5) and (C14), it is clear that the effective
muon-electron interaction can be described by replacing nu-
clear magnetic moments with that of electron. This also means
that G(¢) must be described by the Gaussian Kubo-Toyabe
relaxation function with the linewidth (=hyperfine parameter)
replaced by

(C15)

5 fieP ¢ 12
)/_,f = ZZ [Ve(Ad) Si] .
i op

Since we are only interested in the hyperfine parameter
per a Bohr magneton (S = 1/2) which is the measure for
the effective magnetic moment [i.g, it is straightforward to
calculate 8./ e using Eq. (C15) which is implemented in the
DIPELEC code [52].

APPENDIX D: Mo** DOMAINS

In our x-ray and neutron scattering experiments, we have
not observed any peak splitting or broadening that suggests
formation of large Mo domains within the resolution range
of each instrument. However, as shown below, the magnitude
of the hyperfine parameter (§) obtained from SR deviates
significantly from the calculated value expected from the av-
erage structure, which is consistent with the presence of Mo>*
domains (clusters) that span at least a few unit cells.

As mentioned in Appendix C, é is dominated by the mag-
netic dipole interaction between muon and magnetic ions,
which in the Mo pyrochlore oxynitride is approximately deter-
mined by the contribution of the four nn Mo ions. Therefore,
if p and (1 — p) are the probabilities that one of the nn
Mo ions are Mo and Mo**, respectively, then the proba-
bility P that m Mo ions out of the four are Mo>" is given as

P(m) = p"(1 — p)*™" 4 Cacp, (D1)

where m =0, 1, 2, 3, and 4, and ,C, is the binomial co-
efficient for combinations of r out of n elements. When p =
2/3 (= 1 —y) from the magnitude of the oxygen deficiency
v, P(m) has the distribution shown in Fig. 11(a). In addition,
the hyperfine parameter corresponding to each value of m is
calculated using the values shown in Fig. 4(c), and the results
are shown in Fig. 11(b). The experimental value is closest to
the case of m = 4 for an effective moment size of 1.732up for
S = 1/2, and the § increases steeply with increasing number
of Mo** ions. Furthermore, when the weighted average of 8
is calculated using the distribution given by Eq. (D1) [i.e.,
5= > P(m)8(m)], it is significantly larger than the exper-
imental value at the muon site (ro,, = 0.44 nm), as shown by
the dashed curve in Fig. 11(b). Thus the ©SR results strongly
suggest that the Mo valence distribution corresponding to
the sporadic spin fluctuation component deviates significantly
from the average structure.
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