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Copper carbodiimide, CuNCN, is a geometrically frustrated nitrogen-based analog of cupric oxide, whose
magnetism remains ambiguous. Here, we employ a combination of local-probe techniques, including %*%Cu
nuclear quadrupole resonance, 1*C nuclear magnetic resonance, and muon spin rotation to show that the magnetic
ground state of the Cu®™ (S = 1/2) spins is frozen and disordered. Moreover, these complementary experiments
unequivocally establish the onset of an intrinsically inhomogeneous magnetic state at 7, = 80 K. Below 7,
the low-temperature frozen component coexists with the remnant high-temperature dynamical component down
to 7; = 20 K, where the latter finally ceases to exist. Based on a scaling of internal magnetic fields of both
components, we conclude that the two components coexist on a microscopic level.
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I. INTRODUCTION

Geometrical frustration, where lattice geometry prevents
conventional magnetic ordering, is one of the major promoters
of exotic phenomena in condensed matter. In geometrically
frustrated antiferromagnets, perplexing magnetic states, such
as spin glasses and spin liquids, with unconventional exci-
tations are regularly encountered [1,2]. Furthermore, even
in uniform spin systems, competition among various nearly
degenerate phases can lead to inhomogeneous magnetic states
on a microscopic scale [3—5]. Various intriguing experimental
cases that fall in this category have indeed been reported.
The first examples are systems in which a fraction of all
spins remains dynamical while the rest either order [6—8] or
form valence bonds [9]. Further examples are realizations of
multiple magnetic orders that locally compete [10-12], and a
nanoscale modulation of magnetic order [13,14].

The nitrogen-containing analog of cupric oxide, CuNCN
[15], is a potential contender for such a class of antiferro-
magnets. Its unit cell (Fig. 1) has orthorhombic symmetry and
corresponds to the Cmcm space group. It possesses a gap at the
Fermi surface [16], and magnetic exchange coupling between
S = 1/2 spins localized on the Cu*" sites is predicted to be of
the order of several hundreds of kelvins [17,18]. Nevertheless,
various experiments initially suggested that this compound
lacks classical long-range magnetic ordering [16,19]. Strong
exchange coupling explains a very small magnetic suscepti-
bility, which exhibits an anomaly at 7}, ~ 80 K that remains
controversial. A broad feature was observed around this tem-
perature also in magnetic heat capacity, where another feature
was witnessed around 7; ~ 20 K [20]. The 7, anomaly was
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theoretically ascribed either to long-range magnetic ordering
[17,21] or to a spin-liquid instability [18,22]. Spin-liquid
instabilities, where systems cross from one spin-liquid state
to another, have been experimentally detected in frustrated
antiferromagnets on a few occasions [23-26]. In CuNCN,
the spin-liquid instability scenario assumes a transition from
a gapless high-temperature spin liquid into a pseudogapped
low-temperature spin liquid at 7}, [18,22]. This scenario can
indeed offer an explanation for the observed susceptibility
anomaly [27], as well as for accompanying structural changes
[28,29] and for the unusual temperature dependence of the
magnetic heat capacity revealing a relatively small amount of
entropy released up to 150 K [20]. On the other hand, the
alternative scenario of long-range magnetic order is based on
the detection of frozen local magnetic fields in muon spin
relaxation (uSR) experiments [21,27] and on strong quantum
spin fluctuations that are predicted to reduce the ordered
part of the magnetic moments beyond the sensitivity of most
experimental techniques [21]. However, the SR experiments
have further revealed that the width of the static-local-field
distribution is very large, being of the same size as the average
field magnitude even at temperatures as low as 63 mK [27].
This is clearly not a characteristic of an antiferromagnetic
long-range order.

Quite surprisingly, in CuNCN the frozen state, as detected
by 1SR, seems to be fully established over the entire sample
only below 7}, while in the broad temperature range 7j, 2
T = T, the uSR signal attributed to the remnant dynamical
component progressively disappears with decreasing temper-
ature [Fig. 2(b)] [27]. A similar conclusion of two coexisting
magnetic components was drawn from '*N nuclear magnetic
resonance (NMR) experiments, which also disclosed a broad
distribution of local environments below 7j, [27]. Yet, both
magnetic components have not yet been unambiguously si-
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FIG. 1. The unit cell of CuNCN. The on-site hyperfine interaction
of the ®*%Cu nuclei with the Cu®* electronic moment is denoted by
ALY, while the transferred hyperfine interactions of various nuclei n
with the Cu?* electronic moment are indicated by arrows and labeled
as Apy.

multaneously detected and evaluated in a single experiment.
Furthermore, the assessment of the intrinsic nature of such
intricate magnetism has not been provided either. In principle,
static magnetism and the coexistence of two magnetic com-
ponents could be triggered by external perturbations, e.g., by
muons perturbing the local environment in the SR experi-
ments and by strong applied magnetic fields in the NMR ex-
periments [27], if the dynamical disordered state was unstable.
All these open questions about the magnetic inhomogeneity
and the true nature of the magnetic ground state in CuNCN
thus call for complementary experimental approaches that will
clarify previous results and confront the existing theoretical
proposals. Therefore, we have performed nuclear quadrupole
resonance (NQR) experiment, as well as additional NMR and
1SR experiments. The NQR investigation, which is performed
in zero applied field, eliminates the possible effects of both the
applied magnetic field and external probes on magnetism of
CuNCN. The '*C NMR has been chosen because the hyperfine
coupling (Fig. 1) of the '*C nuclei to the electronic magnetism
is much smaller than that of N nuclei, thus allowing for
simultaneous detection of both static and dynamical magnetic
components below T},. The '*C NMR thus complements the
previous "N NMR measurements that could detect only the
dynamical magnetic component below 7;, while the static
component was inaccessible [27]. Finally, simultaneous de-
tection of the two components is achieved also by a comple-
mentary 4 SR experiment in a strong transverse magnetic field
(TF) that, in contrast to previous uSR experiments [21,27],
exceeds by far the internal static fields. The new results reveal
an intrinsic coexistence of the two fundamentally different
magnetic components, i.e., a dynamical and a static one,
which in CuNCN compete on a microscopic scale in the broad
temperature range between 7, = 80 K and 7; = 20 K.

II. EXPERIMENTAL DETAILS

All experiments were performed on the same high-quality
batch of CuNCN powders as used in our previous local-probe
magnetic investigations [27]. The NQR spectra of the **Cu

nuclei with the natural abundance of 69% and the %Cu
nuclei with the natural abundance of 31% were recorded on
a custom-built spectrometer using a solid-echo pulse sequence
B — t — B — v — echo with the 7 /2-pulse length 8 = 4.8 us
and the interpulse delay T = 20 us, by sweeping the frequency
in Av = 50kHz steps. The nuclear spin-spin relaxation time 75
was measured with the same pulse sequence on the *Cu NQR
peak by varying the delay t. The gyromagnetic ratios of the two
isotopes are 3y = 27 x 11.28 MHz/T and ¥y = 27 x 12.09
MHz/T.

The '3C NMR spectra were recorded in a magnetic field
of 9.4 T with parameters 8 =9 us, T =30 us, and Av =
30 kHz. The Larmor frequency in this case, given by the 1*C
nuclear gyromagnetic ratio '3y = 27 x 10.71 MHz/T, was
vo = 100.571 MHz. An inversion recovery method was used
for BC spin-lattice relaxation (77) measurements, where the
spectra were integrated within an 80 kHz window centered at
positions v4 = 100.600 MHz or vg = 100.450 MHz.

The uSR experiment was performed on the General Pur-
pose Surface-Muon Instrument (GPS) at the Paul Scherrer
Institute, Switzerland. It was conducted in a transverse-muon-
polarization mode in a magnetic field of 0.52 T applied
along the muon beam direction and perpendicular to the up-
down positron detectors. The field yielded muon-polarization
precession at the Larmor frequency of 70.46 MHz, given by the
muon gyromagnetic ratio y,, = 2w x 135.5 MHz/T. The angle
between the initial polarization and the beam direction was
about 45°, which resulted in the full positron-detector (muon)
asymmetry of Ay = 0.206.

The muons, being spin-1/2 entities, can serve as efficient
local probes of magnetism [30], as they are initially almost
100% polarized in a uSR experiment. In a local field their
polarization starts precessing, which is effectively measured by
the direction of emitted positrons arising from muon decays.
The resulting muon asymmetry, measured by oppositely facing
positron detectors with respect to the sample, is linearly
proportional to the polarization.

II1. RESULTS
A. %% Cu nuclear quadrupole resonance

All previous magnetic studies of CuNCN relied on applying
a finite magnetic field [16,21,27]. In the case of a competition
among different nearly degenerate candidate ground states,
as may occur in geometrically frustrated systems [1], the
applied field can give preference to a particular state. This was
suggested previously as a possible explanation of the unusual
magnetism of CuNCN below 7, [27]. The current NQR
experiment performed in zero applied field would eliminate
the field-induced effect if it was really present.

In CuNCN, there exists a single Cu crystallographic site.
Since both Cu isotopes, ®*Cu and *Cu, possess nuclear spin
I = 3/2, each isotope gives a single NQR line (corresponding
to the transitions I, = £3/2 <> £1/2) when no static mag-
netic field is present in a material [31]. Consequently, the
63.65Cy NQR spectrum of CuNCN consists of two spectral
lines [Fig. 2(a)]. The ®*Cu line is about twice as intense due
to the larger natural abundance of this isotope. The position of
each line is given by the nuclear quadrupolar moment Q of each
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FIG. 2. (a) The ®%Cu NQR spectra of CuNCN at a few selected
temperatures. The spectra are shifted vertically for clarity, and their
intensity is normalized by the Boltzmann population factor 1/7 and
corrected for the spin-spin relaxation time 7, [inset in (d)]. (b) The
temperature dependence of the corrected ®*Cu NQR line intensity
compared to the unfrozen part of the (SR signal (reproduced from
Ref. [27]). The temperature dependence of the >*Cu NQR (c)
line position and (d) linewidth. The inset displays the temperature
dependence of the ®*Cu NQR spin-spin relaxation rate. The arrows
indicate special temperatures 7},, 7;, and T*.

isotope and the common electric-field-gradient (EFG) tensor of
the crystal at the Cussite. As 0 /93 0 = 1.08, the **Cu spectral
line is positioned at a higher frequency compared to the *Cu
line. Accordingly, we find the ®3*Cu line at 31.79 MHz and the
5Cu line at 29.41 MHz at room temperature. The full width at
half-maximum (FWHM) of the **Cu NQR line %38 = 250(10)
kHz is larger than the ®Cu FWHM %§ = 230(10) kHz by the
same factor © Q /% 0, demonstrating that the NQR linewidth in
CuNCN is due to a distribution of EFGs. The measured widths
of several hundred kHz must have an entirely static origin, since
homogeneous broadening (1/73) due to spin-spin relaxation is
of the order of only 10 kHz [inset in Fig. 2(d)].

The %%Cu NQR line position [Fig. 2(c)] and linewidth
[Fig. 2(d)] exhibit rather pronounced temperature depen-
dences. The line position, which is sensitive to the changes
in the crystal lattice through the changes in the EFG tensor,
exhibits an unusual maximum at 7, = 80 K [Fig. 2(c)]. This is
in line with a nonmonotonic behavior of lattice parameters that
has been recently observed in synchrotron [28] and neutron-
diffraction experiments [29]. Moreover, also the linewidth
exhibits an anomaly at 7}, where it starts increasing rapidly

on decreasing temperature [Fig. 2(d)], reminiscent of the '*N
NMR case [27]. Although the **Cu NQR linewidth is larger
than the ®Cu linewidth at high temperatures, the situation
is reversed below Tj,. At 50 K we find the ratio 3§/%§ =
0.90(3), which corresponds well to the gyromagnetic-factors
ratio %3y /%y = 0.93. Therefore, in addition to the EFG
NQR broadening mechanism, there is a second broadening
mechanism of magnetic origin that prevails below 7},. This
demonstrates the growth of static magnetic fields at copper
sites below T}, on the NQR time scale.

The magnitude of static magnetic fields below 7}, can be
estimated from the magnetic broadening. Since the NQR line
is a convolution of two broadening mechanisms, the square of
the full width is a sum of squared individual contributions. For
the ®Cu line at 50 K, the full linewidth of 730(30) kHz and the
quadrupolar contribution of the order of 250(10) kHz yield the
magnetic linewidth of §%° = 690(30) kHz, which corresponds
to a magnetic field of 7 §%/%°y = 30(1) mT. This should be
compared to a typical on-site field of 25 T felt by the nucleus
due to the hyperfine coupling with the fully polarized, on-site
C*t(s=1 /2) electronic spin [32]. The observed, relatively
small broadening of the NQR spectra is thus clear evidence
that the magnetic state of CUNCN, as detected by 03.65Cy NQR,
remains predominantly dynamical even below Tj,.

Next, we highlight another intriguing property of the low-
temperature NQR spectra, namely a loss of the signal, i.e.,
a spectral wipeout, that is observed to occur progressively
below T}, [Fig. 2(a)]. Namely, the NQR spectral intensity, when
corrected for the 7, relaxation effect [inset in Fig. 2(d)] and
the Boltzmann population factor 1/T, shows a sudden drop
below T, yet it vanishes completely only around 7; [Fig. 2(b)].
This atypical behavior resembles the slow disappearance of
the dynamical signal in the uSR experiment [27] [Fig. 2(b)],
signaling that this is an intrinsic effect and not an effect induced
by external perturbations, such as the implanted muons or the
applied magnetic field.

We note that the disappearance of the NQR signal speaks
against two possible scenarios related to spin liquids. First,
in a spin liquid, an enhancement of nuclear relaxation can
lead to a spectral wipeout [33]. Yet, in CuNCN, there is no
drastic enhancement of the 7, relaxation, which is always
faster than the 7 relaxation. Secondly, if a transition from a
gapless to a gapped spin liquid were taking place at 7}, [18,22],
the opening of a spin gap would reduce spin excitations and
a full-intensity NQR line would remain. Hence, we are led
to a conclusion that the observed wipeout is apparently of
a different origin. A plausible explanation is that a second
magnetic component that is unobservable in the present NQR
experiment emerges below Tj,. To detect and characterize it,
we next turn to complementary '*C NMR measurements.

B. "*C nuclear magnetic resonance

Similarly to previous TF 1SR and N NMR measurements
[27], the ©3%Cu NQR can only follow the component that is
disappearing with decreasing temperature below 7j,, while the
assumed second component is undetectable. NMR measure-
ments on '*C nuclei, which are positioned at the center of the
NCN group (Fig. 1), being the most distant from the electronic
magnetism of Cu>* ions and possessing the weakest coupling
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FIG. 3. (a) The 3C NMR spectra of CuNCN, with the two
components (*C; and '*C,) appearing below T}, = 80 K. The spectra
are shifted vertically for clarity, and their intensity is normalized by
the Boltzmann factor 1/T. (b) The powder simulation (dotted line)
of the 300 K spectrum (circles) with axially symmetric anisotropy.
(c) The fit (solid line) of the 30 K spectrum (cycles) with two
Gaussian components *C; (dotted line) and '*C, (dashed line).
(d) The temperature dependence of the spin-lattice relaxation rate,
measured at the positions v, and vg, marked by arrows in panel (a).
The solid lines display a linear temperature dependence. The arrows
indicate the magnetically inhomogeneous region between 7j, and 7;.
Inset: the temperature dependence of the stretching exponent at the
two frequencies.

among all the nuclei in CuNCN, can overcome this drawback.
Furthermore, contrary to the 63.65Cy and "N nuclei, the *C
nuclei are spin-1/2 entities. Therefore, they do not couple to
the EFG tensor and their NMR spectra are solely affected by
the magnetism of CuNCN.

At 300K, the '*C NMR spectrum has an asymmetric powder
line shape [Fig. 3(b)], which is typical of a uniaxial local-field
distribution that can either be due to an anisotropic hyperfine
coupling or a chemical shift. Simulation of the spectrum yields
an isotropic local-field component of 240(5) ppm, shifting the
line from the '3C Larmor frequency vy, and an anisotropic
component of 200(5) ppm, giving the line shape and linewidth.
An additional isotropic Gaussian broadening with FWHM
13§ — 5.6 kHz is needed, which we convolute with the powder
spectrum to satisfactorily describe the NMR line shape. With
decreasing temperature, the isotropic Gaussian broadening be-
comes dominant and completely overshadows the anisotropic
line shape below ~100 K, where the Gaussian FWHM reaches

13§ = 25 kHz. This pronounced magnetic broadening of the
13C NMR spectrum is reminiscent of the broadening found
in "N NMR spectra, while the increase of the magnetic
susceptibility in the same temperature range is much more
moderate [27]. The isotropic magnetic broadening implies
inhomogeneous local magnetic fields, most likely due to short-
range magnetic correlations.

The shape of the '*C NMR spectrum changes drastically
below 7, [Fig. 3(a)], where a much broader component
(1*C,) accompanies the narrower high-temperature component
(13C)). The intensity of the '*C, component grows on the
expense of the 1°C; component, which is steadily disappearing
when temperature is decreased [Fig. 3(a)]. The 3C NMR
spectra can be fit with two overlapping Gaussian components
[Fig. 3(c)] down to T; = 20 K, where the 3¢, component
completely disappears. The broad component is approximately
four times broader than the narrow one (see Sec. II1 C for details
on the quantitative analysis). This gradual transformation of
the '*C NMR spectrum corroborates with the above-presented
wipeout of the ®*Cu NQR and previous SR results [27]
[Fig. 2(b)]. Importantly, it also provides the first direct insight
into the low-temperature phase, which other measurements
could not detect. The static local field at the >C nuclear site,
estimated from the FWHM !38, = 370 kHz of the broad '3C,
component at 5 K, is 7 138,/13y = 17 mT.

The two '3C NMR components are further inspected on
the basis of their spin-lattice relaxation rates 1/7T; [Fig. 3(d)].
Above T, =80 K, i.e., in the magnetically homogeneous
phase, we find a single-exponential relaxation at the frequency
V4, corresponding to the maximum of the narrow '*C; NMR
component. The relaxation rate increases linearly with temper-
ature. Below T}, a stretched-exponential relaxation [stretching
exponent o < 1; see the inset in Fig. 3(d)] is observed, while
1/ T, changes its trend and starts increasing with decreasing
temperature. Since the amplitude of the broad *C, component
is very small at the v,4 position down to ~50 K [Fig. 3(a)], we
attribute this inverse trend to the narrow '*C; NMR component.
Indeed, T analysis where the spectrum-integration window
around the v4 position is reduced in steps from the original 80
down to 4 kHz does not yield any significant change of the 7
values in this temperature range. Below ~50 K, the amplitudes
of the two components at the v, position become comparable,
therefore the extracted relaxation rate is an average of both
components. We note that varying the integration window at
these temperatures changes the 1/7] value within less than
15%, with the maximal variation occurring at 30 K. This im-
plies that the relaxation rates of the two NMR components are
similar in magnitude. The observed changes in the stretching
exponent « [inset in Fig. 3(d)] demonstrate broadening of
the distribution of relaxation rates at v4 below T}, something
regularly encountered in inhomogeneous magnetic phases. The
same effect was previously observed by '“N NMR [27].

To avoid the overlap of the two components, we additionally
performed '*C NMR 1/T; measurements at the vg position,
where the contribution of the narrow '*C; component is
negligible at all temperatures [Figs. 3(a) and 3(c)]. Therefore,
we attribute this relaxation solely to the broad '*C, component.
The measured relaxation rate 1/7; at vg increases with tem-
perature in a quasilinear fashion, and a stretched-exponential
relaxation (o = 0.7) is found, similar to the v4 position. We
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note that the relaxation at vg could not be measured reliably at
temperatures above 40 K due to weak signal.

The '3C 1/T; rate normalized by the factor ('3y)2, which is
proportional to the magnitude of the square of local fluctuating
magnetic fields, is about three orders of magnitude below the
corresponding value for N at room temperature [27]. This
can be rationalized with a significantly reduced spin density
at the '3C site compared to the N site. Such a reduction of
the spin density, despite the fact that the exchange interaction
bridged by the NCN?>~ group should be extremely large
[17,18], is expected based on local-density approximation
(LDA) calculations. These predict that the highest occupied
molecular orbital (HOMO) of NCN?~, overlapping with the
Cu?" orbital, is composed mainly of the two nitrogen orbitals
due to 7 bonding, while the contribution of the carbon orbitals
is minor [17]. Secondly, filtering effects are possibly important
already at room temperature, as the predicted dominant antifer-
romagnetic exchange interaction along the ¢ crystallographic
axis exceeds room temperature [17,18]. The position of the 1*C
nucleus on the NCN?~ bond with respect to the surrounding
copper moments is more symmetric than the position of the
4N nucleus (Fig. 1). As a result, the 13C nucleus filters out
antiferromagnetic correlations along the ¢ axis mediated by
the isotropic part of the transferred hyperfine coupling, while
the '*N nucleus does not. The significantly reduced hyperfine
coupling on the 13C site compared to other nuclear sites in
CuNCN also explains why both magnetic components that
appear below T}, can be observed by '*C NMR. In contrast, only
the dynamical high-temperature component can be detected
by ®*Cu NQR and N NMR [27], while the low-temperature
component possessing larger frozen fields is inaccessible by
these two types of nuclei.

C. Muon spin rotation

To further characterize the two magnetic components ap-
pearing below 7j,, we turn to uSR. Previous zero-field (ZF)
1SR experiments on CuNCN demonstrated that the internal
field Bjy in the low-temperature magnetic phase is frozen and
broadly distributed [21,27]. The distribution width (18 mT at
5 K) was found to be similar to the average field magnitude.
Due to the inhomogeneous magnetism below Ty, it was essen-
tially impossible to fit the ZF data unequivocally between 7},
and 7;. The TF measurements, on the other hand, have been per-
formed so far only in a weak applied field By = 2 mT < Biy.
In this case, only the signal of the dynamical high-temperature
component could be traced below T, and was gradually lost
on decreasing temperature [Fig. 2(b)], while the ©SR signal
corresponding to the magnetically frozen component was
undetectable [27]. Further insight into the inhomogeneous
magnetism, complementary to the previous (SR investigations
and present *Cu NQR and '*C NMR, can be gained from TF
measurements in a strong external field (Bj, < Brp), where
Bin represents only a small perturbation to Brp.

The muon asymmetry A measured in the applied field
Brg =520 mT shows a pronounced evolution with tem-
perature [Fig. 4(a)]. At 290 K, a single-component slowly
relaxing oscillating signal is observed. On the other hand, at
temperatures below 7;, = 80 K, two oscillating components
are clearly seen. The first component retains slow relaxation,
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FIG. 4. (a) Oscillation of muon asymmetry in the transverse mag-
netic field of 520 mT and (b) the corresponding Fourier transforms.
The curves are shifted vertically for clarity. (¢) The SR signal at
50 K, demonstrating the presence of two oscillating component with
significantly different damping rates. The solid lines in (a) and (c)
correspond to fits with two damped cosine contributions [Eq. (1)],
while in (b) the line represents a Gaussian fit.

while the second component relaxes much faster [Fig. 4(c)].
This can be further visualized by the Fourier transform analysis
of the oscillations [Fig. 4(b)]. The analysis reveals a single-
component (f£1) narrow spectrum above 73 and an additional
broad component (u;) appearing below this temperature.
The intensity of the ©; component decreases below T;, with
decreasing temperature and completely disappears below 7; =
20 K. These results are thus in complete agreement with the
3C NMR spectra also revealing the simultaneous presence
of both the narrow and the broad component between 7, and
T;. At 5 K, the uSR FFT spectrum is Gaussian [Fig. 4(b)].
Its FWHM of §, = 5.3 MHz corresponds to a static-field-
distribution width of 7§, /y,, = 20 mT, which is in perfect
agreement with previous ZF uSR results [27]. We note that
internal fields in the range 10-100 mT are typically detected
by muons in frozen magnetic insulators with spin-1/2 entities
[30]. Therefore, the frozen moment in the broad 1, component
must represent a significant part of a full Bohr magneton. On
the contrary, the width of the narrow ©; component is about
25 times smaller (see below), thus once more revealing its
predominantly dynamical nature.

A more quantitative insight is obtained from fitting the muon
data in the time domain [Fig. 4(a)]. The muon asymmetry can
be modeled with a single damped cosine component above
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sity of the narrow w; and the broad u, wSR component [defined
as A;(T)/Ay, where Ay corresponds to full asymmetry] compared
to the relative intensities I; /(I; + I,) of the narrow '*C; and broad
13C, NMR component and the %C NQR intensity. (b) Comparison of
the SR relaxation rates, the '*C NMR linewidth of the narrow (1)
and broad (2) components, and the %3C NQR linewidth. The arrows
indicate specific temperatures 7;, and 7;.

T, and below T;, while two such components with different
relative amplitudes A;, frequencies v;, and relaxation rates X;
are needed in the intermediate temperature regime, where

A(t) = A, cos 2rvit)e” ™D 1 A, cos Qrvyt)e®D' . (1)

The two amplitudes are found to sum to the full asymmetry
of Ag = 0.206 at all temperatures. Their temperature depen-
dence, shown in Fig. 5(a), quantifies—in terms of volume
fractions—the gradual transition from the dynamical px; to
the frozen u, component between 7, and 7;. Identical results
[Fig. 5(a)] are obtained from fitting the complementary '*C
NMR spectra with two Gaussian contributions [Fig. 3(c)]
between T; and 60 K, where the fits become unreliable due
to weak intensity of the broad component. The disappearance
of the high-temperature component (1) and its broadening with
decreasing temperatures in both experiments [Fig. 5(b)] also
corresponds nicely to the behavior of the *Cu NQR signal.
The temperature evolution of the uSR relaxation rates A;
and 3C linewidths '*8; of the two components is displayed
in Fig. 5(b). We note that both A;’s exceed the longitudinal
muon relaxation rate [21] and both '38;’s exceed the *C
spin-lattice relaxation rates by at least an order of magnitude.
A;’s and 138;’s in general contain a contribution due to a static-

field distribution and a contribution due to dynamical fields
fluctuating at the Larmor frequency, while the longitudinal
muon relaxation and the nuclear spin-lattice relaxation are
solely due to dynamical fields [31]. Therefore, the static-local-
field contribution to A; and '*8; must dominate. The static-
field distributions increase sizably already in the dynamical
high-temperature magnetic component (1) when decreasing
the temperature from room temperature toward 7, = 80 K
[Fig. 5(b)], implying the presence of short-range correlations.
Below T}, the increasing trend of A; and 135, with decreasing
temperature becomes even more pronounced. Interestingly,
this increase is correlated with the increasing relaxation/width
of the other, frozen component (2) that emerges below Tj,.

IV. DISCUSSION

Let us first compare our results to previous magnetic studies
of CuNCN. Tsirlin et al. dubbed the low-temperature phase
of CuNCN a “hidden magnetic order” [21]. We have indeed
found complementary evidence of frozen magnetism at low
temperatures in this study. However, in addition to the fact
that magnetic Bragg peaks are absent [19], there are several
experimental findings that speak strongly against long-range
magnetic order. First, we emphasize that the width of the
distribution of the internal static fields is extremely large, i.e.,
of the order of the average field magnitude. This property,
initially revealed by ZF uSR experiments [21,27], is confirmed
here by the broad Gaussian TF SR and '*C NMR spectra at
low temperatures. In contrast, box-shaped spectra would be
observed for a powder sample in the case of a well-defined
internal field. Secondly, we stress that the '*C spin-lattice
relaxation rate at low temperatures shows a linear temperature
dependence, which also does not agree with ordinary 3D anti-
ferromagnetically ordered states. Namely, for the usually dom-
inant Raman-magnon-scattering process, one generally finds
1/T; o< T? for temperatures much above the gap in the spin-
wave spectrum [34]. If the temperature is lower than the gap
or higher-order magnon scattering terms are dominant, the
temperature dependence of 1/7; will be even steeper [34].

These observations show that the low-temperature magnetic
state of CuNCN is a frozen, highly magnetically disordered
state. In terms of static magnetic fields, this state is closer to
a spin-glass-like state than to a long-range antiferromagnetic
order. However, the canonical spin-glass picture does not
apply, since the onset of spin freezing at 7, = 80 K seems
to be independent of the magnetic field, as both the zero-
field NQR and the NMR experiments performed in 9.4 T
show essentially the same results. This field independence
and the lack of any zero-field-cooled/field-cooled magnetic
irreversibility [27] differentiate CuNCN from other more
conventional disordered frozen spin systems [35].

In another proposal, a competing scenario to a frozen
magnetic state was presented [27]. This scenario of a spin-
liquid instability at 7, = 80 K was proposed based on (i) the
fact that the exchange coupling was predicted to be extremely
large [16,17], potentially allowing for a correlated magnetic
state already at temperatures as high as room temperature,
(ii) the spin-only magnetic susceptibility deduced from ESR
was found to exhibit a sudden decrease at 7}, [27], (iii) even
polarized neutron diffraction experiments failed to detect any
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magnetic Bragg peaks down to the lowest temperatures [19],
and (iv) the spin liquids were possibly fragile to external
perturbations, such as implanted muons in the SR experiment
and high magnetic fields applied in the NMR experiments. The
present experiments eliminate the uncertainties of point (iv),
unambiguously reveal frozen magnetic fields, and thus leave
much less room for any interpretation based of a transition
between a gapless high-temperature spin liquid and a pseudo-
gapped low-temperature spin liquid.

All complementary experimental techniques employed in
our study, even the zero-field NQR, show the same general
features. The data are in fact entirely consistent with an inho-
mogeneous state with two magnetic components below 7, the
essentially dynamical nature of one of the components and the
presence of large static magnetic fields in the other component.
Such a two-component picture also explains the decrease of
the ESR susceptibility [27] below T;,. An interesting finding
of the two experiments that are able to detect both magnetic
components between 7, and T; (3C NMR and TF MuSR) is
that internal fields emerge also in the dynamical phase and that
the broadening of the dynamical '3C; component 136, and the
relaxation of the dynamical ©; component A; scale with the
broadening '*8, and relaxation A, of the corresponding frozen
components [Fig. 5(b)]. This indicates that the dynamical com-
ponent and the frozen component are intertwined rather then
being phase-segregated. Furthermore, the scaling suggests that
the small static fields observed in the dynamical component
actually originate from the magnetically frozen component,
implying a microscopic mixture of both components. We
find that the scaling ratios A,/A; ~ 25 and '%8,/38, ~ 4
differ substantially [Fig. 5(b)]. This is most likely due to the
fact that the value of 38, is relatively decreased due to a
symmetric position of the '*C nucleus on the NCN>~ bond with
respect to the surrounding frozen copper moments (Fig. 1).
For the isotropic part of the hyperfine coupling, this symmetry
causes filtering-out of antiferromagnetic correlations in both
a and c crystallographic directions, along which the exchange
couplings are predicted to be dominant [17,18]. This does not
apply for the usually much less symmetric position of the muon
stopping site [30]. On the other hand, the ratio 4635, /936,
of the Cu NQR linewidths should be enhanced compared to the
A2/A1 ~ 25 ratio. The reason is that the %3938, linewidth of the
detectable dynamical component originates from a transferred
hyperfine coupling with neighboring static Cu®* electronic
moments (Fig. 1), while the contribution of dynamical on-site
moments is reduced due to exchange narrowing [31]. On the
other hand, for the undetectable frozen component, the 63,655,
linewidth is determined by the hyperfine coupling to the on-site
static moments. The on-site hyperfine coupling is usually
orders of magnitude larger than the transferred coupling.
Therefore, the frozen %3-°*Cu NQR component should be much
broader than the dynamical component, which explains why
we were unable to detect it.

Similar magnetic inhomogeneities to the one observed
in CuNCN between T, = 80 K and 7; = 20 K have been
related in the literature [6—14] to geometrical frustration of the
underlying spin lattice leading to a degenerate ground-state
manifold. The coexistence of different magnetic components
on a microscopic scale is then a natural way to release frustra-
tion. Although the exact spin model of CuNCN is at present

still a subject of debate [17,18], the observation of magnetic
inhomogeneity in the broad temperature range between 7, and
T; speaks in favor of a highly frustrated spin model, rather than
any model where geometrical frustration is negligible.

The gradual onset of the frozen magnetic phase below
T, = 80 K is reminiscent of disorder-broadened first-order
phase transitions [36,37], regularly encountered in the forma-
tion of metastable magnetic states with glassy characteristics,
e.g., such as found in colossal magnetoresistive manganites
[38,39]. However, the latter phenomenon is generally field-
dependent, shows thermal hysteresis, and relies on the presence
of quenched disorder or accommodation strain [39—41]. As
already emphasized above, there is no apparent field depen-
dence in spin freezing of CuNCN below 7}, at least for fields
up to 9.4 T. We also observed no thermal hysteresis in any
of our experiments. Furthermore, the fraction of magnetic
impurities in our sample was estimated to be as low as 0.04%
[27]. Therefore, the scenario of the disorder-broadened first-
order phase transition that would result in an “undercooled”
dynamical state in CuNCN below T}, seems unlikely.

On the other hand, we note that a recent high-resolution
synchrotron study of CuNCN revealed anisotropic broadening
of Bragg peaks, especially those with reflection indexes related
to the crystallographic b axis [21]. This suggests the presence
of microstructural irregularities, which, surprisingly, are anti-
correlated with the chemical inhomogeneity, as the anisotropic
broadening is most pronounced in samples with the lowest
amount of impurities and almost perfect stoichiometry [21].
In this respect, CUNCN resembles the case of o-NaMnO5.
There, a similar kind of anisotropic broadening of Bragg
reflections was shown to originate from near-degenerate crystal
structures where geometrical frustration of the spin lattice
led to a magnetostructurally inhomogeneous phase-separated
ground state [10,11]. Although only one stable crystallographic
phase has been experimentally found in CuNCN so far, it is
reassuring to note that two polymorphs exist in the case of a
sister HENCN compound [42], where their energy difference
is rather small [43]. Alternatively, extremely low-frequency
flexural modes of CuNCN along the b axis [20] could also
explain the anisotropic broadening of synchrotron Bragg peaks
[21]. These or similar modes can also be involved in the
formation of the inhomogeneous magnetic state, as observed
in our experiments on a time scale longer than ~0.1 us, if the
magnetoelastic coupling is substantial.

Finally, we highlight a signature of a structural change that
is found in CuNCN in the Cu NQR experiment. At T* =
200 K, a clear peak is observed in the spin-spin relaxation rate
1/ T, [inset in Fig. 2(d)], which is accompanied by a notable
linewidth increase below the same temperature [Fig. 2(d)]. As
no magnetic anomaly has been observed so far at 200 K in any
experiment, we attribute this behavior to a subtle structural
effect, like freezing-out of a particular lattice excitation. In
CuNCN, flexural phonon modes and libration modes are
limited to rather low frequencies/energies [20] and may thus
fall into the time window of the 1/ 7T, measurements.

V. CONCLUSIONS

The combination of complementary local-probe techniques
of %Cu NQR, '*C NMR, and TF SR employed in this
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study has unveiled a remarkably complex magnetic state
of CuNCN. We have firmly established that the magnetic
state below T}, = 80 K is intrinsically inhomogeneous, as the
same kind of behavior is observed by all three experimental
techniques, including NQR, which presents no perturbation to
the physical system whatsoever. On decreasing temperature
below T;, toward 7; = 20 K, the high-temperature dynami-
cal component continuously transforms into the essentially
disordered low-temperature frozen component, as evidenced
by both the two-component '*C NMR spectra [Fig. 3(c)] and
the two-component ©SR signal [Fig. 4(b)]. Importantly, we
find that the linewidth/damping of the dynamical component
detected by '3C NMR/uSR scales with the magnetically
frozen component. This experimental finding demonstrates

a mutual magnetic coupling between the two components
and eliminates the possibility of phase segregation in favor
of the two components coexisting on a microscopic scale.
Further in-depth investigations are needed to ultimately unveil
the corresponding microscopic mechanism of the intriguing
magnetic behavior of CuNCN.

ACKNOWLEDGMENTS

The financial support of the Slovenian Research Agency
under program No. P1-0125 and Project No. N1-0052 is
acknowledged. A.T. acknowledges the financial support of
the Russian Foundation for Basic Research under Project No.
18-29-04051.

[1] Introduction to Frustrated Magnetism: Materials, Experiments,
Theory, edited by C. Lacroix, P. Mendels, and F. Mila (Springer-
Verlag, Berlin, 2011).

[2] L. Balents, Spin liquids in frustrated magnets, Nature (London)
464, 199 (2010).

[3] J. Schmalian and P. G. Wolynes, Stripe Glasses: Self-Generated
Randomness in a Uniformly Frustrated System, Phys. Rev. Lett.
85, 836 (2000).

[4] Y. Mu and Y. Ma, Stripe patterns in frustrated spin systems, J.
Chem. Phys. 117, 1686 (2002).

[5] Y. Kamiya and C. D. Batista, Formation of Magnetic Mi-
crophases in Ca;Co,0g, Phys. Rev. Lett. 109, 067204 (2012).

[6] J. R. Stewart, G. Ehlers, A. S. Wills, S. T. Bramwell, and
J. S. Gardner, Phase transitions, partial disorder and multi-k
structures in Gd,Ti,O7, J. Phys.: Condens. Matter 16, L321
(2004).

[7] X. G. Zheng, T. Kawae, H. Yamada, K. Nishiyama, and C. N.
Xu, Coexisting Ferromagnetic Order and Disorder in a Uniform
System of Hydroxyhalide Co,(OH);Cl, Phys. Rev. Lett. 97,
247204 (20006).

[8] C.D.Ling, M. C. Allison, S. Schmid, M. Adveev, J. S. Gardner,
C.-W. Wang, D. H. Ryan, M. Zbiri, and T. Soehnel, Striped
magnetic ground state of the kagome lattice in Fe,Si,Sn;0,6,
Phys. Rev. B 96, 180410 (2017).

[9] S. Nakajima, T. Suzuki, Y. Ishii, K. Ohishi, I. Watanabe, T.
Goto, A. Oosawa, N. Yoneyama, N. Kobayashi, F. L. Pratt,
and T. Sasaki, Microscopic phase separation in triangular-lattice
quantum spin magnet x-(BEDT-TTF),Cu,(CN); probed by
muon spin relaxation, J. Phys. Soc. Jpn. 81, 063706 (2012).

[10] A. Zorko, O. Adamopoulos, M. Komelj, D. Arcon, and A.
Lappas, Frustration-induced nanometre-scale inhomogeneity in
a triangular antiferromagnet, Nat. Commun. 5, 3222 (2014).

[11] A.Zorko, J. Kokalj, M. Komelj, O. Adamopoulos, H. Luetkens,
D. Arcon, and A. Lappas, Magnetic inhomogeneity on a trian-
gular lattice: The magnetic-exchange versus the elastic energy
and the role of disorder, Sci. Rep. §, 9272 (2015).

[12] G. J. Nilsen, Y. Okamoto, T. Masuda, J. Rodriguez-Carvajal,
H. Mutka, T. Hansen, and Z. Hiroi, Complex magnetostructural
order in the frustrated spinel LilnCr4Og, Phys. Rev. B 91, 174435
(2015).

[13] M. Pregelj, A. Zorko, O. Zaharko, H. Nojiri, H. Berger, L. C.
Chapon, and D. Arcon, Spin-stripe phase in a frustrated zigzag
spin-1/2 chain, Nat. Commun. 6, 7255 (2015).

[14] M. Pregelj, O. Zaharko, M. Herak, M. Gomil$ek, A. Zorko, L.
C. Chapon, F. Bourdarot, H. Berger, and D. Ar¢on, Exchange
anisotropy as mechanism for spin-stripe formation in frustrated
spin chains, Phys. Rev. B 94, 081114 (2016).

[15] X. Liu, M. A. Wankeu, H. Lueken, and R. Dronskowski, A
novel method for synthesizing crystalline copper carbodiimide,
CuNCN. Structure determination by x-ray rietveld refinement,
Z. Naturforsch. B 60, 593 (2005).

[16] X. Liu, R. Dronskowski, R. K. Kremer, M. Ahrens, C. Lee, and
M.-H. Whangbo, Characterization of the magnetic and struc-
tural properties of copper carbodiimide, CuNCN, by neutron
diffraction and first-principles evaluations of its spin exchange
interactions, J. Phys. Chem. C 112, 11013 (2008).

[17] A. A. Tsirlin and H. Rosner, Uniform spin-chain physics arising
from N-C-N bridges in CuNCN, the nitride analog of the copper
oxides, Phys. Rev. B 81, 024424 (2010).

[18] A.L. Tchougréeff and R. Dronskowski, Low-temperature struc-
ture anomalies in CuUNCN. Manifestations of RVB phase transi-
tions?J. Phys.: Condens. Matter 25, 435602 (2013).

[19] H. Xiang, X. Liu, and R. Dronskowski, Theoretical reinvesti-
gation of the electronic structure of CuNCN: The influence of
packing on the magnetic properties, J. Phys. Chem. C 113, 18891
(2009).

[20] A. L. Tchougréeff, R. P. Stoffel, A. Houben, P. Jacobs, R.
Dronskowski, M. Pregelj, A. Zorko, D. Ar¢on, and O. Zaharko,
Atomic motions in the layered copper pseudochalcogenide
CuNCN indicative of a quantum spin-liquid scenario, J. Phys.:
Condens. Matter 29, 235701 (2017).

[21] A. A. Tsirlin, A. Maisuradze, J. Sichelschmidt, W. Schnelle, P.
Hohn, R. Zinke, J. Richter, and H. Rosner, Hidden magnetic
order in CuNCN, Phys. Rev. B 85, 224431 (2012).

[22] A.L.Tchougréeff and R. Dronskowski, Mean-field RVB ground
states of lattice models of CuNCN, Low Temp. Phys. 40, 73
(2014).

[23] T. Itou, A. Oyamada, S. Maegawa, and R. Kato, Instability of
a quantum spin liquid in an organic triangular-lattice antiferro-
magnet, Nat. Phys. 6, 673 (2010).

[24] M. Gomilsek, M. Klanjsek, M. Pregelj, F. C. Coomer, H.
Luetkens, O. Zaharko, T. Fennell, Y. Li, Q. M. Zhang, and A.
Zorko, Instabilities of spin-liquid states in a quantum kagome
antiferromagnet, Phys. Rev. B 93, 060405(R) (2016).

[25] M. Gomilsek, M. Klanjsek, R. Zitko, M. Pregelj, F. Bert, P.
Mendels, Y. Li, Q. M. Zhang, and A. Zorko, Field-induced

214432-8


https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1038/nature08917
https://doi.org/10.1103/PhysRevLett.85.836
https://doi.org/10.1103/PhysRevLett.85.836
https://doi.org/10.1103/PhysRevLett.85.836
https://doi.org/10.1103/PhysRevLett.85.836
https://doi.org/10.1063/1.1487817
https://doi.org/10.1063/1.1487817
https://doi.org/10.1063/1.1487817
https://doi.org/10.1063/1.1487817
https://doi.org/10.1103/PhysRevLett.109.067204
https://doi.org/10.1103/PhysRevLett.109.067204
https://doi.org/10.1103/PhysRevLett.109.067204
https://doi.org/10.1103/PhysRevLett.109.067204
https://doi.org/10.1088/0953-8984/16/28/L01
https://doi.org/10.1088/0953-8984/16/28/L01
https://doi.org/10.1088/0953-8984/16/28/L01
https://doi.org/10.1088/0953-8984/16/28/L01
https://doi.org/10.1103/PhysRevLett.97.247204
https://doi.org/10.1103/PhysRevLett.97.247204
https://doi.org/10.1103/PhysRevLett.97.247204
https://doi.org/10.1103/PhysRevLett.97.247204
https://doi.org/10.1103/PhysRevB.96.180410
https://doi.org/10.1103/PhysRevB.96.180410
https://doi.org/10.1103/PhysRevB.96.180410
https://doi.org/10.1103/PhysRevB.96.180410
https://doi.org/10.1143/JPSJ.81.063706
https://doi.org/10.1143/JPSJ.81.063706
https://doi.org/10.1143/JPSJ.81.063706
https://doi.org/10.1143/JPSJ.81.063706
https://doi.org/10.1038/ncomms4222
https://doi.org/10.1038/ncomms4222
https://doi.org/10.1038/ncomms4222
https://doi.org/10.1038/ncomms4222
https://doi.org/10.1038/srep09272
https://doi.org/10.1038/srep09272
https://doi.org/10.1038/srep09272
https://doi.org/10.1038/srep09272
https://doi.org/10.1103/PhysRevB.91.174435
https://doi.org/10.1103/PhysRevB.91.174435
https://doi.org/10.1103/PhysRevB.91.174435
https://doi.org/10.1103/PhysRevB.91.174435
https://doi.org/10.1038/ncomms8255
https://doi.org/10.1038/ncomms8255
https://doi.org/10.1038/ncomms8255
https://doi.org/10.1038/ncomms8255
https://doi.org/10.1103/PhysRevB.94.081114
https://doi.org/10.1103/PhysRevB.94.081114
https://doi.org/10.1103/PhysRevB.94.081114
https://doi.org/10.1103/PhysRevB.94.081114
https://doi.org/10.1021/jp8007199
https://doi.org/10.1021/jp8007199
https://doi.org/10.1021/jp8007199
https://doi.org/10.1021/jp8007199
https://doi.org/10.1103/PhysRevB.81.024424
https://doi.org/10.1103/PhysRevB.81.024424
https://doi.org/10.1103/PhysRevB.81.024424
https://doi.org/10.1103/PhysRevB.81.024424
https://doi.org/10.1088/0953-8984/25/43/435602
https://doi.org/10.1088/0953-8984/25/43/435602
https://doi.org/10.1088/0953-8984/25/43/435602
https://doi.org/10.1088/0953-8984/25/43/435602
https://doi.org/10.1021/jp907458f
https://doi.org/10.1021/jp907458f
https://doi.org/10.1021/jp907458f
https://doi.org/10.1021/jp907458f
https://doi.org/10.1088/1361-648X/aa6e73
https://doi.org/10.1088/1361-648X/aa6e73
https://doi.org/10.1088/1361-648X/aa6e73
https://doi.org/10.1088/1361-648X/aa6e73
https://doi.org/10.1103/PhysRevB.85.224431
https://doi.org/10.1103/PhysRevB.85.224431
https://doi.org/10.1103/PhysRevB.85.224431
https://doi.org/10.1103/PhysRevB.85.224431
https://doi.org/10.1063/1.4850536
https://doi.org/10.1063/1.4850536
https://doi.org/10.1063/1.4850536
https://doi.org/10.1063/1.4850536
https://doi.org/10.1038/nphys1715
https://doi.org/10.1038/nphys1715
https://doi.org/10.1038/nphys1715
https://doi.org/10.1038/nphys1715
https://doi.org/10.1103/PhysRevB.93.060405
https://doi.org/10.1103/PhysRevB.93.060405
https://doi.org/10.1103/PhysRevB.93.060405
https://doi.org/10.1103/PhysRevB.93.060405

MAGNETIC INHOMOGENEITY IN THE COPPER ...

PHYSICAL REVIEW B 97, 214432 (2018)

instability of a gapless spin liquid with a spinon Fermi surface,
Phys. Rev. Lett. 119, 137205 (2017).

[26] M. Klanjsek, A. Zorko, R. Zitko, J. Mravlje, Z. Jaglici¢, P. K.
Biswas, P. Prelovsek, D. Mihailovic, and D. Arc¢on, A high-
temperature quantum spin liquid with polaron spins, Nat. Phys.
13, 1130 (2017).

[27] A. Zorko, P. Jegli¢, A. Poto¢nik, D. Arc¢on, A. Balcytis, Z.
Jaglic¢i¢, X. Liu, A. L. Tchougréeff, and R. Dronskowski,
Unconventional Magnetism in a Nitrogen-Containing Analog
of Cupric Oxide, Phys. Rev. Lett. 107, 047208 (2011).

[28] A. L. Tchougréeff, X. Liu, P. Miiller, W. van Beek, U. Rusche-
witz, and R. Dronskowski, Structural study of CuNCN and its
theoretical implications: A case of a resonating-valence-bond
state? J. Phys. Chem. Lett. 3, 3360 (2012).

[29] P. Jacobs, A. Houben, A. L. Tchougréeff, and R. Dronskowski,
High-resolution neutron diffraction study of CuNCN: New
evidence of structure anomalies at low temperature, J. Chem.
Phys. 139, 224707 (2013).

[30] A. Yaouanc and P. D. De Réotier, Muon Spin Rotation, Re-
laxation, and Resonance: Applications to Condensed Matter
(Oxford University Press, Oxford, 2011).

[31] A. Abragam, The Principles of Nuclear Magnetism (Oxford
University Press, Oxford, 1961).

[32] A. Abragam and B. Bleaney, Electron Paramagnetic Resonance
of Transition Ions (Clarendon, Oxford, 1970).

[33] A. Zorko, F. Bert, P. Mendels, P. Bordet, P. Lejay, and
J. Robert, Easy-Axis Kagome Antiferromagnet: Local-Probe
Study of Nd;GasSiOy4, Phys. Rev. Lett. 100, 147201
(2008).

[34] D. Beeman and P. Pincus, Nuclear spin-lattice relaxation in
magnetic insulators, Phys. Rev. 166, 359 (1968).

[35] K. Binder and A. P. Young, Spin glasses: Experimental facts,
theoretical concepts, and open questions, Rev. Mod. Phys. 58,
801 (1986).

[36] M. A.Manekar, S. Chaudhary, M. K. Chattopadhyay, K. J. Singh,
S. B. Roy, and P. Chaddah, First-order transition from anti-
ferromagnetism to ferromagnetism in Ce(Fegg6Alg4)2, Phys.
Rev. B 64, 104416 (2001).

[37] K. Kumar, A. K. Pramanik, A. Banerjee, P. Chaddah, S. B. Roy,
S. Park, C. L. Zhang, and S.-W. Cheong, Relating supercooling
and glass-like arrest of kinetics for phase separated systems:
Doped CeFe, and (La, Pr, Ca)MnOs, Phys. Rev. B 73, 184435
(2006).

[38] Y. Tokura, H. Kuwahara, Y. Moritomo, Y. Tomioka, and A.
Asamitsu, Competing Instabilities and Metastable States in
(Nd,Sm), »Sr1,,MnOs3, Phys. Rev. Lett. 76, 3184 (1996).

[39] E. Dagotto, Complexity in strongly correlated electronic sys-
tems, Science 309, 257 (2005).

[40] K. H. Ahn, T. Lookman, and A. R. Bishop, Strain-induced metal-
insulator phase coexistence in perovskite manganites, Nature
(London) 428, 401 (2004).

[41] W. Wu, L. Casey, N. Hur, S. Park, S.-W. Cheong, and A. De
Lozanne, Magnetic imaging of a supercooling glass transition
in a weakly disordered ferromagnet, Nat. Mater. 5, 881 (2006).

[42] X. Liu, P. Miiller, P. Kroll, and R. Dronskowski, Synthesis,
structure determination, and quantum-chemical characterization
of an alternate HgNCN polymorph, Inorg. Chem. 41, 4259
(2002).

[43] X. Liu, P. Miiller, P. Kroll, R. Dronskowski, W. Wilsmann,
and R. Conradt, Experimental and quantum-chemical studies
on the thermochemical stabilities of mercury carbodiimide and
mercury cyanamide, ChemPhysChem 4, 725 (2003).

214432-9


https://doi.org/10.1103/PhysRevLett.119.137205
https://doi.org/10.1103/PhysRevLett.119.137205
https://doi.org/10.1103/PhysRevLett.119.137205
https://doi.org/10.1103/PhysRevLett.119.137205
https://doi.org/10.1038/nphys4212
https://doi.org/10.1038/nphys4212
https://doi.org/10.1038/nphys4212
https://doi.org/10.1038/nphys4212
https://doi.org/10.1103/PhysRevLett.107.047208
https://doi.org/10.1103/PhysRevLett.107.047208
https://doi.org/10.1103/PhysRevLett.107.047208
https://doi.org/10.1103/PhysRevLett.107.047208
https://doi.org/10.1021/jz301722b
https://doi.org/10.1021/jz301722b
https://doi.org/10.1021/jz301722b
https://doi.org/10.1021/jz301722b
https://doi.org/10.1063/1.4840555
https://doi.org/10.1063/1.4840555
https://doi.org/10.1063/1.4840555
https://doi.org/10.1063/1.4840555
https://doi.org/10.1103/PhysRevLett.100.147201
https://doi.org/10.1103/PhysRevLett.100.147201
https://doi.org/10.1103/PhysRevLett.100.147201
https://doi.org/10.1103/PhysRevLett.100.147201
https://doi.org/10.1103/PhysRev.166.359
https://doi.org/10.1103/PhysRev.166.359
https://doi.org/10.1103/PhysRev.166.359
https://doi.org/10.1103/PhysRev.166.359
https://doi.org/10.1103/RevModPhys.58.801
https://doi.org/10.1103/RevModPhys.58.801
https://doi.org/10.1103/RevModPhys.58.801
https://doi.org/10.1103/RevModPhys.58.801
https://doi.org/10.1103/PhysRevB.64.104416
https://doi.org/10.1103/PhysRevB.64.104416
https://doi.org/10.1103/PhysRevB.64.104416
https://doi.org/10.1103/PhysRevB.64.104416
https://doi.org/10.1103/PhysRevB.73.184435
https://doi.org/10.1103/PhysRevB.73.184435
https://doi.org/10.1103/PhysRevB.73.184435
https://doi.org/10.1103/PhysRevB.73.184435
https://doi.org/10.1103/PhysRevLett.76.3184
https://doi.org/10.1103/PhysRevLett.76.3184
https://doi.org/10.1103/PhysRevLett.76.3184
https://doi.org/10.1103/PhysRevLett.76.3184
https://doi.org/10.1126/science.1107559
https://doi.org/10.1126/science.1107559
https://doi.org/10.1126/science.1107559
https://doi.org/10.1126/science.1107559
https://doi.org/10.1038/nature02364
https://doi.org/10.1038/nature02364
https://doi.org/10.1038/nature02364
https://doi.org/10.1038/nature02364
https://doi.org/10.1038/nmat1743
https://doi.org/10.1038/nmat1743
https://doi.org/10.1038/nmat1743
https://doi.org/10.1038/nmat1743
https://doi.org/10.1021/ic020133g
https://doi.org/10.1021/ic020133g
https://doi.org/10.1021/ic020133g
https://doi.org/10.1021/ic020133g
https://doi.org/10.1002/cphc.200300635
https://doi.org/10.1002/cphc.200300635
https://doi.org/10.1002/cphc.200300635
https://doi.org/10.1002/cphc.200300635



