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Bose-Glass Regime of the Br-Doped NiðCl1−xBrxÞ2-4SCðNH2Þ2 Compound
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By measuring the nuclear magnetic resonance (NMR) T−1
1 relaxation rate in the Br (bond) doped DTN

compound, NiðCl1−xBrxÞ2-4SCðNH2Þ2ðDTNXÞ, we show that the low-energy spin dynamics of its high
magnetic field “Bose-glass” regime is dominated by a strong peak of spin fluctuations found at the nearly
doping-independent position H� ≅ 13.6 T. From its temperature and field dependence, we conclude that
this corresponds to a level crossing of the energy levels related to the doping-induced impurity states.
Observation of the local NMR signal from the spin adjacent to the doped Br allowed us to fully characterize
this impurity state. We have thus quantified a microscopic theoretical model that paves the way to better
understanding of the Bose-glass physics in DTNX, as revealed in the related theoretical study [M. Dupont,
S. Capponi, and N. Laflorencie, Phys. Rev. Lett. 118, 067204 (2017).].

DOI: 10.1103/PhysRevLett.118.067203

The NiCl2-4SCðNH2Þ2 (DTN) compound [1], consisting
of weakly coupled chains of S ¼ 1 (Ni-ion) spins with an
easy-plane single-ion anisotropy (D), is one of the most
studied quantum spin materials [2]. Between the two
critical magnetic fields Hc1 and Hc2, it presents a mag-
netic-field-induced low-temperature (T) 3D-ordered phase,
described as a Bose-Einstein condensate (BEC) [2–5].
DTN is particularly convenient for studying this phase;
for a magnetic field (H) applied along the chain c axis, its
(body-centered) tetragonal symmetry [6] ensures the
required axial symmetry of the spin Hamiltonian with
respect to H. The values of its exchange couplings and D
(Jc=kB ¼ 2.2 K, Ja;b=kB ¼ 0.18 K, D=kB ¼ 8.9 K) [7,8]
make the BEC phase easily accessible, withHc2 ¼ 12.32 T
[9–11] and the phase transition temperature Tc below
Tcmax ¼ 1.2 K. The system can be reasonably considered
as quasi-one-dimensional (1D), with Ja;b=Jc ¼ 0.08.
Br-doped DTN, NiðCl1−xBrxÞ2-4SCðNH2Þ2 (DTNX),

allows studying the effect of a bond disorder, which
may lead to the appearance of a localized Bose-glass
(BG) phases adjacent to the (now inhomogeneous) BEC
phase [12], as suggested from the thermodynamic mea-
surements [13]. The BG state, first discussed for quantum
wires [14] and superfluid 4He absorbed in porous media
[15,16], remains elusive, with only a few experimental
examples [17–20], particularly rare for condensed-matter
systems in the thermodynamic limit [21], such as
DTNX [13].
We present here the first microscopic information on the

high-field (H > Hc2) disordered state in DTNX, where the

low-energy spin fluctuations (dynamics) are measured by
1H and 14N nuclear spin-lattice relaxation rate (T−1

1 ), while
the NMR spectra revealed the local spin polarization [22].
As compared to pure DTN, the main feature of spin
dynamics in DTNX is a peak of T−1

1 appearing at H� ≅
13.6 T independently of the doping level. This is attributed
to the level crossing of single-particle states strongly
localized at the doped-bond position, which is then some-
what distributed (disordered) by the mutual interaction of
these states. The disorder is seen by NMR as the inhomo-
geneous relaxation, relatively broad width of the T−1

1 peak,
and by the modification of the Arrhenius (gapped) T−1

1 ðTÞ
dependence. From the NMR spectra, we also determined
the local spin-polarization value of the spin adjacent to the
doping position, which allows us to determine the related
local impurity exchange coupling (J0) and the impurity
single-ion anisotropy (D0) [13,23]. We thereby fully char-
acterize the impurity state created by doping and find that it
is strongly localized on impurity, having extremely short
correlation lengths. Above Hc2, many-body physics is thus
controlled by the effective pairwise interaction between
such localized impurity states. This sheds a new light on the
BG physics expected in this system aboveHc2 [13]; while a
BG regime implies the absence of any long-range order
down to T ¼ 0, in the related theoretical work [23], it is
shown that around H� the impurity states order at low T,
thereby profoundly changing the phase diagram.
The present investigation of DTNX is based on previous

NMR work on DTN samples [24,25], enabling precise
knowledge of the hyperfine coupling tensors (A) that relate
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the spin polarization to the local magnetic field observed by
the NMR frequency shift of 1H and 14N nuclei. Three
different doping levels, x ¼ 4%, 9%, and 13%, of DTNX
single crystals were studied in a 4He cryostat, with H‖c
within 1°. The 4% doped crystal was further studied at a
lower temperature in a dilution refrigerator, with a fixed
orientation where the c-axis tilt was 2.5°.
Figure 1 presents the doping dependence of 1H T−1

1

taken at T ¼ 2.0 K, which is well above Tcmax. The system
is thus in the 1D Tomonaga-Luttinger liquid regime above
the BEC phase [11]. Below Hc2, one thus observes high
T−1
1 values (spin fluctuations), which are nearly doping

independent. Upon increasing field, this is followed by the
critical regime around Hc2, presenting for the pure DTN a
strong decrease of spin fluctuations. This dependence is
very close to what is predicted for the critical regime by the
second order processes for the transverse spin fluctuations
[26], hSþS−i ∝ e−3Δ=T , corresponding to triple of the gap
value, Δ ¼ gcμBðH −Hc2Þ=kB, that magnetic field opens
for a spin-1 excitation, where the g-tensor value is gc ¼
2.26 [7]. One tesla above Hc2, this strong decrease of
T−1
1 is slowed down as the longitudinal fluctuations

become dominant; they are indeed expected to decrease
much slower, directly reflecting a (single) gap opening,
hSzSzi ∝ e−Δ=T , which is close to what is observed in the
T−1
1 data at the high-field end for all doping values [27].
The most obvious effect of the doping is the appearance

of a peak in the 1H T−1
1 at 13.6 T, whose position is nearly

independent of doping while its strength increases and
then saturates above x ¼ 10%. This is accompanied by a
strong spatial inhomogeneity of T−1

1 , observed as a
stretched exponential relaxation of nuclear magnetization,

∝ e−ðt=T1Þβ . The β values reflect the spread of the distribu-
tion of local T−1

1 values, decreasing from β ¼ 1 for a
homogeneous system, to reach a distribution width of one
order of magnitude (on a logarithmic scale) already at β ¼
0.74 [24,28,29]. Here, the spatial inhomogeneity of local
spin fluctuations develops in DTNX above Hc2 and is
particularly strong at the T−1

1 peak.
We remark that, in general, T−1

1 is sensitive to both
transverse and longitudinal spin fluctuations, through the
diagonal and off-diagonal elements of its A tensor, respec-
tively. This is particularly valid for 1H T−1

1 , where all the
elements of its A tensor are of the same order of magnitude
[24,25]. In contrast to that, T−1

1 measured on the high-
frequency line of 14N (see inset to Fig. 3), whose A tensor is
strongly dominated by its isotropic component, is strongly
dominated by transverse spin fluctuations. The nature of
spin fluctuations can thus be distinguished by comparing
T−1
1 measured on the two nuclei. For example, in Fig. 1, the

T−1
1 peak is barely visible in the 14N T−1

1 data (measured
only for the 4% doped DTNX), meaning that at this
temperature it dominantly reflects longitudinal spin fluc-
tuations. Note that the 14N T−1

1 values are multiplied by 3,
in order to overlap the 1H and 14N data points below Hc2,
where the transverse spin fluctuations are dominant [26].
Figure 2 presents the T−1

1 data for the 4% doped DTNX,
both for 14N (closed symbols) and 1H (open symbols),
taken at very low temperature, T ≅ Tcmax=10. There are
two strong T−1

1 peaks: a very sharp one at Hcð113 mKÞ ¼
12.14 T corresponds to critical fluctuations at the phase
boundary of the ordered BEC phase, while the second one
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is at the same position as at a high temperature,
H� ¼ 13.63 T. It has kept approximately the same width,
which should thus be associated to an intrinsic disorder and
not to a temperature effect. Since the transverse spin
fluctuations are dominant at the BEC phase transition,
the 1H and 14N data points overlap there. Unlike at high T,
the same is now valid close to H�, meaning that the nature
of spin fluctuations has changed there. Outside of these two
T−1
1 peaks, the 1H data points lay above the 14N data,

reflecting the presence of longitudinal spin fluctuations. On
the right-hand side of the H� peak, where the T−1

1 ðHÞ
dependence is not affected by the critical regime related
to Hc2, experimental points follow a gapped, ∝e−Δ=T ,
dependence [27]. The inset to Fig. 2 shows that the T−1

1

values taken at H� are nearly T independent, while the
T−1
1 ðTÞ dependence at 14.45 T is close to, but not exactly

the same gapped behavior as observed in the H depend-
ence. Remembering that the relaxation is here spatially
inhomogeneous, this can be easily modeled: for simplicity,
we assume that the corresponding distribution of the local
gap values is Gaussian, centered at Δ0, and having the
variance δ. One can then analytically calculate the average
gapped behavior, he−ΔðrÞ=Ti ∝ e−Δ0=Teδ

2=ð2T2Þ. Fitting the
14.45 T 14N data to this dependence, we estimate the
distribution ofH� values, δ ¼ 0.2 T, reflecting the disorder
of the system. As δ is field independent, we also understand
that the previously discussedH dependence of T−1

1 , taken at
fixed T, remains unmodified, simple gapped behavior.
We note that the peak in T−1

1 is observed for all doping
values at the same field value H� where the steplike
increase is found in the magnetization measurements and
associated to the number of dopants [13]. This magneti-
zation step, together with the previously discussed (gapped)
H and T dependences of T−1

1 are then analogous to what is
observed in the molecular antiferromagnetic rings, where a
peak of T−1

1 appears at each crossing of molecular levels
[30,31]. In DTNX, the peak should then be associated to
crossing of levels of the impurity states localized on Br
dopants. As the distance, and thus the mutual interaction
between these states are (randomly) distributed, we speak
of disordered level-crossing physics.
The final confirmation of this scenario comes from the

observation of the local spin value of one of the two
impurity sites linked by the Br-doped bond. Indeed, in the
14N NMR spectrum shown in Fig. 3, inside the gap
produced by the main quadrupolar splitting of the high-
frequency line (14N being a spin-1 nucleus), one can clearly
observe a small signal whose shape closely mimics the four
peaks of the main line (where this fine-split quartet is due to
the 2.5° tilt of the sample). This means that we observe the
impurity spin site at position “1” in Fig. 4, having
unperturbed D value. The intensity ratio of this impurity
signal and the main line is indeed close to the expected
value, 2x=ð1 − 2xÞ ¼ 0.09 [32]. We can thus separately
measure the local polarizations of the impurity site and of

the main regular sites away from the doped bonds. These
latter are practically unaffected by doping and closely
follow the magnetization of the pure DTN (Fig. 3), defining
thus the corresponding (global) hyperfine coupling
Accðq ¼ 0Þ. For a simple two-level crossing, the H
dependence of the impurity spin polarization has a
Brillouin-like behavior, starting at mlow and saturating
at 1:m1ðH;TÞ¼½ð1−mlowÞ=2�tanh½gcμBðH−H�Þ=2kBT� þ
ð1þmlowÞ=2. As much as the NMR line position of the
weak impurity signal could be resolved from the intense
regular NMR lines, its position (diamond symbols in Fig. 3)
is indeed following this prediction. However, we can expect
that the simple model of independent impurities will be
affected by disorder close toH�. Indeed, at low T and close
to H�, we observed complex bicomponent spectra, and
above H�, the impurity signal was screened by a weak
H-independent signal, denoted by crosses in Fig. 3.
Extracting the value of the local spin polarization from the

frequency of the impurity line is nontrivial. The global
Accðq ¼ 0Þ value, determined from saturated magnetization
of the regular NMR line, consists of two unknown local
couplings of 14Nnucleus to the two closest (Ni) spins, and of
known dipolar coupling to spins that are further away:
Accðq ¼ 0Þ ¼ A1 þ A2 þ Adip. Precisely these unknown
local couplings are active in measurements of individual,
local spin values. IfA1 andA2 are comparable but unequal, a
completely localized spin depolarization, (1 −mlow), will be
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seen as two distinct NMR lines, corresponding to the two
different neighboring 14N nuclei. We could identify the
second NMR signal of the impurity site, shown by triangles
in Fig. 3, and thus completely determine all the couplings:
A1 ¼ 77.4%, A2 ¼ 22.6%, Adip ¼ 0.03%, all relative to
Accðq ¼ 0Þ ¼ 1.463 MHz=spin-1. This defines the local
polarization scale (right inner scale in Fig. 3) and the local
low-T (de)polarization value mlow ¼ 0.365ð5Þ.
This mlow value, together with H� determined from 14N

T−1
1 of Fig. 2, enable us to directly determine the doping-

induced, locally modified parameters J0 and D0. We further
observe that H� is doping independent up to a very high
percentage of doped bonds (2x ¼ 26%) [32], suggesting
that these impurity states are strongly localized, and that a
single-impurity model may capture most of the physics.
Indeed, a level crossing naturally arises from a simple
model describing a single doped (and thus more strongly
coupled) S ¼ 1 dimer embedded in its (mean-field, less
coupled) clean environment, leading to qualitatively rea-
sonable results. Furthermore, from this model, we learn that
one of these impurity states is precisely the localized state
observed by neutron diffraction at H ¼ 0 above the
magnon band [33], and that further localized states that
can be seen in Fig. 7 of Ref. [33], slightly below the top and
below the center of the band, belong to the same multiplet
of impurity states.
Including quantum dynamics provides crucial informa-

tion on the (de)localization of the spin around the impurities
[23]. For a single impurity, this can be studied both

analytically or numerically by exact diagonalization (ED).
UsingH� andmlow values, we precisely determine the local
parameters of a doped dimer, yielding J0 ¼ 2.42Jc and
D0 ¼ 0.36D [34]. The magnetization profile of the
Sztot ¼ 1 impurity state displays an exponential decay,
1 −mz

j ∝ e−jjj=ξ, with a very short localization length ξc ≃
0.48 (in lattice units) along the chains and ξa;b ≃ 0.17 in the
transverse directions (inset of Fig. 4), clearly demonstrating
strong localization of the spin density on the doped dimer.
Importantly, such localized impurity states do not always

behave as decoupled free spins. They might get correlated
at low enough temperature as many-body effects are
expected to arise from a distance (r) dependent pairwise
coupling between randomly located impurities, although it
should rapidly decay with r [35]. We confirmed this
using ED calculations by introducing two impurities at
varying distance r along and transverse to the chains. The
effective coupling between the two impurities states,
shown in Fig. 4, is found to be (i) controlled by the bare
couplings Ja;b;c and exponentially suppressed with r=λa;b;c
(λa;b;c ≃ 2ξa;b;c), and (ii) nonfrustrated, preserving the AF
character of the underlying microscopic model. This non-
trivial result paves the way to contemplate the level-
crossing physics, unveiled by NMR, as the building blocks
for a new type of “order from disorder” [36] mechanism. In
close analogy with impurity-induced long-range order
observed in various spin-gapped systems [37], the non-
frustrated character of the effective coupling between
localized two-level systems offers favorable conditions
for the impurity states to eventually get ordered at a low
temperature, in stark contrast to previously reported Bose-
glass physics in the same regime [13]. Indeed, the ordering
of impurity states could have been suspected from the
previous theoretical study of a related model system [38],
and the existence of a new (inhomogeneous) BEC phase
centered on H� is now unambiguously confirmed by a new
numerical study of DTNX [23].
To conclude, our NMR study allowed us to precisely

quantify the impurity states in DTNX, which are strongly
localized and play a crucial role in the physics of the Bose-
glass regime reported above Hc2. The system can be
effectively described by two-level impurity states whose
pairwise interaction is finite, albeit exponentially sup-
pressed with distance. We have thus built a basis to
theoretically access the many-body correlations between
impurities. This enabled a critical reexamination of the
phase diagram of DTNX above Hc2: the related theoretical
work [23] determines the (doping-dependent) extension of
the field range where an inhomogeneous, ordered, BEC-
type phase, related to the level crossing, is replacing a true
Bose-glass regime. Our work thus sets a microscopic basis
and proper delimitations of the impurity-induced BG
regime for all further studies.

We acknowledge fruitful discussions with M. A.
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FIG. 4. Theoretical (ED) results for the effective pairwise
coupling between impurity states as a function of their relative
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inset: schematic picture of a doped bond. Right inset: ED
(circles), analytical (lines), and experimental (NMR, cross) values
of local spin (de)polarizations, close to a doped bond, along the
chain (blue) and perpendicular to it (red), for a depolarized single
impurity (Hc2 < H < H�).
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