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We present NMR measurements of a strong-leg spin-1/2 Heisenberg antiferromagnetic ladder com-
pound (C5H;(N),CuBr, under magnetic fields up to 15 T in the temperature range from 1.2 K down to
50 mK. From the splitting of NMR lines, we determine the phase boundary and the order parameter of the
low-temperature (three-dimensional) long-range-ordered phase. In the Tomonaga-Luttinger regime above
the ordered phase, NMR relaxation reflects characteristic power-law decay of spin correlation functions as
1/T; o« TY2X=1 which allows us to determine the interaction parameter K as a function of field. We find
that field-dependent K varies within the 1 < K < 2 range, which signifies attractive interaction between the

spinless fermions in the Tomonaga-Luttinger liquid.
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The concept of the Tomonaga-Luttinger liquid (TLL)
provides a universal description of gapless quantum systems
of interacting particles in one dimension (1D), irrespective
of the underlying microscopic Hamiltonian [1-4]. Within
the TLL framework, the low-energy properties are com-
pletely characterized by only two parameters, the renormal-
ized velocity of excitations u# and the dimensionless
interaction parameter K. For instance, the exponents of all
correlation functions, which follow power laws, have simple
expressions in terms of K only. This concept has been
successfully applied to a wide variety of systems [4,5],
e.g., organic conductors [6], carbon nanotubes [7—11], quan-
tum wires [12], edge states of fractional quantum Hall
liquids [13], cold atoms [14], and antiferromagnetic (AF)
quantum spin systems [15—18]. The predicted original prop-
erties, such as power-law correlations or fractionalization of
the excitations, have been well demonstrated by experiments
[4,5]. Nevertheless, it remains a very difficult task to relate
the universal TLL parameters to the microscopic model [4].

The quantum spin systems appear to be a rather unique
exception in that respect: their microscopic interactions
are often simple and well defined, such that # and K can
actually be calculated and directly compared with experi-
ments, which enables quantitative tests of the TLL theory
[4,17-19]. Among others, spin-1/2 Heisenberg AF ladder
systems, having exchange interactions Ji., along the legs
and Jy,,, along the rungs, have proven particularly useful
under a magnetic field [17-19]. In zero or low field, strong
quantum fluctuations in a ladder prohibit any magnetic
order but lead to a collective singlet ground state, often
called a spin liquid, that is protected by a finite gap to the
lowest triplet excitations. Application of a magnetic field H
lowers one triplet level by Zeeman energy and eventually
closes the gap for the field larger than a critical one
H > H_,. The gap closing is accompanied by a transition
into a gapless phase that survives up to a saturation field
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H_,. This gapless phase can be described as a TLL of
spinless fermions with the help of direct mapping of the
spin-ladder Hamiltonian onto a model of interacting spin-
less fermions [20-22]. A remarkable feature arising from
this mapping concerns the role of the applied field in
controlling the TLL physics: H, now acting like a chemical
potential, controls the filling of a fermion band and deter-
mines, together with Jj,, and Jy,e, the interaction (K)
between the fermions [4]. The spin ladder in a strong-
rung coupling regime (Jeq/Jrung < 1) has been successfully
explored in (CsH;,N),CuBr, (BPCB) [17-19,23], which
indeed has offered a unique opportunity to test the TLL
theory quantitatively over the whole band fillings [17].

Meanwhile, the ladders are known to provide an inter-
esting contrast for the associated TLLs, according to the
coupling regime [4,20,21]: the theory predicts attractive
spinless fermions (or attractive spinon excitations), i.e.,
K > 1, for the ladder in the strong-leg coupling regime,
while repulsive interactions (K <<1) characterize the
strong-rung regime, as in BPCB [17]. The prediction for
the attractive interactions, however, could not have been
confirmed for more than a decade [4,20,21], mainly due
to the absence of a suitable strong-leg ladder material
with low-enough-energy scales accessible by available
magnetic fields.

The recent success [24] in synthesis of (C;H;(N),CuBr,
(a compound called DIMPY) appears promising in that
regard, since this material features a ladder structure of
spin-1/2 Cu?' ions coupled via isotropic exchanges
Jieg = 16.5 K and Jp,, = 9.5 K through Cu-Br-Br-Cu
bonds [24-27]. Magnetic one dimensionality [25] and a
small magnon gap of 42 K [25,26] were confirmed by
neutron scattering. No magnetic transition was observed
down to 150 mK in zero field, while the field-induced
transition into the TLL phase at H, = 3.0(3) T was
revealed by specific-heat measurements [25]. The density
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matrix renormalization group (DMRG) calculations, com-
bined with the thermodynamic measurements and neutron
scattering results, predicted H,, =~ 29 T [27]. The satura-
tion was indeed observed around a similar value of 31 T at
1.6 K in preliminary pulsed-field magnetization measure-
ments [28]. Furthermore, field-dependent thermodynamic
anomalies in specific-heat and magnetocaloric effects
were found and attributed to magnetic transition into a
low-temperature long-range-ordered phase due to weak
interladder coupling [27,29]. This transition is expected
to belong to the 3D XY universality class, and the ordered
phase (canted XY antiferromagnet) can be described as a
magnon Bose-Einstein condensate (BEC) [20], although
direct evidence for the order parameter has not yet been
found. The available experimental results, supported by
theoretical calculations [27], highlight DIMPY as an ideal
strong-leg ladder compound in which one can hope for
probing attractive interactions in the TLL phase [27,29].

In this Letter, we present the NMR investigation of
DIMPY, providing the first direct evidence for a TLL
with attractive interactions. We first identify the order
parameter below the magnetic transition temperature 7'
through NMR line splitting and map out the ordered-phase
boundary as a function H. Then, we evidence power-law
spin correlations in the TLL phase defined above 7. via
the NMR relaxation rate 1/7, measurements as a function
of temperature. They allow us to extract the sign and
field-dependent strength of the interaction between the
spinless fermions.

For these experiments, we used a single crystal with
approximate dimensions 1.5X 1 X 1 mm? and mass
2.5 mg, which has been grown from solution with the

(a) (b)

temperature gradient method described in detail in
Ref. [30]. The monoclinic crystalline structure (space
group P2,/n) and quality of the crystal were confirmed
by x-ray and neutron scattering [30], and a trace of
paramagnetic impurities were found to be negligible, of
the order of 0.1% (see the Supplemental Material [31]).
A unit cell contains two different ladders running along
the a axis with different rung vectors [26], and each ladder
is assigned with two inequivalent N sites (see the
Supplemental Material [31] for the structure). Both “N
and 'H NMR were used in a complementary manner:
simple and well-resolved '“N spectra [Fig. 1(a)] arising
from only four inequivalent N sites in a unit cell allow
us to accurately track the line splitting with temperature.
The precise temperature dependence of 1/T was obtained
mainly by 'H NMR, to take advantage from its strong
signal intensity due to the large gyromagnetic ratio
("y/'"%y = 13.8). We have checked that the '*N and 'H
results are consistent in both spectrum and 7 data, as
described later.

Figure 1(a) shows typical *N NMR spectra above and
below the transition at 7, = 340 mK in 15 T. The mag-
netic field was applied along the direction 14° off from the
a axis of the crystal. This choice of orientation ensures that
all the "N NMR lines are well resolved and separated from
one another, so that the line splitting expected from internal
fields could be clearly visible. Indeed, in Fig. 1(a), each
line of the high-temperature spectrum splits into two at low
temperature. Half of the lines are visibly split, while for the
others we simply observed a broadening. The splitting is
symmetrical, and the split lines have both the shape
(Gaussian) and the width identical to the corresponding
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FIG. 1 (color online).

(a) Typical '*N NMR spectra above and below the transition 7. = 340 mK in 15 T. Four NMR lines from

inequivalent '#N sites are doubled by quadrupolar splitting (/ = 1), which results in a mirror image about the center (dashed line). The
splittings of the lines at low temperature are different due to different hyperfine coupling tensors. (b) The splitting of the lowest-
frequency line [filled with gray color in the spectrum shown in (a)] as a function of temperature in four different magnetic fields
between 3.5 and 15.0 T. The inset shows fits to the power law, where the solid line represents the best fit. (c) Magnetic phase diagram
obtained by plotting the onset temperature (7. for the line splitting, where the low-field part (H < 3.5 T) was completed by 'H NMR
(see the text). The solid line represents the critical scaling for magnon BEC. Previous results from thermodynamic measurements,
squares for specific heat [27] and triangles for specific heat and magnetocaloric effects [29], are also shown.
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high-temperature line. This observation points to the devel-
opment of simple staggered internal fields that should
be transverse to the applied field [20]. The line splitting
is thus directly proportional to the size of the transverse
ordered moments.

We monitored the temperature dependence of the
splitting of the lowest-frequency line in the spectrum
[Fig. 1(a)] in various magnetic fields, which is presented
in Fig. 1(b). The data nicely illustrate development of the
order parameter upon lowering the temperature. For each
field, the onset of the splitting defines T,. The splitting
increases rapidly with decreasing temperature and even-
tually saturates toward 22 kHz around 150 mK. We tried
to fit the data to a power law Af o« (1 — T/T,)?, where
Af is the splitting and B the critical exponent. As shown
in the inset of Fig. 1(b), the best global fitting for the
09=T/T, =<1 range gives B = 0.36, which indeed
agrees with the theoretical value of 0.35 for the 3D XY
universality class [32]. These N NMR spectrum data
provide the first direct (microscopic) evidence for the
order parameter in DIMPY.

The phase boundary T.(H) of the ordered phase is drawn
in Fig. 1(c). The low field (= 3.5 T) part of the phase
diagram, where the '*N signal becomes too weak, was
completed by monitoring the evolution of the 'H spectrum
as a function of temperature or field. The consistency was
checked at 3.5 T, where both 'H and N spectra lead to the
same T, value. By extrapolating T,.(H) toward zero, we
estimate H,; = 2.55(5) T. The solid line represents a criti-
cal scaling T,. o (H — H,,)*/> for a dilute magnon 3D BEC
[20,33]. Our T.(H) data agree with and extend those
obtained from the thermodynamic anomalies reported pre-
viously [27,29] [see Fig. 1(c)]. We thus confirm that those
anomalies indeed indicate the magnetic transition into a
long-range-ordered phase, likely a magnon BEC.

Now, we turn our attention to the spin dynamics in the
TLL phase above T,.. As regards the low-energy excita-
tions, a spin-1/2 ladder can be mapped onto a model of
interacting spinless fermions, which, after linearization
around the Fermi points and bosonization, transform into
the TLL Hamiltonian [4]. As remarked before, K in this
Hamiltonian measures both the sign and the strength of
the interaction and determines the power-law exponents
of correlation functions. By NMR 1/7; measurements,
we probe local spin-spin correlations of the electrons in
the low-energy limit. For the spin ladders, in both strong-
rung and strong-leg regimes, the transverse correlation
functions at Q = 7 are dominant, which leads to 1/T o«
T'/2K=1120,34]. As the field approaches H,; (or H,, as
well), the TLL should approach a noninteracting regime
where K =1 and thus 1/7; « T%3. Independently, a
scaling argument for the 1D quantum critical regime
also leads to 1/T; « T~% [35]. Therefore, a continuous
variation of T(T) is established from the TLL to the 1D
quantum critical regime.

Figures 2(a)-2(d) show 1/T, of 'H as a function of
temperature obtained in four representative magnetic fields
3.5,5.0,12.0, and 15.0 T, respectively. The YN 1/T, datain
15.0 T are also presented in Fig. 2(d) to confirm the con-
sistency. The power-law behavior 1/T o« T* is evident for
certain temperature ranges above T... Upon lowering tem-
perature close to T, thermal critical fluctuations become
dominant and enhance 1/T; beyond the TLL behavior. We
find that the critical fluctuations become negligible above
2T,, so that we take this value as the lower bound for the
validity of the given power-law behavior defining a(H) or
K(H). On the high-temperature side, the TLL regime is
connected to the classical paramagnetic regime through a
crossover. We find that power-law behavior is sustained up
to above 37, at least. Thus, the power-law exponents «
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FIG. 2 (color online).

(a)—(d) 'H 1/T, (open circles) as a function of temperature at 3.5, 5.0, 12.0, and 15.0 T, respectively. Solid lines
are fits to the power-law behavior 1/T; « T* and represent the fitting range (see the text). Dash-dotted lines in (b)—(d) represent a
noninteracting case 1/T, « T~%3 for the same fitting range, which show clear contrast to the fitted lines. Vertical dotted lines represent
T.. The '“N 1/T, data (crosses) are overlaid in (d) for comparison. (¢) Scaled plots of normalized 1/T,T® as a function of T/T..
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FIG. 3 (color online). The extracted « as a function of applied
magnetic field. The solid line represents the DMRG calculations
reported in Ref. [27]. The corresponding K values can be read
from the scale on the right axis.

were extracted from the fits to the data systematically in
the equivalent temperature range 27, <7 < 3T, at all
field values.

To emphasize the universal 1/T, behavior, we present in
Fig. 2(e) the 1/T data in a scaled form, that is, by plotting
1/(T,T*) normalized to 1 within the fitting range as a
function of T/T,. We see that the data for 2T, <T <3T,,
and well beyond 37, when available, collapse on a flat line,
confirming a power-law behavior. The extracted « is plot-
ted as a function of field in Fig. 3. We find « in the range
—0.75 < a < —0.5, which corresponds to the attractive
interaction, i.e., | < K < 2. Moreover, « clearly converges
toward —0.5, i.e. K =1, as the field approaches H,;.
This indicates that the system approaches the noninteract-
ing regime and/or the 1D quantum critical regime, as
expected from theory. These NMR relaxation data provide
the first direct evidence for power-law correlations in
DIMPY and, more generally, attractive interactions in a
spin-ladder TLL.

As shown in Fig. 3, we find a quantitative difference
between the experimental results and the DMRG calcula-
tions reported in Ref. [27]. The experimental data yield
much larger K values than the calculated ones. The reason
for this difference is not clear at the moment. In principle,
larger Jleg/Jrung than estimated could lead to larger K.
Another possibility might be that the residue of thermal
critical fluctuations contribute to 1/7; up to higher tem-
peratures than 27, assumed here, due to their quasi-1D
magnetic character. We compared our 1/7; data with the
available model of purely 1D ladders with the dominant
transverse fluctuations [20,34]. However, as one
approaches T, from above, deviation from this simple
picture should arise as soon as the interladder correlations
become relevant. These correlations can probably be
treated in mean-field approximation, taking into account
the full 1D fluctuations. They are further followed by a
crossover regime before reaching the critical one in the

vicinity of T.. It will be interesting to take into account
these additional theoretical considerations and calculate
1/T, accordingly, to compare with the experimental data
as well as to set up the upper bound in temperature for this
model. However, these calculations are not available yet
and are beyond the scope of the present work. On the
experimental side, further measurements using different
techniques would help to resolve the issue. Inelastic neu-
tron scattering is another candidate to measure similar
properties.

To the best of our knowledge, the results presented here
are the first direct evidence for TLL with attractive inter-
actions realized in condensed matter. Most 1D physical
realizations such as carbon nanotubes and others are
known to support repulsive interactions [4]. For AF quan-
tum spin systems, calculations show that a few models,
e.g., a spin-1/2 XY ladder or an XXZ chain with ferro-
magnetic anisotropy, should support attractive interactions
[20,34], but their experimental realization must be quite
challenging. Heisenberg spin-1/2 ladders thus appear par-
ticularly interesting as they present both repulsive and
attractive regimes according to the Ji¢,/Jyyne Value, where
the crossover takes place across Jieg/Jpyng = 1. Our 1/T
results now establish this rather unique case of the attrac-
tive regime for Jie,/Jpyne > 1. Furthermore, the magnetic
field driven variation of K corresponds to the tuning of
TLL model parameters by external means, akin to quantum
simulation [36]. Indeed, the spin ladders and other gapped
1D spin systems [37] increasingly prove their utility under
a magnetic field. They host and allow manipulation of
quantum phases and many-body phenomena not only at
the qualitative but also at the quantitative level [17,36,38],
which might be otherwise difficult or impossible to realize.

To summarize, our NMR 1/T; results of the ideal
strong-leg spin-1/2 ladder compound DIMPY under a
magnetic field provide the first evidence for a TLL with
attractive interactions. The parameter K is shown to vary
between 1 and 2 as a function of field, which indicates the
field-controlled strength of the attractive interactions. In
addition, the NMR line splitting at low temperature evi-
dences the order parameter in DIMPY for the first time.
The ordered phase is likely a canted XY antiferromagnet
that can be described as the BEC of magnons.
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