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Through a combination of experimental and theoretical techniques, we study the spin-1 field-induced
antiferromagnet NiCl,—4SC(NH;)2, (DTN). Specifically, we use magnetic susceptibility and specific heat
measurements, combined with Quantum Monte-Carlo calculations to delimit the quasi-1D Tomonaga-
Luttinger-liquid region just above the BEC phase diagram and extend our studies to higher temperatures,
where the spin interactions become negligible. This also allows us to verify some discrepancies in the
value of the single-ion anisotropy parameter D, which are not well understood yet.

© 2020 Elsevier B.V. All rights reserved.

1. Introduction

A physical system and all the phenomena that it presents are
subject to the role of dimensionality. Different dimensions reveal
different symmetries that may be broken or not, leading to striking
new properties or avoiding others to be present. Examples in
condensed-matter physics are the absence of some phase transi-
tions, such as Bose-Einstein condensation (BEC) for low dimen-
sional (d < 3) systems [1] and the appearance of topological rather
than long-range order, as in the Berezinskii-Kosterlitz-Thouless
(BKT) transition in 2D XY model [2]. Regarding 1D systems, one
important feature is the fact that several models can be solved
exactly, in the way that the ground state can be written explicitly or
easily obtained as the solution of a system of integral equations
with large applicability in the real world [3,4]. Experimental ad-
vances in the research on 1D magnetic materials stimulated theo-
retical approaches, leading to a remarkable development in this
research area in recent years [5—9].

According to Haldane’s conjecture, the linear Heisenberg anti-
ferromagnet chain with integer spin values has an energy gap be-
tween the non-magnetic ground state and the lowest-lying excited
states, while the gap vanishes in the case of half-integer spin. This
conjecture has been widely confirmed and is now well-established
[10]. In the presence of a single-ion easy-axis anisotropy D, the
Haldane gap is reduced as D is increased, but for D larger than a
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critical anisotropy D. a gap reopens [11], now associated with
doubly-degenerate excitonic modes [12]. This large-D gap, as the
Haldane gap, is associated with a non-magnetic ground state.
However, although 1D magnetic systems, defined by interactions
along a single direction, are interesting for their simplicity, real
materials display small interactions between chains which may
lead to long-range magnetic order or in some cases to some exotic
magnetic behavior.

The spin-1 system NiCl,—4SC(NH;),, known as DTN, offers a
great opportunity to study low dimensional systems. The tetrag-
onal crystalline anisotropy with an exchange interaction along the ¢
axis leads it to behave as a collection of spin chains and, at zero
external magnetic field, the small exchange interaction between
chains is not strong enough to overcome the large-D gap and
produce a spontaneous long-range order in the material [13—15].
The DTN compound is a sound example of a system that, upon
varying the temperature and the external magnetic field, may
exhibit the physics of the large-D phase, an antiferromagnetic long-
range ordered phase or a paramagnetic phase. Additionally, as in
other examples of field-induced antiferromagnetic systems
[16—23], the prospect of a field-induced Tomonaga-Luttinger-liquid
(TLL) [24] regime in DTN was studied both theoretically [25] and by
nuclear magnetic resonance (NMR) experiments [26]. Those
studies have shown that, due to the interplay between the large-D
gap and the interchain interactions, various signatures of TLL
behavior in DTN are obscured by the occurrence of the BEC of
magnons at the relevant energy scales. Nevertheless, some hints of
the TLL predicted behavior are still visible in experiments with DTN
[25], and a cartoon of the quasi-1D TLL region is available [26]. Also,
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the existence of a crossover from 1D-fermionic to 3D-bosonic
magnetic excitations in DTN was studied by magnetoacoustic
measurements [27], but no complete phase diagram displaying
both the field-induced BEC phase and quasi-1D regime was re-
ported as yet.

Here we make use of a combination of experimental and theo-
retical techniques to delimit the quasi-1D TLL regime in DTN, just
above the BEC phase, quantifying the existing cartoon. The paper is
organized as follows. In Sec. II we introduce the minimum theo-
retical model for DTN and discuss its energy scales related to the
different dimensional regimes. Sec. Il summarizes the experi-
mental and numerical methods employed, and our results from
magnetization, AC magnetic susceptibility and specific heat mea-
surements together with quantum Monte Carlo (QMC) simulations
are presented in Sec. IV. Finally, our conclusions and perspectives
for further studies are given in Sec. V.

2. Model

DTN is a spin-1 antiferromagnet whose behavior for sufficiently
small temperature and magnetic fields is described by the
Hamiltonian

H=]ap Zsrsﬂegb +]czsrsr+ec + DZ (5’,2.)2 - g/,LBHZS$7
r

r.eq rec r

(1)

where the parameters J;, /kg = 0.18 K, J./kg = 2.2K D/ kg = 8.9K
and g = 2.2 are fitted from thermodynamic [28], neutron scattering
[29] and electron-spin resonance [30] experiments. As the anisot-
ropy parameter D is positive and about 4 times larger than the
strongest exchange couplings, the ground state of the system in the
absence of a magnetic field is a non-magnetic singlet characterized
by a large-D gap.

The BEC phase corresponds to a field-induced XY-antiferro-
magnetic ordered phase occurring below T ~ 1 K between the
critical fields H;; = 2.1 Tand H, = 126 T (for T = 16 mK) [28].
Above the BEC phase, for temperatures much larger than J,,/ kg, so
that the interchain couplings becomes negligible in comparison
with thermal fluctuations, the system becomes a collection of
quasi-1D spin chains along the c axis and a magnetic 3D-to-1D
crossover is expected to occur. Fig. 1 illustrates the spin correlations
in DTN according to the temperature range.

For higher temperatures, i.e. when kgT > ], an approximation to
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Fig. 1. Schematic representations of correlations among Ni** ions in DTN in three
different regimes: (a) BEC phase, where the blue-shaded region illustrates the long-
range order; (b) Quasi-1D regime, in which the interchain interaction is smaller than
kgT and the system behaves as a set of independent chains with short-range (blue-
shaded) correlations; (c) quantum paramagnetic phase, where all the interactions
between the sites are negligible when compared with kgT and the spins are inde-
pendent of one another. (For interpretation of the references to colour in this figure
legend, the reader is referred to the Web version of this article.)
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the Hamiltonian of equation (1) is given by
2
H=D"(})" - gugH> S, )
r r

which is diagonal and can be written as a sum over single-ion terms
with eigenvalues E. = D+guBH and E; = 0. The partition
function in this case is written simply as

N
zZ= [1 426D cosh(ﬁgMBH)} , (3)
in which N is the number of magnetic lattice sites.

Since the magnetization per ion is defined as

_ kel dinz 4)
TN eH”

we end up with an expression for the high-temperature magneti-
zation in this approximation that is given by

sinh(PgugH)
cosh(BgugH) + %eﬁD

M = gug (5)

where § = 1/kgT. Likewise, the specific heat can be calculated from

c kgB? 9%Inz

N ’ 662 ’ (6)

with Z given by equation (3).
3. Methods

Well oriented single crystalline DTN samples were produced
using the method of supersaturated solution in an aqueous me-
dium. Measurements of AC magnetic susceptibility were performed
using a 155 Hz excitation field with an amplitude of 10 Oe, through
the mutual inductance bridge method in a 3He cryostat with a 20 T
superconductor magnet, applying the external magnetic field along
the c¢ axis. At such low frequency, AC and static susceptibility
measurements are expected to be indistinguishable. Magnetization
measurements and specific heat data were collected using a
Quantum Design PPMS system for temperatures down to 1.8 K and
under external magnetic fields of up to 9 T. Measurements of the
specific heat as a function of the applied magnetic field in a nearly
constant temperature were obtained using very small heat pulses,
resulting in a temperature change of the sample of less than 0.04 K
during the measurements.

In addition to the experimental results we performed a nu-
merical investigation of the DTN Hamiltonian, both in its 3D version
as well as in the 1D approximation, corresponding to taking J,, = 0
in equation (1), employing the ALPS project [31] implementation of
the Quantum Monte-Carlo simulations based on the directed loop
algorithm in the stochastic series expansion representation [32].
For the 1D model, we simulate a chain with 256 spins, where the
first 4 x 10° QMC steps were discarded to allow thermalization and
using 8 x 109 steps in the calculations. In 3D simulations an 8 x 8 x
32 grid was employed, discarding the first 2 x 10° and then taking
the next 4 x 106. In both cases we considered periodic boundary
conditions and adopted the parameters given after equation (1).

4. Results

Quite generally, TLL theory applies to the gapless regime of
strictly 1D models. Of course, the fact that real systems are mostly
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quasi-1D means that, however small the interchain couplings, their
effect will eventually be reflected in measurements of thermody-
namic properties at sufficiently low temperature. Even when one
ignores interchain couplings, spin-1 systems such as DTN are
gapped at sufficiently small magnetic fields, becoming gapless
when the field is increased past a critical value H., and again
gapped when the field is further increased past the saturation limit
Hg. Thus, if the temperature is such that interchain couplings can
be ignored, one should be able to capture signatures of the
intermediate-field TLL behavior in the thermodynamic properties
of a quasi-1D system. In order to identify those signatures, we
would ideally compare experimental data with theoretical pre-
dictions for the best available model. For spin-1 systems, a precise
theoretical description at finite temperature is provided by Quan-
tum Monte Carlo simulations. However, an approximate illustration
of TLL behavior for a large-anisotropy spin-1 chain such as the “1D-
DTN” model, obtained when interchain couplings are ignored, is
provided by a mapping to an effective spin-1/2 XXZ chain [33].

In Fig. 2a and b we present AC magnetic susceptibility curves
measured as a function of the external magnetic field, applied along
the c axis, for temperatures both below the critical temperature,
TBEC — 1.2 K, corresponding to the observation of the BEC phase
(Fig. 2a), as well as above it (Fig. 2b). We compare these curves with
1D and 3D QMC simulations.

As seen in Fig. 2a and b, the low-temperature susceptibility
exhibits a nonmonotonic behavior as a function of the field H. At
sufficiently low temperatures, the magnetic response is small for
H<Hg, as a consequence of the large-D gap. There is a suscepti-
bility maximum around H=H_, associated with the closing of the
gap as the ground state changes from a singlet state (5 = 0)toa
band of states with S = 1. Further increasing H eventually leads to
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saturation and to the reopening of the energy gap, marked by a
second susceptibility maximum at H = H,. For T < TBEC, the maxima
of the susceptibility are cusps, marking the onset of true long-range
order for intermediate fields, whereas for higher temperatures
these maxima are smooth. In agreement, this same distinction
between cusp-like and smooth behavior for the maxima is
observed in the QMC 3D results, but QMC 1D calculations always
yield smooth data, as they cannot capture 3D ordering. In contrast,
Fig. 2b shows that for T>TEEC there is hardly any distinction be-
tween QMC 3D and 1D results, as expected for a quasi-1D regime in
which J,,<kgT. As the temperature is further increased past
T ~ Jc/kg, there remains a single broad susceptibility maximum,
located at a field such that gugH=D, in agreement with equation
(5).

In Fig. 2c and d we highlight the difference that exists between
QMC 3D and 1D calculations at T = 0.6 K, where the system dis-
plays a 3D ordering. Notice the cusp-like versus smooth nature of
the maxima.

We performed specific heat measurements as a function of the
magnetic field, C(H), for temperatures down to 1.8 K and external
magnetic fields up to 9 T, shown in Fig. 3a. For the higher temper-
atures shown in the figure, the specific heat agrees well with the
one predicted by equation (6), the maxima at higher fields signaling
the overcoming of the uniaxial anisotropy which favors the state
§? = 0. In Fig. 3b we present curves of specific heat as a function of
the temperature C(T) at 6 Tand 8 T. (Notice that, due to limitations
of the equipment, no specific heat data is available for fields larger
than 9 T, so that the region around Hs cannot be investigated
through that technique.)

From the results presented in Fig. 3a, we observe a decrease of
C(H) as H increases up to a certain value of the magnetic field,
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Fig. 2. (a) AC magnetic susceptibility as a function of the external magnetic field H measured at BEC regime temperatures. (b) The same as panel (a) but for temperatures above the
BEC phase regime. Continuous lines correspond to our measurements while the open dots and open triangles were obtained respectively from the QMC 1D and QMC 3D calcu-
lations. The maxima of x,c(H) are indicated by arrows. All curves were shifted vertically for clarity. (c) QMC 3D and (d) QMC 1D calculations for magnetization and static sus-

ceptibility curves at T = 0.6 K.



H. Fabrelli, A.P. Vieira, A. Paduan-Filho et al.

52

4.8}F

44}

4.0}

3.6f

C(J/molK)

3.2¢

2.8¢

%o, o®
®%000000 ‘-o oo®

241

0o 1 2 3 4 5 6 7 8 9
H(T)

C(J/molK)
_C)O = N W »H O OO N ©©

Journal of Alloys and Compounds 853 (2021) 157346

T(K)

Fig. 3. Experimental data for the specific heat. (a) C(H) curves for different temperatures. Arrows indicate the position of the minima of C(H). (b) Specific heat as a function of the
temperature, C(T), at 6 T and 8 T. The narrow peaks correspond to the transition from the quasi-1D regime to the 3D ordering.

where the specific heat starts to increase again. As expected from a
finite-temperature TLL regime, the minima of the specific heat are
approximately located at the values of the field where the sus-
ceptibility has a maximum. We stress that these specific-heat
minima and the corresponding susceptibility broad maxima do
not indicate a phase boundary, but merely serve to signal the
crossover into the TLL regime, inside which TLL theory provides a
reasonable description of the thermodynamic properties. Similar
results were found in a theoretical investigation of a 1D S = 1 chain
with large easy-plane anisotropy [33], in measurements for the
spin-1/2 ladder compound (CsH12N)>,CuBry4 [34,35] and in optically
trapped ultracold gases in a TLL regime in Ref. [36], where the
authors present curves of the specific heat as a function of the
chemical potential. In fact, the mapping between spin systems and
Bose gases, which made possible the interpretation of the antifer-
romagnetic ordering in DTN and in other magnetic insulators as a
BEC of magnons, relates the external magnetic field H in such
systems with the chemical potential of a Bose gas [37]. This points
to a connection between our results and those of ref. [36].

This correspondence between specific-heat minima and sus-
ceptibility maxima as functions of the field does not extend, of
course, to a regime in which a phase transition is crossed. This is
illustrated in Fig. 3b, in which the transition temperatures for two
different field values are clearly associated with a narrow peak in
the specific heat.

From the position of the maxima of x,4-(H) and the minima of
C(H) we can map the region where the quasi-1D TLL regime lies in a
T versus H diagram. Fig. 4 shows the well-known BEC phase dia-
gram of DTN, obtained from previous magnetocaloric effect (MCE)
and specific heat measurements (see for example ref. [29]), and the
region of the TLL quasi-1D regime, obtained from our y,c(H) and
C(H) measurements. We compare our experimental results with 1D
and 3D QMC simulations by finding the maxima of x4-(H) curves
from the numerical simulations. For the TLL quasi-1D regime dia-
gram we see that there is a good agreement between the region
delimited by the experimental points and by the simulations
(Fig. 2). As expected, in this region both 1D and 3D simulations
nearly display the same results due to the quasi-1D nature of DTN.
We call attention to the fact that the limits of the TLL quasi-1D
regime in Fig. 4, as predicted by the 3D and the 1D simulations,
are quite close to each other at higher temperatures, but become
increasingly separated, especially at higher fields, as the tempera-
ture is reduced. Thus, effects of the interchain couplings become
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Fig. 4. BEC phase diagram of DTN (blue shaded region) from previous magnetocaloric
effect (MCE) measurements and specific heat measurements (from Ref. [29]), and the
TLL quasi-1D regime (red shaded region) estimated from our AC magnetic suscepti-
bility and specific heat measurements (see text). GP stands for gapped regime while SP
is the spin-polarized regime of the disordered phase. Dashed green and purple curves
are obtained from the position of the maxima ysc(H) from QMC 1D and QMC 3D
simulations, respectively. Notice that there are only two phases in the diagram: the XY
antiferromagnetic phase in blue and the disordered region, which consists of the three
different regimes indicated as GP, TLL and SP. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of this article.)

important already in the disordered phase, signaling a crossover
from 1D to 3D behavior. Some discrepancies between the experi-
mental and simulated points may arise from the size of the grids
employed in the simulations or a small misalignment of the
samples.

Finally, we explore the magnetic behavior of DTN at higher
temperatures, for which kgT >J.. In this regime, the major contri-
bution to the magnetism in the system comes from the Zeeman
term and the magnetocrystalline anisotropy. Fig. 5a shows the
curves of DC magnetic susceptibility (xpc(T) = M(T)/H) in a range
of temperatures from 2 K to 10 K, with an interval between two
consecutive measurements of 0.03 K, and under external magnetic
field up to 9 T. As the temperature decreases from 10 K, the
magnetization initially increases, as in this temperature range
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Fig. 5. (a) DC magnetic susceptibility xpc(T) curve as a function of the temperature for several external magnetic fields applied along the ¢ axis and the comparison with QMC 1D
results. Arrows indicate the position of the maxima of ypc(T). (b) Temperature of the maxima of the magnetization curves as a function of the external magnetic field. Black stars
correspond to our measurements, the dots were obtained from QMC 1D calculations and the solid lines are from the analytical calculation for the magnetization taking J,, = Jc = 0

in equation (1).

thermal energy is much higher than the pair interactions. However,
at lower temperatures we observe a maximum in the magnetiza-
tion curves which is associated to the short-range correlations.
Increasing the external magnetic field tends to suppress these
correlations, so that the higher the external magnetic field the
lower the temperature in which the short-range correlations
manifest themselves. This dependence of the maximum in the
magnetization with the applied external magnetic field is illus-
trated in Fig. 5b.

When kgT >J., an approximation to the magnetization is given
by equation (5). The continuous line in Fig. 5b corresponds to the
temperature of the maxima in the magnetization under several
external magnetic fields. As the temperature decreases, the ex-
change interaction becomes relevant and the above single-ion
description is no longer valid.

As shown in Fig. 5b, for low fields a good agreement between
our experimental data and our theoretical results is achieved by
taking D/kg = 7.6(4) K. This is significantly smaller than the value
D/kg = 8.9 K extracted from fits to the high-field single-magnon
excitations [30]. A similar discrepancy between low-field and high-
field fits to D was observed for magnon dispersion measurements
in Refs. [38]. Such discrepancies may originate from other terms
allowed by the crystal symmetry of DTN but not included in the
Hamiltonian of equation (1). These would include, for instance,
Dzyaloshinskii-Moriya interactions between Ni** ions [39] or
further-neighbor interactions.

5. Conclusions

In this paper we delimited TLL quasi-1D regime lying above the
3D antiferromagnetic ordered phase in the spin-1 field-induced
antiferromagnet DTN from magnetic susceptibility and specific
heat measurements, corroborated by QMC calculations in 1D chains
and 3D grids. Inside this TLL regime there are short-range corre-
lations arising from the quasi-1D nature of the compound for such

temperatures, since in this condition the inter-chain interactions
are negligible in comparison with thermal fluctuations. Due to the
magnitude of ], and the appearance of long-range order in the BEC
phase, some signatures of this regime, such as a linear temperature
dependence of the magnetic specific heat, are not expected to be
experimentally accessible in DTN. However, the weak coupling of
the spin chains can be interpreted as a weak coupling between TLL
chains [22,40,41]. As usual, for higher temperatures in which both
inter-chain and intra-chain interactions are much smaller than
thermal fluctuations, the system displays paramagnetic behavior.
Our estimate for the single-ion anisotropy D highlights a
discrepancy between the values reported in the literature based on
low-field and high-field fits to experimental data, which merits
further investigation. Further studies related to the present one
may focus on the understanding of disorder in quasi-1D systems
[42,43] including in Br-doped DTN samples and the complete un-
derstanding of the magnetic excitations in the 3D-to-1D crossover
regimes, leading to interesting and complex behavior such as the
crossover between fermionic and bosonic magnetic excitations.
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