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Abstract

In this paper, we proposed a two-leg spin ladder model for the description of magnetic properties of the 8-TeVO,4 compound.
Quantum Monte Carlo (QMC) simulation was applied to describe the temperature-dependent magnetic susceptibility data
for low temperatures. The two-leg spin ladder model presents a spin gap, and we suggests that S-TeVO4 compound presents
such a spin gap also, and therefore, the model proposed here can be experimentally tested by measuring the spin gap of
the compound. The susceptibility phase diagram has a rounded peak in the vicinity of 7 &~ 12.2 K and obeys Troyer’s law
for low temperatures and Curie’s law for high temperatures. We also study the susceptibility diagram in low temperatures
and found the spin gap A = 8.06 K. The linearization of the equation for susceptibility in low temperatures allows us to
obtain the spin gap value, and such a linearization was made with the data from the QMC simulation. In all the results,
there is a very good agreement with the experimental data. We also show that the spin gap is null and the susceptibility is
proportional to T for low temperatures when relatively high values of the ladders’ coupling is considered. The theoretical
results are compared with other studies as well as applied to describe the susceptibility phase diagram of consolidated spin
ladder compound, CoHgN,CuBry.

Keywords Magnetic frustration - Spin ladder - QMC simulation - Spin gap

1 Introduction these systems are the spin ladders: a-TeVOy4, B-TeVOy,
(CsH12N)>CuBry (bis(piperidinium) tetrabromocuprate(Il),

Low-dimensional magnetic systems present different and also known as BPCB), C9HigN;CuBry4, (VO),P,07,

interesting exotic magnetic properties, and the study of
the physical behavior in these systems has attracted the
attention of many researchers in the recent years [1-3, 6,
9]. Complex phase diagrams, exotic magnetic behavior, and
the fact that these compounds can be used as a laboratory
of the quantum spin models have been some of the reasons
for an increase in the studies of these systems. Among
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SrCu,03, CaCu,03, whose phase diagrams depend on the
composition of each element and on exchange couplings
[1-9, 11]. One of the open questions about such systems is
whether or not a two-leg spin ladder compound will exhibit
superconducting properties and under which physical
conditions [12, 13, 29].

A spin ladder, with two or more legs, in this work
presents as a prototype of a quasi-unidimensional system
that exhibits properties that are between one and bi-
dimensional systems [8, 9, 14]. In high magnetic fields, the
temperature-dependent magnetic susceptibility is written
in terms of a universal scaling function [14]. Such
antiferromagnetic ladders with a spin gap A are generally
characterized by a gap in their spin excitation spectra [15],
and this spin gap, A, is the difference between the energies
of the lowest excited state and the ground state [15-17].

In general, spin ladders with an even number of legs
(simplest spin ladder model) have a short-range magnetic
order and a finite energy gap and are formed by two chains
of spins which interact strongly via an exchange coupling
J1, and the spins interact with their neighboring chain
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through an exchange coupling J| [8, 14]. The model most
used to describe the magnetic properties of the S-TeVO4
compound has been the zigzag Heisenberg chain [18, 19].
Until then, there is not any theoretical or experimental
studies that consider B-TeVO, like a spin ladder [1, 18—
21]. Therefore, description of a possible spin gap A for
this material does not exist [1, 18, 22]. In this paper, we
propose to describe theoretically the 8-TeVO4 compound
with a two-leg spin ladder model, thereby obtaining a gap
(A) that can be subsequently verified experimentally.

In particular, the zigzag Heisenberg model has been
applied to describe the phase diagrams of 8-TeVOy4 [1, 18,
19] and, in particular, the susceptibility and magnetization
diagrams, but these models take into account the exchange
interactions between the first and second nearest neighbors so
asto be able to fit the experimental data to the modelling used.

In literature, there is no description of the spin gap
for this compound, and here, we propose a mechanism to
test experimentally the two-leg spin ladder model used to
estimate the gap value. The zigzag spin 1/2 chain, with
nearest and next-nearest neighbors interactions Ji—Jp, can
be seen like a two-leg spin ladder with the conventional intra
and inter chains (see [10] 10, [31] 31, [25], [26] and [28] for
more details). This way, we use the spin ladder model with
two legs. In this work, we map the Ji—J, and use the two-
leg spin ladder model with only intra (J)) e inter chain (J, )
interactions. This type of mapping was done to describe
the magnetic properties of the CaV,0s5 compound, in some
references considered as a zigzag chain [32] and in another
considered as two-leg spin ladder [33].

Initially, we discuss the results obtained for various
J1/J) values and then we compare the results obtained
for the CoHgN>CuBr4 compound (susceptibility diagram).
In order to theoretically obtain the spin gap in B-TeVOsq,
we propose using an antiferromagnetic spin 1/2 Heisenberg
two-leg spin ladder model in the presence of a magnetic
field for ladders with J and J. (They are the dominant
interactions. See Savina et al. [18, 19].) The article
organization is as follows: in Section 2, the simulation
method and results are presented. In Section 3, some
concluding observations are presented.

2 Methods and Results

For the simulation of physical properties of 8-TeVQq4, we
use the Heisenberg model for a spin ladder with two legs
coupled for H > 0 [16]:

H = JH Z S,',j . S[+1,j + JJ_ZSi,l 'Si,z
i,j=1,2 i

—gMBHZ(Sil +Siz;2), (D
i
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The indexes 1 and 2 refer to the contents of each chain, Si“
(v = x,Yy,z) represents the Pauli matrices at the sites i,
Jj is the index associated with the step, H is the externally
applied magnetic field, g is the Landé factor, and wp is
the Bohr magneton. The first term of Hamiltonian (1) is
linked to coupling between spins in the same chain, the
second term is related to the coupling of the spins in
different legs, and last term is concerning to the external
magnetic field applied to the system. This model can be
extended to similar systems such as the three-leg and four-
leg spin ladders, for example. There is the possibility of
more two interactions, three-dimensional coupling J3p, and
interaction from Dzyaloshinskii—-Moriya type [14, 18, 23].
However, they are much smaller than J) [24] and so will not
be taken into consideration in our analysis.

We investigated the susceptibility behavior of the weak
magnetic field and H = 0 T in order to obtain spin
gap. To determine the spin gap, the magnetic susceptibility
experiment was simulated using the Quantum Monte
Carlo (QMC). The QMC simulations were made through
the Stochastic Series Expansion (SSE) representation
of the associated path integral for a mixed (ferro-
antiferromagnetic) ladder system with two legs [27]. The
values for J, and J| were obtained from reference [19]
and reflect well a major feature of spin ladders. The QMC
simulations were performed for two-leg ladders with a size
of L = 256 (256 x 2), where L is the number of spins
in each leg, under periodic boundary conditions, with up
to 1,000,000 steps for balance and 2,000,000 steps to the
measurements. The magnetization M and the susceptibility
X were obtained using [27]

E-S.Z
M=—< IlVl)’ 2)
. §%)2
= ‘3«2}\71) )’ 3)

where kp is Boltzmann’s constant, 8 = 1/kpT, and N is
spin numbers of the system.

Figure 1 displays the configurations from path Exchange
Js in isotropic (J) and anisotropic (Jy, J») form. The
mapping done by the authors from reference [10] consists
of decimating (real space renormalization group decimation
process) the spin chains dividing in blocks and reducing the
degrees of freedom of the system. Observe that in dividing
the chain in zigzag in two blocks, there exist interactions
between the spins of the same block and between spins of
different blocks. When mapping the chain using a model of
spin ladder, we considered the interactions between spins of
the same block as being the interactions of spins belonging
to the same chain and the interactions between spins of
different blocks as being the interactions between spins of
different chains, therefore the choice of J| as being J> and
J1 as being Jp, as shown the Fig. 1.
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Fig.1 Left side shows isotropic
chain (isotropic J) of path

i<
exchange and right side Se 2

anisotropic exchange J; and J;

7@

The graphs of Figs. 2 and 3 show a comparison between
the results obtained from the simulation of two-leg spin
ladders, using the model proposed by (1) and results already
known in the literature, in a comparative analysis with the
susceptibility data of the CoH1gN,CuBry compound. One
of the characteristics of the susceptibility behavior of two-
leg spin ladders is a flattening of their peak with increasing
ratio J1 /J) as predicted by Tonel in Ref. [29]. In Fig. 2,
we can see that there is excellent agreement between the
proposed theoretical model and the experimental data in all
temperature range. Integrable spin ladder models generally
disagree with experimental data at high temperatures. In the
simulations, for CoHgN>CuB1y4, the values of J, and J|
used were extracted from reference [5].

The analysis from temperature-dependent magnetic sus-
ceptibility (Fig. 4) shows the typical magnetic character-
istics of spin ladders: There is a rounded peak around
the magnetic transition temperature (12.2 K) [8, 14]. In
low temperatures, the susceptibility decays exponentially in
accordance with Troyer’s law (Fig. 5). The spin ladders were
considered in isolation, i.e., Jop < Ji, J|, where Jop is
the exchange coupling between distinct ladders [8, 9, 14, 18,

0.12 T T T T
1J =
perp ~ parallel
0.08 * perp/JparalleI = T
= * pel’p/JparaIIeI =

0.04 4

Fig. 2 Temperature dependence of the theoretical magnetic suscepti-
bility (arbitrary units) for H = 0T'. We use three J1 /J| (Jperpen = JL
and Jparallel = J))) ratio values. We can observe a flattening in the peaks
and an increase in the transition temperature in the function of the ratio
J1/J). This result is in excellent agreement with that obtained from
Reference [29]

iy

\ i)

19]. When J, ~ J| = Jp, this system presents a spin 1/2
Heisenberg model in a squared lattice behavior [8, 9].
There are many ways to obtain the exchange values. In
Savina et al. [19], the values of the exchange couplings were
obtained by adjusting the susceptibility curve, x(J1/J2),
and by the magnitude and the temperature position of the
maximum of the magnetic susceptibility in function from
ratio J)j/J1, Tmax(J)/J1). In this work, we used the values
obtained in the cited paper: J; = 29.5 K and Jj =
—38.3 K [19]. This is a typical empirical adjustment, often
present in theoretical and/or experimental studies of spin
ladders [8, 9]. The best fit from experimental data of the
susceptibility is obtained when we assume an empirical
relation T ymax o |J)| [8, 18, 19]. The value of T xmax
would be related to the spin gap A /kp of the system, which
can easily be obtained from the fit of the susceptibility curve
in low temperatures, allowing us to calculate the exchange
values [30]. As can be seen in Fig. 4, the agreement between

3 T T T
* QMC,J /J =05
perp  parallel
QMmC,J__/J =17
perp ~ parallel
5 2 * Exp. Data, CH,N,CuBr, |
£
>
g *
e
<k *::M -
k S
0 T T T
0 20 40 60 80

T (K)

Fig. 3 Susceptibility phase diagram (and experimental data for
C9H18N2CUBI‘4) with two ]J_/J” (Jperp = Jl and Jparallel = J”)
ratio values. The experimental data were obtained from Awwadi et
al. [5] and the QMC data were obtained via (3). The concordance
between simulation and experiment is excellent and the behavior of the
susceptibility in the limits of high and low temperatures obeys (5) and
(4), respectively. In high temperature, all models (also experimental
data) behave as described by (5). The exchange interactions are
(antiferromagnetic, positive sign) J; = 7.95and J; = 4.1, J, /J ~
0.5
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Fig. 4 Magnetic susceptibility in magnetic field H = 0.1 T. The
experimental data were obtained from Pregelj et al. [1], and the QMC
data were obtained via (3). The concordance between simulation and
experiment is excellent, and the behavior of the susceptibility in the
limits of high and low temperatures obeys the (5) and (4) respectively.
The inset shows x (T')T for single crystal of B-TeVO; fit experimental
data using the QMC simulation. The estimate of T ymax allows us to
obtain the values of the exchange parameters [19]

the results obtained from fits and the experimental data is
excellent in all temperature range.

There are some proposals for the expressions of the
calculation (susceptibility and gap spin), as used by
Tonel et al. [29], that also investigated the behavior of
the susceptibility of BPCB through a model with an
exactly soluble spin ladder via the Bethe ansatz, but the
agreement with the experimental results was only good
at low temperatures. For this, the authors considered
A = J — Jy for BPCB. Here, we have used the
analysis from temperature dependence susceptibility using
Troyer’s law [29], considering that the susceptibility decays
exponentially,

e—A/T

VT
where C is a constant, A is the spin gap, and T is the
temperature. The exponential decay at low temperatures

x=C:

“

0 T T
p-TeVO,
-104 @ amc 1
Linear fit
< -204 1
'_
=
£ -304 E
-40- J
-50 T T
0 2 4 6

1T (K

Fig. 5 QMC simulations from magnetic susceptibility in low
temperature range for the determination from spin gap (A). By using
(4), the linearization provided A = 8.06 K. The experimental data are
from Pregelj et al. [1]
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indicates the presence of a spin gap [29]. Chains with an
odd number of legs do not exhibit this kind of behavior at
low temperatures [14]. The linearization of (4) allows us to
obtain the value of the spin gap, and the linearization was
made with the data from the QMC simulation and can be
seen in Fig. 5. The gap obtained via the linear fitis A = 8.06
K, a small value when compared to another compounds [9].
Deriving the (4), we get

0 1
——Iny=A—--T,

ap 2
which physically it means that for systems where the rate
of change of In x goes to zero (one-dimensional magnetic
systems, for example) the gap disappears when T — O,
even though it remains finite on spin ladders. The agreement
between experiment and theory persists in this paper even
at high temperatures (T > Ty), as can be seen in the inset
of Fig. 4. At high temperatures, the susceptibility follows
Curie’s law [14]:

1
X — 5
XXz &)
Finally, it is important to note that results show excellent
agreement between the experimental data and the QMC in
all temperature range analyzed.

3 Concluding Remarks

In this paper, we presented the results of QMC simulations
of the two-leg spin ladder model with applications in the
description of magnetic properties of CoH gN,CuBr4 and
B-TeVO4 compounds and the theoretical prediction of the
spin gap from B-TeVO,4 compound, being the experimental
verification of this spin gap a test criterion of the model
proposed here. In this work, we map a zigzag chain in a
spin ladder model as described in reference [10]. We study
the diagram from magnetic susceptibility in low magnetic
field, with null magnetic field and for some values of
interactions J| and J|, the susceptibility phase diagram at
low temperatures, and the x(7)7T product. Based on the
susceptibility diagram at low temperatures, we found, using
a spin ladder model, a spin gap value of A = 8.06 K.
The two-leg Heisenberg (with the parameters described in
the text) predicts the existence of a small gap. We believe
that further experimental studies are necessary to test
the hypothesis that the 8-TeVO4 compound (its magnetic
structure) can be mapped from a zigzag Heisenberg chain to
a spin ladder with two legs.

Acknowledgments We would like to thank the anonymous referees
for very helpful comments and suggestions.



Braz J Phys (2020) 50:225-229

229

Funding Information This work was supported by the following
Brazilian financial agencies: Capes, Petrobras, CNPq, Fapitec, and
PAP-PQ/IFTO.

References

oL AW

11.

12.

13.

14.

15.
16.

. M. Pregelj, A. Zorko, O. Zaharko, H. Nojiri, H. Berger, L.C.
Chapon, D. Ar¢on, Nature Commun. 6 (2015)

. S. Sahling, G. Remenyi, C. Paulsen, P. Monceau, V. Saligrama, C.
Marin, A. Revcolevschi, L.P. Regnault, S. Raymond, J.E. Lorenzo,
Nat. Phys. 11, 255-260 (2015)

. T. Hong et al., Nature Commun. 8, 15148 (2017)

. T. Hong et al., Phys. Rev. B 89(17), 174432 (2014)

F. Awwadi et al., Inorg. Chem. 47(20), 9327-9332 (2008)

. C.P. Landee, M.M. Turnbull, Eur. J. Inorg. Chem. 2013(13),
2266-2285 (2013)

. H. Ryll, K. Kiefer, C. Riiegg, S. Ward, K.W. Krdmer, D. Biner, P.
Bouillot, E. Coira, T. Giamarchi, C. Kollath, Phys. Rev. B, 144416
(2014)

. E. Dagotto, T.M. Rice, Science 271, 618-623 (1996)

. E. Dagotto, Rep. Prog. Phys. 62, 1525 (1999)

. T. Hakobyan, J.H. Hetherington, M. Roger, Phys. Rev. B. 63(14),

144433 (2001)

Z.V. Popovicq, C. Petrovic, M. Scepanovic, N. Lazarevic, M.

Opacic, M.M. Radonjic, D. Tanaskovic, H. Lei, Phys. Rev. B 91

(2015)

H. Takahashi, A. Sugimoto, Y. Nambu, T. Yamauchi, Y. Hirata, T.

Kawakami, M. Avdeev, K. Matsubayashi, F. Du, C. Kawashima,

et al., Nat. Mater. 14, 1008-1012 (2015)

H. Takahashi, K. Igawa, K. Arii, Y. Kamihara, M. Hirano, H.

Hosono, Nature 453, 376-378 (2008)

B.C. Watson, V.N. Kotov, M.W. Meisel, D.W. Hall, G.E. Granroth,

W.T. Montfrooij, S.E. Nagler, D.A. Jensen, R. Backov, M.A.

Petruska, et al., Phys. Rev. Lett. 86, 5168 (2001)

1. Bose, Curr Sci. 88, 62-70 (2005)

A.T. Savici, G.E. Granroth, C.L. Broholm, D.M. Pajerowski, C.M.

Brown, D.R. Talham, M.W. Meisel, K.P. Schmidt, G.S. Uhrig, S.E.

Nagler, Phys. Rev. B 80, 094411 (2009)

17.

18.

19.

20.

21.

22.

23.

25.

26.

217.
28.
29.
30.

31.

32
33

Pu

L.J. Ding, Y. Zhong, S.W. Fan, K.L. Yao, Sol. State Commun. 177,
10-15 (2014)

Y. Savina, O. Bludov, V. Pashchenko, S.L. Gnatchenko, P.
Lemmens, H. Berger, Phys. Rev. B 84, 104447 (2011)

Y.O. Savina, A.N. Bludov, V.A. Pashchenko, S.L. Gnatchenko,
Y.V. Savin, S. Schifer, P. Lemmens, H.J. Berger, Low Temp. Phys.
41, 659-661 (2015)

F. Weickert, N. Harrison, B.L. Scott, M. Jaime, A. Leitmie, I.
Heinmaa, R. Stern, O. Janson, H. Berger, H. Rosner, et al., Phys.
Rev. B 94, 064403 (2016)

V. Gnezdilov, P. Lemmens, D. Wulferding, Y. Pashkevich, K.
Lamonova, K.-Y. Choi, O. Afanasiev, S. Gnatchenko, H.J. Berger,
Low. Temp. Phys. 38, 559-569 (2012)

V. Gnezdilov, P. Lemmens, A.A. Zvyagin, V.O. Cheranovskii, K.
Lamonova, Y.G. Pashkevich, R.K. Kremer, H. Berger, Phys. Rev.
B 78, 184407 (2008)

G. Su, H. Xing, J. Wang, F. Li, Phys. Lett. A 283, 249-256 (2001)
. M. Klanjsek, H. Mayaffre, C. Berthier, M. Horvati¢, B. Chiari,
O. Piovesana, P. Bouillot, C. Kollath, E. Orignac, R. Citro, et al.,
Phys. Rev. Lett. 101, 137207 (2008)

F. Anfuso, M. Garst, A. Rosch, O. Heyer, T. Lorenz, C. Riiegg, K.
Kramer, Phys. Rev. B 77, 235113 (2008)

P. Bouillot, C. Kollath, A. Liuchli, M. Zvonarev, B. Thielemann,
C. Riiegg, E. Orignac, R. Citro, M. Klanjsek, C. Berthier, et al.,
Phys. Rev. B 83, 054407 (2011)

A.W. Sandvik, Phys. Rev. B 59, R14157 (1999)

A.S. Freitas, Sol. Stat Comm. 237, 38-41 (2016)

A.P. Tonel, S.R. Dahmen, A. Foerster, A. Malvezzi, EPL 64, 111
(2003)

C. Johnston, R.K. Kremer, M. Troyer, X. Wang, A. Kliimper, S.L.
Budko, A.F. Panchula, P.C. Canfield, Phys. Rev. B 61, 9558 (2000)
T. Makarova, F. Palacio (eds.), Carbon Based Magnetism:
an Overview of the Magnetism of Metal Free Carbon-Based
Compounds and Materials (Elsevier, Amsterdam, 2006)

. H. Iwase et al., J. Physical Soc. Japan 65(8), 2397-2400 (1996)

. Y. Ueda, Chem. Mater. 10(10), 2653-2664 (1998)

blisher’s Note Springer Nature remains neutral with regard to

jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Spin Gap in -TeVO4: a Quantum Monte Carlo Study
	Abstract
	Introduction
	Methods and Results
	Concluding Remarks
	References


