condensed
matter

Article

Absence of Spin Frustration in the Kagomé Layers of Cu?* Ions
in Volborthite Cuz;V,0O7(OH),-2H>,0O and Observation of the
Suppression and Re-Entrance of Specific Heat Anomalies in
Volborthite under an External Magnetic Field

Myung-Hwan Whangbo

check for
updates

Citation: Whangbo, M.-H.; Koo, H.-].;
Briicher, E.; Puphal, P; Kremer, R.K.
Absence of Spin Frustration in the
Kagomé Layers of Cu?* Tons in
Volborthite CuzV,07(OH),-2H,0O
and Observation of the Suppression
and Re-Entrance of Specific Heat
Anomalies in Volborthite under an
External Magnetic Field. Condens.
Matter 2022, 7, 24. https://doi.org/
10.3390/ condmat7010024

Academic Editor: Amir-Abbas
Haghighirad

Received: 1 February 2022
Accepted: 23 February 2022
Published: 28 February 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

1,2,%

, Hyun-Joo Koo 2, Eva Briicher 3, Pascal Puphal >¥ and Reinhard K. Kremer 3 *

! Department of Chemistry, North Carolina State University, Raleigh, NC 27695, USA

Department of Chemistry and Research Institute for Basic Sciences, Kyung Hee University,

Seoul 02447, Korea; hjkoo@khu.ac.kr

Max Planck Institute for Solid State Research, Heisenbergstrasse 1, 70569 Stuttgart, Germany;

e.bruecher@fkf.mpg.de (E.B.); p.puphal@fkf.mpg.de (P.P)

*  Correspondence: whangbo@ncsu.edu (M.-H.W.); rekre@fkf.mpg.de (R K.K.); Tel.: +1-919-515-3464 (M.-H.W.);
+49-711-689-1688 (R.K.K.)

Abstract: We determined the spin exchanges between the Cu?* ions in the kagomé layers of vol-
borthite, CuzV,07(OH),-2H,0, by performing the energy-mapping analysis based on DFT+U cal-
culations, to find that the kagomé layers of Cu* ions are hardly spin-frustrated, and the magnetic
properties of volborthite below ~75 K should be described by very weakly interacting antiferromag-
netic uniform chains made up of effective S = 1/2 pseudospin units. This conclusion was verified
by synthesizing single crystals of not only CuzV,07(OH),-2H,0 but also its deuterated analogue
Cu3V,07(0OD);-2D,0 and then by investigating their magnetic susceptibilities and specific heats.
Each kagomé layer consists of intertwined two-leg spin ladders with rungs of linear spin trimers.
With the latter acting as S = 1/2 pseudospin units, each two-leg spin ladder behaves as a chain of
S =1/2 pseudospins. Adjacent two-leg spin ladders in each kagomé layer interact very weakly,
so it is required that all nearest-neighbor spin exchange paths of every two-leg spin ladder remain
antiferromagnetically coupled in all spin ladder arrangements of a kagomé layer. This constraint
imposes three sets of entropy spectra with which each kagomé layer can exchange energy with the
surrounding on lowering the temperature below ~1.5 K and on raising the external magnetic field
B. We discovered that the specific heat anomalies of volborthite observed below ~1.5 K at B = 0 are
suppressed by raising the magnetic field B to ~4.2 T, that a new specific heat anomaly occurs when B
is increased above ~5.5 T, and that the imposed three sets of entropy spectra are responsible for the
field-dependence of the specific heat anomalies.

Keywords: volborthite; deuterated volborthite; kagomé layer; spin exchange; DFT calculations;
two-leg spin ladder; spin 1/2 antiferromagnetic uniform Heisenberg chain; entropy driven magnetic
phase transitions; magnetic heat capacity; magnetic field-dependence of specific heat

1. Introduction

Properties of a magnetic material are described by a spin Hamiltonian, defined in
terms of a few spin exchange paths between magnetic ions. The repeat pattern of strong
spin exchange paths forms a spin lattice, with which the spin Hamiltonian generates the en-
ergy spectrum to be utitilized in describing the magnetic properties. Consequently, the use
of a correct spin lattice is paramount because the nature of the energy spectrum generated
by a spin Hamiltonian depends on the nature of the spin lattice chosen. Antiferromagnets
possessing a kagomé arrangement of transition-metal magnetic ions M are often believed to
be spin-frustrated, hence suppressing a long-range magnetic order, so they are prime candi-
dates that can give rise to exotic magnetic ground states [1,2]. However, spin frustration
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is not guaranteed per se by, for example, a trigonal, a kagomé or a pyrochlore structural
arrangement of magnetic transition-metal ions M. This is so because they interact strongly
with the surrounding main-group ligands L to form ML, polyhedra, thereby splitting its
d-states. What is crucial for geometrical spin frustration is not the geometrical pattern
imposed by the arrangement of magnetic ions M, but rather that of the spin exchanges these
ions generate with their neighboring ions. The direction-dependence of spin exchanges
between magnetic ions M is determined by their magnetic orbitals, namely, the singly occu-
pied d-states of their ML, polyhedra [3,4]. The d-states have the d-orbitals of M combined
out of phase with the p-orbitals of the ligands L, so they are highly anisotropic in shape.
Consequently, even if the magnetic ions form a kagomé arrangement, the spin exchanges
between magnetic ions do not necessarily generate the same pattern. The anisotropy of
spin exchange is most strongly manifested for a magnetic ion possessing only one magnetic
orbital (e.g., S = 1/2 ions Cu?* and Ti*"), and least strongly for a magnetic ion with five
magnetic orbitals (e.g., S = 5/2 ions Mn?* and Fe").

Volborthite, CuzV,07(OH),-2H,0O, consisting of Cu®* (d?,S =1/2) ions in kagomé
arrangement, has received much attention over the past decade [5-11], largely because it
is believed to be spin-frustrated [5,11] The kagomé layers of Cu?* ions (see Figure 1) are
slightly distorted from an ideal kagomé shape with two different crystallographic sites for
Cu?* in a ratio 2:1. Below room temperature, each Cu?* ion forms an axially elongated
CuOyg octahedron, so that, with the local z-axis taken along the elongated Cu-O bonds,
the magnetic orbital of each CuOg octahedron is the x> —y? state contained in the CuOj
equatorial plane, which is quite anisotropic in shape. In volborthite, the kagomé layers
of composition CuzOg(OH), parallel to the ab-plane are pillared by pyrovanadates V,0;.
The voids between the layers provide space for crystal water molecules. Below room
temperature, volborthite undergoes two structural phase transitions, one at ~292 K from a
C2/c phase to a I2/a phase, and the other at about ~155 K from the I2/a phase to a P2;/c
phase [6]. The latter structural phase transition generates two slightly different kagomé
layers, which are slightly different in structure. Below 1.5 K, volborthite exhibits magnetic
order, indicated by two anomalies in the magnetic specific heat [10].

(FF) (AF) (AA) (FA)

Figure 1. (a) The kagomé arrangement of Cu?* ions (red and blue circles) in volborthite, where the
labels 1-5 refer to the spin exchanges J1—J5, respectively (see Table 1). In each ], path, two Cu?* ions
make a Cu-O ... V> ... O-Cu bridge, while the remaining exchange paths do not. (b) Geometrical
entanglement of adjacent two-leg spin ladders in a kagomé layer. Adjacent spin ladders are presented
with different colors for ease of distinction. (c) A two-leg spin ladder with rungs of linear trimers
defined by J, and legs defined by J4, with all exchange paths antiferromagnetically coupled, where
the red and blue circles represent the up-spin and down-spin Cu?* ion sites, respectively. (d) A spin
ladder arrangement in which (FF)-, (AF)-, (AA)- and (FA)-coupled spin ladders occur consecutively.
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On the basis of their DFT+U calculations, Janson et al. [11] described the magnetic
properties of volborthite using a trigonal spin lattice made up of pseudo S = 1/2 units,
i.e., linear spin trimers in which adjacent Cu?* ions are strongly coupled antiferromag-
netically. However, with this spin lattice model, it is difficult to explain why volborthite
undergoes a magnetic ordering below 1.5 K [10]. Furthermore, the magnetic susceptibility
Janson et al. calculated for volborthite by their exact diagonalization method for the spin
Hamiltonian of the trigonal lattice show a spin gap below the susceptibility maximum at
~17 K. The latter is in sharp contrast to the experimental observation [5], which reveals that
the magnetic susceptibility remains rather high as the temperature is decreased toward
0 K [5]. Thus, results of Janson et al.’s exact diagonalization based on their trigonal spin
lattice model are inappropriate for understanding the physics of volborthite below ~17 K.
The magnetic entropy removed by the long-range order is small compared to Rin2, as is
typically found for low-dimensional short-range ordered (SRO) magnetic systems, e.g., for
S = 1/2 antiferromagnetic uniform Heisenberg (AUH) chains. Then, one might speculate if
the magnetic ordering of volborthite observed below 1.5 K is associated with a magnetic
ordering of such S = 1/2 AUH chains, although it has been believed that volborthite is
spin-frustrated [5,11].

To explore the magnetic order below 1.5 K, especially its dependence on the magnetic
field, as well as the origin of the apparent finite susceptibility as T—0 K, we re-analyzed
the spin lattice of volborthite by performing an energy-mapping analysis based on DFT+U
calculations [3,4] to find that the magnetic properties of volborthite below ~75 K should
be described by two-leg spin ladders with rungs of S = 1/2 pseudospin units rather than
by a trigonal lattice of S = 1/2 pseudospin units, as proposed by Janson et al. [11]. We
verified this conclusion by acquiring new magnetic susceptibility data and re-analyzing
reported magnetization data of volborthite to show that the kagomé layer of Cu* ions is
hardly spin-frustrated, and the low-temperature magnetic properties of volborthite should
be described by an AUH chain composed of S = 1/2 pseudospin units. We characterized
the magnetic phase transitions below 1.5 K by carrying out specific heat measurements
for CuzV,07(0OH);-2H,0 and its deuterated analogue, CuzV,07(OD);-2D,0, under a
magnetic field B = 0-9 T. Our work shows that the magnetic ordering of volborthite below
1.5 K is suppressed by field B > ~4.5 T, while a new magnetic ordering takes place when
B> ~55T, and that these field-dependent behaviors of the magnetic ordering originate
from the three sets of magnetic entropy spectra of each kagomé layer of Cu?* ions, created
by constrained interactions between adjacent two-leg spin ladders.

2. Experimental and Calculations

To determine the spin exchanges of the I2/a and P21/c phases of volborthite, we
carried out DFT+U calculations, employing the Vienna ab Initio Simulation Package
(VASP) [12,13] using the projector augmented wave (PAW) [14,15] method and the PBE [16]
exchange-correlation functional. The electron correlation associated with the 3d states of Cu
was taken into consideration by DFT+U calculations, i.e., by performing DFT calculation
with an effective on-site repulsion Ugg = U — J =4 and 5 eV added on the magnetic ions
Cu?* [17].

Single crystals of volborthite were grown using hydrothermal techniques, as described
in the literature [6]. Deuterated samples of volborthite were prepared by replacing light by
heavy water (isotope enrichment 99.5%). The magnetic susceptibilities were measured at
constant field as a function of the temperature in a Magnetic Property Measurement System
SQUID magnetometer (MPMS-XL7, Quantum Design, San Diego, CA, USA). The specific
heats of a collection of oriented crystals were determined using the relaxation method of a
3-He Physical Property Measurement System (PPMS, Quantum Design, San Diego, CA,
USA). In order to construct a lattice reference needed to evaluate the magnetic contribution
to the specific heat of volborthite, we prepared a polycrystalline sample of the diamagnetic
mineral martyite with composition Znz;V,0O7(OH),-2H,0 from an aqueous solution of
NH4VO3; and zinc acetate, Zn(CH3CO,),, following a recipe reported in the literature [18].
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3. Results
3.1. Spin Exchanges and Spin Lattice of Volborthite

We determine the spin exchanges J1—/5 defined in Figure 1a by performing the energy-
mapping analyses [3,4] based on DFT+U calculations (for details of calculations, see the
Supplemental Material). Below room temperature down to ~155 K, volborthite has a crystal
structure with two equivalent kagomé layers in the unit cell (space group 12/a) and below
155 K a structure with two slightly non-equivalent kagomé layers of Cu?* ions (space group
P2, /a) [5,8]. The spin exchanges of the two phases are very similar, as summarized in
Table 1, where only the values obtained with Uy = 4 eV are listed. Those calculated with
Uggs = 5 eV are given in the Supplemental Material. Janson et al. [11] carried out DFT+U
calculations using U = 8.5, 9.5 and 10.5 eV to determine the spin exchanges of the P2;/a
structure by fitting the electronic band structure in terms of a tight binding approximation.
In the following, we first discuss the spin lattice of volborthite suggested by the spin
exchanges we obtained. Subsequently, we show that the same picture is obtained from
those of Janson et al., despite that their spin exchanges are considerably smaller than ours
in the strengths of AFM character due to their use of very large U values.

As can be seen from Table 1, the strongest exchange |, is AFM and forms isolated
linear trimers (Figure 1a). The second strongest spin exchange /4 is also AFM but is weaker
than [, by nearly an order of magnitude. All other spin exchanges are weaker than J, by
more than an order of magnitude. Since ], is much stronger than other spin exchanges,
each linear trimer at T << ], constitutes a pseudospin S = 1/2 unit and such units form a
triangular lattice, as already pointed out by Janson et al. [11] However, we note that the
linear trimers interact through the AFM exchange ], to form two-leg spin ladders with
the linear trimers as rungs (Figure 1b). This feature is hidden in a kagomé layer because
nearest-neighbor spin ladders are geometrically entangled with their superposed legs.

The two-leg spin ladder model as the spin lattice of volborthite described above is also
supported by Janson et al.’s spin exchanges (Table 1), although their spin exchanges differ
considerably from ours in magnitude. In general, a spin exchange ] between two magnetic
ions located at sites i and j can be written as the sum of the FM and AFM components (Jr
and JaF, respectively), namely, | = Jg + Jar [3,4,19]. With the magnetic orbitals describing
the spin sites i and j as {; and 1, respectively, the overlap density pj; = ;1 gives rise to
the exchange repulsion Kj;, while the overlap integral <i; [1;> leads to an energy split Ae
between the two states described by the magnetic orbitals. Then, Jr and Jar are written as

(Ae)®
Ut

Jr = —Kj, and Jar = @

Since the AFM component J o is inversely proportional to U, using a large Uqg value
in DFT+U calculations should make ] value less AFM or even shift it to a FM spin exchange.
This explains why the ], and J4 values of Janson et al. are less strongly AFM than ours, and
why their J; and J3 values are more strongly FM than ours.

Table 1. Values (in K) of the spin exchanges J1—/5 calculated for the I2/a and P2;/a phases of
volborthite obtained by DFT+U calculations.

P2;/a Phase ? P2;/a Phase P
I2/a Phase 2
Layer 1 Layer 2 Layer 1 Layer 2

J1i/]2 0.010 —0.001 —0.025 -0.15 -0.11
I3/]2 0.025 0.031 0.031 —0.34 -0.32
Ja/]2 0.145 0.141 0.135 0.17 0.15
Is/]2 0.014 0.014 0.013 - -

I2 542 K 550 K 582 K 193 K 205K

2 Present work with Uy = 4 eV, P Janson et al. (ref. [11]) with Uy = 8.5 V.
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We now examine the interactions between adjacent two-leg spin ladders, under the
constraint that the spin exchanges |, and J4 forming the two-leg spin ladders are much
stronger than J3 and [, which provide interactions between spin ladders. The latter requires
that, in all possible spin ladder arrangements, all J; and J4 exchange paths of each two-leg
spin ladder must remain antiferromagnetically coupled (Figure 1d). In every intertwined
leg, each ], leg has two consecutive J3 paths. Since each |, leg is antiferromagnetically cou-
pled, J3 has no effect on the interaction between adjacent two-leg spin ladders, regardless of
whether it is AFM or FM. Thus, adjacent two-leg spin ladders interact only through the very
weak exchanges [; (Figure 1a). Note that J; is weakly AFM for the I2/a phase but is weakly
FM for the P2, /a phase in our calculations. This difference does not influence how the or-
dering between spin ladders in a kagomé layer is affected by J; (see below). Since J; is more
than an order of magnitude weaker than J4, the magnetic property of each kagomé layer
at low temperatures (1]; | < T << J,) is primarily determined by those of the two-leg spin
ladders with each linear trimer acting as an effective S = 1/2 pseudospin rung (Figure 1c).
At sufficiently low temperatures where excitations within the rungs are negligible, the dom-
inant AFM spin exchanges form two-leg spin ladders predicting that volborthite should
be regarded primarily as a system of very weakly coupled S =1/2 AUH chains. In the
following, we first demonstrate that the magnetic properties of volborthite below ~75 K are
well explained by the model of very weakly interacting S = 1/2 AUH chains.

3.2. Experimental Evidence for the Spin-Half AFM Uniform Heisenberg Chain Character

Figure 2 displays the magnetic susceptibilities of volborthite, which exhibits a broad
peak at ~17 K and a finite susceptibility as T—0 K, characteristic of low-dimensional
AFM SRO behavior. As implied by the results of the DFT+U calculations, the magnetic
susceptibilities of volborthite between 3 and 75 K can indeed be very well fitted by those
theoretically predicted for a S =1/2 AUH chain according to

Xmol(T) = Xspin(]C/ & T)+ Xo ()

where xspin(Jc, g T) represents the magnetic susceptibility of the S=1/2 AUH chain with
nearest-neighbor (NN) spin exchange Jc (Figure 2a). For xspin(Jc, §, T), we used the Padé
approximant of Quantum Monte Carlo (QMC) results for the S = 1/2 AUH chain [20].
The second term refers to the temperature-independent susceptibility x( arising from the
diamagnetism of the electrons in the closed shells (—175 x 10~® cm3/mol per formula unit,
FU) [21,22] and also from the van Vleck paramagnetic susceptibility due to excitations to
the excited states of each Cu?* ion (~100 x 10~% cm3/mol per Cu atom) [23], leading to
Xo = +125 x 10~% cm®/mol per FU. Up to ~75 K, the experimental susceptibility is well
reproduced by the susceptibility calculated for a S = 1/2 AUH chain with Jc = 27.8(5) K
and g = 2.33 (the solid blue curve in Figure 2a). The fitted g-factor is found to be 2.33, which
is at the higher end of the g-factor expected for Cu®* ions [24]. The S = 1/2 AUH chain
model readily explains the susceptibility maximum at Tmax = 17 K as well as the finite
susceptibility below Tmax. The exchange Jc = 27.8(5) K agrees very well with the expected
value J¢ = Tmax/0.64085 = 26 K. In addition, the ratio XspinTmax/g> = 0.0346 cm>K/mol
concurs well with the value 0.0353 expected for the S =1/2 AUH chain [20]. The difference
between the experimental data and the chain susceptibility (green solid line in Figure 1)
vanishes below ~75 K and gradually increases to higher temperatures. The susceptibilities
above ~75 K without any constraints matches very well with the susceptibility of an isolated
linear spin S = 1/2 trimer described by the spin Hamiltonian

- = - =
H = Juim(S1-S2+ S2°53) ®3)

N
where S; (i =1, 2, 3) represent the three spin sites. Replacing xspin(Jc, g, T) in Equation (2)

with the susceptibility of a spin S = 1/2 trimer given e.g., by Boukhari et al. [25], the
susceptibility data above ~75 K can be well fitted without further constraints. The trimer
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spin exchange amounts to 197(2) K, indicating a ratio Jc /Juim = 0.14, in good agreement
with the ratio J4 /], obtained from our DFT+U calculation (see Table 1), suggesting that the
spin trimers should be identified as the rungs of the two-leg spin ladders running along
the crystallographic b axis.

S -
£ 0.014 (a) 2
o = :
£ 0012 3121 1.4K| ......
>.0.010 g
3 0.008 E 08t
20.006 B
E
& 0.004 G 04f
0.00 5) (b)
£ 0.000 : ' : T 0.0 : ' : :
100 200 300 =D 10 20 30 40 50
Temperature (K) Magnetic Field pyH (T)

Figure 2. (a) The magnetic susceptibility of one formula unit (i.e., comprising three Cu atoms) of
volborthite (black circles) with B applied along the crystallographic b axis fitted (for T < 75 K) to
the theoretical prediction for a S = 1/2 AUH chain (solid blue curve) given by Equation (2). The
difference between the two is displayed as a solid green line. The experimental susceptibilities
for 75 K < T < 320 K are well fitted by the susceptibility of a linear spin S = 1/2 trimer with spin
exchange of 197(K) (red dotted curve). Note the susceptibility anomaly at ~295 K due to the structural
phase transition from the C2/c to the I12/a phase [5]. (b) Isothermal magnetization of volborthite
determined at 1.4 K taken from ref. [11] compared with quantum Monte Carlo calculations for a
S =1/2 AUH chain with a spin exchange of J¢ = 27.5 K (solid red line).

Another characteristic feature of the magnetic properties of volborthite is the low-
temperature 1/3 magnetization plateau extending over a wide magnetic field range, dis-
played in Figure 2b [8,9]. Note that we multiplied the published literature data by a factor of
three to obtain the magnetization per one FU of volborthite (3 Cu atoms); the experimental
data are well reproduced by the magnetization predicted for the S =1/2 AUH chain with
Jc =27.5 K. The theoretical magnetization was obtained by Quantum Monte Carlo Calcula-
tions (QMC), employing the path integral method of the loop code incorporated within the
ALPS project [26,27]. To ensure a low statistical error, these simulations included 250 spins
and 1.5 x 10° Monte Carlo steps for the initial, as well as the subsequent, thermalization.

3.3. Specific Heat Anomalies of Volborthite
3.3.1. Specific Heat Anomalies of Volborthite

In Figure 3a, we show the specific heat measured for an ensemble of aligned crystal
of volborthite CuzV,07(OH), 2H;0 in zero magnetic field with magnetic field applied
along the b axis, the estimated lattice contribution to the heat capacity constructed from the
specific heat of Zn3V,07(OH),-2H,0 [28] and the difference between the two representing
the magnetic contribution to the specific heat of volborthite. It is difficult to obtain a
proper lattice specific heat reference because the atomic masses of Cu and Zn are not the
same, and because the space groups describing the crystal structures of Zn3V,07(OH),
2H,0 (P3m1) and CuzV,07(OH), 2H,0 (12/a and P2, /a) are different. In our work, we
adopt the procedure suggested by Boo and Stout [29] and stretch the temperature axis
of the specific heat data for Zn3V,07(OH),-2H,0 with a smooth function, varying from
1.15 at 0 K to 1.05 at 50 K. The latter values were chosen such that the specific heat of
Zn3V;,07(0OH),-2H,0 smoothly approaches that of volborthite as T—50 K. The magnetic
specific heat of volborthite thus obtained exhibits a broad maximum consistent with the
specific heat capacity expected for a S =1/2 AUH, with a NN spin exchange of Jc = 26 K.
The latter value is in good agreement with the spin exchanges derived from the analyses of
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the magnetic susceptibility and magnetization data. The total magnetic entropy amounts
to ~80% of RIn2 expected for a S = 1/2 system, consistent with the result reported by
Yamashita et al. [10].

1.4
12 280 %
E
T < 15,
[¢] ©
£08 € 260}
206 x?
~ o
Z}OA 2 2 w’f,&'
240+ 9 Cu,V,0,(0H),2H,0
- Ef @ CusV,0,(0D),2D,0
0‘0 1 1
140 150 160 170
Temperature (K) Temperature (K)

Figure 3. (a) Specific heats of volorthite (black dots) and martyite, Zn3V,07(OH),-2H,0 (red dots).
The latter was scaled, as described in detail in the text, to smoothly approach the heat capacity of
volborthite at high temperatures. The difference (blue dots) representing the magnetic contribution
to the specific heat of volborthite. The solid red line displays the heat capacity of a S = 1/2 AUH with
spin exchange of 26 K and spin entropy amounting to ~80% of RIn2 expected for a S = 1/2 system.
(b) Comparison of the specific heats of CuzV,07(OH),-2H,0 and Cu3V,07(0OD),-2D,0.

3.3.2. Effect of Isotope Substitution

In Figure 3b, we compare the specific heats of Cu3V,07(OH);-2H,0 and its deuterated
analogue, CuzV,07(0OD),-2D,0, prepared by using 99.5% isotope enriched heavy water
in the preparation. The specific heat anomalies of Cu3V,;07(OH),-2H,0 below 1.5 K (see
inset Figure 3b) are hardly affected by the deuteration. However, the structural phase
transition from C2/c to I2/a near 155 K undergoes a 5% upshift for the deuterated sample.
This strongly suggests that the two specific heat anomalies below 1.2 K are related to
magnetic ordering. Apparently, the D—H substitution does not essentially modify the
spin exchange between adjacent kagomé layers, but substantially affects the structural
properties of volborthite. The latter finding reflects the fact that the pyrovanadate groups
connecting neighboring kagomé layers provide large interlayer spacing. The hydrogen
bond network, from an OH group of a kagomé layer to a crystal water to an O atom of the
adjacent kagomé layer, is loosened by the D—H substitution, which facilitates the I2/a to
P2, /a structural transition in CuzV,07(OD),-2D,0.

3.3.3. Effect of a Magnetic Field on Magnetic Ordering

Given that the specific heat anomalies below 1.5 K are associated with magnetic
ordering, it is reasonable to expect that it can be destroyed, and the specific heat anomalies
disappear under the sufficiently high external magnetic field. To confirm this conjecture,
we carried out specific heat measurements for volborthite under magnetic fields B=0-9 T
(Figure 4a). As B increases, the two specific heat anomalies observed at B = 0 widen
but remain separated, forming two ridges until they eventually merge into one and then
abruptly disappear for B > ~4.2 T (see Figure 4a). Surprisingly, however, a new specific
heat anomaly occurs for fields B > ~5.5 T. This new anomaly forms a single broad ridge,
widening and shifting to higher temperatures with increasing B.
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Figure 4. (a) Magnetic field dependence of the specific heat measured with an external magnetic field
applied B along the b axis of the volborthite crystals. (b) The spectra of QA (2m) and Sp(2m) in a
kagomé layer of N spin ladders containing m pairs of (AA)- and (FF)-coupled spin ladders. Sa(2m) is
the entropy associated with (24 (2m), namely, Sa(2m) = kplnQs (2m).

To probe the cause for the field-dependence of the specific heat anomalies, it is neces-
sary to find the magnetic energy spectra of volborthite available below 1.5 K, with which
it can exchange energy with the surrounding phonon bath. At a temperature T below
1.5 K, the free energy G; of volborthite associated with its magnetic arrangement 7 can be
written as G; = H; — TS;, where H; and S; are the enthalpy and entropy of the magnetic
arrangement I, respectively. If volborthite has a set of different magnetic arrangements
i=1,2,3,...,it has the corresponding energy spectrum {G1, Gy, G3, ... }. Then, volborthite
can absorb energy from the surroundings by using this energy spectrum reflected by the
specific heat anomaly. Since the magnetic specific heat anomalies are observed below 1.5 K,
one might assume that the enthalpies H; are identical for all membersi=1,2,3, ... . Then,
the free energy spectrum {Gy, G, G3, ... } is determined by the corresponding entropy
spectrum {51, Sz, S3, ... }, so the specific heat anomalies below 1.5 K arise from the entropy
spectrum of volborthite, which is due most likely to the magnetic ordering of each kagomé
layer. The latter implies that each kagomé layer must possess at least two different sets of
entropy spectra, so that one set is responsible for the specific heat anomalies below ~4.2 K,
and the other for those above ~5.5 K. In the next section, we show that each kagomé layer
has three different sets of entropy spectra associated with the arrangements of two-leg
spin ladders in each kagomé layer. These entropy spectra are a direct consequence of
the fact that interactions between adjacent two-leg spin ladders in each kagomé layer are
topologically constrained (see below).

4. Entropy Spectra and Specific Heat Anomalies
4.1. Spin Ladder Arrangements

In this section we discuss the magnetic-field dependence of the magnetic ordering
in volborthite below 1.5 K. Our experiments gave conclusive evidence for an effective
AUH chain behavior of volborthite at low temperatures, based on the two-leg spin ladders
formed by J; and /4. As already mentioned, the two-leg spin ladders (thereafter, referred to
as the spin ladder for short) interact with their neighboring spin ladders to establish two-
dimensional correlations within each kagomé layer via the spin exchange J; (Section 3.1). To
begin with, we examine what kinds of spin ladder arrangements are possible in a kagomé
layer. As already mentioned, in all possible magnetic arrangements of each kagomé layer at
temperatures below 1.5 K, all J; and J4 exchange paths of every spin ladder should remain
antiferromagnetically coupled (Figure 1d) because the spin exchanges J, and /4 forming
the spin ladders are AFM and are much stronger in magnitude than J;. This constraint on
the magnetic arrangements of a kagomé layer leads to three different groups of spin ladder
arrangements. Note that each spin ladder has a set of two consecutive J; paths running
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along the leg direction, which consists of the left and right sets of J; paths. Then, the first
topological constraint is that the left or right set of J; paths in each spin ladder be coupled
either all antiferromagnetically or all ferromagnetically. For simplicity, we use the labels A
(F) to represent the set of J; paths all antiferromagnetically (ferromagnetically) coupled in
each spin ladder. The two sets of the J; paths in each spin ladder can have one of the four
possible arrangements, (AA), (AF), (FA), and (FF), as illustrated in Figure 1d. Here, the (AF)
arrangement, for example, means that the spin ladder indicated by a parenthesis has the J;
paths all antiferromagnetically coupled in the left set, but all ferromagnetically coupled
in the right set. Use of bold labels in the (AA) and (FF) arrangements stems from the ease
of recognizing the spin ladder arrangements, as will be seen below. Figure 1d illustrates
a kagomé layer in which the (FF), (AF), (AA) and (FA) spin ladders occur consecutively.
It is convenient to denote this arrangement of spin ladders by (FF)(AF)(AA)(FA). As can
be seen from this arrangement, the second topological constraint is that, when crossing from
one spin ladder to its adjacent one, the two sets of the J; paths adjacent to the boundary
between the two be opposite in the nature of the spin exchange coupling, e.g., “F)(A” or
“A)(F”. As a consequence, the third topological constraint is that (AA) spin ladders cannot
be nearest neighbors, nor can be (FF) spin ladders. This implies also that (AA) and (FF)
ladders always have to alternate in any spin ladder arrangement. These three constraints
imply that there occur only three different sets of spin ladder arrangements in each kagomé
layer, in which the members of each set are distinguished by how many pairs of (AA) and
(FF) spin ladders are present. For simplicity, we use (AF),, to represent the occurrence
of m consecutive (AF) spin ladders, and (FA), that of n consecutive (AF) spin ladders.
Then, with the integers m, 1, 0, p, g and r counting the numbers of consecutive (AF) or (FA)
arrangements, examples of the spin ladder arrangements in Groups I, II and III are written
as follows:

Groupl:  (AF),(AA)(FA),(FF)(AF),(AA)(FA),(FF)(AF),.
GroupIl:  (AF),,(AA)(FA),(FF)(AF),(AA)(FA),(FF)(AF),(AA)(FA),.
Group ITI:  (FA),,(FF)(AF),(AA)(FA),(FF)(AF),(AA)(FA),(FE)(AF),.

The example of Group I given above illustrates the case when two pairs of (AA) and
(FF) spin ladders are separated by patches of consecutive (FA) and (AF) spin ladders. All
possible spin ladder arrangements of Group I are obtained by changing the number of
(AA) and (FF) pairs, m (=0, 1, 2, 3, ... ). With respect to any member of Group I, the
corresponding member of Group II has one more (AA) spin ladder, while that of Group III
has one more (FF) spin ladder.

4.2. Entropy Spectra

For a given (AF),,(AA)(FA), arrangement, it is important to note that the (AF),, patch
represents a domain of (AF)-coupled spin ladders while the (FA), patch represents a
domain of (FA)-coupled spin ladders, and the (AA) spin ladder is a boundary between
the two domains. Similarly, in a given (FA),,(FF)(AF),, arrangement, the (FF) spin ladder
represents a boundary between the (FA),, and (AF), domains. Thus, each member of the
Groups [, I and III arrangements is characterized by how many pairs of (AA) and (FF)
boundaries it has, regardless of the widths (e.g., values of m, n, ... ) of each individual
domain. This point is important in connection with the enthalpy of any given spin ladder

- =

arrangement. All members of Group I'have an identical enthalpy, Hy = J; }.;»; SiS;j =0
per kagomé layer, because each member has equal numbers of antiferromagnetically and
ferromagnetically coupled J; paths. Similarly, all spin ladder arrangements of Group II are
identical in enthalpy, Hy; = Hy — 2J; = —2J; per kagomé layer, and those of Group III are
identical in enthalpy, Hyy = Hy + 2J1 = +2J; per kagomé layer. Note that J; is weakly FM
in the P2;/a phase (see Table 1), and that the value of —2J; for Group II is the enthalpy of
one (AA) spin ladder while the value of +2]; for Group IIl is the enthalpy of one (FF) spin
ladder. Since J; is very weak and since a kagomé layer has a large number of spin ladders,
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one can for all practical purposes assume Hy = Hy; = Hyjp = 0 per kagomé layer, that is, all
spin ladder arrangements of Groups I, II and III are practically identical in enthalpy.

The spin ladder arrangements of Groups I, II and III give rise to entropy spectra
that are characterized by the number m of (AA) and (FF) pairs. To probe the entropy
spectra of Groups I, Il and III, we consider that a kagomé layer has N spin ladders, where
N = N /3 per FU of volborthite CuzV,07(0OH),-2H,0 with Nj as Avogadro’s number.
The factor 1/3 takes into account the fact that each spin ladder has three Cu®* ions per
repeat unit. For the case when there are m pairs of (AA) and (FF) arrangements, the total
number of different spin ladder arrangements, (24 (2m), in Group I, is given by

01(2m) = 2(NCom) = 2(N!)/[(2m)!(N — 2m)!],

where NCppy, is the binomial expansion coefficient, and the factor 2 arises because the m
pairs of sites in each arrangement can be occupied first with a (FF) spin ladder or first with
an (AA) spin ladder when m > 0. For m = 0, (3;(0) = 2 because one can have the (AF)e = ...
(AF)(AF)(AF) ... or the (FA)w = ... (FA)(FA)(FA) ... arrangement. The corresponding
numbers for Group II (Group III) are given by

Op(2m) = O (2m) = Or(2m) Qg (2m),

where O(2m) represents the number of possible sites available for an extra spin ladder
after m pairs of (AA) and (FF) spin ladders are chosen from N spin ladders. Due to the
topological constraints on the spin ladder ordering, Q)p(2m) < N — 2m. Then, the entropies
S associated with the three groups of spin ladder arrangements are given by

S51(2m) = kg InO);(2m),

Si(2m) = Syp(2m) = S;(2m) + Sg(2m),

Since O;(2m) = OQi(N — 2m), )1(2m) increases as 2m increases from 0 toward N/2,
reaching a maximum at 2m = N/2, and decreases as 2m increases beyond N /2 toward N
(Figure 4b). Consequently, S;(2m) = S;(N — 2m), and Sy(2m) increases as 2m increases from
0 toward at N/2 and as 2m decreases from N toward N/2.

The kagomé layers of volborthite satisfy the three conditions necessary for a crystalline
solid to exhibit a purely entropy-driven phase transitions: [30-32] (1) It has a set of states
identical in enthalpy H. (2) The members of this set are grouped into subsetsi=1,2,3, ...,
with degeneracies (01, (), ()3, ... , respectively. (3) The degeneracy (); increases steadily,
eg., (1 < <3 <...,s0theassociated entropy increases steadily. Thus, one may expect
that already moderate magnetic fields inducing Zeeman energies comparable to J; are able
to substantially alter the entropy balance, causing dramatic effects on the low-temperature
ordering behavior. In fact, as shown Figure 4a, the specific heat anomalies observed at B
=0 indeed disappears for B > ~4.2 T, but a new anomaly occurs when B > ~5.5 T. Below
~2 K, neither electronic nor vibrational energy of volborthite is available for the energy
absorption, causing the specific heat anomalies. Thus, in the following, we analyze the
dependence of the specific heat anomalies on T and B in terms of the entropy spectra of
Groups I, II and III (Figure 4b).

4.3. Specific Heat Anomalies and Entropy Spectra

As shown above, the entropy S1(2m) of Group I is smaller than that of Group II or Il
by Sg(2m). As the magnetic field B increases from 0, a kagomé layer starts absorbing energy
by exploiting the entropy spectrum of Group I, so the anomaly below ~4.2 T arises from
the entropy spectrum of Group I. Since ();(2m) becomes larger with increasing 2m from 0
to N/2 and also with decreasing 2m from N to N/2, more states are involved in the energy
absorption from Zeeman energy. This allows one to understand why the intensity of the
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specific heat anomaly increases with increasing field B. The entropies S;(2m) from the states
for 2m =0 — N/2 as well as 2m = N — N/2 are used to absorb energy, eventually reaching
the highest entropy level S;(N/2) (Figure 4b). When all entropy levels are exploited, there is
no more entropy level with which a kagomé layer can absorb energy any further, even if B
is increased. At this stage, the spin ladder ordering within a kagomé layer assumes a liquid-
like disordered state, and the specific heat in the valley between ~4.2 T and ~5.5 T reaches
that of the disordered state of the S = 1/2 AUH chains (the green plateau in Figure 4a). It is
most reasonable to assign the higher-temperature specific heat ridge to a magnetic ordering
within each kagomé layer, and the lower-temperature one to a three-dimensional ordering,
i.e., an ordering between the magnetically ordered kagomé layers. When the magnetic
field increases further, a kagomé layer can utilize the entropy spectra of Groups II and III
simultaneously, leading to the single broad specific heat anomaly above ~5.5 T. However,
this requires that the spin ladder arrangements of a kagomé layer must be converted from
Group I to Groups II and III. Each spin ladder has two sets of J; exchanges, e.g., a (AF) spin
ladder has one set of AFM-coupled J; and another set of FM-coupled J; exchanges. Suppose
that a set of J; paths is switched from FM to AFM, e.g., from an (AF) to a (AA) spin ladder
in one member of (A (2m) of Group I to create an extra (AA) spin ladder. Such a J;-flip,
e.g., (AF)m(AF)(AF)n—(AF)m(AA)(FA),, converts the electronic structure from Group I to
Group I, raising the entropy from S;(2m) to Syj(2m) = S5;(2m) + Sg(2m). Similarly, a J;-flip
can create an extra (FF) spin ladder, e.g., (FA)m(FA)(FA)n— (FA)m (FF)(AF),, converting
the electronic structure from Group I to Group III, raising the entropy from S;(2m) to
Sm(2m) = Sy(2m) + Sg(2m).

With a magnetic field, it is energetically more favorable to induce a [1-flip from AFM
to FM rather than that from FM to AFM. In contrast, thermally-driven J1-flips from AFM to
FM or from FM to AFM are equally likely. Thus, thermal agitation will be more effective
in creating J1-flips than Zeeman energy, approximately by a factor of 2. The positions of
two ridges of the specific heat below ~4.2 T are nearly parallel to the magnetic field axis,
whereas the single specific heat ridge above ~5.5 T is slanted with slope gugB/kgT ~ 2. This
reflects that, at a strong enough magnetic field, the kagomé layers of Group II spin ladder
arrangements absorb energy equally, as do those of Group III spin ladder arrangements.

The entropy spectra II and III are identical in the degeneracy of each entropy level, but
differ in the nature of spin ladder arrangements. Whether a given kagomé layer produces
the entropy spectrum II or III has no effect on the enthalpy difference. Consequently, there
is no ordering between kagomé layers, which explains the occurrence of a single specific
heat anomaly at magnetic field above ~5.5 T. The latter forms a single ridge with increasing
B, the shape of which suggests that not all available entropy states of the entropy spectra
II and III are populated at 9 T. If it is assumed that this above-5.5 T specific heat anomaly
(Figure 4a) retains a symmetric shape with respect to the temperature and magnetic field,
one might expect that the magnetic order above ~5.5 T will disappear under a magnetic
field higher than ~13 T.

Finally, we note that in all ordered magnetic states of Groups I, II and III, there occurs
a strong gain of translational entropy with respect to those states in which there is no order
between neighboring spin ladders, because the ordered states have translational symmetry
along the leg direction. This provides a strong driving force for the magnetic ordering. In
a sense, this situation is similar to the nematic phase transition in a system of thin rods
examined by Onsager [31].

5. Concluding Remarks

The spin exchanges of volborthite show that each kagomé layer of Cu?* ions is hardly
spin-frustrated, but rather consists of very weakly interacting two-leg spin ladders with
linear trimers as rungs. Below ~75 K, these rungs act as S = 1/2 pseudospin units, mak-
ing each two-leg spin ladder behave as a S = 1/2 antiferromagnetic uniform Heisenberg
chain. This conclusion was confirmed by synthesizing single crystal samples of volbor-
thite Cu3zV,07(OH),-2H,0 and its deuterated analogue CuzV,07(OD);-2D,0 and sub-
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sequently measuring their magnetic susceptibilities and specific heat anomalies. Under
a magnetic field B higher than ~4.2 T, the specific heat anomalies below 1.5 K are sup-
pressed. However, a new specific heat anomaly appears when B is raised above ~5.5 T.
The dependence of the specific heat anomalies on the magnetic field are governed by the
fact that the magnetic properties of each kagomé has three sets of entropy spectra with
which it can exchange energy with the surrounding. These entropy spectra arise from
the topologically constrained interactions between adjacent two-leg spin ladders in each
kagomé layer; that all spin exchange paths forming each two-leg spin ladder should remain
antiferromagnetically coupled.

The present work makes it clear that the use of a correct spin lattice is critical in
describing the properties of a magnetic material. As a criterion for finding a proper spin
lattice, the geometrical pattern of magnetic ion arrangement can be grossly misleading
because a spin lattice is decided by the geometrical pattern of the strong spin exchange
paths [3,4,19]. If volborthite were to be treated as a spin-frustrated kagomé lattice model, the
S =1/2 antiferromagnetic uniform Heisenberg chain behaviors of its magnetic susceptibility
and magnetization are exotic and novel, as are its specific heat anomalies below 1.5 K. By the
same token, all other magnetic properties of volborthite not explained by a spin-frustrated
kagomé lattice model would be novel and surprising. However, our work showed that
each kagomé layer of Cu* ions consists of very-weakly interacting two-leg spin ladders,
so the seemingly exotic magnetic properties previously attributed to magnetic frustration
are simply explained by a well-studied S = 1/2 antiferromagnetic uniform Heisenberg
chain model. To find a correct spin lattice for any given magnetic material, it is necessary
to evaluate the relative strengths of various possible spin exchanges of a given magnetic
system by using an unbiased and straightforward method such as the energy-mapping
analysis, based on first principles DFT calculations [3,4,19,33].

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390 /condmat7010024 /s1.

Author Contributions: Conceptualization, M.-H.W. and R.K K.; writing—original draft preparation,
M.-HW. and R.K.K; writing—review and editing, M.-H.W.,, RK.K., H.-].K,, PP. and E.B.; funding
acquisition, H.-J.K. All authors have read and agreed to the published version of the manuscript.

Funding: The work at KHU was supported by the Basic Science Research Program through the National
Research Foundation of Korea (NRF) funded by the Ministry of Education (2020R1A6A1A03048004).

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

Mendels, P.; Wills, A.S. Kagomé antiferromagnets: Materials vs. spin liquid behaviors. In Introduction to Frustrated Magnetism;
Lacroix, C., Mendels, P., Mila, F, Eds.; Springer: Berlin/Heidelberg, Germany, 2011; pp. 207-238.

Syzranov, S.V.,; Ramirez, A.P. Hidden energy scale in geometrically frustrated systems: Are quantum spin liquids achievable?
arXiv 2021, arXiv:2105.08070.

Xiang, H.J.; Lee, C.; Koo, H.-J.; Gong, X.; Whangbo, M.-H. Magnetic properties and energy-mapping analysis. Dalton Trans. 2013,
42, 823-853. [CrossRef] [PubMed]

Whangbo, M.-H.; Xiang, H.J. Magnetic properties from the perspectives of electronic hamiltonian: Spin exchange parameters,
spin orientation and spin-half misconception. In Handbook in Solid State Chemistry, Volume 5: Theoretical Descriptions; Dronskowskii,
R., Kikkawa, S., Klein, A., Eds.; Wiley: Hoboken, NJ, USA, 2017; pp. 285-343.

Hiroi, Z.; Ishikawa, H.; Yoshuda, H.; Yamamura, J.; Okamoto, Y. Orbital transitions and frustrated magnetism in the kagome-type
copper mineral volborthite. Inorg. Chem. 2019, 58, 11949-11960. [CrossRef]

Ishikawa, H.; Yamaura, J.I; Okamoto, Y.; Yoshida, H.; Nilsen, G.J.; Hiroi, Z. A novel crystal polymorph of volborthite,
Cu3V,07(0OH);,-2H,0. Acta Cryst. C 2012, 68, i41-i44. [CrossRef] [PubMed]

Yoshida, H.; Yamamura, J.; Isobe, M.; Okamoto, Y.; Nielson, G.J.; Hiroi, Z. Orbital switching in a frustrated magnet. Nat. Commun.
2012, 29, 860. [CrossRef] [PubMed]

Ishikawa, H.; Yoshida, M.; Nawa, K.; Jeong, M.; Kramer, S.; Horvati¢, M.; Berthier, C.; Takigawa, M.; Akaki, M.; Miyake, A.; et al.
One-third magnetization plateau with a preceding novel phase in volborthite. Phys. Rev. Lett. 2015, 114, 227202. [CrossRef]


https://www.mdpi.com/article/10.3390/condmat7010024/s1
https://www.mdpi.com/article/10.3390/condmat7010024/s1
http://doi.org/10.1039/C2DT31662E
http://www.ncbi.nlm.nih.gov/pubmed/23128376
http://doi.org/10.1021/acs.inorgchem.9b01165
http://doi.org/10.1107/S010827011202536X
http://www.ncbi.nlm.nih.gov/pubmed/22763677
http://doi.org/10.1038/ncomms1875
http://www.ncbi.nlm.nih.gov/pubmed/22643887
http://doi.org/10.1103/PhysRevLett.114.227202

Condens. Matter 2022, 7,24 13 of 13

10.

11.

12.

13.

14.

15.
16.

17.

18.

19.
20.
21.
22.
23.

24.
25.

26.

27.

28.

29.

30.
31.

32.
33.

Nakamura, D.; Yamashita, T.; Ishikawa, H.; Hiroi, Z.; Takeyama, S. Extremely wide 1/3 magnetic plateau of volborthite
Cu3V,07(OH);-2H,0 in ultrahigh magnetic fields up to 182 T. Phys. Rev. B 2018, 98, 020404. [CrossRef]

Yamashita, S.; Moriura, T.; Nakazawa, Y.; Yoshida, H.; Okamoto, Y.; Hiroi, Z. Thermodynamic properties of the kagomé lattice in
volborthite. J. Phys. Soc. Jpn. 2010, 79, 083710. [CrossRef]

Janson, O.; Furukawa, S.; Momoi, T.; Sindzingre, P; Richter, J.; Held, K. Magnetic behavior of volborthite CuzV,07(OH),-2H,0
determined by coupled trimers rather than frustrated chains. Phys. Rev. Lett. 2016, 117, 037206. [CrossRef]

Kresse, G.; Furthmiiller, J. Efficiency of ab-initio total energy calculations for metals and semiconductors using a plane-wave basis
set. Comput. Mater. Sci. 1996, 6, 15-50. [CrossRef]

Kresse, G.; Furthmdiller, ]. Efficient iterative schemes for ab initio total-energy calculations using a plane-wave basis set. Phys. Rev.
B 1996, 54, 11169-11186. [CrossRef] [PubMed]

Kresse, G.; Joubert, D. From ultrasoft pseudopotentials to the projector augmented-wave method. Phys. Rev. B 1999, 59, 1758-1775.
[CrossRef]

Blochl, P.E. Projector augmented-wave method. Phys. Rev. B 1994, 50, 17953-17979. [CrossRef] [PubMed]

Perdew, ].P.; Burke, K.; Ernzerhof, M. Generalized gradient approximation made simple. Phys. Rev. Lett. 1996, 77, 3865-3868.
[CrossRef]

Dudarev, S.L.; Botton, G.A.; Savrasov, S.Y.; Humphreys, C.J.; Sutton, A.P. Electron-energy-loss spectra and the structural stability
of nickel oxide: An LSDA+U study. Phys. Rev. B 1998, 57, 1505-1509. [CrossRef]

Yan, HW.; Luo, Y.Z,; Xu, X;; He, L.; Tan, J.; Li, ZH.; Hong, X.E; He, P; Mai, L.Q. Facile and Scalable Synthesis of
Zn3V,07(0OH);-2H,0 Microflowers as a High-Performance Anode for Lithium-Ion Batteries. ACS Appl. Mater. Interfaces 2017, 9,
27707-27714. [CrossRef] [PubMed]

Whangbo, M.-H.; Koo, H.-J.; Kremer, R.K. Spin exchanges between transition metal ions governed by the ligand p-orbitals in
their magnetic orbitals. Molecules 2021, 26, 531. [CrossRef] [PubMed]

Johnston, D.C.; Kremer, R.K.; Troyer, M.; Wang, X.; Kliimper, A.; Bud’ko, L.; Panchula, A.F,; Canfield, P.C. Thermodynamics of
spin S=1/2 antiferromagnetic uniform and alternating-exchange Heisenberg chains. Phys. Rev. B 2000, 61, 9558-9606. [CrossRef]
Selwood, PW. Magnetochemistry; Interscience Publishers Inc.: New York, NY, USA, 1956.

Bain, G.A.; Berry, J.F. Diamagnetic corrections and Pascal’s constants. J. Chem. Educ. 2008, 85, 532-536. [CrossRef]

Banks, M.G.; Kremer, RK.; Hoch, C.; Simon, A.; Ouladdiaf, B.; Broto, J.-M.; Rakoto, H.; Lee, C.; Whangbo, M.-H. Magnetic
ordering in the frustrated Heisenberg chain system cupric chloride CuCl,. Phys. Rev. B 2009, 80, 024404. [CrossRef]

Abragam, A.; Bleaney, B. Electron Paramagnetic Resonance of Transition Ions; Oxford University Press: New York, NY, USA, 1970.
Boukhari, A.; Moquine, A.; Flandrois, S. A new linear trimeric magnetic ion in (Ca,Sr)3Cu3(PO4)4 phosphates. Mat. Res. Bull.
1986, 21, 395-400. [CrossRef]

Todo, S.; Kato, K. Cluster algorithms for general-S quantum spin systems. Phys. Rev. Lett. 2001, 87, 047203. [CrossRef] [PubMed]
Albuquerque, A.F,; Alet, E; Corboz, P.; Dayal, P; Feiguin, A.; Fuchs, S.; Gamper, L.; Gull, E.; Giirtler, S.; Honecker, A.; et al. The
ALPS project release 1.3: Open-source software for strongly correlated systems. |. Magn. Magn. Mater. 2007, 310, 1187-1193.
[CrossRef]

Zavalij, P.Y.; Zhano, F; Whittingham, M.S. A new pyrovanadate, Zn3(OH),V,07-2H,0, from X-ray powder data. Acta Cryst. C
1997, 53, 1738-1739. [CrossRef]

Boo, W.O.J.; Stout, ].W. Heat capacity and entropy of CuF; and CrF, from 10 to 300 K. Anomalies associated with magnetic
ordering and evaluation of magnetic contributions to the heat capacity. J. Chem. Phys. 1979, 71, 9-16. [CrossRef]

Frenkel, D. Entropy driven phase transitions. Physica A 1999, 263, 26-38. [CrossRef]

Karayiannis, N.C.; Foteinopoulou, K.; Laso, M. Entropy-driven crystallization in dense systems of a thermal chain molecules.
Phys. Rev. Lett. 2009, 103, 045703. [CrossRef]

Onsager, L. The effects of shape on the interaction of colloidal particles. Ann. N. Y. Acad. Sci. 1949, 51, 627-659. [CrossRef]

Li, X;; Yu, H,; Lou, F; Feng, J.; Whangbo, M.-H.; Xiang, H.]. Spin Hamiltonians in magnets: Theories and computations. Molecules
2021, 26, 803. [CrossRef]


http://doi.org/10.1103/PhysRevB.98.020404
http://doi.org/10.1143/JPSJ.79.083710
http://doi.org/10.1103/PhysRevLett.117.037206
http://doi.org/10.1016/0927-0256(96)00008-0
http://doi.org/10.1103/PhysRevB.54.11169
http://www.ncbi.nlm.nih.gov/pubmed/9984901
http://doi.org/10.1103/PhysRevB.59.1758
http://doi.org/10.1103/PhysRevB.50.17953
http://www.ncbi.nlm.nih.gov/pubmed/9976227
http://doi.org/10.1103/PhysRevLett.77.3865
http://doi.org/10.1103/PhysRevB.57.1505
http://doi.org/10.1021/acsami.7b06996
http://www.ncbi.nlm.nih.gov/pubmed/28750161
http://doi.org/10.3390/molecules26030531
http://www.ncbi.nlm.nih.gov/pubmed/33498484
http://doi.org/10.1103/PhysRevB.61.9558
http://doi.org/10.1021/ed085p532
http://doi.org/10.1103/PhysRevB.80.024404
http://doi.org/10.1016/0025-5408(86)90003-6
http://doi.org/10.1103/PhysRevLett.87.047203
http://www.ncbi.nlm.nih.gov/pubmed/11461641
http://doi.org/10.1016/j.jmmm.2006.10.304
http://doi.org/10.1107/S0108270197009700
http://doi.org/10.1063/1.438064
http://doi.org/10.1016/S0378-4371(98)00501-9
http://doi.org/10.1103/PhysRevLett.103.045703
http://doi.org/10.1111/j.1749-6632.1949.tb27296.x
http://doi.org/10.3390/molecules26040803

	Introduction 
	Experimental and Calculations 
	Results 
	Spin Exchanges and Spin Lattice of Volborthite 
	Experimental Evidence for the Spin-Half AFM Uniform Heisenberg Chain Character 
	Specific Heat Anomalies of Volborthite 
	Specific Heat Anomalies of Volborthite 
	Effect of Isotope Substitution 
	Effect of a Magnetic Field on Magnetic Ordering 


	Entropy Spectra and Specific Heat Anomalies 
	Spin Ladder Arrangements 
	Entropy Spectra 
	Specific Heat Anomalies and Entropy Spectra 

	Concluding Remarks 
	References

