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Anisotropic magnetization plateaus in S.;y = 1/2 skew-chain single-crystal Co,V,0,
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We report anisotropic magnetization plateaus in the skew-chain antiferromagnet Co, V,07 with Se = 1/2 and
a large g factor. When the field is applied along the easy b axis, a 1/2-like magnetization plateau is observed
within 5.4~11.6 T, followed by a 3/4 plateau at 15.7 T. For the hard a and ¢ axes, however, there is only a sign
of 1/2-like magnetization plateau. These observations are quite different from the isostructural Ni, V,07 [Z. W.
Ouyang et al., Phys. Rev. B 97, 144406 (2018)]. Theoretically, the first-principles calculations reveal the large
interchain coupling, which leads to classical antiferromagnetic ordering and spin-flop-like transition. With this
large interchain coupling, the exact diagonalization analysis yields 1/2 and 3/4 plateaus, showing the quantum
origin of magnetization plateaus. Thus, Co,V,05 is an interchain-coupled system showing both classical and

quantum behaviors.

DOI: 10.1103/PhysRevB.99.134434

I. INTRODUCTION

Quantum effects in classical antiferromagnets are very
interesting. One example of great concern is magnetization
plateau, in which the magnetization corresponds to a fraction
of saturation magnetization—M/n, where n is the period of
the spin state [1]. Not surprisingly, magnetization plateaus
of pure quantum origin can be observed in low-dimensional
(D) quantum spin systems like diamond chain [2], bond-
alternating chain [3], ladders [4], and spin dimers [5], in
which the spin number is small (S < 1) and the long-range
antiferromagnetic (AFM) ordering is absent due to quantum
fluctuations. For the triangular, kagome, and pyrochlore lat-
tices, the 1/3 or 1/2 magnetization plateau can occur in both
quantum [6] and classical systems [7-13] with spin number
varying from S = 1/2 to 5/2, because spin configurations can
be stabilized by thermal and/or quantum fluctuations due to
geometrical frustration or spin-lattice coupling. Interestingly,
the coupled S = 1/2 spin clusters [14—16] were found to have
a coexistence of quantum-mechanical magnetization plateau
and AFM long-range ordering. The trimerlike StMn3;P40,4
(S =15/2) [17] can be considered as an extreme example
which exhibits 1/3 plateau in a classical large-spin system.

In most of the chainlike low-D systems exhibiting magneti-
zation plateau, the interchain coupling is negligible or at least
not dominant. Otherwise, the quantum magnetization plateau
is not expected to occur. However, we have recently observed
a 1/2 magnetization plateau and a nematiclike transition in
the S = 1 skew-chain system Ni, V,05 [18]. This observation
is indeed unusual for a system exhibiting classical AFM
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ordering and spin-flop transition due to large interchain cou-
pling [19,20].

There is an isostructural skew-chain antiferromagnet
Co,V,07 [21-23]. As shown in Fig. 1(a), Co,V,07 has
a monoclinic crystal structure (space group P21/c) [21,24]
composed of skew chains of edge-sharing octahedra, Co(I)Og
and Co(II)Og, running along the ¢ axis of the crystal. The
quasi-one-dimensional structure is formed by embedding the
corner-shared nonmagnetic tetrahedrons VO, [not shown in
Fig. 1(a) for clarity] in between the skew chains. It was
reported that Co, V,07 undergoes an AFM ordering at Ty =
6K [25] and a field-induced spin-flop-like transition along
the b axis. Obviously, Co?* ions display three-dimensional
(3D) magnetism due to the interchain coupling, similar to the
isostructural Ni;V,07 [19,20]. Very recently, a sign of 1/2
magnetization plateau has been observed between 7 and 12
T in Co,V,07 [26]. Note that this plateau is not as flat as
that in Ni,V,07 [18] even after subtracting the Van Vleck
paramagnetic susceptibility. This is probably because of the
use of polycrystalline samples. Also, there is a very tiny
anomaly between 15 and 20 T in the derivative dM/dH curve
[26]. All these suggest that consecutive magnetic transitions
may occur along the easy axis of Co,V,07.

In this paper, we present anisotropic magnetization process
in a single crystal of Co,V,07. Quite different from the case
of Ni,V,07 [18], two fascinating magnetization plateaus—a
1/2-like plateau and a 3/4 plateau, are observed, depending
on crystallographic directions. Our high-field magnetization
and electron spin resonance (ESR) data demonstrate the vali-
dation of Seir = 1/2 description of the magnetic moment with
a large g factor at low temperature. The first-principles cal-
culations and exact diagonalization are employed to explain
the large interchain coupling and the unusual magnetization
process.

©2019 American Physical Society
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FIG. 1. (a) Skew chain with alternating Co(I)Og (red) and
Co(II)Og (blue) octahedra along the ¢ axis. There are four Co(I)
atoms numbered by 1, 3, 6, and 8 and four Co(II) atoms numbered
by 2,4, 5, and 7 in a unit cell (4 formula unit). The arrows denote the
spin orientations of Co ions for the ground-state AFM-1 derived from
the first-principles calculations. (b) Three types of superexchange
interactions: J;—3.053(3) A (green bond, Co5-01/02-Co6), J,—
3.033(5) A (blue bond, Co6-03/04-Co7), and J5;—2.972(7) A (black
bond, C03-05/06-Co6) as well as the Co—O—Co bond angles.

II. EXPERIMENTAL DETAILS

The single crystal of Co,V,07 was prepared by the pub-
lished procedures [25]. The polycrystalline powder was syn-
thesized by a standard solid-state reaction method. Single-
crystal x-ray-diffraction (XRD) data were collected at room
temperature using the program SHELXL-2016 on an XtalLAB
Mini I diffractometer equipped with a Rigaku Mo x-ray
source. Powder XRD data were collected using a PANalytical
X’Pert powder x-ray diffractometer with Cu Ko radiation.
The program FULLPROF was used for the Rietveld refinement
[27]. The chemical compositions were checked by an electron
probe microanalyzer (EPMA-8050G). Magnetization mea-
surements were performed with a superconducting quantum
interference device (SQUID) magnetometer. Specific heat was
measured under 0-7 T using a commercial physical proper-
ties measurement system (PPSM). High-field magnetization
measurements were performed at 0.7-7 K using a homemade
pulsed field up to 38 T. The pulsed-field ESR spectra were col-
lected in the field-increasing process. The first-principles cal-
culations were carried out using the self-consistent full poten-
tial linearized augmented plane-wave package WIEN2K [28],
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FIG. 2. (a) Magnetic susceptibility x(7) curves measured at
0.1 T. The inset is the corresponding x ~!(T') curves. The dashed lines
represent Curie-Weiss fit. (b) Specific heat curves for H//b measured
at different fields. The curves are shifted up by various magnitudes
in relation to the 7-T curve.

using the general gradient approximation with the Perdew-
Burke-Ernzerhof [29] parametrization for the exchange cor-
relation. The considered spin configurations are collinear. To
include the correlated effect of 3d electrons, the effective
on-site Coulomb interaction parameter was chosen as U =
U —J =5.0eV for Co*t [30,31], where U and J are on-site
Coulomb and exchange interactions, respectively. A mesh of
150 k points was used in the first Brillouin zone. The self-
consistency was achieved by demanding the convergence of
total energy to be smaller than 1 meV.

III. RESULTS AND DISCUSSION

A. Anisotropic magnetization plateaus

Figure 2(a) shows the temperature-dependent magnetic
susceptibility x(7") of single-crystal Co,V,07; measured at
0.1 T. The susceptibility is isotropic at high temperature but is
highly anisotropic at low temperature. Similar to the previous
report [25], the x (T') curve exhibits a sharp cusp at the AFM
ordering temperature of 7y~6.0 K when the magnetic field is
applied along the easy b axis (H//b). For the hard a and ¢
axes, however, a small increase in susceptibility is seen below

134434-2



ANISOTROPIC MAGNETIZATION PLATEAUS IN ...

PHYSICAL REVIEW B 99, 134434 (2019)

Tx. The x ~'(T) curves shown in the inset of Fig. 2(a) follows
the Curie-Weiss law above ~150 K with a paramagnetic Curie
temperature 6, = —46, —19, and —20K for a, b, and c axes,
respectively. The corresponding effective moment is 5.6, 5.8.
and 5.4 113/Co?*, close to the previous reports [22,25]. Note
that below 150 K, the x ~'(T') curves deviate from the Curie-
Weiss law, which implies the presence of short-range spin
correlations well above Ty.

The magnetic phase transitions can be further confirmed
by specific heat measurements. Figure 2(b) shows the C(T")
curves for H//b measured at different fields. As expected, a
sharp A-like peak is seen at 7y~6.0 K in the zero-field curve.
As the magnetic field increases, the A-like peak shifts to the
lower temperature, which is a typical feature for classical
antiferromagnet. The vanishing of the A-like peak above 5 T
suggests that the AFM state is suppressed and a new spin state
appears in the high field.

Figure 3(a) shows the high-field magnetization M (H)
curves measured at 1.7 K for single-crystal Co,V,07. The
absolute values of magnetization are calibrated with SQUID
data. The magnetization process is highly anisotropic. All the
curves present complicated field-induced magnetic transitions
(see, e.g., the dM/dH curve for the b axis). Note that the
high-field magnetization increases linearly for all three crys-
tallographic directions due to the Van Vleck paramagnetism of
Co** originating from the contribution of excited states in the
octahedral environment [32,33]. From the slope of the M (H)
curve, the Van Vleck paramagnetic susceptibility is evaluated
as xyvy = 0.022, 0.027, and 0.010(,uB/T)/C02+ for a, b, and
c axes, respectively. These values are comparable to those in
other Co-based systems exhibiting a magnetization plateau
and a similar Van Vleck effect [10,34]. Interestingly, an ex-
trapolation of the linear part to zero field points to the same
magnetization, suggesting that the saturation magnetization is
the same for all three axes.

To better examine the anisotropic magnetization process,
we plot in Fig. 3(b) the M(H) and the normalized M/M;
curves corrected for the Van Vleck term. The saturation
magnetization is determined as My = 2.05 ug/ Co**. For the
hard axes, the M(H) curve is composed of two anomalies at
~6.8 and 18.6 T for H//a (black line) and ~7.8 and 23.3 T for
H //c (blue line), respectively. Between the two anomalies, the
magnetization increases smoothly with an upward curvature,
signaling the existence of a 1/2-like magnetization plateau.
The case is more complicated when the field is applied
along the easy b axis (red line). In low field, a spin-flop-like
transition is seen at ~3.0 T from the maximum of dM/dH
[see Fig. 3(a)], similar to the previous report [25]. Interest-
ingly, between H,; =5.4T and H., = 11.6 T, the magneti-
zation remains nearly unaltered and a 1/2-like magnetization
plateau is well established. The plateau magnetization is about
1.07 pp/ Co?*, which is close to 1 /2M. With further increas-
ing the magnetic field from H,, there is a fast increase in
magnetization followed by an anomaly at H.3 = 15.7 T. The
magnetization at H.; is estimated as 1.54 wg/Cot, equal
to 3/4M;. Above H.4 = 20.2'T, the magnetization reaches
saturation. Figure 4 shows the raw M(H) curves for H//b
measured at 0.7-7 K. As temperature rises, H.; and H.4 move
towards lower field, whereas H,, shifts to higher field. There
is no significant shift for H ;. Above Ty = 6 K, all anomalies

dM/dH (arb.units) for H//b

HIlb, 1.7 K

——0.7 K, H-increase
| =eee- 0.7 K, H-decrease
I ——1.7 K, H-increase
I e=see 1.7 K, H-decrease
—— Simulation

0.0 ——t——
0 5 10 15 20 25 30
uH (T)

FIG. 3. (a) High-field M (H ) curves (left) measured at 1.7 K and
dM/dH for the b axis (right). The absolute values of magnetization
are calibrated with SQUID data (symbols). The dashed straight lines
represent the linear extrapolation of the curves to zero field. (b)
M (H) (left) and normalized M/M; curves (right) corrected for the
Van Vleck term. The dashed straight lines mark the magnetization
between H., and H,, at H., and above H. (¢) A comparison of
the experimental M (H ) curve at 0.7 and 1.7 K for the b axis with the
calculated M (H) curve with g = 3.95,J, = —17.1K,J, = —=30.1K,
and J; = —13.9 K. The arrows show the field direction and possible
spin structures at various states.

disappear and the curve presents a typical paramagnetic be-
havior.

The magnetic anisotropy can be described by the
molecular-field model, in which the spin-flop transition field
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FIG. 4. Field-increasing and decreasing M (H) curves for H//b
measured from 0.7 to 7 K.

Hgs and the saturation field H.4 are expressed as [35]

Hy = \/(2Hg — Hp)Hp (1)

H., = 2Hg — Hy 2)

With Hy = 3.0T and H.4 = 20.2 T, the exchange field is
derived to be Hg = 10.3 T (13.9 K) and the anisotropic field
Hj = 0.45T (0.6 K), which indicates a magnetic anisotropy.

The g factor is important for theoretical analysis of mag-
netization plateaus (see below). Note that effective mag-
netic moments of 5.29 ug/Co** for polycrystals [25] and
5.4-5.8 up/Co®* for our single crystal have been derived
from the high-temperature magnetic susceptibility. These val-
ues are much larger than theoretical value of 3.87 ug/Co**
with § =3/2 and g = 2.0, showing a large contribution of
orbital moment. This is the case at high temperature. Based
on the crystal-field theory, the Co?* ion located in an octa-
hedral environment is in high-spin (S = 3/2) state at room
temperature. However, when the temperature is much lower
than |A|/kp ~ 250K (A is the spin-orbit coupling constant)
[32,33], the system can be described by an effective spin of
Seir = 1/2 with total g factors of about 13 for three different
field directions [10]. With S = 1/2 and experimental value
of My = gupSest, the g factor is determined as g = 4.10, which
is much smaller than g = 5.2 estimated by high-field magne-
tization data of powder sample [26]. This is obviously due to
the difference in saturation magnetization. See Appendixes A
and B for details.

The ESR is known to be a precise technique to determine
the g value. Our high-field ESR measurements show that at
high temperature well above Ty, a single peak is observed
and it can be ascribed to the paramagnetic resonance. The
peak is very broad because of the presence of short-range spin
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FIG. 5. (a) ESR spectra of single crystal measured at 170 GHz
and 40 K. The sharp DPPH line (g =2.0) is used for a field
marker. (b) Frequency-field (f-H) relation at 2 K as well as several
representative ESR spectra of powder sample.

correlations, in line with the result of x ~'(7') in Fig. 2(a).
Figure 5(a) shows the ESR spectra measured at 170 GHz at
40 K along the three axes, where the sharp diphenylpicryl-
hydrazyl (DPPH) line (g = 2.0) is for a field marker. There
is no significant change of the resonance field for the three
directions and thus the g value is derived to be g = 5.22.

At low temperature, a shift of g factor is possible due
to the AFM ordering. Unfortunately, the ESR spectrum
at 2K (<7y = 6 K) exhibits a multiple-peak structure (not
shown here for clarity), which prevents us from determining
the g value. However, at low field and low frequency, we
observed a special AFM resonance mode whose resonance
field decreases with increasing frequency. The intensity of
this mode is strong for the powder sample but weak for the
tiny single crystal. We plot in Fig. 5(b) the frequency-field
(f-H) relation at 2 K as well as several representative ESR
spectra of powder sample. Clearly, the f-H relation is linear
and can be described by hf/gup = A — H with g =3.95
and zero-field gap of A = 270GHz (i.e., 4.88 T). The value
of A reflects the magnitude of Hg and Ha. As seen from
Fig. 5(b), extrapolation of the f-H relation to high field shows
that this mode becomes soft at 4.88 T, which is significantly
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larger than the spin-flop transition field of Hy = 3.0T, i.e.,
(2Hg - Hy)'/?, but close to the critical field for the onset of
1/2 plateau. To clarify the origin of this ESR mode, detailed
high-field ESR studies are desired. Our high-field magnetiza-
tion and ESR data unequivocally show that Co,V,0; indeed
has a large g factor. Thus, the Se = 1/2 description of the
magnetic moment is valid at low temperature. The obtained
g=3.95 at 2 K from ESR spectra should be more reliable
compared with those estimated by high-field magnetization
calibrated with SQUID data and corrected by subtracting
Van Vleck paramagnetism. We also note that a comparable
value of g = 3.84-3.87 was reported in the Co-based quantum
magnet Ba;CoSb,Og¢ which has Ser = 1/2 and exhibits a 1/3
magnetization plateau at low temperature [10].

So far, we have illustrated the presence of a well-defined
1/2-like magnetization plateau and a 3/4 plateau, depending
on crystallographic axes, in the skew-chain antiferromagnet
Co,V,07 which has Seir = 1/2 and a large g factor at low tem-
perature. The observation of magnetization plateaus is quite
different from the isostructural Ni, V,07 [18], where a well-
defined 1/2 plateau was observed along all three directions. In
Ni, V,07, there are two easy magnetization directions, a and b
axes, and thus two spin-flop-like transitions. The ground-state
spins are aligned within the ab plane and a spin nematiclike
transition appears [18]. In Co,V,07, however, there is only
one easy axis, one spin-flop-like transition, and thus no spin
nematiclike phase.

As compared with the powder sample of Co,V,05 exhibit-
ing a sign of 1/2 magnetization plateau within 7-12 T and a
very tiny anomaly between 15 and 20 T in the dM/dH curve
[26], the plateaus in single crystal are strongly anisotropic. In
particular, the 1/2-like magnetization for the easy b axis is
extremely flat within a more broad field range of 5.4~11.6T.
The 3/4 plateau appears only along the b axis. Note that
the ESR spectra give a precise value of g = 3.95 at 2 K for
both single-crystal and powder samples [Fig. 5(b)]. This value
corresponds to My = 1.98 ug/ Co?*. Thus, the saturation
magnetization (2.05 up/Co”*) obtained from single crystal is
more reliable than the result (2.6 113/Co®") of powder sample
[26], which is sample dependent (see Appendix B). These are
the advantages of single crystal relative to the powder average.

B. Theoretical calculations

Since the Seir = 1/2 description of the magnetic moment is
valid at low temperature, the observed magnetization plateaus
in CoyV,07 could be quantum origin. The interpretation of
magnetization plateaus relies on information of exchange in-
teractions. In the following, we first carried out first-principles
calculations with the reported structural parameters [25] by
considering five types of collinear spin configurations. Table I
gives the details of each spin configuration in a unit cell
(4 formula unit) containing eight atoms, i.e., four Co(I) atoms
numbered by 1, 3, 6, and 8 and four Co(II) atoms numbered
by 2, 4, 5, and 7 (see also Fig. 1). As can be seen from
Table I, the calculated spin moment is identical for Co(I) and
Co(II) and the saturated moment is 2.7 ug/Co?*, higher than
the experimental value of 2.05 ug/Co**. This discrepancy
might be associated with the choice of the U term and/or
the parameter for the exchange correlation. The AFM-1 state

TABLE I. Total energy (E) relative to the AFM-1 state for the
five various spin configurations, one ferromagnetic (FM) and four
AFM states, in a unit cell (4 f.u.) containing four Co(I) numbered
by 1, 3, 6, and 8 and four Co(II) numbered by 2, 4, 5, and 7
[see Fig. 1(a)]. The arrows “4” and “|” represent the relative spin
orientations of Co ions in order of Col, Co2, ...Co8.

Configurations E (meV) Mc, (uB)
FM (11441111) 122 270
AFM-1 (MMM 0.0 2.70
AFM-2 (M1 80.9 2.70
AFM-3 (ML) 163.2 2.70
AFM-4 (ML) 23.7 2.70

is most stable in energy and can be considered as the ground
state, similar to the case of Ni,V,07; [20]. In this state,
the exchanges are AFM along the alternating aligned Co(I)-
Co(II)-Co(I)-Co(II) chain (J; and J,) and between the nearest-
neighboring interchain Co(I)-Co(I) coupling (J3), which is
shown in Fig. 1(a). It should be stressed that the exact values
of exchange interactions are not easy to obtain by mapping
energy of different spin configurations to the isotropic Heisen-
berg model Hamiltonian H = —XJ; ;S;S; (here J;; includes
all the exchanges between sites i and j) because of the
complicated 3D magnetism of Co,V,07, which was tried in
our recent calculations of Ni, V,05 [20].

However, a qualitative analysis about J;, J,, and J; is
possible. Figure 1(b) shows the three superexchange inter-
actions and the corresponding bond angles. The intrachain
Ji and J, are associated with the Co6-O-Co5 and Co6-O-
Co7 paths with bond lengths of 3.053(3) A (green bond)
and 3.033(5) A (blue bond), respectively. The interchain J3
is via the Co6-O-Co3 path with a bong length of 2.972(7)
A (black bond). The short interchain distance indicates that
J3 might be comparable to J; and J,. This is supported by
our calculations. Figure 6 shows the partial density of states
(DOS) of Co3d and O2p for the ground-state AFM-1. For
Co3 and Co5 atoms, the majority-spin band below Fermi level
is completely occupied while the minority-spin band is only
partly occupied. The case is reverse for Co6 atom, giving rise
to a negative moment. In the valence band mainly composed
of Co 3d and O 2p states, the O 2p orbital hybridizes strongly
with the Co 3d orbitals for both Co6-O-Co3 and Co6-O-Co5
superexchange paths. It is therefore inferred that the interchain
J3 should be comparable to the intrachain J;.

Furthermore, we plot in Fig. 7(a) the isosurface of valence
electron density at the plane determined by Co5, Co7, Co4,
and Co2 [see Fig. 1(a)]. A finite charge distribution crossing
the Co-O-Co path is seen, but the distribution via Co6-O-Co3
path (J3) is relatively weaker than those via Co6-O-Co5 (or
Co03-0-Co4) path (J;) and Co6-0O-Co7 (or Co3-O-Co2) path
(J2). Note that in this figure the O atoms associated with
the superexchanges are not coplanar. For further comparison,
we plot in Figs. 7(b)-7(d) the isosurface of valence electron
density in each Co-O-Co plane. Clearly, there is a pronounced
charge distribution along the Co6-O-Co3 path [Fig. 7(d)],
a little bit weaker than the distributions along the Co6-O-
Co5 path [Fig. 7(b)] and Co6-O-Co7 path [Fig. 7(c)]. It is
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DOS (states/eV)

FIG. 6. Partial DOS of Co 3d and O 2p for the ground-state
AFM-1. The Fermi level is at zero energy.

concluded that J3 is relatively weak but comparable to J
and J,.

With the information that all exchanges are AFM and J3
is comparable to but smaller than J; and J,, it is possible
to simulate the high-field M(H) curves. However, the M (H)
curves are highly anisotropic and thus anisotropic exchange
interactions should be taken into account, which complicates
the simulation. As an approximate treatment, we only at-
tempt to simulate the well-defined 1/2-like magnetization

J,, J,and J,

A

- N W A OO N ® O

(c)

FIG. 7. (a) Isosurface of valence electron density (e A_3) at the
plane determined by Co5, Co7, Co4, and Co2 containing Ji, Ja,
and J; superexchange paths. (b)—(d) Isosurface of valence electron
density for each Co-O-Co plane:J;—Co6-0O-Co5, J,—Co06-0-Co7,
and J3—Co06-0-Co3.

plateau for the b axis by diagonalizing the Hamiltonian
H = —EJi’jSiSj + Egl,LBSizH with Seff = 1/2 and g = 3.95
without including anisotropic exchanges. For simplicity, we
consider eight atoms with three interactions J;, J,, and J3. Our
simulation shows that the best parameters to describe the mag-
netization process are J; = —17.1K, J, = —30.1K, and J5 =
—13.9K. The averaged value is about —19.6 K, which is com-
parable to the Weiss temperatures 6, obtained from xNT).
Note that similar treatment can be found in diamond-chain
Cu3(CO3),(OH); [2] and triangular-lattice Ba3CoSb,Og [10]
which exhibit anisotropic 1/3 magnetization plateaus.

The calculated M (H) curve is given in Fig. 3(c), where the
experimental curves for the b axis are also plotted for compar-
ison. The calculated curve produces a well-defined 1/2 mag-
netization plateau between H.; and H., and a 3/4 plateau at
H_,. Based our simulations, the occurrence of magnetization
plateaus is a result of quantum-mechanical discrete energy
levels of magnetic eigenstates in spite of the presence of in-
terchain exchange. As seen from the geometrical arrangement
of Co ions in Fig. 1, the intrachain and interchain interactions
could be frustrated with f = 6,/Tx~3 [22,25]. It is the quan-
tum fluctuations and frustration that results in the occurrence
of plateaus. The possible spin configurations are shown in
Fig. 3(c), where the classical spin-flop transition coexists with
the quantum magnetization plateaus. The ground-state spins
are aligned along the easy b axis with a collinear 1|1 spin
configuration. Once the spin-flop transition takes place at Hsy,
the spins become perpendicular to the b axis. As a classical
analog, the 1/2 plateau could correspond to a collinear 111
configuration and the 3/4 plateau a M1 1M1M11] configu-
ration, which can be stabilized by frustration and quantum
fluctuations (Ser = 1/2). The exact spin configurations call
for further experimental studies using neutron scattering and
theoretical calculations containing more Co spins.

Finally, we notice a small discrepancy between the ex-
perimental and calculated curves in Fig. 3(c), the exact rea-
son for which is unknown at this moment. The previously
reported deviation of the plateau magnetization from the
expected M;/3 in kagome lattice Cu3V,07(OH), - 2H,0 and
BaCu;3V,05(0OH), [36] was later clarified to be due to quality
of polycrystalline samples [37]. Recently, 1/2 quantum mag-
netization plateau was reported in the breathing pyrochlore
Bas;Yb,ZnsOy; [38]. The magnetization curve is field hys-
teretic, depending on the field-sweep rate. The plateau mag-
netization is significantly larger than the calculated curve
with conventional Heisenberg spin-exchange Hamiltonian,
but close to the adiabatic simulation result. With this in mind,
the slight discrepancy of plateau magnetization from M;/2
seen in Fig. 3(c) may, at least in part, be due to the pulse-field
magnetization process, which is not completely adiabatic. As
shown in Fig. 3(c), the magnitude of discrepancy is different
for 0.7 and 1.7 K curves and both present a significant hys-
teresis between the H-decreasing and H -increasing processes,
which is not intrinsic.

IV. CONCLUSIONS

In summary, we have demonstrated the anisotropic mag-
netization process in Se = 1/2 skew-chain single-crystal
Co,V,0;. For the easy b axis, the magnetization curve
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consists of a spin-flop-like transition at around 3.0 T,
a well-established 1/2-like magnetization plateau within
5.4~11.6T, and a 3/4 plateau at 15.7 T. For the hard a and
c axes, however, only a sign of 1/2-like plateau is observed,
showing a strong magnetic anisotropy. The high-field mag-
netization and ESR data also demonstrate that Co,V,07 has
an effective spin of Sy = 1/2 with a large g value. The first-
principles calculations reveal that the interchain coupling,
which leads to classical AFM ordering and spin-flop-like
transition, is comparable to the intrachain couplings. This is
further confirmed by exact diagonalization analysis, which
yields 1/2 and 3 /4 plateaus, confirming the quantum origin of
plateaus. Thus, there is coexistence of classical and quantum
magnetism.
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APPENDIX A: CRYSTAL STRUCTURE AND CHEMICAL
COMPOSITION ANALYSIS

Single-crystal XRD analysis shows that Co,V,07 crys-
tallizes in the monoclinic crystal system with space group
P21/c [21,24]. The lattice parameters are a = 6.584(9) A,
b=283733)A, ¢ =9.466(6) A, and B = 100.216(4) A, in
good agreement with the previous report [25]. The pow-
der XRD analysis was performed for the powder sample
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FIG. 8. Observed and calculated powder XRD patterns and the
difference between them. The green vertical bars indicate the ex-
pected Bragg reflection positions.
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FIG. 9. Energy-dispersive spectrum measured by an EPM for
single-crystal and powder samples. The inset shows a photograph
of the single crystal.

synthesized by the solid-state reaction method. Figure 8
shows the result of the Rietveld refinement with space group
P21/c. The calculated patterns match well with the observed
patterns. No impurity phase is detected, showing the high
quality of powder sample. The refined lattice parameters are
a=6.6442)A, b =8.444(5)A, ¢ =9.554(3)A, and B =
100.329(2)°, slightly larger than those of single crystal.

Figure 9 shows the energy-dispersive spectrum measured
by an electron probe microanalyzer as well as a photograph
of the single crystal. Table II lists the details of the chemical
composition obtained at two random sites in the samples. The
true Co:V:O ratio is quite close to the nominal ratio of 2:2:7
for both single-crystal and powder samples, again showing the
high quality of the samples.

TABLE II. The quantitative chemical composition analysis per-
formed by an electron probe microanalyzer for single-crystal and
powder samples.

Co v (0]
Sample Site (at. %) (at. %) (at. %) Total
Single crystal ~ Pointl 19.192 17.604 63.204 100
Point2 18.432 18.039 63.529 100
Powder Point1 18.336 18.094 63.570 100
Point2 18.711 17.879 63.410 100
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APPENDIX B: MAGNETIZATION CURVE
OF POWDER SAMPLE

Figure 10 shows the M(H) curve at 2 K for the pow-
der sample using a SQUID magnetometer. As expected, the
field-induced spin-flop-like transition is hard to identify in
comparison with the single-crystal data along the easy b axis.
If the spin-flop transition field is defined as the maximum of
the dM/dH, the value of Hy is estimated to be 4.3 T, which
is larger than 3.0 T for the b axis [Fig. 3(a)]. No magnetic
saturation is reached at 7 T. The magnetization at 7 T is
about 1.27 ug/Co?>*. After subtracting the Van Vleck term
whose value is unknown for our sample, the magnetization at
7 T would be significantly smaller than 1.3 g /Co’* reported
recently [26]. Thus, the saturation moment of our sample is
smaller than 2.6 ug/Co?* [26], reducing the magnetic differ-
ence between powder and single crystal. All these suggest that
the magnetization is sample dependent.

For single crystal, the magnetization at 7 T is, respec-
tively, about 0.98, 1.29, and 1.28 MB/COZ for a, b, and ¢
axes [Fig. 3(a)] without subtraction of the Van Vleck term.
The averaged value of 1.18 ug/Co? is still smaller than
1.27 ug/Co** of our powder sample. Keep in mind that our
single-crystal and powder samples are of high quality. There

1.2} Powder, 2 K
0ol 2
a5 =
N
@] 5
S g
06t S
s 3
=
0.3} . iS ]
00 " 1 " 1 " 1 " 1 " 1 N ] S=eed
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FIG. 10. The M (H) curve measured at 2 K for powder sample.

is a small difference in lattice parameters (see Appendix A).
The magnetic difference between single crystal and powder
might be associated with the difference in microstructures.
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