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Spin-1/2 triangular lattice Heisenberg antiferromagnet has been accepted as an ideal system for quantum
magnetism studies and quantum simulations. This system, for which the classical ground state degeneracy
is lifted by quantum fluctuations, exhibits a series of novel spin structures for a field applied in-plane and
out-of-plane. It has been found that both anisotropy and interlayer interaction play an important role in the
stabilization of the spin configurations in a magnetic field. Conversely, the phase transitions and spin-state
evolution in a field along various orientations can provide a deep insight into physics of the triangular lattice
Heisenberg antiferromagnet system. While the quantum magnetization process in an in-plane field has been
studied extensively, the ground state evolution in the field along the c axis requires further investigation. Here
we performed high field magnetization and neutron scattering investigations on a model system of spin-1/2
triangular lattice Heisenberg antiferromagnet Ba3CoSb2O9 with field along c axis and with a small offset angle.
For H ‖ c, the magnetization reveals a narrow plateau prompting a UUD-like phase, which could be suppressed
by tilting the field away from the c axis. From the neutron data, a phase transition μ0Hc1 ∼ 12 T is detected and
interpreted as a transition from an umbrella to a coplanar phase. Around about 22.5 T (μ0Hc2) for H ‖ c, another
transition is observed which might be attributed to a transition between the coplanar V and V ′ phases based
on a comparison with the calculations and previous results. Theoretical calculations using the large-size cluster
mean-field plus scaling method predicts a similar phase evolution as the previous semiclassical analysis, and
agree with experiment well. The discrepancies between theory and experiment are also discussed, suggesting the
physics of a triangular lattice Heisenberg antiferromagnet in a field along c axis has not been fully unraveled.

DOI: 10.1103/PhysRevB.105.214433

I. INTRODUCTION

Frustrated magnetism is one of central topics in condensed
matter physics [1] giving rise to many interesting novel
concepts, such as, e.g., quantum spin liquid [2] and quantum
magnetization plateau [3–7]. In the latter case, quantum
fluctuations lift the accidental degeneracies of classic limit
and result in novel ground state and excitations. A remarkable
model system here is the spin S = 1/2 triangle lattice
Heisenberg antiferromagnet (TLHAF). In zero field, it forms
a 120◦ or so-called Y-type structure below Neél temperature
[8–14], due to the zero point energy. In an in-plane field, it was
demonstrated that a quantum magnetization plateau at one
third of saturated magnetization (1/3Ms) associated with an
up-up-down (UUD) spin configuration is stabilized by quan-
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tum fluctuations and easy-plane anisotropy. This was long
predicted by theories and recently observed in various real
systems. Several representative compounds include Cs2CuBr4

[15,16], Ba3CoSb2O9 [17,18], and CsCuCl3 [19,20].
All these materials exhibit a 1/3Ms quantum magneti-

zation plateau resulting from quantum fluctuations rather
than thermal fluctuations at low temperatures. In a per-
fect TLHAF system, the ground state and excitations are
mainly determined by the intralayer interaction, whereas
in the real systems they can be affected by anisotropy
and interlayer interactions. Already the earliest experimen-
tal systems Cs2CuBr4 and CsCuCl3 were found to show an
evidence of quantum magnetization plateau. However, the
magnetic properties of these compounds are complicated be-
cause of a relative low orthorhombic structural symmetry
and Dzyaloshinskii-Moriya (D-M) interactions [15], due to
the Jahn-Teller distortion of Cu2+ cation. On the other hand,
the compound Ba3CoSb2O9 is found to almost perfectly ap-
proximate TLHAF. It crystallizes in a layered structure with
a high symmetric hexagonal lattice (SGP: P63/mmc) with-
out the disruption caused by the D-M interactions. Co2+
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ions form regular triangle layers isolated by two neighboring
nonmagnetic Sb5+ triangle layers which enables a weak inter-
layer interaction. The Co2+ ions can be safely treated as an
effective S = 1/2 ions due to a well isolated Kramers doublet
ground state for T < 50 K [17]. The intraplane interaction
between adjacent Co2+ is determined to be J ∼ 19 K, while
the interlayer interaction is more than one order of magni-
tude weaker, which reduces the Neél temperature associated
with 3D long range ordering down to TN = 3.8 K [21]. The
interlayer interaction J ′ is estimated to be about J ′/J = 0.052
by neutron scattering [22], and 0.026 by ESR measurement
[23]. ESR measurements provide very close g factors for
both in-plane and out-of-plane field directions. Both inelastic
neutron scattering (INS) [24] and theoretical work [25] sup-
port a slightly smaller interaction out-of-plane than in-plane,
manifesting an easy plane XXZ system. Although it remains
slightly anisotropic, Ba3CoSb2O9 still closely approximate to
a perfect TLHAF model and could serve as a platform for
investigating low dimensional quantum magnetism.

It is therefore interesting to study the field dependence of
the spin structure of Ba3CoSb2O9 in the entire field range
up to saturation along various field directions. The ground
state with the magnetic field applied in the ab plane has been
investigated by a number of experimental techniques such as
magnetization [17,23], ESR [23], sound velocity [26], NMR
[27], calorimetry [28], and neutron scattering [22,24,29]. As
a result, a consistent phase diagram has been established.
Especially, an UUD spin configuration in the field range for
0.30Hs < H < 0.47Hs corresponding to 1

3 Ms magnetization
plateau and V -V ′ transition around 0.7Hs associated with a
magnetization kink have been well reproduced by various
techniques [22,30] and are in good agreement with the the-
oretical calculations [25,31–34]. The corresponding collinear
UUD and coplanar V and V ′ phases are depicted in Figs. 4(c)–
4(e). However, the spin configuration in very high fields has
rarely been probed directly. Recently, we examined the spin
ground state for field in the ab plane up to 26 T by neutron
scattering [30]. By contrast, the ground state of Ba3CoSb2O9

for the magnetic field applied out-of-plane received less atten-
tion and number of deviations between the experiments and
the theories exist up to date [27,28]. The evolution of spin
configurations with the field has been studied by magnetiza-
tion [17,19,23,27,28], NMR [27], and calorimetry [28]. The
experimentally observed dependencies are frequently incon-
sistent with theoretical prediction. Although some knowledge
about phase transitions is obtained from these measurements,
the information about the real spin alignment for each phase is
still missing. Thus physics of the TLHAF with interlayer in-
teraction and in-plane anisotropy is far from being completely
understood and more efforts from both theory and experiment
are required.

Based on the semiclassical analysis, a different sequence
of magnetic transitions as a function of out-of-plane magnetic
field has been predicted as compared to that for the in-plane
field [27]. In contrast to a distorted Y phase for the in-plane
fields, at low fields for H ‖ c, an umbrella phase with in-plane
components of magnetic moments being rotated by 120◦ is
stabilized by the in-plane anisotropy up to a field μ0Hc1.
The semiclassical analysis predicts no UUD phase for H ‖ c.
Instead, the umbrella phase should be followed by a transition

to the V phase at μ0Hc1 ∼ 12 T. At fields higher than about
22 T at ∼2 K, another high field state is predicted and experi-
mentally observed. Such a phase transition has been ascribed
to the weak but finite interlayer interaction as revealed by both
the calculations and experiments though the nature of the high
field phase has not been unambiguously identified. According
to the semiclassical calculations performed for a H ‖ c and
the cluster mean field plus scaling (CMF+S) calculations
performed for in-plane field, the high field phase above 22 T
can be either a V′ phase or � phase, appearing via first or
second order transition, respectively [25,27,28,30]. Recently
this transition was also disclosed by NMR and calorimetry
measurements. The NMR experiment showed a kink of local
field strength of 135,137Ba nucleus in an out-of-plane field
[27] while the calorimetry measurements revealed a phase
transition around 22 T at a comparable temperature [28].
However, due to experimental difficulties in detecting the mi-
croscopic spin alignment in high fields, we are still lacking a
systematic experimental verification of the spin configurations
in high fields along the c axis. The EXtreme Environment
Diffractometor (EXED) at Helmholtz-Zentrum Berlin (HZB)
featured a unique horizontal high-field magnet capable of
reaching fields up to 26 T and provided unprecedented op-
portunity for this task before its shutdown in 2019. To address
these unsolved issues and shed some light on the ground state
of TLHAF in an out-of-plane field, we conducted this work.

II. EXPERIMENTAL

Ba3CoSb2O9 single crystal used for neutron scattering is
the same sample which had been used in our previous work
[30]. Its dimensions are 4 × 4 × 4 mm3 and weight is 0.42 g.
For details of crystal growth refer to Ref. [35]. Magnetization
measurements in DC fields up to 14 T have been performed
using Physical Properties Measurement System (Quantum
Design) at HZB. The sample was from the same batch as that
used in neutron diffraction experiment. The angular depen-
dence has been obtained by regluing the sample manually. The
estimated orientation error is 2◦–3◦. The magnetization pro-
cesses of two other samples from the different batches were
measured in pulsed high-field magnetic fields up to 35 T for
magnetic field H ‖ c axis at T = 1.3 K. Here, a plate-shaped
sample with the wide ab plane was held between two quartz
stages in a heat shrinkable tube with an inside diameter of
2.5 mm so that the crystallographic c axis is parallel to the
cylindrical axis of the tube. The pulsed magnetic field was
applied parallel to the cylindrical axis. The absolute value of
the high-field magnetization was calibrated with the magneti-
zation measured by the SQUID magnetometer at T = 1.8 K.

The neutron scattering experiment was performed at the
HFM/EXED high-field neutron facility at the BER-II re-
search reactor at HZB. The facility combined a horizontal
field DC hybrid magnet (HFM) capable of reaching fields up
to 26 T and a time-of-flight neutron diffractometer [36–38].
The HFM had 30◦ conical openings on both ends and could
be rotated with respect to the incident neutron beam by an
angle ω � 12◦; a sample rotation around the vertical axis
was also implemented which allowed to reach a considerable
reciprocal space volume for zero-field conditions or in the
case of isotropic systems. The 30◦ forward scattering direction
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in the instrument was covered by a position-sensitive detector
and was suitable for studying magnetism.

For the neutron scattering experiment, the sample had been
aligned with the (0, 0, L) direction along the field and (H ,
H , 0) lying in the horizontal plane and perpendicular to the
field. The experimentally determined sample misalignment
was about 7◦ around [(H , H , 0)] axis. For accessing reflections
with L = 1, the sample had been rotated by 18◦ around the
vertical axis. The experiment geometry was calculated by
means of the software EXEQ [39]. A sketch of the scattering
geometry is shown as an inset in Fig. 2(a). All the measure-
ments were performed at 2 K with a temperature variation of
about 0.3 K between different data collection processes.

III. MAGNETIZATION AND NEUTRON
DIFFRACTION RESULTS

The magnetization measured in pulsed fields up to satura-
tion is displayed in Fig. 1. To keep the consistency, the green
line in Fig. 1(a) obtained from the measurements in DC fields
shows the data from the same badge sample as that used in
neutron scattering experiment. As one can see the magnetiza-
tion measured with DC and pulsed fields shows a very good
quantitative agreement. Two transitions at ∼12 T and around
∼22 T can be identified; hereafter we refer to these two field
values as μ0Hc1 and μ0Hc2. For the latter transition at the
higher field, two samples show slight difference, which might
be due to an error in the subtraction of background signal com-
ing mainly from the sample holder. The pulsed field data col-
lected at 1.3 K clearly shows a plateau as displayed in Fig. 1(a)
and can be resolved more clearly from the derivative. A mag-
netization jump is observed at 12 T, followed by a plateaulike
feature with increasing field. Our observation is consistent
with previous experimental works [23] and calculation [27]
and signifies a transition from the umbrella to the UUD-like
phase. The jump magnitude is suppressed by temperature and
vanishes when approaching TN . The temperature dependence
of the magnetization around μ0Hc1 is given in the upper inset
of Fig. 1(a). Note that at temperatures around 2 K, where
neutron measurements have been performed, the plateaulike
feature smears profoundly. Moreover, we performed a detailed
study of the orientation and temperature dependencies for
the μ0Hc1 transition, as shown in Figs. 1(b) and 1(c). The
transition fields have been extracted by derivation. As one can
see, μ0Hc1 decreases for both the increasing temperature and
the angle deviation from the c axis. At T = 1.9 K, with the
field offset from the c axis by ∼20◦, μ0Hc1 decreases from
12 T down to about 11 T [Fig. 1(b)]. Hereafter we name the
transition field for the ∼20◦ offset as μ0H ′

c1=11 T. Around
μ0Hc2, the derivative exhibits a weak peaklike anomaly as
indicated in the first derivative of Fig. 1(a) for both samples.
Such a transition was also recently reported in Ref. [28].
We also note that the Hc2 transition was not observed in the
earlier work Ref. [23]. The main difference between ours and
Susuki’s et al experiment is the following: We have used only
one well aligned single crystal while in Ref. [23] about ten
single crystals had been stacked together with an orientation
dispersion of about 10◦. Since recent experiments show that
Hc2 transition field increases with field offset quickly [40], we
assume that the magnetization anomaly was smeared out by

FIG. 1. (a) The magnetization (and its first derivative, dM/dH )
measured in both pulsed and dc fields applied along the c axis,
where the samples S1 and S2 are taken from different batches.
The calculated curve derived from the CMF+S calculation using
isotropic (blue) and anisotropic (magenta) interlayer interactions (see
Sec. IV) are also shown with an intentional offset of 0.1μB/Co2+

and 0.15μB/Co2+ for better visibility. The upper inset displays the
transition around 12 T at various temperatures while the right axis
presents the first derivative for both measured and calculated results
shown in left axis. (b) The transition field around 12 T as a function
of temperature. (c) The transition field around 12 T as a function of
field orientation at 1.9 K.

the distribution of the critical fields due to the crystal orien-
tation dispersion. The transition fields for both samples are
slightly different, which might be caused by small differences
in sample alignment or to be a sample property.

To shed light on the spin ground state evolution of
Ba3CoSb2O9 as a function of the magnetic field along the
c axis, we have measured the intensity of several accessible
nuclear and magnetic reflections. In the current experimen-
tal setup with field approximately along the c axis, several
reflections with L = 0 and 1 can be reached, namely, the mag-
netic (−1/3,−1/3, 0), (1/3,−2/3, 0), (−2/3,−2/3, 1) and
the nuclear (−1, 0, 0). Due to the very restrictive instrument
geometry, the sample has to be rotated by an angle with re-
spect to both the field and incident beam directions in order to
access a given reflection. For the L = 0 reflections, the field is
applied along [0, 0, L] direction with about 7◦ deviation, while
for the (−2/3,−2/3, 1) reflection, the angle has be increased

214433-3



X. Z. LIU et al. PHYSICAL REVIEW B 105, 214433 (2022)

FIG. 2. The intensity (symbols) of measured reflections as func-
tion of field: (a) (−1, 0, 0), (b) (−1/3, −1/3, 0) and (1/3, −2/3, 0),
and (c) (−2/3, −2/3, 1). The inset in (a) displays a schematic view
of the experiment geometry. The lines are the results derived from
CMF + S calculations. The intensities of the reflections with L = 0
in (a) and (b) are calculated with equal domain population, while
those with L = 1 in (c) are calculated with both the domain 1 (D1)
only (dashed line) and equal population of all 3 domains (solid line).
The solid in (b) is for H//c, while the dashed line is for the field with
an 10◦offset from c axis. The inset in (c) presents the schematic view
of 3 domains (D1–D3) with respect to the field H ; only the in-plane
field component is shown.

up to ∼18◦, i.e., the field is applied 18◦off the c axis. Due to
rather small (7◦) angular offset, hereafter the former setup is
referred to as H ‖ c case.

For H ‖ c several reflections (−1, 0, 0), (−1/3,−1/3, 0),
and (1/3,−2/3, 0) have been measured as shown in Figs. 2(a)
and 2(b). The latter two reflections are symmetric with respect
to the field along the c axis, ignoring a small field offset. For
(−1, 0, 0) reflection, after subtraction of the nuclear contri-
bution, the magnetic signal shows monotonous increase with
field, reflecting the development of a ferromagnetic compo-
nent in the system. A fit of the intensity I to a quadratic

function I (H ) = aH2 + b, with a and b being constants, can
depict the curve very well (not shown), demonstrating a lin-
early increasing ferromagnetic component M(H ) along c axis
with field, H , consistent with the magnetization measure-
ments.

Purely magnetic (−1/3,−1/3, 0) and (1/3,−2/3, 0) re-
flections exhibit more complex behavior with field. Below
μ0Hc1 no visible intensity can be observed. This is consistent
with the zero field structure, in which the antiferromagnetic
interlayer ordering along the c axis leads to the presence
of (H, K, L) reflections with L = 2n + 1 and absence of the
L = 2n ones where n is an integer. Up to μ0Hc1, the ab-
sent (−1/3,−1/3, 0) and (1/3,−2/3, 0) reflections indicate
that the interlayer magnetic order is still antiferromagnetic,
consistent with the umbrella phase. The abrupt emergence
of (−1/3,−1/3, 0) and (1/3,−2/3, 0) at μ0Hc1 signifies a
transition to a phase where the inversion symmetry of the
antiferromagnetic components between adjacent layers is bro-
ken. With further increase of the field, the intensity saturates
at about 18 T and then starts decreasing with a kink around
22.5 T. The latter indicates a phase transition, corresponding
to the transition in the magnetization around 22 T, namely,
μ0Hc2. In the field range up to the maximum available in this
experiment 25.9 T, the intensity decreases continuously. To
verify if there is a field history dependence, we performed
measurements for both the up and down field ramps. No
hysteresis has been observed for both reflections. Moreover,
both (−1/3,−1/3, 0) and (1/3,−2/3, 0) show the same field
dependence and are very close in magnitude, confirming these
two reflections remain equivalent in high fields.

The L = 1 reflection, with field oriented 18◦ off the c axis,
also exhibits a complex behavior as shown in Fig. 2(c). This
reflection exists already at zero field in agreement with the
AFM order along the c axis. Up to 11 T, the intensity slightly
increases with the field, followed by a jump after which
a monotonous decrease is observed. This jump in intensity
corresponds to the μ0H ′

c1 transition in the magnetization mea-
surements [Fig. 1(b)]. Around 22 T, the reflection intensity
becomes very weak, making any further transitions at higher
fields undetectable. The field ramp up and down processes
shows the same result, i.e., within the experimental resolution
no hysteresis is observed.

IV. THEORETICAL CALCULATION

Our experiment offers a unique opportunity to gain deeper
insight into the ground state of TLHAF in a field along the c
axis. Several transitions have been unambiguously observed
by the measurement and their relation to the magnetic re-
flections has been established. Despite all these, a proper
determination of the corresponding magnetic structures is not
feasible due to the very limited number of the reflections we
could reach. As a result, to interpret the data, we use a the-
oretical approach. The calculations are performed under the
same theoretical framework as we used in our previous work
for H in the ab plane [30], which is the CMF+S method for
the following S = 1/2 XXZ model of stacked weakly coupled
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triangular layers [22,25,27,30]:

Ĥ =
∑

〈i, j〉

[
J
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Ŝx

i Ŝx
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z
i Ŝz
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zŜ

z
i Ŝz
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] − H ·
∑
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Ŝi (1)

with the intralayer (J, Jz) and interlayer (J ′, J ′
z) nearest-

neighbor couplings. The CMF+S method takes into account
the in-plane quantum fluctuation effects via the extrapolation
with respect to the size of the clusters on the triangular-lattice
(ab) planes [25,30].

In the CMF+S analysis, we employ the triangular-shaped
clusters of NC = 21, 28, 36 sites. The intralayer interaction
between a cluster-edge spin and its neighboring spin at an
out-of-cluster site with sublattice index μ is replaced by
an effective magnetic field (Jmx

μ, Jmy
μ, Jzmz

μ) acting on the
edge spin [41,42]. The small interlayer couplings are treated
within the standard mean-field approximation [25,30]. Under
the 3 × 2 = 6 sublattice ansatz (μ = A, B,C, A′, B′,C′), we
calculate the sublattice magnetic moments mμ by solving the
set of six self-consistent equations

mμ = 3

NC

∑

iμ

〈Ŝiμ〉 (μ = A, B,C, A′, B′,C′). (2)

To calculate the ground-state expectation values 〈Ŝiμ〉, we
solve the NC-site cluster problems by applying the density
matrix renormalization group (DMRG) method [43]. The di-
mension of the truncated matrix product states in DMRG
is taken to be sufficiently large for a good convergence of
mμ (within � 10−8). We calculate all the sublattice magnetic
moments mμ in a self-consistent way for each cluster size
(NC = 21, 28, 36), and finally perform extrapolation to the
infinite cluster size (NC → ∞) based on the scaling parameter
λ, following the same procedure as Refs. [25,30].

In the model Hamiltonian (1), the xyz coordinate system
is defined with respect to the magnetic unit cell,

√
3a ×√

3a × c, as follows: H ‖ z, x ‖ [H, H, 0] and y ⊥ x ⊥ z, the
18◦offset lies in Sx − Sz plane toward x axis. First, we deter-
mined the parameters J, Jz, J ′, J ′

z in Eq. (1) by comparing the
calculated magnetization curve M(H ) = (mz

A + mz
B + mz

C +
mz

A′ + mz
B′ + mz

C′ )/6 with the experimental observation for
H ‖ (0, 0, L). We tried two models for the anisotropy in the
interlayer interactions: (i) isotropic case (J ′

z = J ′) [25,27,30]
and (ii) anisotropic case with J ′

z/J ′ = Jz/J [22]. As shown
in Fig. 1(a), the anisotropy parameters Jz/J = 0.75 for (i)
and Jz/J = 0.755 for (ii) under the assumption of small in-
terlayer coupling, J ′/J = 0.05, reproduce well the measured
transition point around 12 T. To convert the theoretical units
of the magnetic field and the magnetization into tesla and
μB/Co2+, respectively, we set J/gμB = 8.655 [8.57] for (i)
[(ii)] and multiply mμ by a factor of 4.703, from the fittings
of the field strength and magnetization at the saturation. We
found that somewhat larger anisotropy is needed to compare
with the experiment than those estimated by the other theo-
retical methods [22,27]. When changing J ′/J (but keeping it
small � 0.1), although the value of Jz/J that can reproduce
the transition point around 12 T is shifted, e.g., Jz/J = 0.73
when J ′/J = 0.025 for (i), the overall feature of the mag-

netization curve is almost unchanged. As seen in the lower
inset of Fig. 1, the agreement of the magnetization anomaly
around 22 T seems to be slightly better when using the
model (i) with isotropic interlayer coupling. Therefore, we
will use the parameter set Jz/J = 0.75, J ′/J = 0.05, and J ′

z =
J ′, throughout the rest of the paper. On the other hand side,
the model (ii) cannot be completely ruled out given scatter
in the Hc2 values in two samples under investigation in this
work.

Figures 3(a)–3(c) show each component of the calculated
sublattice magnetic moments as a function of field with setting
H ‖ (0, 0, L), and Fig. 3(d) shows the derived magnetization
curve M(H ) = (mz

A + mz
B + mz

C + mz
A′ + mz

B′ + mz
C′ )/6. The

selected spin configurations are presented in Figs. 4(a)–4(f).
Note that when H is completely parallel to the spin z axis, the
model Hamiltonian has a global rotational symmetry around
the field axis, and thus the global azimuthal angle of the spin
structure is not fixed. To draw Figs. 3(a)–3(c) and 4(a)–4(f),
we chose a certain global azimuthal angle without loss of
generality.

The overall transition routine is close to the one ob-
tained from the semiclassical analysis performed in Ref. [27].
Indeed, our CMF+S calculation can be connected and com-
pared with the semiclassical calculation. For H ‖ a in our last
work performed by the CMF+S calculation [30], the V and V ′
phases correspond to the UIF and HF phases shown in Fig. 4
of Ref. [27], respectively. In the present work for (nearly)
H ‖ c, the V [Fig. 4(d)] and V ′ [Fig. 4(e)] phases correspond
to the LIF and HF phases, respectively. The transition fields
between various phases are quantitatively different due to
different methods and parameters. Another main difference is
that the semiclassical analysis gives no UUD phase when the
field is applied along c axis, while the CMF+S method still
predicts a narrow UUD phase [Fig. 4(c)] directly following
the umbrella phase, even in the presence of the easy-plane
anisotropy, Jz/J = 0.75. This UUD phase survives merely in
a much narrower field range than in the in-plane field case and
smears quickly due to a tilting of field and temperature effect.
In addition, the CMF+S method with the present values of
the parameters predicts the so-called � (or π -coplanar) phase
[Fig. 4(f)] [42,44,45] near the saturation, although its exis-
tence strongly depends on the value of the interlayer coupling
[25].

For the H ‖ c case, the calculation predicted several transi-
tions to occur at fields 12, 13.6, 22.6, and 30.8 T, respectively.
We associate the 12 and 22.6 T transitions with μ0Hc1 and
μ0Hc2 in experiment, respectively. The predicted narrow UUD
phase [Fig. 4(c)] in between 12 and 13.6 T seems to smear in
the experiment at finite temperatures but the tendency towards
the formation of the magnetization plateau can be seen in the
inset of Fig. 1(a).

For the field offset from the c axis by 18◦, we present the
calculated structure in Fig. 3(e)–3(g) and Fig. 4(g)–4(i), as
well as the derived magnetization curve M(H ) = cos(π/10)
(mz

A + mz
B + mz

C + mz
A′ + mz

B′ + mz
C′ )/6 + sin(π/10)(mx

A +
mx

B + mx
C + mx

A′ + mx
B′ + mx

C′ )/6 in Fig. 3(h). Here, we used
the same conversion factors as in the case of H ‖ c assuming
a small anisotropy in the g factor. The UUD and � phases
disappear due to the small field offset from the c axis. An
additional noncoplanar phase, we name it Ṽ phase [Fig. 4(k)],
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FIG. 3. Calculated magnetic moment components along various directions for three sites in a triangle in a single layer, for field applied
along c axis [(a)–(c)] and with 18◦offset from c axis [(e)–(g)]. Derived magnetization as a function of field for various phases for field along c
axis (d) and with 18◦ offset (h).

FIG. 4. the calculated magnetic structure at selected fields for
various phase with H ‖ c [(a)–(f)] and offset by 18◦ [(g)–(i)]. The
different colors represent various pairs of sites in a sublattice. The
x-y plane corresponds to the ab plane of lattice.

is predicted in this field orientation, following with V phase
[Fig. 4(h)] and exists in a narrow field range around 31 T.
In the semiclassical calculation [27], this phase (UIF phase)
appears with field deviating from a axis and diminishes when
field end up with ∼18◦ from c axis. In the CMF+S calculation
with Jz/J = 0.75 and J ′/J = 0.05, we found that this phase
can pertain up to ∼ 10◦from c axis. Moreover, one should
note that the umbrella, V , and V ′ phases all get deformed by
an asymmetric field. The deformed-umbrella [Fig. 4(g)] and
deformed-V [Fig. 4(h)] states are now smoothly connected on
the magnetization curve. For such an asymmetric field, the
ordering plane is locked by the field. For deformed-V state,
the moments lies in the Sz-Sx plane while the deformed-V ′
[Fig. 4(i)] state sits almost perpendicular to the x axis.

V. DISCUSSION

To compare our experimental results with the theoretically
calculated structures, we calculated the intensities of the given
reflections as function of field. Generally, the scattering cross
section is calculated as

dσ

d�
= 1

Nm

2π3

ν0

∑

τ i

δ(Q − τ i )|Q̂ × F̂M (τ i ) × Q̂|2, (3)

where

F̂M (Q) = γ r0

∑

μ

fμ(Q)〈mμ〉eiQ·rμe−Wμ(Q) (4)

in which γ=1.9132, r0 = e2/(mec2)= 2.8179 ×10−15 m is
the classical radius of electron. Nm is the number of magnetic
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ions in each magnetic unit cell, ν0 is the volume of magnetic
cell, τ i denotes the magnetic propagation vectors, μ is the
position of the magnetic atom within a magnetic cell, fμ(Q)
is the atomic form factor of Co2+, 〈mμ〉 = (mx, my, mz )μ de-
scribes the magnetic moment vector, Q̂ is a unit vector along
Q direction, and Wj is Debye-Waller factor. The results have
been also verified against the FULLPROF software [46].

To reproduce the intensity correctly, however, the magnetic
domain distribution in the real sample has to be taken into
account [47]. Multiple domains might affect the intensity of
a magnetic reflection, which becomes especially crucial as
the domain population can be altered by an external field.
Owing to the threefold rotational symmetry about the c axis
in Ba3CoSb2O9 , there are three magnetic domains (D1–D3)
separated by 120◦, as shown in the inset of Fig. 2(c). As the
field direction does not exactly coincide with the c axis, the
domain population may vary with field. The nuclear reflection
(−1, 0, 0) is not sensitive to that, since the ferromagnetic
component is always along the c axis. On the other hand,
the antiferromagnetic reflections show a strong dependence
on the domain population. For the reflections (−1/3,−1/3, 0)
and (1/3,−2/3, 0), the intensities are sensitive to the domain
population only in the V phase, while for the (−2/3,−2/3, 1)
reflection in all the magnetic phases.

The domain population thus is the key parameter to be
accounted when comparing the theoretical and experimental
magnetic intensities. Our choice is based on the following
argument. If the field is exactly along the c axis or with only a
small deviation (θ =7◦), an equal population of 3 domains is
favorably assumed. However, if a considerable deviation from
the c axis exists, the 3 domains become unequal and various
population combinations need to be tested and compared with
the experiment. Indeed, the domain with ferromagnetic com-
ponent located in the plane formed by the field and the c axis
(X -Z plane), i.e., D1 in inset of Fig. 2(c), should be preferred.
Furthermore, for a considerable field direction deviation such
as θ =18◦for the L = 1 configuration, the in-plane field com-
ponent changes with field as H sin θ . The population therefore
can also change with the field. It is thus difficult to account for
the real configuration in a varying in-plane field. For simplic-
ity, we display the intensity of both the equal population and
the only preferred domain. The real configuration must fall in
between these two extreme cases.

The obtained intensities for the measured reflections are
shown in Fig. 2 as lines. Generally, the calculated results
capture the main experimental features quite well, though
the quantitative agreement is not always satisfying. For the
L = 0 reflections [Fig. 2(b)], the transition fields μ0Hc1 and
μ0Hc2 are reproduced. In the intensity calculations, we ignore
the small field offset by ∼7◦ and assume that the domains
are equally populated. This is supported by the observation
that two reflections (−1/3,−1/3, 0) and (1/3,−2/3, 0) do
not split in the V phase, which would be the case oth-
erwise. In Fig. 2(b), the transition observed at μ0Hc1 for
(−1/3,−1/3, 0) and (1/3,−2/3, 0) reflections corresponds
to the transition from the umbrella to the coplanar V phase.
We do not clearly observe the plateau UUD-like phase pre-
sumably because of the ∼7◦ field offset and relatively high
(around 2 K) sample temperature, the result which is sup-
ported by the bulk measurements as shown in Fig. 1. The

same is true for the (-1,0,0) reflection visualized in Fig. 2(a).
Here, one can see that the ferromagnetic component increases
with field as expected and agrees with the experiment quite
well. The anomaly observed at μ0Hc2 for (−1/3,−1/3, 0)
and (1/3,−2/3, 0) reflections in Fig. 2(b) marks a transition
from the V to V ′ phase, which should be a first order transition
according to the theory. Nonetheless, the observed transition
shows only a weak anomaly, in contrast to a large jump pre-
dicted by the calculations. To examine the effect of ∼7◦ offset,
as a comparison, we also performed the structure calculation
for an offset of 10◦ as displayed in Fig. 2(b). One can see
the offset suppress both UUD phase and also the intensity
jump near μ0Hc2 as predicted for H ‖ c. This implies the
observed weak change around μ0Hc2 could be ascribed to
the offset of field with respect to c axis. We note a similar
discrepancy was also observed in the NMR experiment [27].
Both these inconsistencies suggest the nature of this transition
has not been captured correctly. Recently, the magnetization
and calorimetry experiments suggested that the phase above
μ0Hc2 could be a � phase rather than a V ′ phase, since it
shows a weak anomaly at the second order transition [28].
Unfortunately, these two phases are indistinguishable from
neutron scattering. Here we use the calculated V ′ phase for
the intensity estimation.

Finally we are coming to a discussion of the L = 1 re-
flection measured with a field deviation of 18◦, i.e., the
antiferromagnetic (−2/3,−2/3, 1) reflection. In this geom-
etry, the U(1) symmetry is broken due to the field offset,
therefore the varying domain population has to be considered.
We have calculated both the single D1 and the 3 equally
populated domain configurations, as shown in Fig. 2(c) by
the solid and dashed line, respectively. The transition at
μ0H ′

c1 is reproduced quite well in both configurations. At
low fields, i.e., in the deformed umbrella phase [Fig. 4(g)],
the calculations shows the increasing (−2/3,−2/3, 1) inten-
sity consistent with the experimental observation. Above the
umbrella phase, the theory predicts the deformed V phase
[Fig. 4(h)]. The plateau UUD-like phase is suppressed due
to the field tilted off the c axis. According to the calcula-
tions, the deformed V phase is a coplanar phase lying in
the Sx − Sz plane [X -Z in Fig. 2(c)], while the deformed V ′
coplanar phase lies in the Sz-Sy (Y -Z) plane, as shown in
Figs. 4(g) and 4(i), respectively. The calculated transition field
μ0H ′

c1 ∼ 12 T is close to that measured by neutron diffraction
and magnetization (∼11 T). Both transitions observed in the
neutron and calculated data look like first order transitions,
in contrast to the magnetization, where this transition behaves
more like second order. Above μ0H ′

c1, both the experiment
and calculation curves decrease linearly with field. We note
that the observed intensity of the (−2/3,−2/3, 1) reflection
in between 11 and 22.5 T shows a faster decrease than that
in the calculation. Beyond μ0H ′

c1, the single domain D1 con-
figuration seems to better describe the experimental results,
proving a crossover from equal domain to single domain pop-
ulation with increasing in-plane field. Particularly the D1-only
configuration shows a similar decreasing slope as that in the
experiment for the deformed V phase. Above 22.5 T, the
observed intensity vanishes, within the limits of the experi-
mental precision. We therefore cannot verify if the predicted
transition from the deformed V to Ṽ and Ṽ to deformed V ′
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phases occurs in field range 22.5 T and higher, which more
than 30 T [Fig. 3(h)]. According to the theory, the deformed V
and V ′ phases are both predicted to be coplanar phases which
are not confined in the ab plane. We infer that the anisotropy
in Ba3CoSb2O9 system will be gradually suppressed in high
fields, and the system will adopt a similar structure as that for
H ‖ ab [25,27].

We note that the discrepancy between the experiment and
calculation may be partially ascribed to the inaccurate domain
population assumption. In our calculation, a fixed unequal
domain population is assumed for the whole field range. How-
ever, the population does not likely remain constant as the
field is varying. Especially this assumption will fail in the
highest field range where only one domain will be realized.
Furthermore, relatively high temperature might be another
factor to account for the discrepancy between the experiment
and calculation. The experiment has been performed at about
2±0.3 K, which is relatively high temperature considering
TN = 3.9 K.

VI. CONCLUSION

Using the magnetization measurements up to 35 T, which
allowed us to reach saturation, and neutron scattering in fields
up to 25.9 T with the field predominately along the c axis,
we have studied the evolution of the ground state of the
paradigmatic TLHAF system Ba3CoSb2O9 . The experimen-
tal results are compared with the theoretical calculations based
on CMF + S method. The theoretical results are qualita-

tively consistent with the experimental ones. A transition from
the umbrella phase to a coplanar phase at μ0Hc1 ∼ 12 T is
observed. Below 2K, the magnetization measurements show
a narrow UUD-like phase for H ‖ c following the umbrella
phase. The UUD-like phase is very sensitive to the field offset
from the c axis and could not be unambiguously observed
in the neutron scattering measurements. At μ0Hc2 ∼ 22.5 T
for H ‖ c, a clear transition is observed, which is identified as
V -V ′ transition by our CMF +S calculations. For the 18◦ field
direction offset, we find a transition from a deformed umbrella
phase to a deformed V phase at μ0H ′

c1 ∼11 T. The overall
agreement between the experiment and CMF + S calculation
is reached. However, one notes the quantitative match between
the experiment and the calculations is not as good as it was in
the case of the field aligned in the ab plane [30]. This suggests
that further efforts are needed to fully understand the TLHAF
system in magnetic fields applied along the caxis.
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