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Quasi-one-dimensional magnets can host an ordered longitudinal spin-density wave state (LSDW) in
magnetic field at low temperature, when longitudinal correlations are strengthened by Ising anisotropies. In
the S ¼ 1=2 Heisenberg antiferromagnet YbAlO3 this happens via Ising-like interchain interactions. Here,
we report the first experimental observation of magnetization plateaux at 1=5 and 1=3 of the saturation
value via thermal transport and magnetostriction measurements in YbAlO3. We present a phenomeno-
logical theory of the plateau states that describes them as islands of commensurability within an otherwise
incommensurate LSDW phase and explains their relative positions within the LSDW phase and their
relative extent in a magnetic field. Notably, the plateaux are stabilized by ferromagnetic interchain
interactions in YbAlO3 and consistently are absent in other quasi-1D magnets such as BaCo2V2O8 with
antiferromagnetic interchain interactions. We also report a small, steplike increase of the magnetostriction
coefficient, indicating a weak phase transition of unknown origin in the high-field phase just below the
saturation.
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Introduction—Low-dimensional quantum magnets sup-
port a large variety of exotic quantum states, such as
quantum spin liquids [1], magnetization plateaux, or
nematic states that are induced by quantum fluctuations [2].
Quasi-one-dimensional magnets are vital in this field since
they are generally well understood theoretically [3]. In
recent years, this enhanced theoretical understanding has
been translated into a number of spectacular experimental
observations that include a realization of the quantum
integrable model with extended E8 symmetry [4–6],
many-body string excitations [7–9], and repulsively bound
magnon states [10,11]. Most of these observations are

based on spin-1=2 chain materials with pronounced Ising
anisotropies, such as CoNb2O6 [5], SrCo2V2O8 [7], and
BaCo2V2O8 [8]. These materials are more complex than
minimalistic theoretical models inspired by them, and
important details of their magnetic field B-temperature T
phase diagrams remain to be understood [12,13].
Here, we report the experimental discovery of multiple

magnetization plateaux in another quasi-one-dimensional
magnet with the Ising motif YbAlO3. In contrast with the
examples listed above, in YbAlO3 the exchange interaction
between spins within the chain is of Heisenberg kind, while
that between the spins from neighboring chains is domi-
nantly Ising-like [14,15]. The latter feature originates from
the dipole-dipole nature of the interchain interactions
[14,16]. It provides a novel route to the incommensurate
longitudinal spin-density wave (LSDW) phase, a state
that, in many respects, is similar to an itinerant charge-
neutral conductor with the magnetic field-dependent Fermi-
momenta kF ¼ πð1� 2MÞ=2 ¼ πð1�mÞ=2, where m ¼
M=Ms is the magnetization per site M ¼ hSzi normalized
by the saturation value Ms ¼ 1=2. We find that LSDW
hosts two magnetization plateaux at 1=5 and 1=3 of the
saturation value. While the 1=3 plateau has been previously
observed in neutron scattering and magnetization studies
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[16,17], the plateau at 1=5 is the new result. Notably, both
plateaux reported here are detected via the thermal transport
and magnetostriction measurements. The measurements are
done at sub-Kelvin temperatures ∼0.1 K. We find that the
intrinsic spin thermal conductivity is larger than the phonon
contribution. We present field-theoretic and symmetry-
based arguments in favor of the magnetization-plateau
stabilization by the ferromagnetic interchain interactions.
Furthermore, we detect a phase transition of yet unknown
origin not far below the quantumphase transition to the field-
polarized state. Our Letter provides new information on the
magnetic phase diagram of YbAlO3 and motivates further
numerical studies of its microscopic spin Hamiltonian.
Formation of LSDW in YbAlO3—YbAlO3 is a rare-

earth-based insulator with an orthorhombically distorted
perovskite structure as represented in Fig. 1(b) with
room-temperature lattice constants a ¼ 5.126, b ¼ 5.331,
and c ¼ 7.313 Å (in conventional Pbnm notation) [18].
Because of the crystal electric fields, the Yb J ¼ 7=2
multiplet splits into four doublets, with the lowest-energy
doublet well separated from the higher crystal electric field
levels, leading to an effective S ¼ 1=2 system [14]. The Yb
moments have a strong uniaxial g-factor anisotropy with a
local easy axis oriented within the ab plane with an angle of
�23.5° away from the a axis [Fig. 1(a)] [16,19] and the g
factors gk ¼ 7.6 (so that the full magnetic moment is
gkμB=2 ¼ 3.8μB=Yb [20]), much larger than g⊥ ≈ 0.46
[14,16,19,20]. Thus, the crystallographic a axis is the
direction with the highest and equal g factor for both Yb
sites in the crystal structure. In our study, the magnetic field
B is applied along this a axis.
The spin chains run along the c axis and are well

described by the isotropic Heisenberg intrachain exchange
coupling Jc ¼ 2.4 K [14,16,21]. Recent neutron scattering
reveals a gapless spinon continuum at 1 K, and an
antiferromagnetic (AFM) state appears at 0.88 K due to
interchain interactions with effective J⊥ ≈ −0.2Jc ¼
−0.5 K [16,20,22]. The interchain interactions are likely
ferromagnetic and of dipolar origin, leading to an A-type
order with distorted ferromagnetic arrangement in the
planes perpendicular to the c axis. The magnetic structure

and dominant exchange coupling parameters are shown in
Fig. 1(a). Surprisingly, the phase diagram of YbAlO3 in
magnetic field resembles that of the Ising materials
BaCo2V2O8 and SrCo2V2O8 in which, after suppression
of the AFM order at Bc, an incommensurate LSDWorder is
established because the longitudinal spin-spin correlations
are strengthened by the Ising character of the exchange
interactions [13,23]. Theoretical studies inspired by
YbAlO3 suggest that even for isotropic Heisenberg chains,
Ising-like interchain interactions can also stabilize the
LSDW [16,22,24,25].
Prime evidence for the LSDW in YbAlO3 comes from

the comparison of the Bragg peak position with the
magnetization showing exactly the expected behavior
[16,17]: the propagation wave vector Q ¼ ð0; 0; QÞ, where
Q ¼ πð1� δÞ, and the incommensurability δ ¼ m ¼ 2M
scales with the magnetization and is aligned along the chain
direction corresponding to the c axis of the crystal, whereas
the magnetic moments point along the easy axis direction.
Note that Q ¼ �2kF up to the lattice momentum 2π,
characteristic of the LSDW state. As observed previously
and reproduced here, Figs. 2(a) and 2(b) show the mag-
netization plateau state for Ms=3 for which Q=π locks into
the commensurate position δ ¼ 1=3 in Fig. 2(e) [16,17].
Experimental observation of magnetization plateaux—

Figure 2 represents the experimental results of different
probes versus field up to the field-polarized state.
Additional details are provided in Sec. S1 in Supplemental
Material [26]. For each probe, the data are taken at the
lowest temperature available. Panels (a) and (b) show,
respectively, the magnetization normalized to the saturation
value M=Ms and its derivative. As expected, the magneti-
zation rises sharply from zero at Bc ¼ 0.32 T and reaches
the saturation value Ms at ≈1.4 T at this temperature. The
plateau at 1

3
Ms is clearly visible at a magnetic field of 0.7 T.

The field of the quantum critical point BQCP ¼ 1.15 T was
previously derived [14].
The magnetostriction coefficient, defined as λ ¼

ð1=L0Þ½dL=dB�, where L0 is the sample dimension, was
measured along the chain direction and is shown in panel
(c). Magnetostriction is a thermodynamic bulk probe that is
sensitive to magnetoelastic coupling [35,36]. The signal
here is similar to the magnetic susceptibility as seen by
comparing panels (c) and (b) (ΔL=L0 is shown in Fig. S2 in
[26]). The 1=3 plateau is visible in λ as a V-shaped anomaly
analogous to the signature in the derivative of the mag-
netization. Being a very sensitive technique, it also resolves
a second smaller V-shaped anomaly at 0.5 T. As indicated
by a dashed horizontal line in panel (a), this corresponds to
the field where the magnetization reaches 1

5
Ms. Knowing

the presence of this anomaly, one can also identify a
corresponding small V-shaped signature in the derivative of
the magnetization, panel (b). To the best of our knowledge,
this is the first time a 1=5 plateau has been observed in a
quantum magnet.

a

b

c
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3+Al
2-O
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a

b

c

Jc
J

FIG. 1. (a) Sketch of the magnetic structure of YbAlO3

showing only Yb ions and two relevant exchange interactions,
Jc and J⊥. (b) Crystal structure of YbAlO3 viewed from the [001]
direction.
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Another anomaly in the magnetostriction is detected at
B� ¼ 0.96 T. At this field, the magnetostriction coefficient
shows a small but clear jump to a higher value, an
unambiguous indication of a weak second-order phase
transition, where the slope of the magnetization [panel (b)]
also strongly increases to roughly double the value, but less
sharply.
We now turn to the thermal conductivity κ, which also

contains signatures of all the transitions described above,
even though all of the anomalies are broader in the field.
Plotted in Fig. 2(d) is the thermal conductivity along the
chain direction as a function of magnetic field B relative to
its value at zero magnetic field, Δκ=κ0 ¼ ½κðBÞ − κ0�=κ0,
where κ0 ¼ κðB ¼ 0Þ at constant low temperature
T ¼ 108 mK.
In general, thermal conductivity can give important

information on the heat carrying excitations in low-dimen-
sional quantummagnets [37]. For a magnetic insulator such
as YbAlO3, phonons and magnetic excitations both con-
tribute to the heat transport, so that κ ¼ κph þ κmag. For
each heat carrier, different scattering mechanisms contrib-
ute to the scattering rate. Interactions between the two kinds
of heat carriers induce correlations between κph and κmag by
reducing both contributions relative to the noninteracting
limit. In our data, the low-field [κðB ¼ 0Þ] and the high-
field values of the thermal conductivity at the given
temperature agree with each other, as Fig. 2(d) shows.
This is because magnetic excitations are gapped in both
limits. In the low-field limit, B < Bc, the system is in the
AFM Ising ordered phase, where the gap in the excitation
spectrum is estimated as Tgap ¼ 0.3 meV=kB ¼ 3.5 K see
Fig. 3(b) in [16]. In the high-field limit, B > 1.5 T, the spin
gap is controlled by the magnetic field. It thus follows that
for T ≪ Tgap there are no magnetic excitations in these
magnetic field regions and κðB ¼ 0Þ represents the upper
limit of the phonon contribution to the thermal conduc-
tivity. The phonon mean free path is estimated to roughly
100 μm. Conversely, the field-induced increase of κðBÞ in
the intermediate field region Bc < B < BQCP represents the
magnetic contribution. Moreover, given the detrimental
role of the phonon-magnon scattering,Δκ introduced above
represents a lower bound of the magnetic thermal conduc-
tivity κmag ≥ Δκ. (A more detailed discussion of thermal
conductivity is presented in the forthcoming publica-
tions [38,39].)
This observation explains the high sensitivity of Δκ in

Fig. 2(d) to the magnetic field. As we argue below, the
reduction of Δκ inside the 1=5 and 1=3 plateau phases
relative to the increasing κ for the adjacent field regions has
to do with the opening of the spin gap inside these
commensurate SDW states. Such a gap leads to a decrease
of the magnetic heat-carrier density and, as a result, a dip in
the magnetic thermal conductivity.
Our high-quality data allow for quantitative analysis of

the temperature dependence of the anomalies in the plateau

states in Figs. 3(a)–3(d). Based on the precise magneto-
striction data, we define the width of the plateaux similar as
in Ref. [40] (see Fig. 3). For both plateau states, the width
remains constant with temperature. The width of the 1=5
plateau is (26� 3) mT and roughly 0.4× the width of the
1=3 plateau with (60� 5) mT. The anomalies in the curves
are visible up to TN (see a more detailed evaluation of the

FIG. 2. Field dependence of different quantities in YbAlO3 at
low temperature forHka. Sharp anomalies occur at Bc, B�, and at
the fields where the magnetization reaches 1=5Ms as well as 1=3
Ms in all quantities: normalized magnetization M=Ms (a), and its
derivative (b), magnetostriction coefficient λ (c), and thermal
conductivity κ along the chains, here shown as the conductivity
change normalized by the zero-field value (d). The 1=3 plateau is
also evidenced by a constant position Q ¼ ð0; 0; QÞ with Q ¼
πð1þ δÞ and δ ¼ 1=3 of the magnetic Bragg peak in neutron
scattering [(e), right axis] associated with the LSDW. The Bragg
peak intensity is finite and the LSDW state persists up to 0.85 T
but becomes very small for fields above 0.75 T [(e), left axis].
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latter in Sec. S2 in Supplemental Material [26]). From the
thermal conductivity we can estimate the size of the gap in
the 1=3 plateau state as given in Sec. S3 in [26],
where Δ1=3=kB ≈ 0.19 K.
Theoretical analysis of the plateau states—We now

summarize key points of the theoretical analysis of plateau
phases which is presented in Sec. S4 in Supplemental
Material [26]. Magnetization plateau states represent a
commensurate version of the LSDW phase. Once the latter
is stabilized by the magnetic field and interchain spin
interactions, the plateaux are bound to happen as the
LSDW ordering wave vector q ¼ 2kF continuously scans
the interval from π at M ¼ 0 to 0 at M ¼ 1=2. In the
process, it passes through fractional values ν=k (ν and k are
integers) of the reciprocal lattice vector 2π. For each of
these occurrences, there exists a symmetry-allowed
umklapp interaction that involves k spins and changes
the total momentum of the spin subsystem by 2πν, i.e., by ν
units of the lattice momentum. For a single Heisenberg spin
chain, such multiparticle interactions are highly irrelevant
and do not affect the magnetization [3]. However, in the
ordered three-dimensional LSDW phase, they do produce
plateaux at magnetization Mν;k ¼ ð1 − 2ν=kÞ=2 provided
that the corresponding k th order umklapp interaction also
minimizes the much stronger interchain interaction (which
is the reason for the LSDW phase in the first place). Finally,
the width of the plateau (in the magnetic field) is

exponentially narrow in k2, which strongly favors plateaux
with the smallest possible k values. The detailed pheno-
menological analysis in Sec. S4 in [26] shows that
ferromagnetic interchain interaction favors odd-k
umklapps. Together with the experimental restriction that
the LSDW phase occupies a finite magnetization interval
0 < 2M ≤ 1=3 (see the section on the phase diagram
below), one concludes that plateaux at M1;3 and M2;5

are the most prominent ones satisfying all the requirements.
Moreover, the M2;5 plateau is narrower than the M1;3 one,
precisely as the experiment shows. Theoretically, the next
most stable plateau in the available magnetization range is
M3;7, at 1=7 ofMs. The arguments above, together with the
fact that 72=52 ≈ 2, predict that it should be much narrower
than the already tinyM2;5 feature, explaining its absence in
our data.
It is worth noting here that the AFM phase itself, in fact,

is a zero magnetization plateau, M1;2 in our notations.
Unlike all other plateaux discussed above, it is an even-k
(k ¼ 2) state. Correspondingly, it will be present even if the
interchain interaction is antiferromagnetic. Being the small-
est-k plateau, it is, in agreement with the theory, the widest
one in the magnetic field. The AFM-LSDW transition is,
therefore, of the commensurate-incommensurate (C-IC)
kind. A sharp variation of the ordering wave vector Q
with B in Fig. 2(e), where Q deviates from its commensu-
rate π value with an infinite slope, is a clear experimental
manifestation of the C-IC physics [26].
The phase diagram—Our findings, together with the

previously available data, are summarized in the phase
diagram in Fig. 4. The phase diagram is guided by
theoretical studies [16,22,24,25] which suggest the follow-
ing sequence of the phases: Ising AFM-LSDW-TAF-FP.
Here, the transverse antiferromagnetic phase (TAF) denotes

FIG. 3. T evolution of anomalies in magnetostriction and
thermal conductivity enlarged around the 1=5 (a), (b) and 1=3
(c), (d) plateaux. The plateau region was defined as the field
region in which the magnetostriction lies below the high-temper-
ature curve as indicated by the arrows and orange symbols for the
curve at 70 mK. (e),(f) An enlargement at the phase transition at
B� ¼ 0.96 T at lowest measured temperature, indicated by an
arrow and a green symbol in (e).

FIG. 4. The phase diagram of YbAlO3. White points are from
specific heat C and magnetization M in Ref. [16]. Orange and
green points are from the magnetostriction λ in this work showing
the two plateau regions appearing within the LSDW state and the
phase transition at B� ¼ 0.96 T. See text for details.
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a commensurate state with Q ¼ π and staggered spin order
in the plane perpendicular to the easy axis. Neutron
scattering detection of this high-field phase is severely
complicated by the high anisotropy of the g factor in
YbAlO3. Compared to the longitudinal signal, any trans-
verse signal is reduced by a factor ðgk=g⊥Þ2 ≈ 273. FP
denotes the field-polarized ferromagnetic phase.
Based on the data, LSDW phase extends from Bc to

about 0.75 T corresponding roughly to the upper end of the
1=3 plateau given that the upper end varies with measure-
ment technique and definition. While the LSDW Bragg
peak in Fig. 2(e) persists beyond this field, its intensity
drops strongly for B > 0.75 T. Given the different sym-
metries of the LSDW and TAF phases and their respective
ordering wave vectors Q, the transition between them is
likely of the first order. This explains the persistence of the
LSDW Bragg peak into a coexistence region between 0.75
and 0.85 T. The change from LSDW to TAF is also seen in
the flattening of the critical temperature TN curve in
Fig. 4. Figure S5 shows the elastic Bragg signal from
the TAF phase in the interval from 0.75 T to the saturation.
We note that this analysis is slightly complicated by the
presence of the small twin crystallite in the studied sample,
as is discussed in detail in Sec. S5 in Supplemental
Material [26]. It also must be noted that the very existence
of the TAF phase requires some interaction between
transverse (with respect to the field) components of spins
on neighboring chains [22]. Comparing the ratio of
the widths of TAF and LSDW phases with that in the
theoretical phase diagram in [22], we can estimate the
degree of the interchain exchange anisotropy as
ϵ ¼ Jxy⊥ =Jz⊥ ≈ 0.15. The small value of this estimate sup-
ports our assumption of the dominant Ising-like nature of
the interchain interaction.
The transition at B�, evidenced in Fig. 2(c), and the exact

nature of the phases remain not understood. We label them
as TAF1 and TAF2 because the ordering vector detected in
neutron scattering stays the same, see Fig. S5. One
possibility is a change in the transverse moment orientation
at this field, since g⊥ along the c and b axes might be
different. The situation could also be similar to BaCo2V2O8

which too features an unknown high-field state between the
TAF and FP ones [12,13]. We speculate that such an
additional phase may be caused by the dipole-dipole
interaction between spin chains.
Summary—Magnetization plateaux in spin-1=2 quantum

magnets are rare and interesting. Their previous sightings
include the Ms=3 plateau state, also known as the up-up-
down state, in spatially anisotropic triangular antiferro-
magnets Cs2CuBr4 [41] and Cs2CoBr4 [42]. As explained
above, magnetization plateaux are to be expected in
quasi-one-dimensional magnets supporting the field-
induced LSDW phase. Yet, Ising-like chain materials
BaCo2V2O8 and SrCo2V2O8 that do feature the LSDW
phase do not appear to contain any finite-M plateaux.

We attribute this difference with YbAlO3 to the antiferro-
magnetic sign of the interchain interaction, which sup-
presses the odd-k plateaux, in those Co-based magnets.
To the best of our knowledge, the reported observation of

the two plateaux, at magnetizations M2;5 and M1;3, is the
first of its kind. The fact that this is done with the help of
heat transport measurement makes it even more rare. We
hope that our findings generate further interest in the
unusual ordered states of quasi-one-dimensional magnetic
materials.

Note added—Recently, our new magnetic susceptibility
measurement revealed evidence for a plausible 1=7 mag-
netization plateau as a small but persistent feature (see
Fig. S3 in Supplemental Material [26]). This finding further
supports the theoretical interpretation of the data pre-
sented here.
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