
Antiferromagnetic ordering and dipolar interactions of YbAlO3

L. S. Wu,1, 2 S. E. Nikitin,3, 4 M. Brando,3 L. Vasylechko,5 G. Ehlers,6 M. Frontzek,1

A. T. Savici,1 G. Sala,1 A. D. Christianson,7, 1 M. D. Lumsden,1 and A. Podlesnyak1, ∗

1Neutron Scattering Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA
2Department of Physics, Southern University of Science and Technology, Shenzhen 518055, China

3Max Planck Institute for Chemical Physics of Solids, Nöthnitzer Str. 40, 01187 Dresden, Germany
4Institut für Festkörper- und Materialphysik, Technische Universität Dresden, D-01069 Dresden, Germany

5Lviv Polytechnic National University, 79013 Lviv, Ukraine
6Neutron Technologies Division, Oak Ridge National Laboratory, Oak Ridge, TN 37831, USA

7Materials Science and Technology Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 37831, USA
(Dated: May 9, 2019)

In this paper we report low-temperature magnetic properties of the rare-earth perovskite material YbAlO3.
Results of elastic and inelastic neutron scattering experiment, magnetization measurements along with
the crystalline electrical field (CEF) calculations suggest that the ground state of Yb moments is a strongly
anisotropic Kramers doublet, and the moments are confined in the ab-plane, pointing at an angle of
ϕ = ±23.5◦ to the a-axis. With temperature decreasing below TN = 0.88 K, Yb moments order into the
coplanar, but non-collinear antiferromagnetic (AFM) structure AxG y, where the moments are pointed
along their easy-axes. In addition, we highlight the importance of the dipole-dipole interaction, which
selects the type of magnetic ordering and may be crucial for understanding magnetic properties of other
rare-earth orthorhombic perovskites. Further analysis of the broad diffuse neutron scattering shows that
one-dimensional interaction along the c-axis is dominant, and suggests YbAlO3 as a new member of one
dimensional quantum magnets.

I. INTRODUCTION

Perovskite materials with chemical composition RMO3 (R
is a trivalent rare-earth ion and M is a 3d transition metal)
are in a focus of attention in modern solid-state physics
and materials science, because they exhibit interesting mag-
netic [1–4], multiferroic [5] and optical [6] effects. A num-
ber of intriguing magnetic properties arise in these materials
from the coupling between the 4 f and 3d magnetic sublat-
tices, but its accurate microscopic description is still absent.
On the one hand, it is well established from both experi-
mental and theoretical sides, that the strong Heisenberg
superexchange interaction M −O−M induces a robust an-
tiferromagnetic (AFM) order below TN � 100 K [7–10].
In contrast, the R−M interaction is much weaker and usu-
ally taken into account phenomenologically, while the R− R
interaction is often not even considered [10–12].

Our recent research of YbFeO3 revealed that Yb moments
form spin chains along the c-axis and exhibit unconventional
low-energy spin excitations, which are strongly modified by
the presence of the magnetic Fe sublattice [3]. Contrary
to the almost isotropic Fe spins, the Yb moments exhibit a
strong single-ion anisotropy, which is rather important for
an understanding of the magnetic properties of this mate-
rial [11]. Results of this work raised two important ques-
tions: (i) What is the magnetic ground state and magnetic
anisotropy of the Yb moments in a distorted perovskite lat-
tice? (ii) How one can efficiently describe Fe-Yb interaction?
While the second question requires advanced theoretical DFT-
based calculations, one can answer the first one by studying
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isostructural YbMO3 materials with a nonmagnetic ion in M
position. To this end, we performed a comprehensive study
of YbAlO3, and demonstrated that it provides a realization
of a quantum spin S = 1/2 chain material exhibiting both
quantum critical Tomonaga-Luttinger liquid behavior and
spinon confinement-deconfinement transitions in different
regions of magnetic field-temperature phase space [4].

In this work we focus on the magnetic ground state prop-
erties of YbAlO3 and discuss its single-ion anisotropy and
moment configuration at low temperature. We performed
neutron scattering and magnetization measurements com-
bined with point charge model ab-initio calculations. We
put the results in context with the findings from a previous
study of the iso-structural compound DyScO3 [13]. We show
that the combination of strong spin-orbit coupling and crys-
talline electrical field effects creates an energetically isolated
Kramers doublet ground state in both systems. The ground
state doublets have a strong uniaxial anisotropy, which con-
strains the magnetic moments in the ab-plane with angle α
to the a-axis, and depending on α dipolar interchain interac-
tion determine the type of AFM ordering. However, distinct
from DyScO3, in which case neither the transverse nor the
longitudinal fluctuations are seen in inelastic neutron scat-
tering, due to the strong Ising single-ion anisotropy and the
constraint of the ∆S = 1 selection rule [13], the analysis
of the YbAlO3 ground states wavefunctions shows that the
longitudinal fluctuations are visible to neutrons, making
it a perfect object for exploring one-dimensional quantum
magnetism.
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II. EXPERIMENTAL DETAILS

A single crystalline sample of YbAlO3 with clear orange
color was prepared by the Czochralski technique, as de-
scribed elsewhere [14, 15]. Magnetization measurements
were performed using a Quantum Designs Magnetic Prop-
erty Measurement System (MPMS) with a horizontal sam-
ple rotator insert and MPMS-3 with 3He insert for the low-
temperature measurements down to 0.5 K. Neutron scatter-
ing measurements of YbAlO3 were performed at the time-of-
flight Cold Neutron Chopper Spectrometer (CNCS) [16, 17],
at the Spallation Neutron Source (SNS) at Oak Ridge Na-
tional Laboratory. Data were collected with a single crystal
YbAlO3 sample of mass around 0.6 g, which was aligned
in the (0K L) scattering plane. A bottom-loading dilution
refrigerator insert was used to access temperatures as low as
50 mK. The incoming neutron energy was fixed at 3.32 meV
(λi = 4.97 Å) and 50 meV (λi = 1.28 Å), and the high-
flux instrument mode was used to maximize the neutron
intensity. The software packages DAVE [18] and MANTID-
PLOT [19] were used for data reduction and analysis. The
crystal electric field (CEF) calculations were performed using
the MCPHASE software package [20].

III. RESULTS AND ANALYSIS

A. Crystal structure and crystal electric field

YbAlO3 crystallizes in an orthorhombic distorted per-
ovskite structure, with lattice constants (at room temper-
ature) a = 5.126 Å, b = 5.331 Å, and c = 7.313 Å, using
the conventional P bnm notation [14, 15]. As illustrated in
Fig. 1a, the Ytterbium (Yb) ions are surrounded by eight
nearby distorted Aluminum-Oxygen (Al-O) octahedra. Due
to the distortion, the point symmetry of the Yb site is low-
ered from Oh (m3̄m) in the perfect cubic perovskite structure
(space group Pm3̄m) to Cs (m). Therefore, the rare-earth
moments (R) are constrained either along the c-axis, as in
the case for R = Er, Tm3+ [21, 22], or to the ab-plane, as for
R = Dy3+, Tb3+, Yb3+ [13, 23–25]. No high-symmetry direc-
tions within the ab-plane are required by the point group
symmetry, and in RMO3 materials the rare-earth moments
are generally aligned to directions that are tilted from the
principal a- and b-axes. The tilting angle depends on the
relative distortion of the eight Al-O octahedra comprising
twelve nearest oxygen neighbors around the Yb3+ ion, which
also determines the rare-earth CEF splitting.

The calculation of the ground state wave functions and
the CEF configuration was based on the point charge
model [20, 26–28]. As in the case of the iso-structural
compound DyScO3 [13], the first twelve nearest oxygen
neighbors around the Yb3+ ion are considered (Fig. 1(b)),
which keeps the correct local point group symmetry (Cs) of
the Yb site. In this local chemical environment, the eight-fold
degenerate J = 7/2 (L = 3, S = 1/2) multiplet (2J + 1 = 8)
of Yb3+ is split into four doublet states. The four CEF doublet

Fig. 1.(a) Crystal structure of YbAlO3, where Yb atoms are sur-
rounded by eight nearby distorted Al-O octahedra. (b) Local chem-
ical environment of Yb3+ located at z = c/4, considering twelve
nearest Oxygen neighbors: four O1 (green circles) sites in the
same z = c/4 plane, four O2 (red circles) sites above and below
the z = c/4 plane. The red vector indicates the magnetic moment
of Yb3+, which lies in the ab-plane, with a tilting angle from the
a-axis. (c) Contour plot of the inelastic neutron scattering spec-
trum of YbAlO3 measured at 10 K. A flat CEF mode is observed,
indicated by the red dashed line. (d) Energy dependent intensity
integrated over the wave vector range |Q| = [3, 7] Å−1. A Gaussian
function (blue line) is fit to the data, with a linear background
(red dash line) subtracted. Inset: Sketch of the four isolated CEF
doublet states of Yb3+, where the eight fold degeneracy of J = 7/2
(2J + 1 = 8) is lifted to four doublet states E0, E1, E2, E3, due to
the low point symmetry. The first excited levels are well separated
from the ground doublet by 29.7±0.07 meV, which is about 345 K.

states are best diagonalized when the local Ising axes are
chosen along a direction at ϕ = 22◦ titled from the a-axis,
as indicated by the red vector in Fig. 1(b). The calculated
ground state wave functions are:

E0± = +0.78| ± 7/2〉 − 0.03| ∓ 5/2〉 − 0.53| ± 3/2〉
∓ 0.14| ∓ 3/2〉 ± 0.18| ± 1/2〉+ 0.23| ∓ 1/2〉, (1)

with the excited levels E1, E2 and E3 separated from the
ground doublet at energies ∆1 = 6.7 meV, ∆2 = 24.1 meV,
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Fig. 2.(a) Field dependent magnetization M of YbAlO3, measured
at 2 K, with the field along different principal axes. The solid lines
are the calculated Brillouin functions, as explained in the text. (b)
Angle-dependent magnetization measured at T = 2 K and B = 5 T.
The red line represents the fit, as explained in the text. Inset:
Schematic view of the Yb magnetic moment configuration in the
ordered state, where ϕ is the angle between the Ising moments
and the a-axis, and the angle θ indicates the direction of the ap-
plied field in the ab-plane. (c)-(d) Contour plot of the measured
magnetization M and magnetic susceptibility dM/dB at 2 K, with
magnetic field rotating in the ab-plane. The red and blue dashed
lines indicate the angle dependent critical fields.

and ∆3 = 47 meV. We should emphasize here, that although
the point charge CEF calculation based on twelve nearest
neighbors is only an approximation, and the energy scheme
cannot quantitatively reproduce the real ground state wave
function, it does qualitatively confirm two important details:
i) there is a well separated ground state doublet, which is
Ising-like with most contribution from the wave function
| ± 7/2〉; ii) the local Ising axis is tilted from the a-axis by
an angle ±ϕ of ∼ 22◦. Both of these are further confirmed
by the neutron scattering and magnetization measurements
discussed below.

Single crystal inelastic neutron scattering of YbAlO3 was
performed, and the spectrum measured at 10 K shows a flat
wave vector independent mode (red dashed line in Fig. 1c),
indicating the excitation from the ground state to the first ex-
cited CEF level. The energy dependent intensity integrated
over the wave vector range |Q| = [3,7] Å−1 is plotted in
Fig. 1d. A Gaussian function (blue line) is fit to the data,
with a linear background (red dash line) subtracted. The
peak is found to be at 29.7±0.1 meV, which is about∼ 345 K
(inset of Fig. 1d). This energy scale is much larger than the
CEF calculation above indicates, and suggests well separated
ground doublets, which dominate the low temperature mag-
netic properties.

B. Magnetization

The field dependent magnetization M of YbAlO3 mea-
sured at temperature T = 2 K is shown in Fig. 2(a). With
the field applied along different principal crystal axes, sig-
nificant anisotropy is observed between the ab-plane, and
the c-axis. The high field saturation moments along the a
and b directions are more than one order larger than the
moment along c-axis, confirming that the Yb3+ magnetic
moments are lying in the ab-plane. A further measurement
of the anisotropy in the ab-plane was performed with the
horizontal rotator. As presented in Fig. 2(b), the angle de-
pendence of the magnetization measured in magnetic field
B = 5 T has two minima at θ = 90±ϕ, where ϕ is the angle
between the Ising moments and the a-axis, and the angle θ
indicated the direction of the applied field in the ab-plane.
The angular dependence can be described as:

M =
Ms

2
(|cos(ϕ − θ )|+ |cos(ϕ + θ )|), (2)

where Ms is the saturation moment. The result of the fitting
is shown as the red line in Fig. 2b. With Ms = 3.8µB/Yb,
and ϕ = 23.5◦, the calculated curve matches well the ex-
perimental magnetization. Since the experimental temper-
ature (T = 2 K) and magnetic field (B < 5 T) are much
smaller than the energy scale of the first excited CEF level
∆1 = 29.7 meV, the isolated ground state doublet can be
described as an effective spin S = 1/2, where M = geffµB ·S.
The calculated Brillouin functions are shown in Fig. 2a (solid
lines), and the saturation moments for different field direc-
tions are:

M a = Ms cosϕ ÷ 3.47µB/Yb, (3)

M b = Ms sinϕ ÷ 1.54µB/Yb, (4)

M c ÷ 0.23µB/Yb. (5)

This could be equivalently expressed with anisotropic g-
factors as:

Mz = Ms =3.8µB/Yb, gz
eff = 7.6, (6)

M⊥ = Mc =0.23µB/Yb, g⊥eff = 0.46, (7)

where z is chosen along the local moment Ising axis, and
x y are the perpendicular directions. At low magnetic field,
the measured magnetization curve is lower than the cal-
culated Brillouin function, and this mismatch suggests the
existence of an additional AF magnetic correlation in the
system, which is missing in the calculation. With increas-
ing field, all magnetic moments will eventually align with
the field, and the magnetization curve and the calculated
Brillouin function would overlap. This saturation field for
polarization is also angle dependent, which can be expressed
as:

Ba
s = Bs/ cosϕ, (8)

Bb
s = Bs/ sinϕ. (9)

Here, Ba
s and Bb

s are the polarization fields needed for mag-
netic field applied along the a- and b-axes, respectively, and
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Bs is the polarization field when the applied magnetic field
is along the local Ising axis. Using the above relations (8)
and (9), and knowing ϕ = 23.5◦, one can calculate that
Bs ' 0.9 T. The whole field and angle dependence of the mag-
netization and magnetic susceptibility are shown in Fig. 2(d)
and (d). The red and blue dashed lines are the calculated
critical fields of relations (8) and (9), and one can see that
the overall field and angle dependence of the magnetization
is well reproduced.

Compared to the CEF calculation discussed earlier, the ex-
perimental magnetization measurement suggests a ground
state wave function with a much stronger Ising anisotropy.
Such wave functions can be estimated more quantitatively
based on the experimental saturation moment, extracted
from above relation (6). A generic ground state wave func-
tion can be expressed as:

E0± = α| ± 7/2〉+ β | ± 5/2〉+ γ| ± 3/2〉+δ| ± 1/2〉
+α′| ∓ 7/2〉+ β ′| ∓ 5/2〉+ γ′| ∓ 3/2〉+δ′| ∓ 1/2〉. (10)

The point group symmetry further imposes the constraints
β = α′ = 0. Based on this, the saturation moment along the
Ising axis (z) is expressed as:

Mz = g〈E0±|Jz|E0±〉

=
8
7
·
�

7
2
α2 −

5
2
β ′2 +

3
2

�

γ2 − γ′2
�

+
1
2

�

δ2 −δ′2
�

�

, (11)

where g = 8/7 is the the Landé factor of Yb3+. The upper
and lower limits of the contributions from states | ± 7/2〉
can be estimated, considering the two extreme cases. For
the upper limit value of α, assuming that all contributions
from states | ± 3/2〉 and | ± 1/2〉 are zero (γ = γ′ = 0,
and δ = δ′ = 0), then to make Mz = 3.8µB/Yb, one has
α = 0.985, β ′ = 0.171. Since the CEF configurations are
determined by the nearby charges, the Yb ground state wave
function and moment configuration should be applicable to
other iso-structural perovskites as well, such as in YbFeO3,
where Fe3+ provides an almost identical charge environment
as Al3+ here.

C. Magnetic dipole-dipole interaction

Within the given crystal structure, four different magnetic
structures with propagation vector k = 0 (AxG y, GxAy,
F xC y and C x F y) are allowed through representation anal-
ysis, as shown in Fig. 3(a). It was reported that the configu-
ration AxG y is chosen in zero field below the Néel temper-
ature TN = 0.88 K [29]. Due to the large local saturation
moment of Yb3+ at low temperatures, Ms ' 3.8µB/Yb, the
dipole-dipole interaction is not negligible. For each of the
four magnetic structures (GxAy , AxG y , F xC y and C x F y),
the dipole-dipole energy

Edip = −
µ0

4π

∑

i

1
|~ri|3
· [3 ( ~m0 · r̂i) ( ~mi · r̂i)− ( ~m0 · ~mi)] (12)

GxAy AxGy

FxCy CxFy

(a)

(b)

c a

b

(c)

0.0 0.5 1.0 1.5
-1.0

-0.5

0.0

0.5

B // a

CxFy

FxCy

AxGy

E
 (

K
)

B (T)

GxAy
B // b

Fig. 3.(a) Configurations of the four symmetry allowed magnetic
structures. The red vectors indicate the Yb magnetic moment direc-
tions, which are tilted by angle ϕ from the a-axis. (b) Calculated
field dependence of the dipole-dipole energy for each of the four
magnetic structures. For magnetic field applied along the a- and
b-axes, the ferromagnetic F xC y and C x F y configurations will
be the new ground states, with critical fields of 0.3 T and 1.0 T,
respectively. (c) Calculated angle dependence of the dipole-dipole
energy for the two antiferromagnetic structures, GxAy and AxG y .
With ϕ = 23.5◦, the configuration AxG y is selected as the ground
state for YbAlO3, as indicated by the red dashed line.

was calculated, where µ0 is the vacuum permeability, and
r̂i = ~ri/|~ri|. Here, 10 near neighbor moments ~mi (eight
within distance ∼ 5.7 Å in the ab-plane, and two near neigh-
bors of distance∼ 4 Å along the c-axis) around the moments
~m0 centered at the origin were included in the sum. It was
found that adding more terms to the sum (for neighbors at
larger distances) only resulted in negligibly small variations
of the dipole energy. In zero field, the calculated dipole
energies for different configurations are (Fig. 3(b)): -0.67 K,
-0.29 K, -0.01 K, and 0.38 K, respectively. It is clear that
the configuration AxG y is selected as the ground state at
low enough temperatures, and the AF magnetic ordering
temperature TN = 0.88 K is consistent with the energy gain
(Edip(AxG y) = −0.67 K) estimated from the dipole-dipole
interaction.
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(a)

(b)

(a) (b)

Fig. 4.(a) Sketch of the magnetic dipole-dipole interaction between
two Ising magnetic moments ~m1 and ~m2. The two moments are
separated by distance ~r12, and make an angle ±ϕ with the a-axis.
The angle α = 47.73◦ is the angle between vector ~r12 and the crystal
a-axis. (b) Contour plot of the calculated dipole-dipole interaction
as a function of both angles α and ϕ. The white dashed line
indicates the line of ‘magic’ angles, where the dipolar interaction
vanishes between the two nearby Ising moments. The stars indicate
that the rare-earth orthorhombic perovskites of interest here are
all located in the vicinity of these ‘magic’ angles, with very weak
dipolar interaction in the ab-plane.

When a magnetic field is applied along the a or b direc-
tions, the configurations F xC y and C x F y are favored by
the Zeeman interaction [13], making them the new ground
states. The calculated critical fields are Ba

dip ∼ 0.3 T and

Bb
dip ∼ 1.0 T, respectively. Similar calculations were per-

formed for DyScO3 as well, and a good agreement between
the calculation and the experiments was observed [13].
However, for YbAlO3, these calculated critical fields only
account for about 30%− 50% of the the polarization fields
extracted from the field dependent magnetization measure-
ments, where Ba

s = 1.1 T, and Bb
s = 2.2 T. Noticing that the

energy differences between configurations AxG y and F xC y
(or between GxAy and C x F y) are from the interactions in
the plane (or interactions along the c-axis), this discrepancy
suggests that an additional exchange coupling exists along
the c-axis in YbAlO3. Further, this indicates there may exist
a quantum critical region between 0.3 ∼ 1.1 T for B ‖ a
(or 1.0∼ 2.2 T for B ‖ b), where the static magnetic order
(AxG y) in the ab-plane is suppressed [4].

It may also be noticed that the two configurations GxAy ,
AxG y should be degenerate if there are no interactions in

the ab-plane. Therefore, it is the intra-plane interaction that
lifts this degeneracy, and finally selects the static magnetic
ordering pattern in the ab-plane. This intra-plane dipolar
interaction depends on the relative tilting angleϕ of the Ising
moments [30], and depending on the value of ϕ, the ground
state may be the configuration GxAy or AxG y. For the
case of YbAlO3 with ϕ = 23.5◦, the configuration AxG y is
selected, while in the iso-structural compound DyScO3 with
ϕ = 90◦ + 28◦ = 118◦, configuration GxAy is selected [13].

Similar calculations may also be applied to other rare-
earth based perovskites, where the dipole-dipole interac-
tion plays an important role at low temperatures. Shown
in Fig. 4(a) is the magnetic dipole-dipole interaction be-
tween two Yb Ising magnetic moments | ~m1| = | ~m2| = | ~m|,
separated by distance |~r12| = |~r|. Within the given lattice
symmetry, the Ising moments are only allowed to tilt toward
each other by the same angle ±ϕ from the a-axis, while
α = 47.73 is the angle between vector ~r12 and the a-axis.
This simplifies the equation for the dipole interaction (12)
to:

Edip = −
µ0

4π
1
|~r|3
| ~m|2J(α,ϕ), (13)

where

J(α,ϕ) = cos2ϕ + 3cos2α− 2. (14)

For ϕ = 0, there is a ‘magic’ angle of α = 54.7◦, at which
point the dipolar interaction vanishes. By adding an addi-
tional degree of freedom (angle ϕ), the ‘magic’ angle be-
comes a ‘magic’ line α(ϕ). Shown in Fig. 4(b) is the contour
plot of the calculated values of J(α,ϕ) as functions of ϕ and
α. The dipole interaction vanishes everywhere on the white
dashed line, where

J(α,ϕ) = 0. (15)

It turns out that YbAlO3, as well as a few other materials
for which the angles α and ϕ were reported [13, 23–25],
are located in the vicinity of this ‘magic’ line, as indicated by
the stars in Fig. 4(b). More other iso-structural rare-earth
perovskite systems could be fit to this diagram, suggesting
a whole new family of rare-earth based one-dimensional
magnets.

D. Magnetic diffuse scattering

The temperature dependent magnetization M of YbAlO3
was measured down to 0.5 K in an applied field B = 0.1 T
along the a-axis. These data, and the derivative dM/dT ,
are shown in Fig. 5(a). An abrupt decrease in the mag-
netization is observed with lowering the temperature, and
the antiferromagnetic transition temperature is determined
through the peak in the curve of dM/dT , with TN ' 0.88 K
(blue dashed line in Fig. 5(a)), which is consistent with a
previous report [4, 29]. Single crystal neutron scattering
was performed in the (0K L) scattering plane, at different
temperatures below and above the magnetic transition, as
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(a) (b)

(c) (d)

Fig. 5.(a) Magnetization M (black) and temperature derivative
dM/dT (red) of YbAlO3, with applied field B = 0.1 T along the
a-axis. The blue dashed line indicates the antiferromagnetic tran-
sition at TN = 0.85 K. (b)-(d): Contour plot of the magnetic scat-
tering of YbAlO3 in the (0K L) plane, integrated over wave vector
H = [−0.2,0.2] r. l. u., and energy E = [−0.1, 0.1] meV, at differ-
ent temperatures, 50 mK (b), 1.0 K (c) and 2.0 K (d), respectively.

presented in Fig. 5(b)-(d). For temperatures below the AFM
transition, magnetic peaks are well established, and the peak
width is limited by the instrumental resolution (Fig. 5(b)).
However, above the phase transition, broad diffuse scattering
is observed near magnetic wave vectors such as Q = (0, 0, 1),
which is much broader than the nuclear diffraction peaks
such as Q= (0, 0, 2) (Fig. 5(c) and (d)). Further, this broad
magnetic diffuse scattering shows a clear ellipse like shape
with long axis along wave vector (0K0), suggesting a very
anisotropic correlation in the (0K L) scattering plane. For a
more quantitative analysis, constant energy cuts along wave
vectors K and L at different temperatures are presented in
Fig. 6(a) and (b). The instrumental resolution (gray bar) is
estimated from the full width at half maximum (FWHM) of
the magnetic (001) peak measured at 50 mK. The follow-
ing function [13, 31] was adopted to describe the magnetic
structure factor:

S(Q)∝
sinh(c/ξl)

cosh(c/ξl)− cos(π(l− 1))
·

sinh(b/ξk)
cosh(b/ξk)− cos(πk)

,

(16)
where ξk and ξl are the correlation lengths in real space
along the b- and c-axes. Since the variation of the diffuse
scattering with the wave vector Q is much stronger than
that of the magnetic form factor, we have ignored the latter
for the fits shown in Fig. 6. The fitted correlation lengths
at different temperatures are shown in Fig. 6(c). As ex-
pected, both correlation lengths ξk and ξl increase while
approaching the magnetic ordering temperature from above.
However, the building up of the correlation along the c-
axis is much faster than along the b-axis. This significant
anisotropy is as expected from the estimate of the dipole-
dipole interaction discussed in the previous section, and it
clearly reflects the one-dimensional character of YbAlO3.
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Fig. 6.(a) Constant energy cut along wave vector K , integrated over
E = [−0.1,0.1] meV, H = [−0.2,0.2] r. l. u., and L = [0.9,1.1]
r. l. u. (b) Constant energy cut along wave vector L, integrated
over E = [−0.1,0.1] meV, H = [−0.2,0.2], and K = [−0.2,0.2] r.
l. u. The instrumental resolution (gray bar) is estimated from the
full width at the half maximum (FWHM) of the magnetic (001)
peak measured at 50 mK. The solid lines are the fit with Lorentzian
functions, as explained in the text. (d) The temperature dependent
correlation length along different directions. The red dashed line
indicates the magnetic transition at 0.88 K.

IV. DISCUSSION AND CONCLUSION

In summary, magnetic properties of YbAlO3 have been
studied through a combination of CEF calculations and mea-
surements of magnetization and single crystal neutron elas-
tic scattering. All our results are consistent with a well
separated Ising Yb3+ ground state doublet, whose wave
function mostly consists of | ± 7/2〉 states. The local easy
axes make an angle ±ϕ with the a-axis, as long as the tem-
perature scale is smaller than the first excited CEF level of
29.7 meV ∼ 345 K. The Yb3+ Ising moments order magneti-
cally below TN = 0.88 K, and the AF magnetic ground state
AxG y is stabilized by the dipole-dipole interaction. Since
the magnetic ground state resulting from the CEF is con-
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trolled by the near neighbor point charge configuration, it
is very little affected by substitution of Al3+ by other ions
such as Fe3+, as in iso-structural compound YbFeO3. Thus,
it is very likely that, in YbFeO3, Yb moments share similar
Ising ground states with their local easy axis in the ab-plane,
which is very different from the scenario proposed in [32]
where Yb moments are rotating between the c-axis and the
ab-plane.

Further analysis of the dipolar interaction suggests that
the series of iso-structural rare-earth perovskites composes
a new family of one dimensional magnets. This observa-
tion is further supported by the magnetic diffuse scattering
observed at low temperature, where critical fluctuations in-
dicate mostly a one-dimensional correlation along the c-axis.

YbAlO3 shares many similarities with the compound
DyScO3 which had been studied earlier [13]. In both
systems, the ground states show a significant Ising like
anisotropy with M‖/M⊥ = 〈E0±|Jz|E0±〉/〈E0±|Jxy|E0±〉 � 1.
Similarly, a direct corollary is that the magnetic fluctuations
are dominated by their longitudinal component, which is
about two orders larger than the transverse fluctuations
(M‖/M⊥ ' 273 for YbAlO3 and M‖/M⊥ ' 400 for DyScO3).
Thus, any transverse fluctuations such as spin waves (or
magnons), which are usually observed in Heisenberg spin
systems [33], will be negligible in both YbAlO3 and DyScO3.

However, whereas longitudinal fluctuations are forbidden
in DyScO3 by a selection rule [13], they are being observed
in YbAlO3 [4]. The ground state wave functions in YbAlO3
(Eqs. (1) and (10)) ensure that the matrix elements con-
necting the states of moments ‘up’ and ‘down’ are non-zero,
that is, 〈E0∓|S+, S−|E0±〉 = αβ ′ + ... 6= 0. This crucial point

allows spin flip exchange terms in the low energy theory
of the ground state doublets. Thus, distinct from DyScO3,
longitudinal spinon excitations are visible to neutrons in
YbAlO3, making it a novel promising quantum magnet for
further exploring the low-dimensional critical dynamics.
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