
PHYSICAL REVIEW B 99, 134418 (2019)

Role of the crystal electric field on the two magnetic transitions in the
orthorhombic YbMnO3 perovskite

Jingsan Hu,1 Guannan Li,1,2 Xiaokun Huang,1 and Weiyi Zhang1,3,*

1National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University, Nanjing 210093, China
2Department of Physics, Huaiyin Institute of Technology, Huaian 223003, China

3Collaborative Innovation Center of Advanced Microstructures, Nanjing 210093, China

(Received 30 November 2018; revised manuscript received 22 February 2019; published 11 April 2019)

In orthorhombic LuMnO3 perovskite with nonmagnetic Lu+3 ions (4 f 145d06s0) there exists one magnetic
transition of Mn+3 ions at TN ≈ 35.5 K. In YbMnO3 perovskite with Yb+3 ions of one electron less (4 f 135d06s0),
two magnetic transitions are observed at TN ≈ 43 K and T ≈ 3–4 K, respectively. While the transition at 43 K
in YbMnO3 was attributed to the same magnetic ordering of Mn+3 moments as LuMnO3 at 35.5 K, the nature of
the magnetic transition at 3–4 K is still unresolved. Although the bump feature in magnetic susceptibility hints
at a possible antiferromagnetic ordering of Yb+3 ions, no clear magnetic ordering of Yb+3 was determined in
either neutron scattering diffraction or in Mössbauer spectra of iron-doped YbMnO3. To explain the amplitude-
modulated nature of the low magnetic anomaly, we propose in this paper that a gradual quenching of the orbital
moment of Yb+3 ions below a critical temperature is a possible mechanism. The small crystal field splitting of
4 f electrons can survive only at extremely low temperature because of thermal fluctuation. In addition, we show,
like in LuMnO3, that YbMnO3 takes an E-type antiferromagnetic ground state for its Mn ions and can be tuned
into ferromagnetic state when (110)-oriented YAlO3 is used as a substrate.
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I. INTRODUCTION

Perovskite compounds with chemical formula ABO3 are
a large class of materials in nature with rich functionali-
ties [1,2]. Ferroelectric BaTiO3, PbTiO3 compounds [1], and
colossal magnetoresistance compounds La1−xBaxMnO3 [2]
are just a few typical examples which are widely applied
in transducers, actuators, capacitors, memories, and small
magnetic sensors. Because of the novel quantum phenomena
revealed by manganite based perovskite compounds due to
the strong competition among its charge, spin, and orbital
degrees of freedom, extensive experimental and theoretical
studies have been carried out on the structural, electronic, and
magnetic properties of almost complete rare-earth series.

The manganite based perovskite compounds can exist in
nature either in orthorhombic phase (o-RMnO3) with Pbnm
space group or in hexagonal phase (h-RMnO3) with P63cm
space group depending on the ionic radius of rare-earth ele-
ments [3,4]. RMnO3 family takes an o-RMnO3 structure for
rare-earth atoms R = La-Dy with large radius [5,6]. They
are nonferroelectric magnetic compounds because structures
preserve centrosymmetric property. The magnetic structures
mainly take a planar antiparallel magnetic structure (A-AFM)
with weak ferromagnetism arising from a small canted mag-
netic moment along the crystal b axis. On the other hand, the
h-RMnO3 structure is preferred for rare-earth atoms R = Ho-
Lu, Y, and Sc with small radius. Strong deviation from an ideal
tolerance factor breaks centrosymmetry and a 120◦ arranged
complex magnetic structure of Mn ions further enhances the
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multiferroic properties with simultaneous ferroelectric and
magnetic orderings [7]. However, the hexagonal perovskites
with small rare-earth atoms can be converted into metastable
orthorhombic perovskites if high pressure and high temper-
ature are applied during sample preparation [4]. It is also
possible to fabricate orthorhombic perovskites of R = Y, Ho,
and Er using the low temperature soft-chemistry route or the
epitaxial deposition method on substrates. When hexagonal
perovskite is transformed into orthorhombic perovskite, the
noncollinear 120◦ oriented magnetic structure is also changed
into an E-type antiferromagnetic structure (E-AFM).

For the manganite based perovskites with rare-earth atoms,
magnetic properties are contributed by both transition-metal
Mn and rare-earth R except those with closed 4 f orbitals.
For a single transition-metal (rare-earth) ion, the magnetic
moment of an ion is simply determined by Hund’s three rules,
i.e., spin and orbital angular momenta are maximized, and
spin and angular momenta are aligned antiparallel (parallel) if
the 3d (4 f ) shell is below (above) half-filled. However, when
magnetic ions form a building block of crystal compounds, the
crystal electric field of other atoms lowers the local symmetry
around the magnetic ions and spherical harmonics cease to
be the eigenfunctions of atoms [8,9]. Quantum mechanically
speaking, the orbital angular momentum is either completely
or partly quenched depending on the crystal symmetry. This
is particularly true for transition-metal Mn-d ions. 3d-orbital
wave functions spread relatively broadly with respect to the
lattice constant. The crystal field splitting (CFS) is of the
order of eV and much larger than room temperature thermal
fluctuation and spin-orbit coupling strength. Thus, CFS is
almost independent of temperature and the orbital angular
moment remains quenched throughout room temperature. The
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situation is more subtle for R ions because their wave func-
tions are very localized around ions and spin-orbit coupling
strength is large. CFS in this case is two orders of magnitude
smaller than that of transition-metal ions and is vulnerable
to thermal fluctuation. It is, therefore, possible at some tem-
perature that thermal fluctuation overcomes CFS and restores
orbital magnetic moments with the help of strong spin-orbit
coupling. This is, in fact, true to many rare-earth ions showing
the paramagnetic moments dictated by the Hund’s rule.

The motivation of the present study stems from the system-
atic investigations of magnetic properties of YbMnO3 over the
past five decades and particularly revelent low temperature
results are only available recently. The early magnetic mea-
surement was carried out by Wood et al. in 1973 in which
magnetic susceptibilities showed antiferromagnetic features
for both hexagonal and orthorhombic perovskites [3]. The
derived Curie temperature and paramagnetic moment are θ =
−200 and −83 K and μeff = 6.63 and 6.72 μB for hexagonal
and orthorhombic phases, respectively. The paramagnetic mo-
ments are very close to the geometrical sum of the theoretical

values of Mn+3 and Yb+3 ions, μeff =
√

(μMn
eff )2 + (μYb

eff )2 =
6.68 μB. μMn

eff = 4.9 μB is the paramagnetic moment of Mn+3

ions of spin only while μYb
eff = 4.54 μB is the paramagnetic

moment of Yb+3 ions including both spin and orbital mag-
netic moments. No ordering was observed directly in either
phases above 4.2 K. In a recent experimental investigation,
two magnetic transitions were observed by Huang et al. for
both structural phases of YbMnO3 [4]. The transition temper-
atures are 43 and ≈4 K for o-YbMnO3 and 88 and ≈4 K for
h-YbMnO3. The high magnetic transitions are characterized
by small kicks in the derivative of susceptibility and were
attributed to the paramagnetic to an E-type antiferromagnetic
structure (E-AFM) of Mn+3 ions in o-YbMnO3 and param-
agnetic to a 120◦ aligned magnetic structure of Mn+3 ions in
h-YbMnO3. The low magnetic anomalies in susceptibility at
4 K were assigned to an unspecified AFM ordering of Yb+3

moments though no Yb+3 sublattice ordering was directly ob-
served. The assignment was made because the paramagnetic
moment μeff below the high transition temperature 4.83 and
3.8 μB is close to 4.54 μB, the paramagnetic moment of Yb+3

ions.
To shed light on the underlying mechanism behind the low

magnetic anomaly of manganite based perovskites with rare-
earth atoms, electromagnon spectra, a unique type of polar
coupled magnons in multiferroics, offer valuable insights on
the magnetic couplings among Mn and Yb ions as well as
the crystal electric field effect on magnetic ions. Previous
polarized inelastic neutron scattering studies revealed that
electromagnon has a hybrid character of magnetic spin wave
and a lattice vibration [10,11]. By adopting a single crystal
sample of h-YbMnO3, Standard et al. [12] were able to map
the electromagnon frequencies as functions of temperature
and external magnetic field. At low temperatures, a single
magnon in YbMnO3 splits into several distinct adsorption
lines at TYb = 3.3 K. The extracted internal magnetic fields
associated with magnon splitting showed monotonically de-
creasing functions with temperature and approach zero at
TYb [see Fig. 7(c) of Ref. [12]). Since Mn+3 ions already
form an 120◦ aligned magnetic structure at low temperature,

the magnon mode splitting can only arise from magnetic
configuration change of Yb+3 ions. As Yb+3 ions are para-
magnetic in the temperature range 6–30 K above TYb [4],
they assigned low temperature spin configuration of Yb+3

ions as an antiferromagnetic structure. The same scenario
was assumed for the low magnetic transition in o-YbMnO3.
In fact, the magnon splitting below TYb only states that the
magnetic couplings between Mn+3 spins and Yb+3 spins are
isotropic above TYb while anisotropic couplings are present
below TYb. The anisotropic coupling can be brought about by
magnetic ordering of Yb spins below TYb or possibly by other
mechanisms as well.

Although the above discussions concentrated on mangan-
ite based perovskites with rare-earth Yb [13,14], the low
magnetic anomaly is, in fact, a common phenomenon for
manganite based perovskites with all rare-earth ions with a
partially filled 4 f shell [15–17]. LuMnO3 compound is an
exception because Lu+3 has a closed 4 f shell [18,19]. For
example, a low magnetic anomaly was also observed at 5 K
in h-HoMnO3 [15], at 7 K in o-TbMnO3 [16], and at 15 K in
ErMnO3 [17]. The low magnetic anomalies are also accom-
panied by thermodynamical anomalies. The magnetic-related
specific heat showed sharp narrow peaks at the same transition
temperatures [15–17]. In addition to the manganite based
perovskites with rare-earth atoms, a low magnetic anomaly
has also been observed in rare-earth dodecaborides RB12

(R = Y, Tb-Tm) [20]. Like Yb in manganite based per-
ovskites, Tb-Tm ions in dodecaborides also have a valence
state R+3. Two of the donated electrons go to the valence
bands formed by a body-centered-cubic lattice of B12 cubes
while another electron goes to the conduction band with
strongly hybridized characters of R-5d and B-2p. However,
R-4 f orbitals lay well below the Fermi energy, thus the
R-4 f shell is well localized and virtually decoupled from the
rest of the electronic bands. The inelastic neutron scattering
measurement revealed an amplitude modulated magnetic tran-
sition at a critical temperature monotonically decreasing with
decreasing R radius. The phase transition is also confirmed by
a sharp peak in specific heat measurement. Since it was not
clear how an amplitude modulated magnetic moment of R is
brought about, a paramagnetic to antiferromagnetic transition
was also assumed as a cause.

From the above discussions, it is clear that the low mag-
netic anomaly in manganite based perovskites and magnetic
transition in dodecaborides are closely correlated to the spin
configuration change of R+3 ions. However, less is known
whether the transition is brought about by spontaneous an-
tiferromagnetic ordering or caused by spontaneous quench-
ing of orbital magnetic moments of rare-earth ions or by
their combined effects. Up to now, there is no consensus
on sublattice ordering of R ions [21,22]. Mössbauer spectral
measurement on Fe doped o-YbMnO3 concluded that Yb+3

electronic states are well localized and no Yb sublattice
ordering is observed above 1.8 K [23]. From a structural point
of view, antiferromagnetic orderings of R moments in E-AFM
o-RMnO3 perovskites involves a highly frustrated environ-
ment of a Mn sublattice. It is not clear what kind of complex
antiferromagnetic structure of R ions can conform with the
surrounding Mn spin configuration. The situation holds also
for RB12 dodecaborides where a conducting network formed
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by fcc B12 cubes effectively blocks the coupling between
neighboring R ions. Summarizing the above discussions, the
low magnetic anomaly involves strong spin-lattice coupling
as manifested by the electromagnon spectra, the amplitude
modulated magnetic moments of R ions further indicated that
the crystal electric field effect on orbital magnetic moment
quenching is a possibility. In addition, the susceptibilities of
some of manganite based perovskites showed an upturn below
the low magnetic anomalies which are contradictory to the
antiferromagnetic transition [12,13,15,16]. So it is natural to
ask whether the low magnetic anomaly can result from the
magnetic moment change of individual rare-earth ions.

Since the low magnetic anomaly occurs at very low tem-
perature for very localized 4 f -shell rare-earth ions, CFS is
very small and susceptible to thermal fluctuation. We propose
that the excitation of thermal phonons tends to isotropize the
crystal electric field (CEF) and destroys CFS at a critical
temperature. This makes the CFS from a quantum mechanic
quantity to a thermodynamic order parameter. In our model,
the rare-earth ions behave like paramagnetic ions above the
transition with the total magnetic moment dictated by the
Hund’s three rule while the orbital magnetic moment are com-
pletely or partially quenched below the transition depending
on the local crystal symmetry around ions. With this picture,
the CFS order parameter can easily account for the strong
spin-lattice coupling, the amplitude modulated nature, as well
as the specific heat and susceptibility jumps associated with
the low magnetic anomalies. Our rough estimate yields a
critical temperature consistent with the experimental obser-
vations. We would like to emphasize that our model focused
on the common low magnetic anomaly itself. We do not
intend to explore the specific magnetic structure below the
low temperature magnetic anomaly. Currently, both upturn
and downturn susceptibilities are observed below the low
magnetic anomaly [4,12–15], the exact magnetic structure
below the low magnetic anomaly depends on the subtle com-
petition among magnetic couplings between rare-earth ions
and between rare-earth and manganite ions which is case
specific.

As the crystal field splitting energy is proportional to
〈r4〉/d5 with 〈r4〉 and d denoting the fourth moment of 4 f
orbitals and bond length with nearest neighbors, rare-earth
ions with larger 〈r4〉 and smaller d are predicted to have
higher transition temperature if the same crystal structures are
preserved. This is in fact proved to be true in manganite based
perovskites with rare-earth ions (R = Y, Ho-Lu). In addition,
the external strain imposed by either hydrostatic pressure
[24] or substrates [25–27] also have a significant effect on
the magnetic transition of manganite based perovskite. The
hydrostatic pressure is predicted to induce a ferromagnetic to
antiferromagnetic transition in a Sr-doped La0.625Sr0.375MnO3

compound [24]. The tetragonal strain, in turn, tunes ferromag-
netic and antiferromagnetic exchange couplings by control-
ling the orbital ordering of Mn-d (eg) orbitals [25–27]. Just
like the E-AFM antiferromagnetic structure can be tuned into
a ferromagnetic structure if (110) oriented YAlO3 substrate is
applied to LuMnO3. We found that the same substrate is also
capable of realizing the ferromagnetic structure in YbMnO3.

Although the concept we proposed in this paper applies to
all transition-metal based perovskites with rare-earth ions, we

shall concentrate below only on the orthorhombic YbMnO3

compound. First, the magnetic structure in o-YbMnO3 is sim-
pler and involves mainly collinear magnetic structure in low
temperature while h-YbMnO3 involves a 120◦ noncollinear
spin rotated magnetic structure. Second, the local crystal
symmetry of R ions in o-YbMnO3 is high which simplifies
the crystal electric potential computation and estimation of
critical temperature caused by thermal fluctuation. Third,
Yb+3 ions have a very simple electronic structure with one
electron missing in the closed 4 f shell, the 4 f shell can be
described by a single hole representation which considerably
simplifies the calculations of magnetic and thermodynamical
quantities. This enables one to see how the crystal field split-
ting energy, spin-orbit coupling energy, and Zeeman splitting
energy collectively make the low magnetic anomaly happen
in paramagnetic rare-earth ions.

The rest of the paper is organized in following way. As
the magnetic properties of YbMnO3 are divided into the two
parts associated with Yb ion and Mn ions, in Sec. II we
first present the Hamiltonian of the paramagnetic Yb ions
in o-YbMnO3 including a local crystal field splitting term,
spin-orbit coupling term, as well as the Zeeman splitting term
under magnetic field. Each term is discussed regarding their
magnitudes and their sensitivities to thermal fluctuation effect.
In particular, why the CFS of Yb+3 ions should be treated as
a thermodynamical quantity of temperature rather than as a
quantum mechanical quantity is emphasized. Special attention
is paid on the thermal fluctuation on CFS and critical temper-
ature estimation. The Mn-ions related magnetic structures are
analyzed within the framework of density-functional theory,
the crystal structure, types of magnetic structures, as well as
the relevant parameters setting are discussed in Sec. III. The
susceptibility and specific heat of rare-earth ions and Mn-ion
magnetic ground state are presented in Sec. IV. We illus-
trated how the low magnetic anomaly arises naturally when
the CFS is treated as an order parameter. We also showed
how the E-AFM structure is converted into a FM structure
when YbMnO3 is under an in-plane epitaxial strain pattern
imposed by a (110)-oriented YAlO3 substrate. Section V is
our conclusion.

II. MODEL HAMILTONIAN OF PARAMAGNETIC Yb IONS

The Hamiltonian of paramagnetic rare-earth ions is well
known and involves three competing interaction terms,

H0 = HSO + HCF + HZS, (1)

i.e., spin-orbit coupling (HSO), crystal field splitting (HCF),
as well as the Zeeman splitting energy under external mag-
netic field (HZS). HSO = ξL · S = 0.5ξ [J (J + 1) − L(L +
1) − S(S + 1)] describes the energy for parallel or antiparallel
alignment of ionic spin and orbital angular momentums. ξ is
the spin-orbit coupling constant. This term is the largest in
energy (ξ = −0.37 eV) [28,29] and its matrix is diagonal in
total angular momentum space |JMJ〉. For the specific case of
Yb+3 ions, L = 3, S = 1/2. The diagonal matrix elements are
either 1.5ξ for J = 7/2 multiplicity (eightfold states) or −2ξ

for 5/2 multiplicity (sixfold states) with corresponding Landé
factor g = 8/7 and 7/6, respectively. However, to conform
with the Hamiltonian of the crystal field splitting term, it
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is better to write the spin-orbit Hamiltonian in a product
space |YLMσ 〉 of spin (σ = ±1) and orbital (YLM). The matrix
element takes a following form:

〈YLM′σ ′|HSO|YLMσ 〉
= 0.5ξ [

√
(L − σM )(L + σM + 1)δM ′M+σ δσ ′σ̄

+ σMδM ′Mδσ ′σ ]. (2)

For a magnetic field B with an orientation τ̂ = (α, β, γ ),
Zeeman splitting term HZS = −μBB · [L + 2S] can also be
expressed easily in the spin-orbital product space

〈YLM′σ ′|HZS|YLMσ 〉
= −μBB[0.5(α − iβ )

√
(L − M )(L + M + 1)δM ′M+1δσ ′σ

+ 0.5(α + iβ )
√

(L + M )(L − M + 1)δM ′M−1δσ ′σ

+(α + iσβ )δM ′Mδσ ′σ̄ + γ (M + σ )δM ′Mδσ ′σ ]. (3)

The crystal field splitting Hamiltonian is usually written
in terms of crystal wave functions. Assuming a cubic
symmetry for the Yb+3 ions of orthorhombic perovskite
with 12 nearest-neighbors oxygen ions, crystal wave func-
tions can be expanded in terms of spherical harmonics
fxyz = (Y32 − Y32̄ )/

√
2 (i = 1), fx(y2−z2 ) = (

√
3Y33 + √

5Y31 −√
5Y31̄ − √

3Y33̄ )/2 (i = 2), fy(z2−x2 ) = (
√

3Y33 − √
5Y31 −√

5Y31̄ + √
3Y33̄ )/2 (i = 3), fz(x2−y2 ) = (Y32 + Y32̄ )/

√
2 (i =

4), fx(5x2−3r2 ) = (
√

5Y33 − √
3Y31 + √

3Y31̄ − √
5Y33̄ )/2 (i =

5), fy(5y2−3r2 ) = (
√

5Y33 + √
3Y31 + √

3Y31̄ + √
5Y33̄ )/2 (i =

6), fz(5z2−3r2 ) = Y30 (i = 7). The Hamiltonian is diagonal

HCF =
7∑

i=1

Ji f †
iσ fiσ , (4)

with on-site energy corrected by CFS Ji. Here fiσ denotes
the annihilation operator of a single electron in state i of the
Yb+3 ions. For cubic symmetry, f orbitals are split into one
singlet and two triplets. If we take the on-site energy of the
singlet as an energy reference (J1 = 0), J2 = J3 = J4 = 
1,
and J5 = J6 = J7 = 
2 with 
1 and 
2 specifying a crystal
splitting pattern. In the case that only the fourth order term
of the crystal electric potential is considered, 
1 = 5Dq and

2 = 9Dq with 9Dq denoting the total span of 4 f orbitals.
When both fourth and sixth order terms are considered, the
crystal splitting pattern of YB-4 f orbitals are not altered, but
no longer described by a single parameter Dq. In general, the
CFS parameters have to be evaluated from the crystal electric
potential (CEP) of Yb+3 ions:

V (r) = αe2

4πε0a0
− 35Ze2

4πε0

√
2a5

0

[
(x4 + y4 + z4) − 3

5
r4

]

+ 273
√

2Ze2

4πε0a7
0

[
(x6 + y6 + z6) + 15

4

(
x2y4 + x2z4

+ y2x4 + y2z4 + z2x4 + z2y4) − 15

14
r6

]
. (5)

Here the first term is the long range Coulomb contribution to a
f electron of Yb+3 ions by all the ions in a crystal. The second
(fourth-order) and third (sixth-order) terms are the short range
terms contributed only by nearest neighbor oxygen ions. Z is

the valence of oxygen ions and a0 is the lattice constant of the
pseudocubic cell of YbMnO3. Assuming an ionic picture of
Yb+3, O−2, and Mn+3, α = 1.85547 is obtained for summing
over a whole crystal while α = −12

√
2Z = 24

√
2 = 33.9413

if only the nearest oxygen ions (Z = −2) are taken into
account. As we shall see later, these two values offer useful
guidance when estimating the thermal fluctuation effect on
small CFS quantity.

By integrating over CEP using the crystal wave functions
above, one obtains the crystal splitting parameters


0
1 = 2Ze2

4πε0

√
2a0

[
70

33

〈r4〉
a4

0

− 210

11

〈r6〉
a6

0

]
, (6)


0
2 = 2Ze2

4πε0

√
2a0

[
42

11

〈r4〉
a4

0

− 70

11

〈r6〉
a6

0

]
. (7)

Using the lattice parameters a = 5.2160 Å, b = 5.8030 Å,
and c = 7.2816 Å obtained at 9 K for the

√
2 ×√

2 × 2 orthorhombic cell of YbMnO3 [4], a0 = 3
√

abc/4 =
3.806 Å is extracted. Together with the fourth-moment and
sixth-moment parameters, 〈r4〉 = 0.08534 Å4 and 〈r6〉 =
0.08634 Å6, for YB- f electrons [30], we get rough estimate of
the crystal splitting parameters 
0

1 = −3.436 meV and 
0
2 =

−14.713 meV. This suggests that CFS of rare-earth ions is
two orders of magnitude smaller than that of transition-metal
ions even though purely ionic model usually exaggerate the
valence state of ions and CFS parameters. Thus unlike the
CFS of transition-metal ions which is of the order of 1 eV
and sustainable to high temperature with negligible reduction,
the CFS in rare-earth ions is vulnerable to thermal fluctuation.
Thermal smearing effect on CFS cannot be ignored and should
be considered seriously. In the following, we argue that low
temperature thermal lattice vibration competes strongly with
the CFS of rare-earth ions. The characteristic temperature
above which thermal lattice fluctuation kills CFS defines the
transition temperature of low magnetic anomaly.

To see how thermal lattice vibration destroys the CFS of
rare-earth ions, it is simple to estimate how a periodically vol-
ume expanding and contracting Jahn-Teller mode fluctuates
the energy level of 4 f orbitals. The local potential fluctuation
is given by


V (x, y, z) = αe2

4πε0

2

3

Qx + Qy + Qz

a2
0

= αe2

4πε0

2√
3

Q1

a2
0

. (8)

Qx, Qy, and Qz denote the displacements of 12 nearest-
neighbor oxygens in their positions while keeping the local
symmetry intact. Q1 = (Qx + Qy + Qz )/

√
3 represents the

periodically contracting and expanding mode. Although the
effective α responsible for CEP fluctuation is hard to know,
it should lie between the nearest-neighbor approximation and
exact Madelung constant regarding an electron on Yb ions.

Using the Debye model to describe the low frequency
phonon excitation, the standard deviation of Q2

1 can be ob-
tained as

Q̄2
1 ≈ 3π2h̄2

2MOkBθD

(
T

θD

)2

. (9)

Here MO is the reduced mass of oxygen atoms with re-
spect to its central Yb ions. θD is the Debye temperature
of the Jahn-Teller mode. Using the Debye temperature θD ≈
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FIG. 1. Schematic diagrams of five typical magnetic structures of Mn ions in YbMnO3: the ferromagnetically ordered structure (FM),
the antiferromagnetically ordered nearest-plane (A-AFM), the nearest-chain (C-AFM), the in-plane nearest-zigzag-chain (E-AFM), and the
nearest-neighbor (G-AFM) structures. The arrows on Mn ions denote spin directions. The left and right panels refer to the upper and lower
layers of the double cell.

345 K [14] and |
V | ≈ |
2|, one obtains TC ≈ 6.6 K if an
exact Madelung constant is used and TC ≈ 0.36 K if only
the nearest-neighbor oxygen contribution is considered. The
transition temperature of the low magnetic anomaly does lie
between these two values.

Once the eigenvalues and eigenvectors of the Hamiltonian
of a paramagnetic Yb+3 ion is specified, it is a simple task
to compute the magnetic susceptibility and specific heat as
functions of temperature

χτ (T ) = μB

B

∑
n〈n|τ̂ · (L + 2S)|n〉 exp (−En/kBT )∑

n exp (−En/kBT )
(10)

and

CV (T ) = 1

kBT 2

{∑
n E2

n exp (−En/kBT )∑
n exp (−En/kBT )

−
(∑

n En exp (−En/kBT )∑
n exp (−En/kBT )

)2
}

. (11)

We will see that gradual quenching of orbital magnetic mo-
ments of Yb ions is brought about by the emergence of CFS
order parameter below critical temperature. The low magnetic
anomaly appears once the CFS parameter is treated as a
thermodynamical order parameter with a critical temperature
deducted from Eqs. (8) and (9).

III. Mn RELATED MAGNETIC STRUCTURES
AND PARAMETER SETTINGS

The metastable orthorhombic perovskite structures of
YbMnO3 (o-YbMnO3) can be prepared through a reconstruc-
tive transformation from the sol-gel synthesized hexagonal

YbMnO3 (h-YbMnO3) by means of high-pressure annealing
at 5 GPa and 1100 ◦C [4]. The crystal structure of o-YbMnO3

was identified by powder neutron diffraction as a space group
Pbnm with crystal parameters a = 5.2160 Å, b = 5.8030 Å,
and c = 7.2816 Å at 9 K [4]. The unit cell of paramagnetic
o-YbMnO3 is composed of

√
2 × √

2 × 2YbMnO3 formula
units (20 atoms) as depicted in Fig. 1. The crystal axes
a, b, and c are also indicated. In this paper five typical
magnetic structures of Mn ions are considered. They in-
clude ferromagnetically ordered structure (FM), antiferro-
magnetically ordered nearest-plane (A-AFM), nearest-chain
(C-AFM), nearest-neighbor (G-AFM), and in-plane nearest-
zigzag-chain (E-AFM) structures. The crystal unit cell also
hosts FM, A-AFM, C-AFM, and G-AFM magnetic structures.
The crystal cell of the more complex E-AFM magnetic struc-
ture is doubled along the crystal b axis and thus contains 40
atoms. When a substrate strain of (110)-oriented YAlO3 is
considered on YbMnO3, the crystal symmetry changes from
orthorhombic to monoclinic groups. The crystal cell changes
from a parallelepipedon formed by a, 2b, and c for bulk to
that formed by 2(a-b), a, and c for strained samples. In our
numerical study, the former unit cell is used to compute the
electronic and magnetic properties of bulk o-YbMnO3 com-
pound, while the latter unit cell is used to simulate those of
strained monoclinic samples on substrates. The same crystal
unit cells are used for all five typical magnetic structures in
order to eliminate the systematic error caused by different
Wigner-Seitz cells and Brillouin zones.

The relative stabilities of various magnetic structures
associated with Mn ions are analyzed using the density-
functional theory (DFT) based Vienna ab initio simulation
package (VASP) [31] with projected augmented wave (PAW)
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FIG. 2. Magnetic susceptibility per paramagnetic Yb+3 ion. The
low temperature parts are enlarged in the inset. The dashed line refers
to CFS treated as a quantum quantity while the solid line to CFS is
treated as a thermodynamical order parameter.

potentials [32]. The cutoff energy for plane waves is set
to be 600 eV. The PAW potentials contain 9 valence elec-
trons for Yb(5p65d16s2), 13 for Mn(3p63d54s2), 11 for
Y(4s24p64d15s2), 3 for Al(3s23p1), and 6 for O(2s22p4). The
13 of the YB-4 f electrons are placed in the PAW core. This
is also why only 13 f electrons are considered for the para-
magnetic property of Yb+3 ions. The exchange correlation
energy was described by the generalized gradient approxi-
mation (GGA) using the PBE functional [33]. We apply an
on-site Coulomb correction for the Mn-3d states following the
DFT+U scheme [34] with the Dudarev implementation [35]
for on-site Coulomb repulsion U and exchange interaction J .
The effective Coulomb repulsion of Mn ions, Ueff = 1.5 eV
from o-LuMnO3 [19], reproduces the correct lattice param-
eters, band gap, and magnetic structure of bulk o-YbMnO3.
An 8 × 4 × 6 and 4 × 8 × 6 �-centered k-points sampling
are used for the a × 2b × c and the 2(a − b) × a × c crystal
cells, respectively [19]. Each self-consistent electronic calcu-
lation is converged to 10−6 eV and the tolerance force is set to
0.01 eV/Å for ionic relaxation. To simulate an epitaxial strain,
the lattice constants |a − b| and |c| of a slated crystal cell are
scanned from bulk values to the values set by (110)-oriented
YAlO3 substrate while a, the angle γ between a and b, and
atomic positions are relaxed to minimize structural energy.
The ferroelectric polarization is calculated using the Berry-
phase approach.

IV. RESULTS AND DISCUSSION

A. Low magnetic anomaly associated with rare-earth Yb ions

As we mentioned above, two magnetic transitions arises
separately from the transition-metal Mn ions and rare-earth
Yb ions, thus we discuss their origins one by one below. Using
Eqs. (10) and (11) listed above, the magnetic susceptibility
and specific heat of paramagnetic Yb+3 ions are calculated
and shown in Figs. 2 and 3. As illustrated by the dashed line
in Fig. 2, magnetic susceptibility with constant CFS demon-
strates monotonically decreasing behaviors with temperature
and no low magnetic anomaly is observed. As shown in the

FIG. 3. Specific heat per paramagnetic Yb+3 ion. The low tem-
perature part is enlarged in the inset. (a) CFS is treated as a quantum
quantity. (b) CFS is treated as a thermodynamical order parameter.

left panel of Fig. 3, the magnetic-related specific heat of
paramagnetic Yb ions with constant CFS also shows a very
broader peak associated with the thermal excitations of lower
energy J = 7/2 multiplicity. The sharp narrow specific heat
peaks typically observed in manganite based perovskites with
rare-earth atoms do not show in the model with constant CFS
parameters [14–17].

To investigate the thermal fluctuation effect on magnetic
and thermodynamical properties, we calculated again the
susceptibility and specific heat by assuming 
i(T ) = 
0

i (1 −
T/TC ) with TC = 4 K within the estimated range. The results
are presented by the solid line in Fig. 2 and by the right panel
of Fig. 3. Not surprisingly, the low magnetic anomaly appears
naturally as a result of vanishing CFS order parameter above
the transition temperature. We also found that a sharp narrow
peak appears in the specific heat contributed by the low J =
7/2 multiplicity as orbital moments are freed from crystal
field quenching. This specific heat peak resembles the narrow
sharp peaks observed in many manganite based perovskites
with rare-earth atoms. Although a quantitative comparison
is difficult because the measured specific heat includes lat-
tice, electronic, as well as magnetic contributions [14–17],
we have nevertheless compared the susceptibility jump and
specific heat jump between our model and experimentally
measured values. For the susceptibility jump, our value is
0.201 emu/mol Oe in comparison with the experimental
value of 0.135 emu/mol Oe [4]. They compare reasonably
well with each other. Regarding the specific heat jump, no
experimental value is available on YbMnO3. However, our
value 6.98 J/mol K is comparable to the value 4 J/mol K
reported for HoMnO3 [15].

B. Mn magnetic structures of pristine and [11̄0]
strained o-YbMnO3

As the crystal structure of o-YbMnO3 is the same as that of
o-LuMnO3 except Yb replacing Lu, we take the same effec-
tive Hubbard Ueff = 1.5 eV on Mn-d orbitals extracted from
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TABLE I. Calculated and measured crystal parameters of the E-
AFM structure of o-YbMnO3 and o-YAlO3.

YbMnO3 YbMnO3 (9 K) [4] YAlO3 [19] YAlO3 [36]
This work Experiment Theory Experiment

a (Å) 5.2255 5.2160 5.1791 5.180
b (Å) 5.8389 5.8030 5.3338 5.330
c (Å) 7.3250 7.2816 7.3815 7.375

o-LuMnO3 in the following calculation [19]. The energy com-
parison suggests that E-AFM structure is also the magnetic
ground state consistent with the experimental observation.
FM, A-AFM, C-AFM, and G-AFM magnetic structures are
higher in energy by 36.65, 14.08, 95.93, and 97.44 meV per
double cell of 40 atoms in Pbnm space group. The optimized
crystal parameters of E-AFM structure are summarized in
Table I together with the experimental data. The discrep-
ancy between the calculated and measured crystal parameters
are all within 1%. The crystal parameters of o-YAlO3 are
also listed in Table I to facilitate the calculation of strained
YbMnO3 on YAlO3 substrate.

Motivated by the magnetic transition from E-AFM struc-
ture to FM structure upon epitaxially compressive strain im-
posed by (110) oriented YAlO3 substrate, here we show that
the same scenario happens also for YbMnO3 when [11̄0]
compressive strain is applied. In this setting, the in-plane
[11̄0] and [001] axes are parallel to the interface and match
the lattice constants of the substrate. As shown in Table I,
the lattice constant c of YbMnO3 is slightly smaller than that
of YAlO3, the strained YbMnO3 is stretched somewhat along
the [001] axis and compressively strained along the [11̄0]
direction. We vary the crystal parameters c and |a − b| of
the strained YbMnO3 linearly between those of strain-free
o-YbMnO3 and o-YAlO3. To do so, we define the [11̄0] strain
as ε = (d11̄0 − d0

11̄0
)/d0

11̄0
with d0

11̄0
= √

a2 + b2 and d11̄0 =
|a − b| denoting the bulk value of o-YbMnO3 and the setting
value of strained sample, respectively. Such a prescription
of d11̄0 is made possible by rotating the |a − b| axis to a
Cartesian x axis while expressing a in the xy plane. Although
the atoms near the surface of the polar crystal to vacuum can
have dramatic relaxation depending on the terminating atomic
layer, the atomic positions of YbMnO3 near the interface
are essentially pinned down by YAlO3 substrate. In Fig. 4(a)
the energies of five typical magnetic structures are presented
for a strain range ε = 0–0.06 with ε = −0.0554 of (110)-
oriented YAlO3 substrate included. Obviously the energies of
C-AFM and G-AFM structures are always much higher in
energy than the rest of the other structures. The ground-state
magnetic structures are competing among FM, A-AFM, and
E-AFM structures. The E-AFM structure is a ground state as
expected in the strain-free bulk compound. As compressive
strain increases, the transition takes place from the E-AFM

FIG. 4. The magnetic phase diagram of YbMnO3 as functions
of [11̄0] compressive strain ε. Symbols are the calculated points
while lines guide eyes. (a) The energies per eight formula units of
five magnetic structures with the FM structure set as a reference.
(b) Heisenberg exchange parameters. (c) Transition temperature. The
vertical dashed line marks the strain (−0.0554) imposed by (110)-
oriented YAlO3 substrate.

structure of Pmn21 symmetry to a half-metal FM structure
of P21/m symmetry at ε = −0.0546, a value only slightly
below that imposed by YAlO3 substrate. Accompanying the
magnetic transition, the crystal angle γ between crystal axes a
and b decreases monotonically with compressive strain ε. The
optimized value γ for the FM structure of strained sample is
tabulated in Table II. The large compressive strain corrugates
the MnO2 plane, which enhances the FM double-exchange
interaction against the AFM superexchange interaction.

From the energies of five magnetic structures presented in
Fig. 4(a), one is able to construct the Heisenberg Hamiltonian
with normalized spin moment H = ∑

i, j Ji j ŝi · ŝ j . Following
Yamauchi et al. [37], we considered exchange couplings
for the in-plane nearest neighbor Jnn

‖ , in-plane next-nearest
neighbor along b axis Jnnn

‖ , interplane nearest neighbor Jnn
⊥ ,

and interplane next-nearest neighbor Jnnn
⊥ . The four Heisen-

berg exchange coupling parameters can be derived from
the energies of five magnetic structures, they are plotted in
Fig. 4(b) as functions of compressive strain. As one can see,

TABLE II. The relation between the crystal angle γ and [11̄0] compressive strain ε in the FM structure.

ε 0.00 −0.01 −0.02 −0.03 −0.04 −0.05 −0.0554 −0.06
γ (deg) 90.00 89.19 88.41 87.63 86.85 86.07 85.66 85.14
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FIG. 5. The spin-resolved electronic band structures of
YbMnO3: (a) E-AFM structure at ε = 0 and (b) FM structure
at ε = −0.0554. Solid lines represent the spin-up bands while
dashed lines represent the spin-down bands. The band structures
are computed along the high symmetrical points of the slated
Brillouin zone under compressive strain with �(0,0,0), F (0,0.5,0),
Q(0,0.5,0.5), and Z(0,0,0.5). Fermi energy is set as energy zero.

the in-plane exchange couplings are larger than the interplane
exchange couplings in most of the strain range. Jnn

‖ is always
ferromagnetic (negative) while Jnnn

‖ is always antiferromag-
netic (positive). The interplane exchange couplings Jnn

⊥ and
Jnnn
⊥ are antiferromagnetic and much weaker when compres-

sive strain is small. However they change into ferromagnetic
when (11̄0) compressive strain is large. In particular, Jnn

⊥ can
be comparable with Jnn

‖ at the strain value imposed by YAlO3.
Using the Heisenberg Hamiltonian with the exchange cou-

plings shown in Fig. 4(b), one is able to simulate thermody-
namical properties of strained YbMnO3 [38,39]. To do so, we
carried out a Monte Carlo simulation on a lattice composed of
20 × 20 × 20 Mn ions. The magnetic transition temperature
is extracted from specific heat jump and drawn in Fig. 4(c). It
is seen that Néel temperature representing antiferromagnetic
to paramagnetic transition is relatively flat and varies between
40–70 K. The lowest TN = 40 K occurs for pristine YbMnO3

which is, surprisingly, very close to the observed value [4].
At high compressive strain which stabilize the ferromagnetic
structure, Curie temperature (TC) increases very rapidly as
compressive strain increases further.

To view the evolution of electronic structure of YbMnO3

as a function of epitaxial compressive strain, the electronic
band structures of E-AFM and FM structures are shown in

Fig. 5 at their stable strain values ε = 0.0 and ε = −0.0554,
respectively. For the E-AFM structure [Fig. 5(a)], the elec-
tronic bands are degenerate with respect to electron spin and
reflect antiferromagnetic nature. This state is an electronic
insulator with a band gap of 1 eV. In fact, this state is
also a polar state with spontaneous ferroelectric polarization
P = 1.5565 μC/cm2 along a axis. Thus, it is consistent with
all the features of the multiferroic compound observed in
experiments. It is interesting to note that the strain stabilized
FM structure is a spin fully polarized half-metal instead of
an insulator, as illustrated in Fig. 5(b). An averaged magnetic
moment is 4 μB/Mn. So one expects that there is an insulator-
metal transition accompanying the E-AFM to FM transition
for a uniformly compressively strained sample. Because the
critical compressive strain is so close to and just below that
imposed by YAlO3 substrate, a coexistence of ferromagnetism
near interface and antiferromagnetism away from interface
can occur. The exchange-bias phenomenon would be a defi-
nite fingerprint for such a possible scenario [19].

V. CONCLUSION

In summary, we proposed in this paper that the amplitude-
modulated low magnetic anomaly at 3–4 K observed in
o-YbMnO3 originated from a gradual quenching of 4 f -orbital
moment of Yb ions. This is made possible by the thermal
lattice vibration which smears out the intrinsically anisotropic
CFS energy. Therefore, CFS energy, in principle, has to be
treated as a thermodynamical order parameter. Critical tem-
perature is defined as one where order parameter is killed by
thermal fluctuation. This phenomenon is peculiar to rare-earth
atoms with a partially filled f shell and small CFS energy
susceptible to thermal fluctuation. Thus, the low magnetic
anomaly is not only present in orthorhombic and hexagonal
perovskites RMnO3, but also is expected to occur in any other
compounds with rare-earth elements such as dodecaborides
RB12. For the magnetic properties associated with Mn ions,
we showed that E-AFM structure is the magnetic ground
structure of YbMnO3 which can also be converted into a
ferromagnetic structure when YAlO3 substrate is applied.
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