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We have studied doping effects of hexagonal manganites Er1−xYxMnO3, which are found to have 2D
triangular spin structure for all the samples studied here. Upon doping Er at the Y site, the magnetic structure
changes gradually from the �1 representation of YMnO3 to the �2 representation of ErMnO3 while the ordered
moment remains almost unchanged in magnitude over the whole doping range. Despite the gradual change in
the magnetic structure with doping, geometrical frustration effects expected of the 2D triangular spin structure
with antiferromagnetic interaction between nearest neighbors show very strong doping dependence. For ex-
ample, although YMnO3 shows all the signs of Mn moments being geometrically frustrated in the suscepti-
bility and neutron diffraction data, such evidence of frustration effects is nearly absent in ErMnO3. We suggest
that magnetic coupling along the c axis between Er and Mn moments should be responsible for the drastic
doping dependence of the geometrical frustration effects.
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I. INTRODUCTION

Rare-earth manganites RMnO3 form in one of two crystal
structures, orthorhombic and hexagonal phases, depending
on the ionic size of rare-earth elements. The orthorhombic
phase with space group Pbnm is found for R=La, Pr, Nd,
Sm, Eu, Gd, Tb, and Dy with a large ionic radius1 while the
hexagonal phase with space group P63cm is found for R
=Ho, Er, Tm, Yb, Lu, Y, and Sc with a relatively smaller
ionic radius.2

Recent revival of interest in the hexagonal manganites is
largely due to the coexistence of both ferroelectric and anti-
ferromagnetic transitions in these materials, the so-called
multiferroic phenomenon. For example, YMnO3 has antifer-
romagnetic transition temperature at TN=70 K and, at the
same time, ferroelectric transition temperature at TC
=913 K while ErMnO3 has TN=79 K and TC=833 K.3

Therefore, the hexagonal manganites provide a rare opportu-
nity of exploring a possible coupling between the two order
parameters and maybe even controlling one order parameter
by another in the future.

Further interest arises from a unique magnetic structure
found for these hexagonal manganites. In the crystal struc-
ture of the hexagonal RMnO3, there are six formula units per
unit cell and six Mn atoms are located on the z=0 and z
=1/2 planes, respectively. According to several neutron dif-
fraction studies,4–7 the magnetic moments of Mn ions of
YMnO3 and ErMnO3 lie on the ab plane and form an edge-
sharing triangular magnetic structure. Because of this trian-
gular magnetic structure, the antiferromagnetic ordering tem-
perature of the hexagonal manganites is much suppressed
when compared with their respective Curie-Weiss tempera-
tures, �CW. For instance, YMnO3 orders antiferromagneti-
cally at TN=70 K although it has a much larger Curie-Weiss
temperature, �CW=−545 K. Therefore, the ratio of f
= ��CW� /TN is as large as 7.8 for YMnO3, which makes it one
of the so-called geometrically frustrated systems.8 On the
other hand, this frustration factor, f , is significantly reduced

for ErMnO3: with TN=78 K and �CW=−81 K it is f =1.0.
What is unique about the magnetic structure of the hexagonal
manganites is that it is a rare example of 2D spin systems
with an easy plane anisotropy. Another evidence of such
frustration effects can also be found in neutron diffraction
data that show the existence of short-range correlations well
above the actual antiferromagnetic transition temperature.9

According to the theoretical analysis of possible magnetic
structures for the hexagonal manganite using a magnetic
group theory,5 altogether six magnetic structures are found to
be possible with k=0: two 1D representations with one com-
ponent ��1 and �4� and another two 1D representations with
two components ��2 and �3� and two 2D complex represen-
tations ��5 and �6�. Until now, all hexagonal manganites are
reported to have magnetic structures of either �1 /�3 or
�2 /�4 representations. For example, YMnO3 belongs to the
former while ErMnO3 belongs to the latter. We found that it
is difficult to distinguish between the �1 and �3 representa-
tions within the resolutions of our neutron diffraction experi-
ments of YMnO3.6 The same is true for the �2 and �4 rep-
resentations of ErMnO3.

For our later discussion, we describe the magnetic struc-
ture with the 1D representations in more detail. For the �1
and �4 representations, the magnetic moment of Mn �Mn1�
at the �x ,0 ,0� position is aligned perpendicular to the �100�
axis. Furthermore, the �1 representation has an antiferromag-
netic coupling between the moments at the z=0 and z=1/2
planes whereas for the �4 representation the interplane cou-
pling is of ferromagnetic nature. On the other hand, for the
�2 and �3 representations, the in-plane magnetic moment of
Mn1 is aligned parallel to the �100� axis. In addition, for the
�2 representation the in-plane moments are coupled antifer-
romagnetically along the c axis while the out-of-plane com-
ponents are ferromagnetically coupled along the c axis. On
the other hand, for the �3 representation the in-plane compo-
nents are coupled ferromagnetically along the c axis while
the out-of-plane components are antiferromagnetically
coupled along the c axis.
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In this paper, we report doping effects on the frustration
effects and the magnetic structure of �Y,Er�MnO3. From this
study, we found that Er moments play an important role in
reducing the geometrical frustration of Mn moments, prob-
ably through magnetic interactions between the two layers of
magnetic moments. We have also observed that even a small
amount of doping induces mixing between the two magnetic
structures of YMnO3 and ErMnO3.

II. EXPERIMENTAL DETAILS

We prepared 11 samples of Er1−xYxMnO3 �x=0.0, 0.03,
0.07, 0.10, 0.15, 0.20, 0.30, 0.50, 0.70, 0.90, and 1.0�, using
Y2O3, Er2O3, and Mn2O3 of 99.999% purity �AR grade� by a
standard solid state reaction method. All the starting materi-
als were mixed and ground several times in order to produce
a homogeneous mixture. The final sintering was made at
1300 °C for 24 h with intermediate grinding. Subsequent
XRD �x-ray diffraction� measurements using Cu K�
�D/MAX-2200 Ultima, Rigaku� show no trace of impurities
phases, and all the measured patterns can be indexed accord-
ing to the P63cm space group of the hexagonal manganites
as shown in Fig. 1.

We measured magnetization using a commercial SQUID
magnetometer �MPMS-5XL, Quantum Design� from
2 to 300 K and a vibrating sample magnetometer �Lakeshore
VSM 735� from 300 to 900 K. Heat capacity measurements
were made from 2 to 200 K using a commercial cryostat
�PPMS9, Quantum Design�. Neutron diffraction measure-
ments were carried out from 10 to 300 K with a wavelength
of �=1.835 Å using high-resolution powder diffractometer
�HRPD� at the Korea Atomic Energy Research Institute. All
the diffraction data were analyzed using the FULLPROF

program.10

III. RESULTS AND ANALYSIS

As shown in Fig. 1, all the x-ray diffraction patterns can
be indexed according to the P63cm space group and refined

using FULLPROF with reasonable agreement factors: for ex-
ample, agreement factors of the final refinement were better
than Rwp=4.8% and Rp=3.6% for all Er1−xYxMnO3. With
increasing Y concentration, the c axis lattice constant re-
mains almost unchanged while the a axis lattice constant
expands from 6.116 to 6.145 Å, i.e., a total increase of about
0.5%. The unit cell volume increases too with increasing Y
concentration, following roughly the Vegard law �see Fig. 2�.
Interestingly enough, all hexagonal manganites except for
ScMnO3 have more or less the same c axis lattice constant
within 0.5% of one another while the a axis lattice constant
varies by 1.6% altogether.

In order to study doping effects on the magnetic proper-
ties, we measured magnetization from 2 to 1000 K, which is
shown in Fig. 3. First of all, we note that there is no clear
anomaly at the antiferromagnetic transition temperature in
the magnetization of all the samples. In fact, it is only clearly

FIG. 1. The room temperature x-ray diffraction patterns are
shown for a few representative samples of Er1−xYxMnO3 with x
=0.0, 0.07, 0.20, 0.50, 0.70, 0.90, and 1.0 �from bottom to top�. For
better presentation, the data are shifted upward.

FIG. 2. �Color online� The lattice parameters and unit cell vol-
ume are shown as a function of Y concentration. Error bars are
smaller than the symbol size.

FIG. 3. �Color online� The temperature dependence of the in-
verse susceptibility is shown for six representative samples of
Er1−xYxMnO3. All our measurements were made with applied field
of 5 kOe. The line is for Curie-Weiss fit with the effective moment
and the Curie-Weiss temperature shown in Fig. 5.
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seen in the magnetization of single crystal samples.11 Sec-
ond, there is a very wide temperature range where the usual
Curie-Weiss law is found to hold. Nevertheless, that the
Curie-Weiss behavior is found mostly above 300 K warns
one of danger in deducing the Curie-Weiss temperature of a
hexagonal manganite from data taken only up to room tem-
perature. The lines are for Curie-Weiss fit of the results; the
estimated effective moments ��ef f� and Curie-Weiss tem-
perature ��CW� are shown in Fig. 5. Unmistakable doping
effects found in Fig. 3 are that with increasing Er concentra-
tion �CW decreases continuously while �ef f increases simul-
taneously.

As we cannot determine the antiferromagnetic transition
temperature accurately enough from the susceptibility data
shown in Fig. 3, we measured the heat capacity of six rep-
resentative samples from 2 to 200 K. The data shown in Fig.
4 now display a clear peak structure indicative of the antifer-
romagnetic transition temperature. With increasing Er con-
centration, TN initially drops before increasing continuously
as shown by a dashed line in Fig. 4. We also plotted C /T for
YMnO3 and ErMnO3 in the inset. As one can see, the peak
structure is more pronounced in this plot with ErMnO3 hav-
ing a peak at higher temperature than YMnO3. Apart from
the peak at the antiferromagnetic transition, one can also see
a conspicuous shoulder structure around 40 K and a sharp
increase below 10 K in the plot for ErMnO3. The low tem-
perature upturn is likely to be due to Er moment ordering
observed previously.12 Regarding the shoulder structure seen
in the ErMnO3 data, we note that a similar, but weaker, struc-
ture is also observed for YMnO3 as shown in the inset. For
comparison, LuMnO3 and ScMnO3 show a similar feature,

too.13 Therefore, one possible explanation of the shoulder
structure in ErMnO3 is that it is an intrinsic effect closely
associated with Mn moment ordering. An alternative expla-
nation would be to ascribe it to an Schottky anomaly due to
the splittings of Er crystal field levels. However, that a simi-
lar, albeit weaker, anomaly is found in YMnO3, LuMnO3,
and ScMnO3 goes against the explanation of the Schottky
anomaly. Therefore, our present conclusion is that the shoul-
der structure is related to Mn moment ordering, which is
somehow modified by its coupling with the Er moments.

In order to calculate magnetic entropy from the heat ca-
pacity data, we have estimated the phonon contribution using
the Debye model with two Debye temperatures: for YMnO3
�dashed line� we used �1=413±5 K and �2=805±6 K
whereas we used �1=354±5 K and �2=825±6 K for
ErMnO3 �solid line�. This two-Debye-temperature model can
be rationalized by the fact that there are two kinds of ele-
ments in our samples: three relatively heavy elements �Y, Er,
and Mn� and a relatively light element �O�, which are ex-
pected to give rise to distinctively different Debye tempera-
tures. We note that a similar model was used for the analysis
of the heat capacity data for other hexagonal manganites
with Debye temperatures in a similar range to ours.13 By
subtracting off the phonon contribution from the raw data,
we have obtained the total magnetic entropy of
13.0±2.0 J mol−1 K−1 for YMnO3 and 23.5±3.5 J mol−1 K−1

for ErMnO3 at 200 K. It is very close to the theoretical value
of the magnetic entropy �13.4 J mol−1 K−1� for YMnO3

while it is smaller than the theoretical value of the magnetic
entropy �36.4 J mol−1 K−1� for ErMnO3. Unfortunately, how-
ever, we cannot separate out the magnetic entropy due to the
Mn moments alone from the data obtained from the Er doped
samples, because there are two Er sites in the hexagonal
manganites whose crystal field splittings are not presently
known.

We have plotted the Y concentration dependence of TN
and �CW in Fig. 5�a� and the frustration factor f�=��CW� /TN�
in Fig. 5�b�. As one can see, the frustration factor gets en-
hanced from 1.0 for ErMnO3 to 4.8 for Er0.1Y0.9MnO3 before
increasing sharply to 7.8 for pure YMnO3. The drastic in-
crease of the frustration factor seen near x=1.0 is in sharp
contrast with the rather smooth concentration dependence of
the effective moment as shown in Fig. 5�c�. For example, the
effective moment decreases gradually from �ef f =10.0�B for
ErMnO3 to �ef f =5.1�B for YMnO3: the error bar in the es-
timation of the ordered moment is smaller than 0.04�B for all
the concentrations. We note that the experimental values of
�ef f are in good agreement with our calculations using the
following formula: �ef f = ��1−x�2�Er

2+�Mn
2�1/2, where 1−x

is the Er concentration while �Er and �Mn are the effective
magnetic moment of Er3+ ��Er=9.6�B� and Mn3+ ��Mn

=4.9�B�, respectively. Therefore, the data indicate that with
increasing Er concentration the systems become less
magnetically frustrated. One possible explanation we can
think of is that, as Er ions sit in between two adjacent Mn
planes with large frustration, the Er moments are bound to
increase a magnetic coupling between the Mn moments at
the z=0 and z=1/2 planes along the c axis. This increased
magnetic coupling along the c axis then might as well reduce

FIG. 4. �Color online� The temperature dependence of specific
heat is shown for Er1−xYxMnO3. The data are shifted upwards for
the sake of presentation. The curved dashed line indicates how the
antiferromagnetic transition temperature evolves with doping. Tem-
perature dependence of Cp /T of ErMnO3 �solid circle� and YMnO3

open square� is shown in the inset together with their respective
phonon estimates: ErMnO3 �solid line� and YMnO3 �dashed line�.
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such frustration effects; how many moments and how they
are magnetically coupled are the most important factors for
geometrical frustration.

As we noted in the Introduction, our previous studies6,7 of
the magnetic structures of YMnO3 and ErMnO3 showed that
the magnetic structure of YMnO3 belongs to either �1 or �3
representation while that of ErMnO3 belongs to either �2 or
�4 representation with a zero c-axis component for both
YMnO3 and ErMnO3. The evolution of the magnetic struc-
ture upon doping can be readily seen even in the raw data
taken at 10 K �see Fig. 6�. For example, the �1 0 0� Bragg
peak is of purely magnetic origin and totally absent for

ErMnO3 while another purely magnetic �1 0 1� peak is seen
for both YMnO3 and ErMnO3. As one can see, the ratio of
the intensity of the two magnetic peaks varies with increas-
ing doping. The change in the ratio can be explained by
mixing the two magnetic structures of YMnO3 and ErMnO3.
Another equally viable model is that the two magnetic struc-
tures may exist inhomogeneously in space, i.e., magnetic
phase separation.

In order to analyze the data, we first assumed that the true
magnetic structure of �Er1−xYx�MnO3 is a mixed structure of
the �1 and �2 representations with a zero c axis component
as shown in Fig. 8�c�.14 The angle between the direction of
the Mn moment at the Mn1 position and the �1 0 0� direction
is denoted by �, i.e., �=90° for �1 and �=0° for �2. Typi-
cal refinement results taken at 10 K are shown in Fig. 7 for
three representative samples. During the refinement of all the
data, we achieved reasonable agreement factors for our fit-
tings: for example, RB=4.8%, Rf =5.2%, and Rmag=10.1%
for �Er0.5Y0.5�MnO3, of which summary of the refinement
results is given in Table I. We note that a model with mixed
�3 and �4 representations is found to be equally good and
gives more or less the same agreement factors.15

FIG. 5. We plot as a function of Y concentration �a� the Néel
temperature �solid circle� and the Curie-Weiss temperature �open
square�, �b� the frustration parameter f�=��CW�TN�, and �c� �ef f ob-
tained from the bulk susceptibility �solid circle� and theoretically
calculated value �open square� as discussed in the text. Error bars
are smaller than the symbol size.

FIG. 6. The neutron diffraction patterns taken at 10 K are shown
for Er1−xYxMnO. The data are shifted upwards for better
presentation.

FIG. 7. �Color online� The observed �symbols� and calculated
�line� neutron diffraction patterns for three representative
Er1−xYxMnO3 samples, taken at 10 K. In order to refine the data,
we used �a� the �1 representation for YMnO3, �b� the �1+�2 rep-
resentations for Er0.5Y0.5MnO3, and �c� the �2 representation for
ErMnO3. The lines at the bottom of each figure are for the differ-
ence curve between the observed and calculated diffraction patterns.
The first row of bars just below the data indicates the position of the
nuclear Bragg peaks and the second row indicates the position of
the magnetic Bragg peaks.
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We plot � and �ord, obtained from refining the 10 K data,
as a function of Y concentration in Fig. 8. As one can see, the
angle � increases gradually upon doping from 0° for
ErMnO3 to 90° for YMnO3. This variation of � is in sharp
contrast with the observation that the ordered moment re-
mains almost unchanged at �ord�3.2�B and shows a very
small doping dependence. For comparison, as Mn is in a 3+

valence state all the way from YMnO3 to ErMnO3 it is ex-
pected to have a full spin moment of 4�B under the assump-

tion that the orbital moment is completely quenched. There-
fore, there is about 0.8�B of the Mn moments still fluctuating
at 10 K for all the compositions.

As regards the question of fluctuating Mn moments, it is
interesting to see how diffuse scattering previously seen for
YMnO3 in Ref. 9 changes upon doping. As in YMnO3, there
is clear evidence of diffuse scattering in the 2� range of 15°
to 30° for doped samples. Nevertheless, it is also noticeable
that the intensity of the diffuse scattering becomes gradually
weakened with increasing Er concentration. There is a par-
ticularly pronounced change in the intensity of the diffuse
scattering between x=0.7 and x=0.5. Within the resolutions
of our experiments, there is hardly any diffuse scattering for
pure ErMnO3 as shown in Fig. 9. The doping dependence of
the diffuse scattering appears to be consistent with that of the
frustration factor, f , as shown in Fig. 5�b�.

IV. DISCUSSION

As we noted in the previous sections, systems with a tri-
angular spin structure are naturally expected to have geo-
metrical frustration effects. Despite that YMnO3 and
ErMnO3 both have similar 2D triangular spin structures,
however, experimental evidence of such frustration effects is
very different from one to another. Although YMnO3 shows
all the signs of Mn moments being frustrated, such signs are
almost absent for ErMnO3. For example, ErMnO3 shows a
very weak signature of diffuse scattering and a much smaller
frustration parameter, f , compared with that of YMnO3 al-
though both YMnO3 and ErMnO3 have about the same or-
dered moments of 3.2�B at 10 K. Our doping experiments
demonstrate that this disparate frustrating effect ought to be
closely related to the presence of the Er moments. As shown
in the doping dependence of both frustration parameter and

TABLE I. The summary of the refinement results of neutron
powder diffraction patterns taken at 10 K for Er0.5Y0.5MnO3. The
space group is P63cm and the model of the magnetic structure is
mixed ��1+�2�.

Site x y z

Er�1� 2a 0.000 0.000 0.285�2�
Er�2� 4b 1/3 2/3 0.240�2�
Y�1� 2a 0.000 0.000 0.285�2�
Y�2� 4b 1/3 2/3 0.240�2�
Mn 6c 0.339�21� 0.000 0.000

O�1� 6c 0.309�1� 0.000 0.166�2�
O�2� 6c 0.638�1� 0.000 0.341�2�
O�3� 2a 0.000 0.000 0.483�2�
O�4� 4b 1/3 2/3 0.024�2�

a=6.1106�2� Å �Mn=3.08�3��B

c=11.4020�5� Å Angle���=24.1�1�°
V=368.7�2� Å3

�2=2.9

RB=4.8%

Rf =5.2%

Rmag=10.1%

FIG. 8. �Color online� We show �a� the angle ��� between the
direction of the Mn moment at the Mn1 position and the �1 0 0� axis
and �b� the ordered magnetic moment of Mn, obtained from the
refinement of the 10 K data, as a function of Y concentration. Error
bars are smaller than the symbol size. �c� A schematic picture of the
mixed magnetic structure ��1+�2�, where the in-plane hexagonal
axes are defined by ex, ey, and eu=−�ex+ey�.

FIG. 9. �Color online� The magnetic diffuse scattering taken at
65 K is shown for five samples of Er1−xYxMnO3 after removing
Bragg peaks. The lines are for Gaussian curve fitting results. The
data are shifted upwards for better presentation.
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diffuse scattering, even a small amount of Er doping turns
out to be very detrimental to geometrical frustration effects.
We rule out a possibility that our data are simply masked by
strong magnetic signals from Er. Experimental evidence
against this possibility is that we observed the strong doping
dependence in the frustration parameter in spite of the
gradual and natural doping dependence of the effective mo-
ments as shown in Fig. 5�c�. Furthermore, the diffuse scat-
tering significantly reduced upon Er doping is additional evi-
dence supporting our conclusion that the frustration effects
of the Mn moments are greatly affected by Er doping. Re-
lated to the drastic doping effects, it is interesting to note that
a layer of Er ions is situated between two Mn layers that are
magnetically coupled along the c axis. Thus we think that it
is quite probable that a magnetic coupling between the Er
and Mn moments relieves the frustration effects inherent to
the 2D Mn moment ordering.

To summarize, we have found that Er doping at the Y site
of YMnO3 significantly modifies the geometrical frustration
effects of the Mn moments with a triangular spin structure.
We suggest that a magnetic coupling between the Er and Mn
moments plays an important role here. Another important
result is that the magnetic structures of YMnO3 and ErMnO3
are found to become easily mixed upon doping and evolve
from one state to another continuously without a sign of
abrupt change.
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