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The effect of a small substitution of Mn with Al in TbMnO; has been studied. We report results of heat
capacity, magnetization, and dielectric constant studies in TbMn;_, Al,O3 compounds (x < 0.1). Al has the
same valence as substituted Mn but is nonmagnetic and its small size gives rise to microstructural strain which
affects the multiferroic properties of the parent compound. Long-range antiferromagnetic ordering is observed in
all compounds but the transition temperature decreases as the Al content increases. TbMng g5 Al ¢sO; exhibits a
ferroelectric phase transition which is absent in TbMng ¢Aly;O3. The dielectric constant of the latter compound
reveals a relaxor behavior suggesting the presence of nanosize polar domains for this compound. A neutron
diffraction study on a single crystal of TbMng¢Aly;O; reveals that Mn shows a sinusoidal incommensurate
ordering down to low temperature. Tb moments exhibit an incommensurate short-range ordering but the
application of a magnetic field leads to metamagnetic transitions. In particular, a field parallel to the b axis
induces a commensurate long-range ordering of Tb of type C, F,. The magnetic field also affects the magnetic
structure of Mn** moments at low temperature which develop an incommensurate cycloid ordering in the ab
plane. This result suggests that dilution of a magnetic multiferroic with a small nonmagnetic atom might yield

materials with a relaxor to ferroelectric transition driven by a magnetic field.

DOI: 10.1103/PhysRevB.86.104413

I. INTRODUCTION

The study of TbMnOj; has revealed new fascinating
properties.' This compound belongs to the family of mag-
netoelectric multiferroics,* and upon cooling it undergoes
three consecutive transitions at 41, 27, and 8 K.! At Ty; ~
41 K, Mn moments order antiferromagnetically (A-type-like
ordering) with an incommensurate modulation described by a
wave vector of Ky, = (0, gun, 0), gmn being 0.295 at Ty ;.
The moments are oriented along the b axis with a sinusoidal
modulation of its magnitude.>® At T; ~ 27 K, a spontaneous
polarization parallel to the ¢ axis (P || ¢) occurs, indicative
of a ferroelectric phase transition.! This transition is coupled
to a magnetic spin rearrangement of the Mn moments which
form an elliptical spiral in the bc plane below T, the so-called
cycloid ordering.” Accordingly, gm, decreases between Ty
and T to a value of ~0.276 at Ty, and remains practically
constant upon further cooling.® This behavior resembles a
lock-in transition with the magnetic wave vector kyy, adopting
a constant value at T;."® At Ty, ~ 8 K, the Tb magnetic
moments begin to order with a different propagation vector
kr, = (0, g, 0) and g, ~ 0.42.8 It is thought that the
magnetically ordered Mn sublattice polarizes the rare earth
(R) spins by the direct exchange interaction, Jyy,-g, and it
plays an important role in the developing of ferroelectricity.
The strength of this interaction depends on R. It is very strong
for R = Ho giving rise to the same ordering periodicity for
Mn and Ho moments below 22 K (gyvn = gro = 1/2).° This
coupling is very weak for R = Dy (gmn#qgpy = 1/2),'° and
intermediate for TbMnOs as reflected by the relationship'!
3gTo—gvn~1.

The most striking property of TbMnOj; is the flopping of
P by applying a magnetic field parallel to either the a or b
axis.'? This transition seems to be coupled to a metamagnetic
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transition of the Tb moments and it was accounted for by the
change of the spiral plane of Mn moments from the bc¢ plane
to the ab plane.'® Accordingly, the polarization at high fields
is parallel to the a axis (P || a). This type of ferroelectric phase
is the one observed in compounds where the commensurate
A-type magnetic ordering is preserved such as GdMnO3.'*
For this compound, P || a only occurs when the magnetic field
is applied along the b axis and it is clearly coupled to the
metamagnetic transition of the Gd sublattice. This different
behavior may arise from either the small anisotropy of Gd**
cations or to structural differences as, e.g., the Mn-O-Mn bond
angle. The value of this angle, which is higher in GdMnOs,
is related to the competition between superexchange magnetic
interactions between nearest neighbors (NNs) and next-nearest
neighbors (NNNs).!3 A strong competition stabilizes sinu-
soidal or ellipsoidal arrangements of the Mn moments.'>'6

The importance of Jyp,-11 has been tested by the substitution
of Mn with a nonmagnetic cation.'”!" This substitution is
detrimental to the Mn magnetic ordering that disappears for
x ~ 0.3 well above the percolation limit for a metal with
octahedral coordination. However, small substitutions have
little effect on the magnetoelectric properties of the Mn
sublattice but strongly affect the magnetic ordering of Tb
moments indicating that such an ordering comes from the
competition between Jy,-1p and the direct coupling between
Tb moments, Jyp-."”

In order to elucidate the effects of Mn dilution on the
properties of TbMnO3, we report here results obtained for
the partial replacement of Mn®* by Al3*. This substitution is
isovalent but the 17% difference in ionic size of Mn** and
AP* (the ionic radii are 0.535 and 0.645 A for APt and
Mn3+, respectively)?® may lead to a local disturbance of the
lattice around the AI’* ions to relax the strain produced by a

©2012 American Physical Society
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size mismatch. We studied the structural and magnetoelectric
properties of both polycrystalline and single crystals of
TbMn;_,Al, O3 (x = 0.05 and 0.1). In addition, to probe the
nature of the metamagnetic transitions, we report magnetic
structures in a single crystal under an external magnetic field
applied along the b axis.

II. EXPERIMENT

All the samples have been synthesized by a solid-
state chemistry reaction. Stoichiometric amounts of TbsO7,
MnCO3, and Al,O; were mixed and heated at 1000°C for
12 h in air. The resulting powders were pressed into pellets
and sintered at 1200 °C for 24 h also in air. The last steps
consisted of repressing and sintering the pellets at 1400 °C for
2 days in argon flow. X-ray powder diffraction patterns agree
with a perovskite single phase. Attempts to prepare samples
with x > 0.2 yielded a significant amount of secondary phases
such as TbyAl,09.2! Single crystals of TbMn;_,Al, O3 (x =
0, 0.05, and 0.1) were grown by the floating method using
a homemade furnace with two semielliptical mirrors.?> The
growth was carried out in Ar atmosphere. The feed and seed
rods were rotating in opposite directions at & 20 rpm and the
growth speed was 6 mm/h. The chemical composition of both
rods and boules was tested using a wavelength dispersive x-ray
fluorescence spectrometer (Advant’XP + from Thermo-ARL)
and the Tb:Mn: Al ratio agreed with the expected stoichiometry
in all cases. Pieces of the boules were crushed into powder and
the corresponding x-ray patterns showed a perovskite single
phase.

X-ray diffraction patterns have been collected using a
Rigaku D/max-B diffractometer with a copper rotating anode
and a graphite monochromator in order to select the Cu K,
wavelength (A = 1.5418 A). The patterns were collected
in a range 18° < 26 < 130° with a step A6 = 0.03°, at
room temperature. The integration time was 5 s/step. Neutron
diffraction measurements were carried out at the Institut Laue-
Langevin (ILL) in Grenoble (France) using two instruments.
A powder specimen of TbMngoAly ;03 was measured on
the high-flux powder diffractometer DIB between 40 and
2 K in an angular range 10° < 260 < 90° with A6 =
0.2°, using a wavelength of 2.52 A. Measurements on a
TbMng 9Aly ;O3 single crystal were performed on the single-
crystal CRG-D15 diffractometer. The instrument, working
at a wavelength of 1.173 A, was used in the four-circle
configuration, provided with a closed-cycle cryostat, for the
measurements without applied magnetic field. The lifting-arm
normal-beam configuration of the instrument, provided with an
Oxford Instruments cryomagnet, was used for the study under
applied magnetic field parallel to the b axis. The measurements
were made under zero-field-cooled conditions. The software
package program used for structural refinement was FULLPROF
(Ref. 23) for both x-ray and neutron diffraction measurements.

The temperature dependence of the dc magnetization
and ac magnetic susceptibility was measured in a com-
mercial Quantum Design SQUID magnetometer from 2 K
up to 295 K. Magnetic hysteresis loops were obtained
at selected temperatures between —90 and 90 kOe using
a commercial Quantum Design Physical Property Mea-
surement System (PPMS). Heat capacity was also mea-
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sured in the commercial PPMS using a relaxation tech-
nique. The temperature range was between 2 and 60 K
with an external magnetic field up to 50 kOe. Electrical
measurements were carried out on disk-shaped pellets with
silver paste electrodes painted onto it. The complex impedance
was measured between 100 Hz and 10 MHz with an impedance
analyzer from Wayne Kerr Electronics (model 6500B). The
measurements were performed in helium atmosphere from
4.2 K up to room temperature.

III. RESULTS

A. Room temperature crystal structure

The refinement of the x-ray diffraction pattern was used to
test the quality of the samples and to obtain cell parameters
with high precision. The results are summarized in Table I
and compared to the parent TbMnO3; compound.® The three
compounds are isostructural adopting the orthorhombic cell
of a perovskite (Pbnm space group). The absence of spurious
diffraction peaks concurs with a perfect solid solution between
Mn3+ and AIP* cations in this concentration range.

The most noticeable effect produced by the substitution of
Mn with Al is a decrease in the unit cell volume. This decrease
is almost linear in this concentration range with a change of
AV = —22.5 A3/x. Such a result is expected because of
the size difference between Mn** and AI** cations.’ The
contraction is mainly produced by the b axis shrinking (Ab =
—0.48 A/x) A small reduction is also observed in the a
axis (Aa = —0.09 A/x) while the c axis remains practically
unchanged in the composition range studied. Accordingly, the
orthorhombic distortion is reduced in the ab plane and this
effect must be ascribed to the partial replacement of strongly
distorted MnOg octahedra (Jahn-Teller-like) by the regular
AlOg ones.?*

B. Macroscopic properties

The occurrence of phase transitions was tested in the three
compositions by measurements of the heat capacity. The
temperature variations of specific heat are shown in Fig. 1.
TbMnO; exhibits the three anomalies reported previously.!
The two A anomalies observed at Ty; = 41.2 K and Ty =
26.1 K are attributed to the magnetic ordering of Mn’**
moments and the ferroelectric transition, respectively. A big
peak observed at Ty, = 6.5 K is ascribed to the magnetic
ordering of Tb>* moments. The partial replacement of Mn by
Al affects the three transitions differently. TbMng 95 Alg 0503
also shows the three anomalies in the C,,/T curve. Ty and Ty

TABLE I Lattice parameters obtained from x-ray powder diffrac-
tion refinements at room temperature for TbMn;_, Al, O3 (x = 0.05
and 0.1).

x =0* x =0.05 x=0.1
a(A) 5.3019 (1) 5.29672(6) 5.29276 (3)
b (A) 5.8557 (1) 5.83695(6) 5.80703 (3)
c(A) 7.4009 (1) 7.39971(8) 7.40257 (4)
Volume (A?) 229.77 228.77 227.52

4Data taken from Ref. 6.

104413-2



EFFECTS OF Al SUBSTITUTION ON THE ...

0.8 -
TbMn Al O
‘ 09 01 3
TbMn_ Al O
095 0.05 3
0.7 ‘ TanOz
0.6 Tan().t}sAln.Usos

p
o
3

C /T (J mol'K?)

0.4

0.3

T (K)

FIG. 1. (Color online) Temperature dependence of specific
heat divided by temperature for TbMnO; (line), TbMng 95Alg 0503
(squares), and TbMng oAl ;05 (circles).

are shifted to lower temperatures appearing at 39.6 and 23.8 K,
respectively. The former transition preserves the A shape
while the latter becomes more rounded and less intense. The
peak at Ty, remains at the same temperature but its intensity
(and the associated entropy content) is strongly reduced. In
the TbMng ¢Aly ;O3 sample only two anomalies are seen, the
long-range magnetic ordering of Mn moments at 7y =37.2K
and a broad peak at 6 K, reminiscent of the anomaly associated
to the ordering of Tb moments but with a shape that resembles a
Schottky anomaly. There is no sign of anomaly corresponding
to the ferroelectric transition but the background below 20 K
is anomalously high in comparison to the other two samples.

The anisotropy present in these compounds is very clear in
the magnetic properties. Figure 2(a) compares the magnetic
hysteresis loops at 5 K for TbMnO3; and TbMnj9Aly ;03
along the three crystallographic axes. Overall, the two samples
exhibit similar loops indicating that the isothermal magnetic
curve at low temperature is mainly controlled by the magnetic
properties of the Tb moments in this range of magnetic field
(H <90 kOe). The c axis is the hardest among the three main
directions in the orthorhombic cell. The magnetization seems
to increase linearly with the field although magnetic loops and
spontaneous magnetization are clearly distinguished in both
samples, in addition with a tiny magnetic transition around
50 kOe. Similar transitions have been previously reported for
this geometry.'? The other two principal directions show meta-
magnetic transitions and the magnetization does not achieve a
complete magnetic saturation in our experimental range. For
H || a, both samples reach the maximum magnetization value
at 90 kOe: 6.75 and 6.55 g /f.u. (formula unit) for x = 0 and
x = 0.1 respectively. They show a single metamagnetic transi-
tion at 17.5 (x =0) and 16 kOe (x = 0.1). The critical fields are
deduced from the inflection point in the magnetization curve
[maximum in d M /d H curve shown in Fig. 2(b)].

For H || b, two metamagnetic transitions are observed in
the TbMnO3 sample at 10 and 47 kOe in agreement with the
results reported previously.'!? In this geometry, we have found
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FIG. 2. (Color online) (a) Hysteresis loops of TbMnO; and
TbMng9Aly 103 at 5 K for the geometries indicated in the plot.
(b) Derivative of magnetization with respectto H vs H. (c) Isothermal
magnetization at selected temperatures for TbMng Al Os.

the main differences between both samples. The two-step
metamagnetic transition is smoothed for TbMng 9 Aly ;O3 and
there is no plateau centered at ~30 kOe but a monotonic
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increase in the magnetization with increasing H. This is
also observed in the derivative plot in Fig. 2(b) where
an asymmetric single peak is seen at ~35 kOe. For this
configuration, the magnetization of both samples reaches a
value of 4.6 up/fu. at 90 kOe. The differences observed
between H || a and H || b configurations can be understood
on the basis of the magnetic ordering of Tb moments under an
external field in a perovskite structure. Due to a strong Ising
anisotropy, the Tb moments are usually ordered in noncollinear
arrangements in the ab plane.” Following the representation
analysis of Bertaut,”® the high-field ordering of Tb moments
would follow presumably the F,C, and C, F, symmetries for
H || aand H || b, respectively, as was observed for TbA103.”’
Depending on the ground-state ordering of Tb moments (H =
0) and the angle formed between the rare earth moments and
the crystallographic axes (e.g., canting angle o respect to the x
axis), one-step and two-step spin-flop transitions are observed
at different directions in the ab plane.?”-?® It is noteworthy that
the C, F, symmetry (H||b) has been experimentally confirmed
in the present work for TbMng 9Alp ;O3 (see neutron section
later on). Assuming that the canting angle does not change
with the strength of the magnetic field, we can deduce the
magnetic components (i, my) of the Tb moments from the
experimental magnetization values at 90 kOe [Fig. 2(a)] in
H || a and H | b geometries and hence, tanoe = m, /m,. The
calculated values of these moments are 8.16 and 8.0 ug for
TbMnO5; and TbMng 9Alg {Os. These values are smaller than
the theoretical one (9 up) but agree very well with the value
experimentally found in related perovskites such as TbAIO3
or TbCo003.%° The angle formed between the moments and the
a axis lies between 34° and 35°, also in good agreement with
related perovskites.”> Finally, the metamagnetic transition is
still seen at 15 K for H || b in the TbMng Al ;O3 sample
[see Fig. 2(c)] while the linear behavior at 35 K reveals a
conventional paramagnetic contribution.

The temperature dependence of the magnetization for
TbMnOs and TbMnj oAl 103 along the principal axes is
shown in Fig. 3. The results depend on the crystal orientation.
ForH || aand H || b, the magnetization decays with increasing
the temperature for both samples. The temperature variation of
the inverse of the susceptibility is linear in a wide temperature
range (not shown here) as expected for paramagnetic materials
obeying the Curie law. Only H || a shows a clear peak
attributed to the Tb magnetic ordering which is shifted to
lower temperature for the Al-doped sample. The results are
completely different for H || ¢. The samples show the smallest
value of magnetization in this geometry and several anomalies
are observed in the curves [see Fig. 3(b)]. Three anomalies
are observed below 50 K for TbMnO;. The corresponding
temperatures agree with the ones observed in the C,/T
measurements so they can be assigned to Ty, Ty, and Ty».
TbMng 9Alg ;O3 shows only two anomalies (7T and Ty,) so
this result also supports the lack of a ferroelectric transition
for this sample. In addition, both samples exhibit a broad and
rounded anomaly centered above 100 K [see inset of Fig. 3(b)].
This behavior has been observed in other Tb-based perovskites
in this geometry,”® including films of TbMnOj3.>* Therefore,
the temperature dependence of magnetic susceptibility for
these compounds does not follow a simple Curie-Weiss law
for H || ¢ since the interaction of Tb3* with a crystal field
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FIG. 3. (Color online) Magnetization taken at 5 kOe vs tempera-
ture for TbMn,;_, Al, O3 samples (x =0and 0.1). (a) H || aand H || b.
(b) Derivative of inverse of magnetic susceptibility with respect to
T vs temperature with H || ¢. Inset: Magnetization of TbMnO; vs
temperature for H || c.

having Cs symmetry leads to an anisotropy in the magnetic
properties.?”?*3! The magnetic susceptibility in TbA1O3 with
H || ¢ was explained in terms of a significant contribution
from excited states located in the ? F; manifold, which become
thermally populated as the temperature is increased.”’ A
similar feature is expected for TbMnO; and the mixing
of excited states with the ground state associated with the
Van Vleck mechanism leads to the nonlinear dependence
of magnetization on temperature observed in the inset of
Fig. 3(b).

The dielectric properties were also probed in these com-
pounds. Figure 4(a) compares the temperature dependence
of the real dielectric constant (¢") at low temperature for the
three compositions. The measurements were performed on
polycrystalline pellets. TbMnO3 shows a sharp peak at T =
28 K which agrees with the reported ferroelectric transition
for this sample.! TbMng 95Aly 0sO3 exhibits a similar behavior
with a peak at 24 K, in agreement with the anomalies observed
in both C,,/T (T) and M (T) curves (see Figs. 1 and 3). The
shape of the peak concurs with the strong anomaly observed in
TbMnOj single crystals with electric field parallel to the ¢ axis
(E || ¢)."'7 Therefore, TbMng 9s5Alg0sO3 seems to undergo a
ferroelectric transition, similarly to the parent compound, with
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FIG. 4. (Color online) (a) Real dielectric constant at 100 KHz for TbMn;_,Al,O; samples (x = 0, 0.05, and 0.1). Comparison of real
dielectric constant at 1 and 100 KHz for (b) TbMny 95Alj0s03 and (c) TbMng9Alp103. (d) Comparison of real dielectric constant at 100 KHz

of TbMng 9Aly ;O3 under different magnetic fields.

presumably P || ¢. However, TbMng Al ; O3 shows a different
anomaly in the temperature variation of &’. A broad peak is
observed at 7, ~ 18 K contrary to the sharp peak of the other
two compounds. The measurements at different frequencies
reveal more differences. Figures 4(b) and 4(c) compare the
results at 1 and 100 KHz for both samples. The peak of the
TbMny 95 Alg 503 samples does not change with the frequency.
However, the dielectric anomaly of TbMng ¢Alj ;O3 becomes
broader and shifts toward higher temperature with increasing
frequency, which resembles a relaxor behavior.

The influence of an external H on the ¢’ was also studied in
TbMng 9Alp ;O3 and the results are displayed in Fig. 4(d). The
broad peak disappears at H >30 kOe and for H = 70 kOe,
the temperature variation of & shows an abrupt decay at a
similar temperature (~17 K). This resembles the behavior
observed in both TbMnO; and GdMnO; for the geometry
E | aand high H. Both compounds develop polarization along
the a axis (P || a) above a critical field H¢. In the case of
TbMnOs, the appearance of this ferroelectric phase is coupled
to a spin flop of the cycloid ordering of Mn moments from
the bc plane to the ac plane. Consequently, the polarization
direction changes from P || ¢ (below H¢) to P | a (above
H¢). In the case of GAMnOs, the transition induced by H is
from a conventional A-type magnetic structure (P = 0 below
H¢) to a ferroelectric phase with P || a above He " Bearing
in mind these references, the changes in &¢'(H) observed in
TbMng 9Aly O3 might be ascribed to a transition from a
relaxor to a ferroelectric state.

C. Zero-field neutron diffraction measurements

The magnetic structure of the samples doped with Al
was studied by neturon powder diffraction. Superstructure
peaks arising from the ordering of Mn moments are clearly
visible below ~39.5 and ~37 K for TbMng¢5Aly 0503 and
TbMng 9Alg O3, respectively. Figure 5(a) compares the neu-
tron powder patterns at 2 and 39 K for both samples. The
magnetic reflections agree with an incommensurate ordering
of the A type, as already found in TbMnOj3, with a propagation
vector kKyn = (0, gvn, 0) which varies with temperature.
Figure 5(b) shows the temperature dependence of gy, obtained
from the patterns. Overall, the behavior is similar to the one
reported for TbMnQOj3 but gm, decreases with increasing the Al
content in the sample, approaching the commensurate value of
1/4. The value of gy, decreases with the temperature down to
~24 K, to a minimum value of ~0.27 and ~0.26 r.1.u. (recip-
rocal lattice units) for TanQ.95A10'05 03 and TanQ'9A10'103,
respectively. Below 24 K, gumn remains practically constant
within the experimental error. This behavior resembles a
lock-in transition and it seems to be a general feature of
this type of manganite, independently of the electric ground
state (ferroelectric or not) as was suggested in the study
of Gd;_,Tb,MnO; series.>> The observation of the same
feature in the evolution of gy, in TbMng 9Alg ;O3 possessing
a relaxor behavior confirms the lack of correlation between
ferroelectricity and the so-called lock-in transition of gyr,. The
pattern at 2 K also shows a broad peak centered around 26 ~
22.5° for TbMng 95 Alp 0503 that is attributed to a short-range
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FIG. 5. (Color online) (a) Neutron powder diffraction at 2 and
39 K for TbMngos5Aly 0505 (line + points) and TbMng oAl 03
(single line). The patterns have been shifted vertically for the sake of
comparison. (b) Temperature dependence of the b component in the
modulation vector for both samples.

ordering of Tb3* moments as observed in related compounds.
This ordering agrees with a wave vector kp, = (0, g, ~ 0.43,
0) and the relationship 3gmp—gmn = 1.02 (~1) is fulfilled in this
compound indicating the coupling between both sublattices.
This peak becomes very broad in TbMng 9Alj ;O3 revealing a
decrease of the magnetic coherence length that may arise from
the weakness of the coupling between Tb and Mn lattices.

In order to gain insight into the type of magnetic ordering
of TbMng oAl 03, a neutron diffraction study on a single
crystal was performed. Preliminary studies were carried out
and the diffraction intensity along the (0, &, 1) and (0, k, 2)
directions of reciprocal space at three selected temperatures
was probed. The results are displayed in Figs. 6(a) and 6(b).
At 20 K, we have found two types of magnetic reflections
ascribed to the ordering of Mn moments. The most intense
reflections correspond to the previously mentioned A-type
reflections obeying the extinction conditions /& + k = odd and
| = even. Moreover, we detect weak reflections of G type
with the extinction conditions & + k = even, [ = even. The
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calculated gmy, for the single crystal is 0.255, and the slight
change with respect to the powder diffraction characterization
may be due to either differences in the experimental setup or
slight changes in the composition between single crystal and
powder specimen.

At 2 K, we observe an additional magnetic scattering that
is ascribed to the Tb** moments. Figure 6(b) shows the
appearance of weak peaks in the reciprocal space associated
to F-type (extinction conditions: # + k = odd, / = odd) and
C-type (h + k = even, l = odd) magnetic contributions. These
magnetic peaks are, as well, incommensurate with kr, =
0, gtp ~ 0.35, 0). g1 is strongly reduced compared to the
parent compound and the relationship 3gt,—gym =~ 1 fulfilled
in TbMnO3 is no longer valid for TbMng 9Alj 1 O3. This result
reveals that Al substitution is very detrimental for the magnetic
correlation between Mn and Tb sublattices. An anomalous
increase of the background can be observed in Fig 6(a) at
2 K which should be linked to A-type reflections arising from
the magnetic contribution of Tb** moments of very short
range which partly overlap the magnetic peaks from Mn*+
moments.

The temperature evolution of representative magnetic re-
flections for the Mn3** ordering was monitored. Figure 6(c)
shows the magnetic onset of Mn** ordering at Ty, ~ 37 K
that is visible for both type of magnetic reflections (A
and G). Figure 6(d) shows the temperature dependence of
these kinds of magnetic reflections at lower temperature. A
sudden decrease in the integrated intensity is observed at
8 K correlated to the onset of the Tb** magnetic ordering.
Similar features have been reported in related compounds®33
but this result must be taken with care as the determination
of the peak intensities is blurred by the anomalous back-
ground increase related to the observed diffuse scattering in
Fig. 6(a).

Taking into account the previous results, the crystal and
magnetic structures were determined at 20 K on a single crystal
with cylindrical shape (diameter of ~3 mm and length of
~2.5 mm). Measurements were taken of 180 nuclear reflec-
tions, and the crystal structure can be refined in the Pbnm
space group using isotropic temperature factors. The structural
results are summarized and compared to those of TbMnOj3
in Table II. Figure 7(a) presents the comparison between the
observed and calculated intensities. The reliability factor based
on integrated intensity is R; = 0.030 with 2 = 1.2. Despite
the structural similarities between the two compounds, there
are significant changes in the local environment of Mn (and
Al). Firstly, the average Jahn-Teller distortion is reduced in
the Mn(Al)Og octahedron. This result is likely due to the
dilution of active Jahn-Teller cations (Mn3*) with closed shells
cations (AI’*). Secondly, the substitution with Al increases
the M-O-M bond angle reaching values very close to those
observed in a GdMnO; sample as inferred from the phase
diagram reported in Ref. 14. We used 128 magnetic reflections
(satellites £ gpn) to determine the magnetic structure at 20
K. Representation symmetry analysis using the BASIREPS
program® was used to find the irreducible representations
(Irreps) contained in I' to describe magnetic structures. The
possibilities are collected in Table III. The ordering of Mn?>*
moments can be accounted for by the single Irrep I';. The
refined magnetic components per Mn are m, = —0.39(2)
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FIG. 6. (Color online) Diffraction intensity along (a) the (0, &, 1) and (b) the (0, k, 2) directions. Temperature evolution of selected diffraction
peaks around (c) the long-range ordering of Mn** moments and (d) the magnetic ordering of Tb** moments.

and m, = 2.99(1). The main y component is sinusoidally
modulated along the b axis following an A-type ordering
whereas the x component can be considered as a small canting
following a G-type ordering. Some very weak ferromagnetic
reflections were also detected so a ferromagnetic component
along the c axis, compatible with Irrep I'; (see Table III), was
also refined yielding a value of m, = 0.15(10). However, the
origin of this component is unclear. The comparison between
the observed and calculated intensities is displayed in Fig. 7(b).

D. Neutron diffraction under an external magnetic field

A cryomagnet was coupled to the diffractometer to study
the effect of an external magnetic field on the magnetic
structure but the experimental setup limits the available range
of reflections. We started our study at 15 K, below the peak
observed in the & measurements [see Fig. 4(a)]. At zero
field, no change is seen. Applying a magnetic field (H || b),
several changes are observed. The scattering associated to the

incommensurate Tb3* ordering vanishes while the satellite
reflections associated to the Mn3+ ordering remains practically
unchanged. In addition we observe an intensity increase
in some nuclear reflections indicating that magnetic field
induces a long-range ordering of Tb** moments, which is
commensurate with a propagation vector k = (0, 0, 0).
This kind of metamagnetic transition has also been observed
in macroscopic measurements (see Fig. 2). Representation
analysis was again employed to determine the Tb** magnetic
ordering. The possibilities are summarized in Table I'V. Eighty-
nine nuclear reflections were used to refine the structural
parameters and the Tb magnetic moments. Two magnetic fields
were probed (30 and 60 kOe) and the results were similar for
both. The Tb magnetic structure can be described by the single
Irrep T, (prime is used to differentiate it from the Irreps of Mn
ordering) which in Bertaut’s notation corresponds to a C, F)
type of magnetic ordering. The refined components are mr, =
[1.66(36), 1.45(11), 0] and mp, = [3.78(17), 2.75(7), 0] for 30
and 60 kOe, respectively. This result confirms the noncollinear

104413-7



VERA CUARTERO et al.

TABLE II. Comparison of structural parameters (unit cell, frac-
tional coordinates, bond lengths, and bond angles) and reliability
factors for the neutron diffraction refinements of a powder specimen
of TbMnO; (Ref. 6) and a single crystal of TbMng 9Aly ;O3. M refers
to Mn and Al

x =0 x =0.1
aA) 5.3019 (1) 5.2821(1)
b(A) 5.8557 (1) 5.7504(1)
¢ (A) 7.4009 (1) 7.4028(2)
Tb: x 0.9836(1) 0.9847(3)
y 0.0810(2) 0.0767(3)
B (A?) 0.84(1) 0.07(6)
M: B (A% 0.75(2) 0.11(8)
Ol: x 0.1083(8) 0.1046(3)
y 0.4694(8) 0.4683(3)
B (A% 0.94(7) 0.20(5)
02: x 0.7033(2) 0.7047(2)
y 0.3242(3) 0.3226(2)
z 0.0530(2) 0.0501(1)
B (A% 0.94(7) 0.23(4)
M-01 1.946(1) 1.9400(5)
M-02 2.243 (4) 2.1790(11)
M-02 1.889 (4) 1.9004(11)
(M-O(1)-M) 144.0 (1) 145.10(2)
(M-O(2)-M) 145.7 (1) 146.20(4)
Rirage (%) 42 3.05

x2=1.25

4Reference 6.

arrangement of Tb>* moments under an external field. The
strongest component is along the a axis, the softest magnetic
axis among the three principal directions of the crystal. Most
likely, the magnetic structure for H || a is F.C, (Irrep T’ in
Table IV). Finally, the magnetic components at 60 kOe yield
a canting angle of 35.7° with respect to the a axis for the
Tb?* moments, in good agreement with results obtained from
isothermal magnetization (see Fig. 2).

The magnetic structure of Mn3* moments was obtained
from 59 magnetic reflections, and the results are similar to
the ones obtained previously at 20 K. The refined components
were my, = [-0.52(3), 3.37(1), 0] and my,, = [-0.60(3),
3.57(2), 0] for H = 30 and 60 kOe, respectively. The Mn
preserves the sinusoidal magnetic ordering up to 60 kOe at
15 K, and the only field-induced change is a slight increase of
the moment magnitude as H increases.

The strong diffuse magnetic scattering observed at 2 K
coming from the short-range ordering of Tb** moments did
not allow accurate refinements at zero field. This scattering
is suppressed by applying a magnetic field due to the
metamagnetic transition of Tb3+ moments. Therefore, we suc-
cessfully refined the nuclear reflections at 30 kOe. The crystal
cell parameters are similar to the ones at 20 K (see Table IT) and
the Tb*+ moments exhibit again the noncollinear arrangement
of C.F, type. The refined moment is mr, = [2.57(2), 1.69
(4), 0] up which yields a canting angle of 33.3° relative to
the a axis. The Mn magnetic ordering can be determined
from satellite reflections. The measurements were carried
out at H = 30 and 60 kOe. At 30 kOe, diffuse scattering
is still significant in many satellite reflections (see Fig. 8)
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FIG. 7. (Color online) Comparison between observed and calcu-
lated intensities of single-crystal neutron diffraction measurement for
(a) nuclear and (b) magnetic reflections of TbMng¢Alj ;05 at 20 K.

making it very difficult to extract a reliable magnetic structure.
This scattering is completely suppressed at 60 kOe, so this
measurement was used to determine the magnetic structure of
Mn3* moments at high field. The refinement with a sinusoidal
model (single Irrep I';) yielded poor results with R; ~
11.2 and X2 ~ 6. Following Ref. 7, we have a tried linear
combination of two Irreps and the best results were obtained
for the I'y @ I's combination yielding fits with R; = 3.6 and
x? = 1.2. The phase shift between both components is /2,
i.e., the maximum in the a component concurs with the
minimum in the b component and vice versa. The refined
components are mll\,[n = [1.67(9), 0, 0] ug and mﬁ,[n = [0,
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TABLE III. Irreducible representation of the group I'; for the incommensurate structure with k = (0, gm, = 0.255, 0), basis vectors for the
atom (Mn, Al) located at the 4b Wyckoff position and magnetic type ordering following Bertaut’s notation (Ref. 26); ag ( ~ 0.696) is the real

component of the complex phase a.

Mn (1) Mn (2) Mn (3) Mn (4) Ordering
Iy 1 2, My my, (1/200) 01/21/2) (1/201/2) 01/20) type
I 1 a 1 a (100) (—ar 00) (=100 (ag 00) A,
010) (O ag 0) O —-10) O — ag0) G,
©01) 00 — ag) ©oon 00 — ag) C,
I, 1 a -1 —a (100) (—ar 00) (100) (—ag 00) C,
010) (Oag 0) 010 (0ar 0) F,
©01) 00 — ag) 00 —1) (00ag) A,
I3 1 —a 1 —a (100) (ag 00) (=100 (—ag 00) G,
010) O — ar0) O —-10) (0ag0) Ay
©01) 0 O0ag) ©01) (00ag) F,
Iy 1 —a -1 a (100) (ag 00) (100) (ag 00) F,
010) O — ar0) 010 O — ag0) C,
©01) 0 O0ag) 00 —1) 00 — ag) G,

3.15(3), 0] up (superscripts denote the corresponding Irrep).
Therefore, the moments form an elliptical spiral in the ab plane
propagating along the b direction, i.e., the ab-cycloid magnetic
structure which has been found in related manganites with
spontaneous P || a.!> These results support an electric phase
transition from a relaxor behavior to a ferroelectric state (P || a)
driven by an external magnetic field in the H || b geometry.

In this measurement, very weak reflections of G type
are still visible. There are two possibilities to account for
these reflections: (i) a canting of the moments along the z
direction following a G-type ordering, or (ii) the occurrence
of phase segregation (the sinusoidal phase is not completely
transformed to a cycloid structure at 60 kOe). The latter is
less likely taking into account the good agreement found for
the strongest A-type reflections. The first possibility implies
the linear combination of three Irreps, I'y @ I's @ 'y (see
Table IV). The refinement of a G, component in phase with the
y component yielded a value of m, = 0.49(17) in accordance
with the weak contribution of this component to the magnetic
structure.

IV. DISCUSSION AND CONCLUSIONS

The low substitution of Mn for Al affects significantly
the magnetoelectric properties of TbMnOs. First of all, it
leads to the expected weakening of the superexchange Mn-
O-Mn interaction due to the dilution of magnetic ions. This
explains the gradual decrease of Ty, in the TbMn;_,Al, O3
series with increasing x at a rate of —39 K x~! (for x <
0.1 range). Similar results were obtained for dilution with other
nonmagnetic trivalent cations such as Ga>* or Sc**.!7-! The
Mn ordering remains incommensurate in the TbMn;_,Al, O3
samples studied, with a sinusoidal modulation of the moment
magnitude along the b axis. However, the wave-vector com-
ponent is very close to the commensurate value of gy, ~ 1/4
for Tano_9A10.103.

This type of substitution also strongly affects the ferro-
electric ordering observed in TbMnOj3. For TbMng 95 Al 95O3,
T; decreases about 3 K as compared to TbMnO3 while for
TbMng9Aly 03, the temperature variation of the dielectric
constant does not present the typical anomaly of a ferroelectric
ordering but a broad peak at 7, ~ 18 K whose position

TABLE IV. Irreducible representation of the group I'; for the magnetic structure with k = (0, 0, 0), basis vectors for the Tb atom located
at the 4c Wyckoff position and magnetic type ordering following Bertaut’s notation (Ref. 26).

Tb (1) Tb (2) Tb (3) Tb (4) Order
T, 1 2, 2, 2, (~0~0p) (~0~ 12 (~3~02) (~3~13 type
r 1 1 1 1 001) 001) 00 —1) 00 —1) C.
r} 1 1 1 1 (100) (-100) (100) (=100) A,
010) 0 —10) 0 —-10) 010) G,
r 1 1 —1 -1 001) 001) 001) 001) F,
r 1 1 —1 —1 (100) (-100) (=100) (100) G,
010) (0 —10) (010) 0 —10) A,
I 1 —1 1 —1 (100) (100) (100) (100) F,
(010) (010) 0 —10) 0 —10) c,
I, 1 —1 1 -1 001) 00 -1 00 —1) 00 1) G,
r 1 —1 —1 1 (100) (100) (=100) (=100) C,
010) (010) (010) (010) F,
A 1 —1 -1 1 001) 00 —1) 001) 00 —1) A
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FIG. 8. (Color online) Rocking curves of selected diffraction
peaks (a) (h, h-gmn, 1) type and (b) (0, O-gwmw, D) type for
TbMny9Alj ;O; at magnetic fields of 30 and 60 kOe.

depends on the frequency of the electric field in a manner
similar to the behavior of a relaxor. In addition, measure-
ments of C,/T and magnetic susceptibility do not reveal
a clear anomaly associated with the ferroelectric order for
this composition. These measurements are consistent with
the presence of nanoscale polar domains not leading to a
long-range ferroelectric ordering. TbMnO3 undergoes a Mn?*
spin reordering at Ty, in which a component along the z
direction emerges giving rise to the so-called cycloid structure
in the bc plane.” Therefore, FE and magnetic reordering are
coupled in TbMnO;. The lack of FE in TbMngoAly 03 is
compatible with the stability of the sinusoidal ordering of

PHYSICAL REVIEW B 86, 104413 (2012)

Mn** moments (no magnetic rearrangement) below T, as
observed by neutron diffraction at 15 K.

The presence of a relaxor behavior at zero magnetic
field, observed upon Al dilution, has not been found in the
substitution of Ga for Mn.!” This might be due to the small
size of AI** which leads to a decrease of the unit cell volume.
Hence, it is worth comparing the properties of TbMnOj3
under hydrostatic pressure. Recent studies have reported a
pressure-induced change in the magnetic structure of TbMnO3
which adopts an E-type structure above 3.6 GPa, similar to
HoMnOj; at ambient pressure.’ This is not the case for the
Al-doped samples studied in this work. This fact might be due
either to an insufficient volume reduction by doping (“chemical
pressure”) or to the inhomogeneity of the Mn sublattice. The
other significant structural effect produced by the substitution
of Mn with Al is an increase of the M-O-M bond angle (M =
Mn, Al) as deduced from neutron diffraction refinements (see
Table II). This result can be understood phenomenologically
using the Goldschmidt®® tolerance factor defined in our case
as 1 = Tb-O/(+/2 x M-0), Tb-O and M-O being the bond
lengths. An ideal cubic perovskite with M-O-M = 180°
(maximum strength for NN magnetic interactions) is observed
fort = 1. A decrease of t (smaller bond length in the numerator)
leads to distorted structures and to a decrease of M-O-M
bond angle. As Mn?* is replaced by much smaller AI**, M-O
decreases (decreasing the denominator) and thus ¢ becomes
larger which implies an increase in the M-O-M bond angle
(see Table II). The increase of this angle may change the
balance between NN and NNN interactions. In fact, the bond
angle observed in TbMng ¢Alp ;O3 is similar to that found in
GdMnO;j so it is noteworthy to compare the properties of both
compounds. Contradictory results have been published for
GdMnOs;. Some authors suggest the presence of spontaneous
polarization P || a at zero field'*?” while others indicate that
P || a only appears when a magnetic field is applied along the b
axis.!? These discrepancies point to the strong effects brought
by small changes in the stoichiometry of the samples. In fact,
the study of Tb;_,Gd,MnO3; compounds reveals a region in
the phase diagram, close to GAMnO3, where the samples show
Pllaat H=0.%

GdMnOs; also shows an incommensurate ordering (A type)
of the Mn?>* moments at ~42 K. At 18 K, it transforms
into a commensurate structure in the ab plane with a
ferromagnetic component along the ¢ axis due to the canting
of the moments. At the same temperature, the Gd?** moments
order antiferromagnetically to the Mn>* moments along the
z direction.'?>*® The dissimilar behavior of GdMnOs and
TbMnO3; may be attributed to the interplay of two factors,
(i) the value of the M-O-M bond angle and its effect on NN and
NNN interactions, and (ii) the different magnetic interaction
of Mn with the rare earth, Jy,-g. It is known that Tb>* shows
Ising-type anisotropy while zero angular momentum Gd**
behaves as a Heisenberg spin.?

TbMng ¢Aly.; O3 and GAMnOj3 show a similar M-O-M bond
angle so an incommensurate ordering of the Mn** moments
is expected. However, the presence of Tb>* moments with
two Ising axes in the ab plane prevents the formation of the
commensurate structure observed in GAMnQOj3. Moreover, the
disorder produced by Al doping impedes the occurrence of
spontaneous polarization, either P || a or P || ¢ at zero-field.
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The application of a magnetic field favors metamagnetic
transition of Tb3>+ moments as well as the formation of P || a
for H || b in both TbMnO3; and GAMnOs.

Surprisingly, the dilution with Al also significantly affects
the ordering of the Tb3* ions and its coupling with the Mn
ordered sublattice. Measurements of C,/T show a strong
decrease of the peak associated with long-range magnetic
order of Tb** moments for very low Al substitution. The
observed magnetic ordering for Tb*>* is of short range and
leads to the appearance of strong diffuse scattering. It has
been reported that the dilution of Mn with other nonmagnetic
cations is detrimental to long-range order of Tb.!” In the
present case, scans on the reciprocal lattice indicate that the
ordering of Tb is incommensurate but of different nature than
in TbMnOj;. The relationship 3gtp—gmn ~ 1 is no longer
valid for TbMng9Aly O3;. This may also be related to the
absence of a long-range FE ordering in these compounds and,
therefore, points to the importance of the Mn-Tb coupling in
their multiferroicity.

The application of an external H leads to metamagnetic
transitions of the Tb** moments. These transitions are clearly
seen in both the hysteresis loops (Fig. 5) and in the neutron
patterns. At 15 K and H > 30 kOe, the Tb?>+ moments show a
noncollinear arrangement of type C, F,. The Mn3+ sublattice
preserves the sinusoidal ordering under these conditions;
a graphical visualization of the full magnetic structure is
drawn in Fig. 9(a). Below 8 K, the ordering of Tb** is of
short range and the strong diffuse scattering impedes to the
precise determination of the ordering type for Mn3*, which
is presumably sinusoidal. The diffuse contribution decreases
in magnetic field due to the metamagnetic transition of Tb*.
The magnetic structure at high field is again of C,F), type.
Upon these conditions (2 K and high H), the refinements of
magnetic satellites ascribed to the Mn ordering agree with an
A-type component along the x direction suggesting a cycloid
magnetic structure in the ab plane. The magnetic transition in
the Mn sublattice agrees with the changes observed in Cp/T
measurements for H > 50 kOe. The magnetic structure at 2 K
and 60 kOe is shown in Fig. 9(b). It is the same as the structure
found for manganites developing spontaneous polarization
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FIG. 9. (Color online) Magnetic structure of Tb>* (blue arrows)
and Mn3** (purple arrows) moments at (a) 15 K and 60 kOe and
(b) 2 K and 60 kOe.

along the a axis.'* Therefore, our results suggest that a
magnetic field (H || b) induces an electric phase transition
from a relaxor behavior to a ferroelectric state (P || a) in
TbMng ¢Aly.;O3. Polarization measurements are desirable to
confirm this point and to establish the critical field for the
phase transition and its temperature evolution. Summarizing,
the effects produced by the dilution of the Mn sublattice
with a small isovalent nonmagnetic cation in the multiferroic
TbMnOj; are systematically studied, and ascribed either to
magnetic dilution or structural strain.
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