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Ga for Mn substitution in multiferroic TbMnO; has been performed in order to study the influence of
Mn-magnetic ordering on the Tb-magnetic sublattice. Complete characterization of TbMn;_.Ga, O3 (x
=0,0.04,0.1) samples, including magnetization, impedance spectroscopy, and x-ray resonant scattering and
neutron diffraction on powder and single crystals has been carried out. We found that keeping the same crystal
structure for all compositions, Ga for Mn substitution leads to the linear decrease in TI\N/I“ and ™", reflecting the
reduction in the exchange interactions strength Jyj,.mn and the change in the Mn-O-Mn bond angles. At the
same time, a strong suppression of both the induced and the separate Tb-magnetic ordering has been observed.
This behavior unambiguously proves that the exchange fields Jy,., have a strong influence on the Tb-

magnetic ordering in the full temperature range below
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I. INTRODUCTION

Rare-earth manganites RMnO; (R=Gd, Tb,Dy,Ho) with
orthorhombically distorted perovskite structure have been at-
tracting a lot of attention due to a variety of unusual physical
properties including a potentially interesting cross coupling
of magnetism and ferroelectricity (FE)."-* These so called
multiferroics are of particular interest for understanding the
fundamental physical links between spin, charge and lattice
degrees of freedom that give rise to magnetoelectric cou-
pling, as well as because of the promising possibility of us-
ing these coupled order parameters in novel device applica-
tions by controlling the material’s polarization state with
either electric or magnetic field.>’

While it has been clearly shown, that the ferroelectricity
in these compounds is magnetically driven, the role of mag-
netic 3d and 4f ions was found to be rather different. As
commonly accepted, the origin of multiferroicity in RMnO;
is a result of a cycloidal Mn-magnetic ordering with inverse
Dzyaloshinsky-Moriya interaction being the driving force of
polar lattice distortions.®~'* Spontaneous electric polarization
can be therefore expressed via the m, and m, components of
the Mn spins of the cycloid and the magnetic propagation
vector, 7, as Pyxm,m (e, X 7), where e, is the unit vector
along the axis of rotation of Mn spins.'® Magnetic rare earths
in turn, may determine the polarization direction via their
interaction with Mn spins. In compounds with rare earths
showing strong magnetic anisotropy, the polarization is ori-
ented along ¢ axis, Pllc for R=Tb and Dy, while in those
with nonmagnetic (Eu,Y) or less anisotropic Gd, Plla.>'* In
some cases, they even contribute to the magnitude of the
polarization as has been shown for DyMnO5.*!> A necessary
condition for this is the ordering of rare earths with the same
propagation vector as Mn, behavior confirmed now for
RMnO; with R=Gd, Tb, Dy, and Ho above their own order-
ing temperatures, 7h <10 K.3!%!7 Here, Mn-magnetic sub-
lattice polarizes R spins and the induced R moment is defined
by the strength of exchange interaction between Mn and R
ions, Jyy.g-
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T%[“ and actually stabilize the Tb-magnetic ground state.

PACS number(s): 75.47.Lx, 75.25.—], 75.30.Et, 75.30.Kz

As proposed in Ref. 18 the ordering of the R spins below
T{fI (often referred as individual) is strongly dependent on the
relative strengths of exchange interactions between Mn and
R ions, Jy.r, and between rare earths themselves, Jg_p.
Weak Jy,.x Will not significantly affect the R ordering as
found for R=Dy that orders on its own (7Dy=% # ™) below
6 K.!>16 On the other hand, strong Jy, x will force the R
ordering to the same periodicity as Mn down to the lowest
temperatures as in case of R=Ho (7°=7Mn) 17.19

The most interesting case, however, is an intermediate
coupling regime as observed in TbMnO;. Here, the Tb and
Mn orderings remain coupled down to the lowest tempera-
tures through the harmonic coupling of their wave vectors,
37— M= This is a result of adjustment of Ising-type Tb
spins to periodic Mn ordering minimizing system’s energy
and leading to rather complex Tb-spin structure at low
temperatures.'® This intermediate coupling regime should be
very sensitive to any variation in Jy,_z and, correspondingly,
strong effects on the Th-magnetic ordering are expected.'®

In this paper we report on combined neutron diffraction,
X-ray resonant magnetic scattering, and single-crystal mag-
netization and dielectric measurements on substituted
TbMn,;_,Ga, 05 (x=0,0.04,0.1) compounds. Substitution of
Mn?* ion by the closest isovalent but nonmagnetic Ga** was
chosen to provide minimal disturbance of the lattice and ef-
fectively vary the total Jy,m, and, consequently, Jy.gs
while keeping Jx_p constant. We show that, while keeping the
same crystal structure for all compositions, Ga for Mn sub-
stitution leads to the linear decrease in 7" and 7" reflecting
the intended decrease in Jy,.\, and the increase in the Mn-
O-Mn bond angles. At the same time we observe a strong
suppression (for x=0.04) and disappearance (for x=0.1) of
both the induced and the individual Tb-magnetic ordering.
This behavior confirms that the exchange fields Jy;,., from
the Mn have a strong influence on the Tb-magnetic ordering
in the full temperature range below the magnetic transition
and actually stabilize the Tb-magnetic ground state.
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II. EXPERIMENT

Polycrystalline TbMn,_,Ga, O3 (x=0,0.04,0.1) samples
were prepared from a mixture of Tb,O; (4N), Mn,05 (3N),
and Ga,05 (4N) using standard solid-state reaction. The low-
est content of Ga (xx4%) was chosen such as to obtain a
homogeneous distribution of Ga within the sample. The
highest content (x=10%) was determined by our ability to
obtain a single-phase sample at this composition without sig-
nificant changes in its crystal structure and magnetic proper-
ties. The single crystals were grown in argon atmosphere by
the floating zone technique in the IR-heated image furnace
equipped with two halogen lamps (500 W) and double ellip-
soidal mirrors. The growth and the feed rates were main-
tained to obtain a stable molten zone.

Crystal  structure and  magnetic  ordering  of
TbMn,_,Ga,O; were investigated between 2-300 K by neu-
tron diffraction (ND) on powder and single-crystal samples
using the high-resolution E9 diffractometer (A\=1.797 and
2.816 A) and the El thermal triple-axis spectrometer oper-
ated in two-axis mode (A=2.44 A), respectively, at the
Helmbholtz-Zentrum-Berlin (HZB). The data were analyzed
with the FullProf refinement package.?’ Single-crystal x-ray
magnetic resonant scattering (XRMS) on TbMn,_,Ga,O;
were conducted at the 7 T multipole wiggler beamline
MAGS, also HZB.!0:2!

Physical characterization of the samples was performed
on both single-crystal and polycrystalline samples. The
single crystals were aligned along their principal direction by
x-ray Laue diffraction and cut in orthorhombic shapes with
each face normal (within 2°) to a principal crystallographic
direction.

Temperature dependence of low and high field magneti-
zation along three main crystallographic directions were
measured on TbMn,;_Ga,O; (x=0,0.04,0.1) in the VSM
mode of a physical properties measurement system (Quan-
tum Design PPMS). The dielectric measurements were per-
formed in a 14.5 T Oxford Instruments cryomagnet equipped
with a *He Heliox inset. Opposite faces of the platelike
samples were sputtered with gold and located between two
gold covered copper plates. The top plate and the sample
were pressed to the fixed and thermalized bottom plate by a
soft spring. The capacitance of such a plate capacitor with a
sample as a dielectric was measured by an Andeen-Hagerling
2500 A capacitance bridge working at a frequency of 1 and
20 kHz.

III. RESULTS AND DISCUSSION
A. Crystal structure

Starting with the structural analyses, powder ND mea-
surements at room temperature show that all TbMn,;_,Ga O;
samples are single phase and crystallize with the orthorhom-
bically distorted perovskite structure (space group Pbnm).
Ga shares 4b atomic position (Wyckoff notation) with Mn
and its refined content is in good agreement with the nominal
one (Table I). We would like to emphasize that despite to
close scattering lengths of Tb (7.38 fm) and Ga (7.29 fm),
sharp difference between those of Mn (-3.73 fm) and Ga
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allows to determine their occupancies confirming that all Ga
is accounted in the Mn site. With increasing Ga content up to
10% [Figs. 1(a) and 1(b)], the lattice linearly contracts along
b direction, Ab/b~0.7%, and expands along the ¢ axis,
Ac/c~0.3% while leaving the a parameter almost constant,
Aa/a<0.1%. The resultant decrease in volume is about
0.4%, approaching the volume of heavier R-DyMnO;. Aniso-
tropic change in the lattice, however, leads to an increase in
Mn-O-Mn bond angle (by ~0.4°) as if moving the system to
the lighter R-GdMnOs;. Disturbance of the original TbMnO;
lattice is also reflected in changes in Mn-O and Tb-O inter-
atomic distances, both having maximal Ad/d~1.1% as pre-
sented in Table II.

B. Magnetic and dielectric properties

Turning to the magnetic properties, in Fig. 2 we present
the temperature dependence of the dc susceptibility of
TbMn,;_,Ga,O5 single crystals measured along the a- and
b-crystallographic directions with H=5 kOe and along ¢
with 1 kOe. We start with susceptibility measured with Hl ¢
as it shows anomalies corresponding to the onset of both
Mn- and Tb-magnetic orders. As previously reported for the
x=0 compound, Y, presents three sharp anomalies at T%In
=42 K, Tgg=27 K, and T§b=7 K attributed to the Mn Néel
transition temperature, the transition temperature to the Mn-
cycloidal state associated with development of ferroelectric-
ity and the Tb Néel transition temperature, respectively.? The
4% Ga-containing compound preserves all three transitions.
The first two are shifted down to 39 and 25 K whereas the
last anomaly is enormously reduced and has a maximum
around 4.5 K. The 10%-Ga sample shows only one sharp
transition at 7\"=36 K and broad anomaly at around 15 K
which might reflect the remanent ferroelectric transition Tgg.
Any signature of Tgb is clearly absent at this composition.

Susceptibility along a and b axes for all compositions
looks very similar showing mainly a paramagnetic Curie-
Weiss behavior of Tb moments down to Ty as shown in the
insets in Fig. 2. The anomaly corresponding to onset of Tb-
magnetic ordering at Tﬁb shifts to lower temperatures and
becomes broader with increasing Ga content.

Having observed a rather similar magnetic behavior of the
Mn sublattice in the pure and the substituted TbMnO; com-
pounds, we have performed dielectric measurements for the
x=4% and 10% samples. Impedance spectroscopy measure-
ments from 1 up to 20 kHz reveal no relaxor behavior for all
compounds. Similar to TbMnOs, the 4% and 10% Ga
samples present a strong anisotropy and anomaly in the di-
electric constant along ¢ and a directions at 40 K. In
TbMnO; the ferroelectric transition is characterized by a
\-shaped anomaly in the ¢ direction at 27 K (Fig. 3).> The
dielectric measurements along the c¢ direction for 4% and
10% samples show similar anomalies shifted to lower tem-
peratures. They appear at 24 and 15 K, respectively, in per-
fect agreement with T determined from susceptibility mea-
surements. The height of the A-shaped anomaly of the
dielectric constant (Je) is reduced with increasing Ga content
from Je of about 4 for x=0 down to 1.8 and 1 for x=4% and
10%, respectively. All these features suggest that at the re-
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TABLE I. Crystal and magnetic structure parameters for TbMn,_,Ga, O3 (x=0,0.04,0.1) obtained from
the Rietveld refinements of powder ND at room and low temperatures using 1.797 and 2.816 A. The atom
positions are given for Pbnm settings where Mn occupies 4b (1/2 0 0), Tb and O, 4¢ (x y 1/4), and O, 8d
(x y z) Wyckoff positions. The low-temperature data for all samples are given for 12 K except of Tb-
magnetic structure parameters given for 2 K. It is caused by difficulties in fitting the Mn-magnetic reflections

being overlapped with Tb-magnetic peaks below 8 K.

Temperature 300 K 12 K

x 0 0.04 0.10 0 0.04 0.10

a (A) 530159(4)  5.30049(7)  5.29981(7) 5.31606(4)  5.31406(6)  5.31268(7)
b (A) 5.85557(4)  5.83318(7)  5.81546(7) 5.82304(5)  5.80384(8)  5.78569(7)
¢ (A) 7.40003(6)  7.41209(9)  7.42329(9)  7.38443(7)  7.39939(8)  7.41051(11)
x(Tb) -0.0150(3)  -0.0160(4)  -0.0162(4) —0.0162(4) —0.0159(4)  —0.017(4)
y(Tb) 0.0814(3) 0.0801(3) 0.0796(4) 0.0789(3) 0.0790(3) 0.0778(4)
x(0)) 0.1055(4) 0.1064(5) 0.1050(5) 0.1064(4) 0.1058(4) 0.1059(5)
y(0,) 0.4658(4) 0.4673(4) 0.4667(5) 0.4666(4) 0.4686(4) 0.4678(4)
x(0,) 0.7035(3) 0.7038(4) 0.7029(4) 0.7037(3) 0.7038(3) 0.7046(4)
¥(0,) 0.3276(3) 0.3267(3) 0.3251(3) 0.3265(3) 0.3247(3) 0.3235(4)
2(0,) 0.0515(2) 0.0514(2) 0.0515(2) 0.0515(2) 0.0519(2) 0.0519(2)
Occ(Ga) 0 0.044(2) 0.104(6) 0 0.044 0.104
Mn(p*) 0.2754(2) 0.2651(3) 0.2463(5)
mz/[“

m™ 3.95(4) 3.30(4) 3.19(8)
mM 2.46(10) 1.86(15) 0(1)
7°(b*)/2 K 3/7

m®/2 K 5.79(6)

m*/2 K 3.11(8)

mi°/2 K 0

Rl 4.67 3.83 3.79 4.14 3.26 5.47

RO, 6.99 6.47 7.0

Ry, 13.7

2 1.97 3.17 2.62 1.69 3.49 3.33

spective Tgg the compounds undergo a ferroelectric transi-
tion that becomes less pronounced with increasing Ga dop-
ing.

The results from the measurements of susceptibility and
dielectric constant as function of temperature are summa-
rized in Fig. 1(c). It shows that substitution of nonmagnetic
Ga** for magnetic Mn** leads to reduction in 7x" linearly
with a slope of —0.6 K per 1% of Ga. This is direct evidence
of the effective reduction in the strength of Mn-Mn interac-
tions, Jy,.mn and, consequently, we suggest that Jyg,.1p,
should be reduced. Tgg gets also reduced by —1.2 K per 1%
of Ga. The most surprising effect, however, is that the Ga for
Mn substitution affects the anomalies at TE’. Indeed, the
larger x is the smaller and broader becomes the anomaly
corresponding to the transition to Tb-magnetic ordering (see
Fig. 2).

Further we studied the magnetic field response of the Ga-
substituted compounds. Figure 4 shows isothermal magneti-
zation curves as a function of magnetic field for all samples.
The data on undoped TbMnO; compound is in good agree-
ment with previously published results.’ For Hlla at 2 K
[Fig. 4(a)], two magnetic transitions are observed at H,

~17 and 90 kOe. The critical fields of all metamagnetic
transitions, H_, have been defined by the intersection point
between two lines: the first being a linear fit of M(H) before
the anomaly; the second passing through the inflection point
of the anomaly as shown, for example, in Fig. 4(d). The low
field metamagnetic transition is a transition to the field
forced ferromagnetic state associated with the Tb sublattice.
Similar metamagnetic rare-earth behavior is reported for the
isostructural TbAIO; compound.?” One marks out that the
magnetization is not saturated up to 140 kOe and the ex-
tracted value of the Tb moment, ~6.5ug, is rather low. All
these suggest that the Tb moments do not become fully fer-
romagnetically ordered above 20 kOe. Instead, because of
their strong Ising anisotropy, they presumably arrange in a
noncollinear (F,C,0) pattern (Bertaut notation)?® with m,
~6.5ug. Assuming theoretical 9/ Th*, that would corre-
spond to 36° canting to a axis in good agreement with re-
ported data on Tb anisotropy.?*+* Much less pronounced sec-
ond transition corresponds to the flop of the electric
polarization from Pllc to Plla that is presumably caused by
the flop of Mn cycloidal plane.>?
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FIG. 1. (Color online) Magnetostructural parameters of

TbMn,_,Ga,O3 compounds as determined from ND: (a) and (b)
lattice parameters and volume at RT, (c) magnetic propagation vec-
tor at 2 K, Mn Néel temperature and ferroelectric transition tem-
perature, and (d) full width at half maximum of Tb magnetic reflec-
tions (black square) and correlation length of Tb clusters (red circle)
at 2 K as a function of refined Ga content. Coherence length has
been estimated using the Scherrer formula. Cross symbols in panel
(d) correspond to instrument resolution at the position of the stron-
gest Tb-magnetic reflection.

Both metamagnetic transitions are observed in x=4% and
10% samples. The field forced Tb-ferromagnetic ordering is
observed at slightly changed critical fields of 18 and 24 kOe
for x=4% and 10%, respectively, while the second (polariza-
tion flop) transition is found at higher field H.=110 kOe for
x=4% [see Fig. 4(a) inset]. A change in slope is also ob-
served for x=10% around 140 kOe suggesting that the sec-
ond transition might occur at even higher fields.

For Hllb at 2 K, also two metamagnetic transitions are
observed in TbMnOj; in good agreement with published
data.’ The first one at 17 kOe is a transition to a magnetic
state where Tb orders with 7=1/3b*.2” The second transition

TABLE II. Selected distances and angles from Rietveld refine-
ments of powder ND data for TbMn;_.Ga, O3 (x=0,0.04,0.1) at
RT.

X 0 0.04 0.10
Mn-0; (A) 1.9431(7) 1.9463(8) 1.9471(8)
Mn-0, (A) 1.9069(16) 1.9060(20) 1.9131(20)
Mn-0, (A) 2.2331(17) 2.2235(18) 2.2084(18)
Mn-O,-Mn (deg) 144.99(7) 145.15(8) 145.22(8)
Mn-O;-Mn (deg) 144.39(3) 144.38(3) 144.77(3)
Tb-O, (A) 3.661(3) 3.633(3) 3.622(4)
Tb-O, (A) 2.340(3) 2.350(3) 2.341(4)
Tb-O, (A) 3.203(3) 3.198(3) 3.189(3)
Tb-0, (A) 2.274(3) 2.269(3) 2.276(3)
Tb-0, (A) 2.542(2) 2.538(2) 2.535(3)
Tb-0, (A) 2.570(2) 2.578(2) 2.582(2)
Tb-0, (A) 2.317(2) 2.311(2) 2.311(3)
Tb-0, (A) 3.666(2) 3.655(2) 3.648(3)
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FIG. 2. (Color online) Temperature dependence of magnetic dc
susceptibility for TbMn;_,Ga,O; (x=0,0.04,0.1) single crystals
measured at 1 kOe along ¢ direction. The insets represent the dc
susceptibility of TbMn,_,Ga,O5 single crystals measured along the
a- and b-crystallographic direction with H=5 kOe. The axes labels
in the insets are the same as in the main figure. Data have been
collected on heating after previous zero field cooling down to T
=2 K.

is observed at around HIlb~49 kOe. Based on the data on
TbA1O5,2? we suppose that Tb spins undergo a transition to
noncollinear (C,F,0) arrangement in this state. According to
Ref. 26, this transition is associated with the flop of Mn-
cycloidal plane from bc to ab causing the electric polariza-
tion flop from Pllc to Plla.>?® Both metamagnetic transitions
are observed in x=4% sample. They are shifted to lower
critical fields of 10 and 46 kOe, respectively. Only one
clearly separated transition with H.=41 kOe is observed for
x=10% sample.

For Hllc, TbMnO; shows one metamagnetic transition as
visualized in Figs. 4(c) and 4(d) for 2 and 16 K, respectively.
It corresponds to the transition from cycloidal Mn-magnetic
structure to simple canted antiferromagnetic structure and,
simultaneously, to the transition from ferroelectric to
paraelectric state.”>?8 Both substituted compounds show simi-
lar metamagnetic transitions at lower critical fields, Figs.
4(c) and 4(d).

In short summary, bulk characterization of the Ga-
substituted compounds revealed rather similar magnetoelec-
tric phenomena in all the studied samples. The only crucial
differences are applied to the Tb-magnetic ordering, where

40 — —— : 30.0
38| : Lo x=0
36 L . N ODODE000RL g 5
34l
32F
« O P
%) =
18 |-
17+
16 g
N ¢ 1 . 1 NP 1 275
0 10 20 30 40 50

Temperature (K)

FIG. 3. (Color online) Temperature evolution of relative dielec-
tric constant (&]) for TbMn;_,Ga,O; with x=0,0.04,0.1, respec-
tively, measured on cooling with £=20 kHz along the ¢ direction.
The data for x=0 are extracted from Ref. 5.
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FIG. 4. (Color online) Magnetization isotherms of

TbMn,_,Ga, 03 (x=0, 0.04 and 0.1) single crystals with magnetic
field along (a) a-, (b) b-, (c) and c-crystallographic directions at T
=2 K. The inset in the panel (a) shows a zoomed part of Hlla
magnetization curve, respectively. The axes labels in the inset are
the same as in the main figure. The panel (d) presents the magneti-
zation isotherm at 7=16 K for Hllc. After each hysteresis loop the
samples have been heated up to 160 K and then zero field cooled
down to the target temperature.

strong suppression of relevant anomalies has been observed.
To clarify what causes these changes, a microscopic view on
Mn- and Tb-magnetic orders in the Ga samples has been
taken.

C. Magnetic ordering

Microscopic insight into the magnetic ordering in
TbMn,_,Ga,O; was obtained using ND on powder (Fig. 5)
and single-crystal samples (Fig. 6). XRMS has been used to
contrast Tb-magnetic signal when it contributed to the same
reflections as Mn. Cooling the samples below T%l“ we found
a set of magnetic satellites in Brillouin zones (hkl) with ex-

8000 -
5 6000 .
c
>
Q
)

2
G 4000 g
g
IS
2000 li
50
20 (deg)
FIG. 5. (Color online) Neutron-diffraction patterns of

TbMn,_,Ga, O3 compounds, x=0 (black solid square), x=0.04 (red
open circle), and x=0.1 (blue cross), as measured with E9 diffrac-
tometer (\=2.816 A) at 2 K.
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FIG. 6. (Color online) (a) Temperature evolution of the propa-
gation vector 7" of TbMn,_,Ga,O; with x=0,0.04,0.1 collected
with the E1 triple axis spectrometer. Panels (b)—(d) represent the
temperature evolution of the integrated intensity of G-type (0,1
-7,1), A-type (0,7,1) and A-type (0,2—7,1) incommensurate
magnetic reflections, respectively. The inset in the panel (b) zooms
the temperature evolution of integrated intensity of the G-type re-
flection around the Tgg. The axes labels in the inset are the same as
in the main figure. The data have been collected on heating.

tinction conditions h+k=even, /=o0dd, known as A-type
reflections.?® They arise from the ordering of Mn spins that is
incommensurate (ICM) and characterized by the propagation
vector 1'1‘4“:(0,7{,/[“,0). The temperature dependence of the
propagation vector is shown in Fig. 6(a). It decreases linearly
with decreasing temperature from T%I“ down to Tgg for all
compositions. Below Tgg 7 stays constant. With increasing
Ga-content 7" decreases [Fig. 1(c)] that is directly related to
change in the Mn-O-Mn bond angle. One also observes the
reduction in the overall magnetic satellite intensities as ex-
pected from the reduced total magnetization.

The A-type satellites are typical for all studied composi-
tions in temperature range from Tﬁf“ down to 2 K, showing
that the main details of the Mn magnetic structures for all
compounds stay similar. Using the representation analysis,>
the Mn antiferromagnetic ordering below 7N" can be de-
scribed by one single component of the irreducible represen-
tation I'3(0,A,,0). This gives rise to an amplitude modulated
AF Mn spin ordering along the b direction below 73".>*

Below Tgg the Mn-magnetic structure of TbMnO; has
been described by the linear combination of two irreducible
representation I'; ® ', where I'; has also A component along
c axis (O,O,Az).8 The resulting structure is a characteristic
for ferroelectric phase: cycloid m(Mn)=(0,m,,m.), where
Mn spins rotate within bc plane. The fact that the coupling
between Fourier components m, is also of A-type compli-
cates the structure analyses as both m, and m, contribute to
the same A-type reflections. However, following a tempera-
ture dependence of a single magnetic reflection often helps to
see an anomaly at temperature (7w in our case) when the
second magnetic component develops. Indeed, the tempera-
ture evolution of the integrated intensity of the selected
(0,2—7™Mn.1) and (0,™",1) plotted in Figs. 6(c) and 6(d)
shows an inflection point at 27.5 K for x=0 compound in a
good agreement with 7. Similar considerations applied to
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FIG. 7. (Color online) Magnetic unit cell of Tb sublattice in the
ab plane (in the adjacent planes along ¢ axis the magnetic moments
are antiparallel). (a) The structure proposed by one-dimensional
ANNNI Ising model from Ref. 18; (b) Magnetic structure model
taking into account Tb anisotropy.

the Ga-doped samples allow to conclude that their Mn struc-
tures have a second magnetic component of A-type develop-
ing below 25 and 17 K for x=0.04 and 0.1 Ga-doped
samples, respectively. Both temperatures are again in perfect
agreement with Tgg determined from the bulk measurements.
The arrows in Fig. 6(c) show that the relative amount of the
spin along the c direction decreases with increasing Ga con-
tent. The results of magnetic structure powder refinement
assuming cycloidal magnetic ordering m(Mn)=(0,m,,m,)
are presented in Table 1.

Coupling between Tb- and Mn-magnetic orders manifests
itself below TII:IA" where Mn-spin lattice polarizes the rare
magnetic sublattice.®?° This is reflected in appearance of G-,
C-, and F-type reflections that become especially strong be-
low Tgg. Figure 6(b) shows the temperature dependence of
selected G-type reflection for all compositions. Unlike the
A-type reflections, this one has a pronounced concave shape
as a characteristic of induced order. With increasing Ga con-
tent the intensity of induced reflections drastically decreases.
Since intensity is proportional to the squared magnetic mo-
ment, M, (Q)?, one can conclude that the effective field act-
ing on the Tb moments from the Mn-spin structure is indeed
reduced upon Ga substitution.

Below T§b=7 K, undoped TbMnO; shows very intense
magnetic satellites appearing at positions characterized by
a propagation vector 7°=0.426(2) b*(~3/7) and its odd
harmonics (Fig. 5). Quezel et al.?* proposed a sine-wave
structure with the Tb moments lying along two symmetrical
directions with respect to the b axis (57°) within the ab
plane. According to the results from our previous work,!® in
one-dimensional case the Tb-magnetic structure can be un-
derstood as being built from 77 || blocks in the ab plane
with some irregularities to adjust Ising-type Tb spins to pe-
riodic Mn ordering [Fig. 7(a)]. One can make this model
more realistic by taking into account data on rare-earth
behavior in isostructural compounds: aluminates RAIO;, co-
baltates RCoOj;, orthoferrites RFeO; and orthochromites
RCr0;.2>3031 They all show magnetic ordering in ab plane
of either A,G, (17 along a) or G,A, types (7 along b).
Similar manganites with R=Dy and Ho show the same type
of ordering with 7=1/2 b*.!>!7 To preserve Tb anisotropy,
both A,G, and G,A, couplings with the same periodicity as
in Fig. 7(a) have been used for refinement of our powder
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diffraction data. The best fit is obtained for A,G, and the
results are presented in Table 1. The corresponding magnetic
structure is visualized in Fig. 7(b) and is in agreement with
our field-dependent magnetization data. One has to stress,
however, that this solution is not unique and the real struc-
ture might be even more complex. On the other hand, it
accounts for both the observed harmonic clamping of Tb-
and Mn-propagation vectors at low temperatures'® and the
Tb anisotropy.’!

One of the most striking effects of Ga for Mn substitution
appears below Tgb where magnetic ordering of the Tb sub-
lattice is expected (Fig. 5). Even the powder ND pattern of
the 4% substituted compound looses all the features of long-
range Tb magnetic ordering: Tb superlattice reflections are
replaced by low intense and broad peaks visible predomi-
nantly at low angle positions of the strongest Tb peaks. With
increasing Ga content the absolute intensity of Tb peaks
drops and their width increases [Fig. 1(d)]. Altogether, the
observed behavior reflects the destruction of long-range Tb-
magnetic ordering and its substitution by short-range mag-
netic clusters with correlation length less than 25 A [Fig.
1(d)].

The same effect is found by XRMS at the L; absorption
edge of Tb. In particular, XRMS data on TbMn,_,Ga, O3
single crystals showed the presence of induced Tb magnetic
ordering with the Mn propagation vector 7"=0.262b* at 2
<T<28 K for x=4%. The observed magnetic reflections
are about 30 times weaker that those of pure TbMnO; and
exist down to the lowest temperatures where no additional
reflections corresponding to Tb long-range magnetic order-
ing (i.e., with 7'°) have been observed. For x=10%, XRMS
found no Tb-magnetic reflections in the full temperature
range below Tgg. Single-crystal ND, however, reveals some
anomalies in temperature dependence of the Mn propagation
vector and integrated intensity and width of ICM reflections.
At 17 K on heating, 7 suddenly decreases [Fig. 6(a)] and,
simultaneously, the width of the all the Mn ICM reflections
gets smaller indicating a sudden change in the Mn-Mn vs
Mn-Tb magnetic correlation.

IV. DISCUSSION

Based on the results from magnetic and dielectric, neutron
and x-ray diffraction measurements, a magnetic phase dia-
gram of TbMn,_.Ga,O; compounds with x=0,0.04,0.1 has
been created (Fig. 8). For small Ga doping there is no dra-
matic change in the magnetic order of the system.3> From the
dielectric measurements along the ¢ axis we see that Ga dop-
ing also does not change the ferroelectric state. However,
substitution provides a platform for studying the interplay
between the Mn- and Tb-magnetic states.

According to the phase diagram in Fig. 8, all the magnetic
phases persist for x=4% and 10% compounds. The main
differences are found in the magnetic state of Tb and critical
temperatures and fields of the corresponding phase transi-
tions. Let us start with Tb-magnetic ordering and corre-
sponding effects of Ga for Mn substitution. Our results un-
ambiguously show that Jy;, 1y, 1s important ingredient for Tb-
magnetic order both below and above Ty". The induced Tb-
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FIG. 8. (Color online) Magnetic phase diagram of
TbMn;_,Ga, O3 compounds x=0,0.04,0.1 and magnetic fields ap-
plied along the (a) Hlla, (b) Hllb, (c) and Hllc axes. Black solid
squares, red open circles and blue solid triangles represent the data
obtained by measurements of magnetization and dielectric constant
for x=0%, 4%, and 10% samples, respectively. P-M/PFe defines
paramagnetic and paraelectric phase, while LW-AFM/PFe corre-
sponds to the phase where the Mn has an antiferromagnetic long-
wave ordering and still paraelectric state. The phases Ia, Ib, and Ic
are identical and correspond to bc-cycloidal Mn ordering accompa-
nied by P along the ¢ direction. Ila is field forced ferromagnetic
ordering of Tb while IIb is an antiferromagnetic ordering of Tb with
T= % The I1la and I1Ib phases define ab-cycloidal Mn ordering with
P, along a direction (for x=0, at least). The IIc zone is paraelectric
phase with simple Mn-antiferromagnetic ordering. The dashed lines
are expected phase boundaries for the 4% Ga-containing sample,
while the dot lines for 10%. The dielectric phase boundary for x
=0 has been extracted from Ref. 5.
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magnetic ordering (77°=7™" above T’), should be strongly
affected by Ga for Mn substitution reducing Jy,1p. This
finds a direct confirmation in our data as both T and the
intensity of the induced Tb-magnetic peaks (i.e., averaged
induced moment) are significantly reduced upon Ga substi-
tution.

Below T<<TL, when J, 1y competes with Jyg,p, the sys-
tem minimizes its energy through the matching of Tb and
Mn wave vectors, 371°—7M1=1.18 The resulting Tb-magnetic
structure is presented in Fig. 7. Clearly, this magnetic regime
is supposed to be also strongly affected by the Ga for Mn
substitution. Our data strongly support this picture showing
that the substitution of magnetic by nonmagnetic ions in one
of the sublattices can change the magnetic ordering in the
other sublattice. Here, Tb-magnetic ordering becomes of
short range in a very narrow 0 <x=0.04 range of Ga for Mn
substitution. First of all, such low critical concentration ex-
plains scatter in the published data on Tb ordering®?*33 since
small nonstoichiometry in the samples would lead to a sig-
nificant effect on it. Second, disappearance of Tb long-range
magnetic ordering proves that Mn exchange fields are in-
volved in Tb magnetic ordering in TbMnOj5 even below TE’.

Ideally, one can expect by reducing Jy,.1p, to get an inde-
pendent Tb-magnetic ordering determined only by Jyy,.1p.
Since TbGaO; does not exist, one can again look at isostruc-
tural perovskites showing A,G, (G,A,) ordering in ab
plane.?>3! Mn-containing DyMnO; and HoMnOj show the
same type of magnetic ordering but with doubling of unit
cell along b direction.'>'7 Expanding the same consider-
ations on TMnOj3, one can expect that strong Jy;,., prevents
Tb of having regular 7'°=1/2b* structure presumably of
A,G, type (in one-dimensional case it would simply corre-
spond to 171 | ]), see Fig. 7.

This, however, does not happen since no long-range Tb
order has been observed at low temperatures. We believe the
reason for that is Ga for Mn substitution does not correspond
to homogeneous reduction in Mn-Tb exchange but rather to
pronounced effects located at the sites which are occupied by
Ga. Indeed, Tb ions in the near neighborhood from Ga will
be found under action of smaller exchange fields from Mn-
magnetic sublattice as compared to those located further
away. Consequently, the former will loose their coupling to
the Mn as clearly reflected in the significantly reduced aver-
age induced moment of Tb below Tgg. The latter, however,
will keep the Mn periodicity above T;b with resultant
“371°_ Mn=1” state below T [Fig. 7(b)]. Having in mind
that the nearest neighbors lie in adjacent to the Ga layers
normal to ¢ axis, Tb-magnetic moments obviously can loose
their alignment along c in the vicinity of Ga site. As a result
one can still expect a kind of A,G, (17 |]) preserved at a
local scale while the overall periodicity is broken.

This model finds a strong support in the susceptibility and
low field data on doped TbMn,_,Ga O3 with Hlla and HIlb
(Figs. 2 and 8). Indeed, these data show that there are no
principal differences to the undoped compound. While the
suppression of anomalies at Tﬁb in x. indicates that the Tb
order is frozen in this direction, susceptibility measured
along a and b directions for all samples looks rather similar
(Fig. 2). Similarly, the low field phase boundaries [Ia/ITa and
Ib/ITb in Figs. 8(a) and 8(b)] for Hlla and HIlb, respectively,
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stay almost unaffected (except of Hllb for x=10% sample
where the transition becomes very smooth). Having in mind,
that this transition in TbMnOj; corresponds to magnetic field
forced noncollinear F,C, or C,F, arrangement for Hlla and
HIl b, correspondingly, one finds it consistent with Tb order-
ing of A,G, (11]]) preserved at local scale in Ga com-
pounds. The high field boundaries for Hlla and HI b, both
getting increased upon Ga substitution, are more difficult to
interpret. Intuitively, one would expect the reduction in both
critical fields. However, to answer this question one has to
know the magnetic and electric states of these compounds
above these critical fields. This issue stays outside the topic
of present publication.

Finally, we summarize the effects of Ga for Mn substitu-
tion on Mn sublattice. Since it is the Mn sublattice that has
been diluted, one can straightforward interpret the changes
directly involving Mn magnetism. At first, one marks out
here the reduction in TII:IA" and total magnetization reflecting
the reduced Jy,.mn- Neutron diffraction confirms that the
magnetic structures observed below these temperatures are
similar while dielectric measurements show the anomalies
pointing to ferroelectric character of transitions at Tgg for all
samples. Among magnetic isotherms one can have a look at
the Hllc data, as Tb contribution in there is minimal. The
critical field H, along ¢ axis in TbMnO; corresponds to the
phase transition from ICM Mn cycloid to a simple commen-
surate antiferromagnetic ordering. Substituting nonmagnetic
Ga for Mn should result in the reduction in H, as has been
observed in the experiment (see Fig. 4). Generally, one can
conclude that all the changes in the magnetic properties of
Mn sublattice are mainly of quantitative character and in
agreement with effective reduction in Jy, pp-
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V. CONCLUSIONS

Ga for Mn substitution in multiferroic TbMnO; has been
performed in order to investigate experimentally the influ-
ence of Mn-magnetic ordering on the Tb-magnetic sublattice.
Single and polycrystalline TbMn;_,Ga,O5 (x=0,0.04,0.1)
compounds have been synthesized and characterized by
powder and single-crystal neutron diffraction, x-ray resonant
magnetic scattering, single-crystal magnetization and dielec-
tric measurements. The results show that light Ga for Mn
substitution does not change qualitatively the magnetoelec-
tric properties of the Mn sublattice while it significantly af-
fects the Tb-magnetic ordering. The latter looses its long-
range character in a small range of Ga concentration while
preserves the magnetic structure locally. Thus, our work
proves that there is a strong influence of Mn magnetism on
Tb-magnetic ordering kept down to the lowest temperatures.
The whole ordering scheme of Tb in multiferroic TbMnO;
results from competing Jyy,.mp, and Jy,., €xchange interac-
tions verifying our theoretical model reported in Ref. 18
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