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Using neutron scattering and the pair-density-function analysis, we investigated, the local atomic structure of
the ferrimagnetic dielectric Tb3Fe5O12 garnet. Pronounced magnetic diffuse scattering is observed at high
temperatures that gradually decreases with cooling as the Tb spins take on an ordered structure at about 50 K.
In the temperature range where the dielectric ��� constant is enhanced, a volume striction is observed from the
diffraction measurements under a magnetic field that couples the magnetic response to the dielectric properties.
At the same time, large oxygen displacements, on the order of 0.1–0.2 Å, are observed starting first at 90 K
that persist up to 550 K, resulting in the formation of electric dipoles. However, they are not ordered and the
lack of a unique polar axis in the hyperkagome structure may be linked to the absence of a polarized phase in
this system. If it were present, the system could have a high ferroelectric transition temperature.
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I. INTRODUCTION

The resurgence of interest in recent years in materials that
exhibit magnetoelectric �ME� coupling has been driven by
the discovery of gigantic ME responses in oxides.1–4 Al-
though materials in which coexisting, and most likely com-
peting, ferromagnetic or antiferromagnetic and ferroelectric
or ferroelastic order parameters have been studied for de-
cades, in some of the earlier systems investigated,5,6 the
ferroelectric transition appeared at a much higher tempera-
ture than the magnetic transition, thus the coupling between
the two-order parameters was weak. However, in the newer
multiferroic compounds, electric polarization coincides with
a magnetic transition to a spiral phase7,8 to produce a stron-
ger effect. Magnetoelectricity may arise either by direct cou-
pling between the magnetic and electric order parameters or
indirectly through elastic strain.9 Most real multiferroic ma-
terials have either small permittivity or permeability and
their linear magnetoelectric coupling is also small. Indirect
coupling through strain in the form of magnetostriction is
equally important and may become dominant in some cases
as it generates new interaction terms between the magnetic
and electrical fields.10

The key to understanding the microscopic nature of the
magnetoelectric behavior is in the crystal structure and mag-
netic symmetries. Small changes in the symmetry of the
crystal may enhance or eliminate the ME effect.11,12 In this
paper, we focus on one system, the ferrimagnetic garnet
Tb3Fe5O12 that shows evidence of coupling via the field-
induced changes in the dielectric constant, �,13 but with no
spontaneous polarization. The changes in � are observed in a
temperature range where several other transitions are ex-
pected to take place: earlier studies suggested that the Tb
spins form a modulated magnetic structure in the already
ordered magnetic state of the Fe sublattice with cooling,
while the crystal symmetry changes from cubic to
rhombohedral.14–19 Thus, on revisiting this system, we want
to examine in detail the nature of the structural distortions
associated with the dielectric phase as well as the dynamics
accompanying the magnetic transition of the Tb sublattice.

When a rare-earth magnetic ion occupies the C site of a
garnet crystal with the C3A2D3O12 chemical formula, while
the A and D sites are occupied by nonmagnetic ions, long-
range antiferromagnetic ordering may occur as in Tb3Ga5O12
�Ref. 20� and Dy3Al5O12,

21 typically at temperatures much
lower than the Curie-Weiss, �C, temperature, due to the pres-
ence of underlying competing interactions. Certain notable
exceptions include Gd3Ga5O12 �Ref. 22� where the triangular
arrangement of the Gd spins at the C site frustrates the sys-
tem magnetically and nearest neighbor interactions alone are
not sufficient to induce a magnetic transition at any tempera-
ture. If the A and D sites are occupied by magnetic ions such
as a transition metal, frustration is suppressed and a long-
range magnetic transition is observed as in Tb3Fe5O12 or
Y3Fe5O12. In this case, a ferrimagnetic transition occurs at
relatively high temperatures, �550 K, and is attributed to
the antiferromagnetic ordering of Fe at the A sublattice with
a multiplicity of 16 and the D sublattice with a multiplicity
of 24 �JAD between A and D is large and negative where J is
the coupling constant�. The Tb spins at the C site with a
multiplicity of 24 are thought to align antiparallel to the net
magnetic Fe moment �JCD and JCA between C and A /D are
also large and negative�. The Tb moments align along the
�111� direction which is the anisotropy axis in this crystal.
All other interactions such as JAA, JDD, and JCC are estimated
to be much weaker.19 At �250 K, a compensation point is
reached between the Tb and Fe spins where the bulk magne-
tization goes to zero as the Tb and Fe moments cancel each
other out as seen in Fig. 1 �Ref. 23� which is a plot of the
bulk susceptibility, �, versus temperature. While the Fe mo-
ments are collinear to the �111� direction, the Tb spins form
a modulated structure with cooling which is a conical spiral
with an axis centered along �111�. The Tb spin canting ap-
pears to slow down by �50 K �Ref. 18� at which tempera-
ture the Tb spins arrange themselves in a new magnetic
structure which takes on a rhombohedral symmetry. Simul-
taneously, the crystal symmetry transforms as well from cu-
bic to rhombohedral. Around 150 K, � is enhanced with
cooling in the presence of a magnetic field, less than 0.2 T.13

The field required to induce the change is significantly
smaller than what it takes for the other multiferroics, i.e.,
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TbMnO3, and could in principle be very useful in device
applications combined with the fact that Tb3Fe5O12 is insu-
lating. The magnetodielectric response has been associated
with the large magnetostriction correlated with the rhombo-
hedral transition.

To address the origin of the magnetodielectric response in
Tb3Fe5O12, the relation of � to the structural and magnetic
transitions needs to be explored. To do so, we will address
three issues in this paper. �1� As earlier studies suggested, the
magnetic structure involving the Tb spins that forms upon
cooling is conical. Is this sufficient to make the system po-
lar? The conical magnetic structure is noncollinear in which
a ferromagnetic component coexists with a screw or with a
cycloidal spiral structure.24 While inversion symmetry is bro-
ken it may not be sufficient to make the system polar without
a magnetic field as in cycloidal spiral magnet of TbMnO3.25

Thus from this point of view, the dielectric response may not
be related to the magnetic transition. �2� At the temperature
where the dielectric response is observed, a lattice distortion
occurs as well. Does the new lattice structure break spatial

inversion symmetry? The R3̄c symmetry reached with cool-
ing is centrosymmetric,26 just like the high-temperature cu-

bic, Ia3̄d symmetry, however. �3� Is the change in the lattice
volume, magnetovolume striction, the driving force for the
dielectric effect?

The present work gives the following results. With the use
of high-resolution neutron diffraction, the pair-density-
function �PDF� analysis and inelastic scattering, we deter-
mined that the lattice volume changes with field and this may
be linked to the magnetodielectric response. The volume
striction is most pronounced at low temperatures and coin-
cides with the largest response in �. Pronounced magnetic
diffuse scattering is observed starting from high temperatures
that gradually decreases with cooling. Spin freezing is ob-
served at an energy transfer of E=0 meV at 50 K which
coincides with the temperature at which the Tb structure

forms. At higher energy transfers, spins appear to fluctuate at
higher temperatures. At the same time, large oxygen dis-
placements ��0.1–0.2 Å� coupled with the Tb and Fe ions
have the opposite trend with temperature, namely they ap-
pear starting �90 K and higher indicating that electric di-
poles are indeed present. It is interesting to note that the
distortions do not occur in the temperature range where �
changes. The displacements are not ordered and lack a
unique polar axis in the hyperkagome structure that is linked
to the absence of a polarized phase in this system. Thus, the
magnetic transition does not coincide with the dielectric tran-
sition and most likely has little or no influence on the dielec-
tric response. At the same time, the change in the dielectric
function is most likely enhanced by the volume striction ob-
served with lowering the temperature and increasing mag-
netic field. In addition, the absence of a polar axis may ex-
plain why this system is not ferroelectric at high
temperatures in spite of the fact that local oxygen displace-
ments are present.

II. EXPERIMENTAL

The powder sample of Tb3Fe5O12 was prepared by stan-
dard solid-state reaction. The characterization of the bulk
magnetization, �, shows a difference in the zero-field-cooled
�ZFC� and field-cooled �FC� dependences of the susceptibil-
ity as seen in Fig. 1. The higher transition temperature, TN, is
not shown in this figure. With cooling, the FC curve continu-
ous to rise until it saturates while the ZFC curve turns down-
wards toward zero at around 140 K indicating a spin-glass
transition, TSG. Shown in the inset of Fig. 1 is the effects of
Ga substitution at the Fe site, Tb3Fe5−xGaxO12, on TN, and
TSG. At x=0, no Ga, TN is maximum, at �550 K. At the
same time, TSG is also highest at �140 K. TN is suppressed
by doping with Ga because Ga preferentially occupies the A
sites and when the A site is mostly Ga as when x�3, no
transition is observed. The Néel transition temperature varies
almost identically with composition as in other garnets such
as Y3Fe5O12 �Refs. 27 and 28� indicating that the ordering of
spins at the A and D sites is independent of the kind of
rare-earth ion residing at the C site. At the same time, by
suppressing TN with increasing Ga doping, the cusp observed
in the ZFC curve of Fig. 1 shifts to lower temperatures and
eventually disappears which suggests that the Tb and Fe spin
exchange interactions are important in driving the formation
of a Tb modulated structure.

The neutron diffraction measurements were performed as
a function of temperature at NPDF of Los Alamos National
Laboratory without field and at GPPD of Argonne National
Laboratory with field, using an electromagnet attached to the
closed-cycle refrigeration system where a maximum field of
1 tesla �T� could be reached. The inelastic measurements
were performed at SPINS, the cold triple-axes spectrometer
at the NIST Center for Neutron Research. The diffraction
data were analyzed using the Rietveld refinement performed
in reciprocal space and the PDF analysis in real space. The
Rietveld refinement provides a description of the average or
long-range atomic arrangement, with reliable information of
the unit-cell parameters and average atomic coordinates,

FIG. 1. �Color online� The FC and ZFC bulk magnetic suscep-
tibilities, �, at 200 Oe. The ferrimagnetic transition, TN, is at
�550 K. A compensation point is reached at 250 K. On cooling,
the ZFC and FC curves start to split, �140 K. �Inset� The tempera-
ture dependence of TN and TSG. When Ga is substituted for Fe, TN

is suppressed down to zero and so is the split between FC and ZFC.
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while the PDF provides us with information on local distor-
tions that do not follow the lattice periodicity.

III. RESULTS AND CONCLUSION

Shown in Fig. 2 is the structure function, S�Q�, where Q
is the momentum transfer, determined from the diffraction
data collected at the NPDF instrument. The S�Q� is evaluated
at several temperature points as data were collected from 550
down to 15 K. Starting from the highest temperature, diffuse
scattering is evident in the S�Q� as the function rises at low
Q in spite of subtracting the instrumental background from
the data. The origin of the diffuse scattering is magnetic,
centered around low Q. It arises from the randomness of the
Tb moments and its dependence on Q follows the Tb form
factor. The presence of magnetic diffuse scattering is consis-
tent with earlier reports that proposed that not all Tb mo-
ments align with the Fe moments along the �111� direction at
high temperatures. With cooling, the diffuse scattering
changes very slowly until about 90 K. Between 90 and 50 K,
the diffraction pattern shows a marked drop in the back-
ground. This coincides with the Tb spin alignment. By 15 K,
the diffuse scattering is reduced to a minimum and the mag-
netic structure is fully formed with the magnetic peaks be-
coming Bragg-type although significantly smaller than the
nuclear Bragg peaks. A plot of the magnetic peak intensity at
Q=1.6 Å−1 as a function of temperature is shown in Fig.
3�a�. The intensity increases dramatically below 50 K which
corresponds to the magnetic transition of the Tb moments.

The origin of the diffuse scattering is explored further by
investigating how the low-Q magnetic intensity fluctuates
with energy at one Q value of Q=1.1 Å−1. Data were col-
lected at five different temperatures with a fixed Ef
=2.5 meV at SPINS using a conventional analyzer and Be
and BeO filters used in the incident and scattered beams,
respectively, to eliminate � /2 contamination and are plotted
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FIG. 2. �Color online� The temperature dependence of the struc-
ture function, S�Q�, as a function of momentum transfer, Q. Diffuse
scattering that appears as background �different from instrumental
background� is observed starting at 550 K, with little or no change
with cooling down to 90 K. Below this temperature, the background
is reduced by 50 K, magnetic Bragg peaks appear. By 15 K, the
magnetic Bragg peaks become stronger where little or no diffuse
scattering is present.
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FIG. 3. �Color online� �a� A plot of the intensity at 1.6 Å−1

Bragg peak as a function of temperature. The intensity increases at
the magnetic transition of 50 K. �b� The inelastic intensity as a
function of temperature at Q=1.1 Å−1. The scattering intensity is
centered around E=0 meV and increases with cooling. By �50 K,
it reaches a maximum and then decreases with further cooling. �c�
The intensity measured at three constant energy transfers. At E
=0 meV, a maximum is reached at 50 K, which corresponds to the
intensity reaching a maximum of Fig. 3�a�. At higher energy trans-
fers, the maximum shifts to higher temperatures and becomes
broad. Thus 50 K corresponds to the characteristic temperature of
spin freezing. This temperature coincides with the magnetic transi-
tion temperature. At the same time, spins weakly fluctuate at higher
temperatures.
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as a function of energy. From this measurement it is clear
that the origin of the diffuse scattering observed in the S�Q�
of Fig. 1 is quasielastic, centered around the elastic peak of
E=0 meV �Fig. 3�b��. With cooling, the intensity of the cen-
tral peak is enhanced and reaches a maximum by 50 K but
then comes down by 12 K, indicating that the inelastic inten-
sity reaches a maximum at 50 K that is he magnetic transi-
tion temperature determined in Fig. 3�a�. The magnetic fluc-
tuations giving rise to the quasielastic intensity diminish with
the transition. In Fig. 3�c�, three constant energy scans are
shown as a function of temperature. At E=0 meV, the elas-
tic order parameter shows a characteristic temperature of
�45 K. This temperature corresponds to the spin-freezing
temperature and coincides with the appearance of the Bragg
peaks in the structure factor and the reduction in the diffuse
scattering. At E=0.1 meV, the characteristic temperature
shifts to higher values ��85 K� and the intensity weakens
significantly. At an even higher energy transfer, E
=0.2 meV, the intensity is very weak and the characteristic
temperature of the fluctuations becomes very broad. Thus
spin fluctuations are prevalent at temperatures between 50
and 200 K, the maximum temperature reached during this
experiment. The characteristic energy of these fluctuations
varies with temperature, with higher energy fluctuations
present at higher temperatures that gradually disappear with
the spin freezing.

The diffraction data were also collected as a function of
field using the 1 T electromagnet. The results from the Ri-
etveld refinement are summarized in Table I. Shown in the

table are the crystal structure parameters for the cubic, Ia3̄d
phase obtained at room temperature and for the rhombohe-

dral phase, R3̄c, at 90 K at zero field. Since the dielectric
constant was previously shown to change at very small
fields, less than 0.2 T,13 the 1 T electromagnet was sufficient
to investigate the structural changes within the field range in

question. The R3̄c phase was also used to refine the data with
field. From the refinement, the unit-cell volume is extracted
and its change with field and temperature is summarized in

Table II. We find that volume striction is enhanced with field
particularly below 90 K. These changes are consistent with
the field-induced enhancement of � and may be the driving
force for the field dependence on �. Thus the ME coupling in
this system is mediated via the elastic strain induced by stric-
tion. At a microscopic level, an important ingredient to mag-
netostriction is spin-orbit coupling as well as coupling of the
orbital to the lattice degree of freedom. The 4f electrons of
Tb posses both spin and orbital angular momenta and due to
crystal electric fields, the electronic charge distribution may
become very anisotropic.18 When the magnetic field is turned
on, the ionic cloud follows and distorts the lattice. Such in-
ternal magnetoelastic strain develops under orbital angular
momentum rotations. From the results presented thus far, it is
evident that the transition of the Tb magnetic structure is not
directly related to the changes in �. � starts to change with
temperature below 150 K, while the Tb magnetic transition
occurs at around 50 K.

The Tb3Fe5O12 garnet does not become polar like the
other multiferroic systems for reasons that can be understood
by looking at the local atomic structure. The local structure
analysis was performed by Fourier transforming the S�Q� of
Fig. 2 and the results show evidence for large oxygen distor-
tions, particularly with increasing the temperature. This is
quite surprising considering that no polarization has been
measured in this system. Starting from the lowest tempera-
ture, 15 K, the PDF obtained by Fourier transforming the
S�Q� in real space is compared to a model PDF �solid line�
calculated based on the crystallographic symmetry �Fig.
4�a��. Overall, the two are in very good agreement. From the
model the partial PDF’s can be readily determined and these
are also plotted in the figure as well. The partials for the
different pairs help identify the peaks in real space. For in-
stance, the first two peaks correspond to one tetrahedral and
two octahedral Fe-O correlations: the tetrahedral bonds range
from 1.83–1.97 Å, and the octahedral bonds inside the cell
range from 1.97–2.06 Å and at the corners of the unit cell at
2.09 Å. The second peak corresponds to Tb-O correlations.
Following are O-O correlations, Tb-Fe, Fe-Fe, and Tb-Tb
pairs. Shown in Fig. 3�b� is the temperature dependence of
the PDF in an expanded region that includes only the Fe-O

TABLE I. The results of the Rietveld refinement using the high-

temperature Ia3̄d symmetry and the low-temperature R3̄c symme-

try. In the Ia3̄d symmetry from 550 to 130 K, Tb is at �1/8, 0, 1/4�,
Fe at �0, 0, 0� and �3/8, 0, 1/4�, and O at �x ,y ,z�. In the R3̄c
symmetry from 130 down to 10 K, Tb is at ��0.626, 0, 1/4� and
��0.126, 0, 1/4�, Fe at �0, 0, 0�, �1/2, 0, 0�, and ��0.209,
�0.169, �0.413�. The oxygen coordinates along with the lattice
constants are listed below.

Symmetry Parameters

Ia3̄d a=12.4338 ��0.0003� �Å�
xO=−0.0276, yO=0.0557, zO=0.1501

R3̄c a=17.5645 ��0.0005� �Å�, c=10.7555

xO=0.3357, yO=0.5789, zO=0.7876

xO=0.7626, yO=0.8214, zO=0.4165

xO=0.7581, yO=0.7154, zO=0.6215

xO=0.1462, yO=0.8857, zO=0.1733

TABLE II. The change in the unit-cell volume as a function of
field at constant temperature scans. The volume decreases with in-
creasing field due to magnetostriction.

Temperature
�K�

Magnetic Field
�Oe�

Volume
�Å3�

15 0 1910.9990

2000 1907.5130

7000 1906.5880

90 0 1913.0710

2000 1910.4830

7000 1910.3380

130 0 1914.1950

2000 1911.9490

7000 1911.8820
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and Tb-O bond correlations. Interestingly, starting from the
lowest temperature, only one local Tb-O bond and two Fe-O
bonds are present although the widths of these peaks are
quite broad and include a range of bonds. As the temperature
increases, two distinct types of Tb-O and three Fe-O bonds
are observed starting from about 100 K. This finding shows
that although the structure is cubic on average from 150–550
K, locally the symmetry is broken, allowing for more than
one Tb-O bond. Similarly, the Fe-O peak corresponding to
the octahedral bonds splits as well and follows the tempera-
ture dependence of the Tb-O bonds. This can be seen in Fig.
5 which is a plot of the bond lengths as a function of tem-
perature. The Fe-O octahedra expand by about 0.2 Å while
the Tb-O triangular sites expand by 0.1 Å. These displace-
ments are sizeable in comparison to what has been observed
in other multiferroics29 and one could expect the system to
show a degree of polarization.

IV. DISCUSSION

The key to understanding the absence of polarization lies
in the nature of the distortions and how they are organized in
the long-range structure. For this, the central atom is oxygen.
The oxygen ion is a bridge ion between the Tb triangular and
Fe octahedral sites, and the movement of oxygen indicates

the presence of possible electric dipoles with increasing tem-
perature. The fact that two Tb-O and three Fe-O distinct
groups of bonds are found in the local structure particularly
at elevated temperatures is in contrast to the cubic symmetry
that fits the diffraction data well at elevated temperatures.
This means that locally, the cubic symmetry is broken but the
distortions are randomized. One likely scenario that can ex-
plain these results is to consider the complexity of the hyper-
kagome garnet structure and the possibility that no unique
polar axis can easily form with the displacements of oxygen.
Oxygen distortions occur in the three-dimensional network
in a random fashion and do not allow for electric polarization
of this system. In this case it is the coordinated motion of the
oxygen ions that is crucial to producing a unique polar axis
in this system. To conclude, the structural and magnetic tran-
sitions observed in this system do not appear to be directly
related to the magnetodielectric response. Instead, the field-
induced enhancement of � is strongly linked with the mag-
netovolume striction that may in turn be associated with the
Tb orbital angular momentum rotations.
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FIG. 4. �Color online� �a� A comparison of the PDF determined
from data collected at 15 K �symbols� with a model PDF �solid line�
calculated assuming the crystal model at 300 K. Also shown are the
partial PDF’s corresponding to the different pairs of atoms. �b� The
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FIG. 5. �Color online� The temperature dependence of the Tb-O
and Fe-O bond lengths. According to the cubic symmetry, only two
Fe-O bonds and one Tb-O bond should be present, but locally, there
are three Fe-O and two Tb-O bonds starting at �90 all the way to
550 K.
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