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Tuning of dielectric properties and magnetism of SrTiO; by site-specific doping of Mn
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Combining experiments with first-principles calculations, we show that site-specific doping of Mn into SrTiO3
has a decisive influence on the dielectric properties of these doped systems. We find that phonon contributions
to the dielectric constant invariably decrease sharply on doping at any site. However, a sizable, random dipolar
contribution only for Mn at the Sr site arises from a strong off-centric displacement of Mn in spite of Mn being in a
non-d° state; this leads to a large dielectric constant at higher temperatures and gives rise to a relaxor ferroelectric
behavior at lower temperatures. We also investigate magnetic properties in detail and critically reevaluate the

possibility of a true multiglass state in such systems.
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I. INTRODUCTION

SrTiO; is an easily functionalizable material and has been
the playground for investigations of a variety of phenomena.'
By itself, it is a wide band-gap, diamagnetic and quantum
paraelectric insulator that is used widely as a substrate material
for growth of thin films and for fabrication of prototypical
devices. In the presence of oxygen vacancies it can exhibit
superconductivity? and metallic nature,® as well as switchable
resistive states* depending on the extent of doping. Growing a
thin layer of another wide band-gap insulator, such as LaAlOs3,
on top of SrTiO3 leads to the realization of a high-mobility
two-dimensional electron gas at the interface.’ SrTiO; can be
doped with a variety of elements at the A site (Sr site) and
heterovalent dopants, such as La’t substituting Sr*t, make
the system an n-type metal.

In this paper, we focus on substitution at both A and B
sites with a transition metal ion, namely Mn. Mn not only
can support a local magnetic moment, but can also exist in
a wide variety of oxidation states, thereby giving rise to a
possibility of doping charge carriers. With reference to yet
another interesting physical property of SrTiOs3, namely its
high dielectric constant and low loss (g, = 248 and D =0.002
at 1 MHz and 300 K), doping at the B site may a priori
be anticipated to have drastic effects, since the dielectric
properties are intimately connected with the 3d° state of Ti**
at the B site. Interestingly, however, past experimental results
indicate a more drastic effect on dielectric properties arising
from A-site substitution rather than the B-site substitution.
For example, Mn substitution at the Ti site of SrTiOj
(TiMn ceramics) remains paraelectric6’7 as SrTiO3,® while
Mn substitution at the Sr site (SrMn ceramics) gives rise
to qualitatively different, relaxor ferroelectric properties at
temperatures (7) below 150 K.69

It is well known that random substitutions as well as other
kinds of disorder may have profound effects on the electronic
and magnetic properties of transition metal oxides.!*!! How-
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ever, associated with the issue of such doping of transition
metal ions with local magnetic moments is the question
whether SrTiO3 can also be rendered magnetic. This would
open up the exciting prospect of a multiferroic state, consider-
ing the proximity of SrTiO; to a ferroelectric instability. There
have indeed been recent reports'>!3 suggesting the coexistence
of a glassy magnetic state and a glassy dielectric behavior in
certain Mn-doped SrTiO; systems, defining a class of systems,
termed “multiglass” in analogy to multiferroics.

In the present work, we dope Mn independently at Sr and
Ti sites, thereby producing not only the known SrMn and
TiMn compounds, but also a system (StMnTiMn) with Mn
simultaneously substituting at both Sr and Ti sites, helping us
to critically probe the origins of such a diverse panorama of
properties. While there have been limited efforts to understand
the origin of such unusual dielectric behaviors with the help
of ab initio studies,'*!3 these studies were necessarily limited
in their scopes due to the enormous complexity of the system
involving dilute substitution and phonon calculations. We use
state of the art ab initio results to understand the observed
properties in detail. In addition, we critically evaluate the
recent claim of a multiglass state in such systems,'>!3 pointing
to the possibility of this being an extrinsic phenomenon.

II. METHODS

Mn-doped SrTiO3; samples were synthesized with Mn ions
controllably substituting only the Sr site, Srgg9gMng o, TiO3
(SrMn), only the Ti site, StTig.9Mng ;O3 (TiMn), or both Sr and
Ti sites, Stg.97Mng 03Tip.93Mng o703 (StMnTiMn), following
the conventional mixed oxide method®!2 starting with SrCOs,
TiO,, and Mn, 03 in stoichiometric amounts. Electron para-
magnetic resonance (EPR) experiments were performed with
an ER 200D X-band Bruker Spectrometer at 9.8 GHz. Room
temperature x-ray absorption (XA) measurements at the Mn
L, 3 edge were performed using linearly polarized synchrotron
light at 11011 beamline, MAX lab, Sweden. The XA spectrum
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was recorded using the total electron yield method by
recording the sample drain current as a function of the incident
photon energy. Dielectric measurements were performed using
an Agilent 4284A LCR meter in the temperature range from
10 to 300 K. Dielectric constant values, obtained separately
with sputtered gold or silver paste as electrodes, were found
to be same, thereby ruling out any electrode polarization
contribution. dc magnetization and ac susceptibility of the
samples were recorded as a function of the temperature
and the magnetic field using a superconducting quantum
interference device magnetometer from Quantum Design.
Specific heat measurements were performed using a physical
property measurement system from Quantum Design. Room
temperature unpolarized micro-Raman spectra were collected
in the back-scattering geometry, in the range 150-2340 cm ™!,
at a resolution of ~3 cm~! using an argon-ion laser.'®

First-principles calculations were performed within density
functional theory, as implemented in the Vienna ab initio sim-
ulation package (VASP), with local spin density approximation
(LSDA), projector augmented-wave (PAW) potentials,'” and
Hubbard U corrections for the d states of Mn. We used a
2 x 2 x 2 supercell to simulate 12.5% Mn concentration.
For these calculations, we optimized the crystal structures of
doped, as well as undoped, samples with respect to variations
in the lattice vectors, as well as the coordinates of all atoms
within the 2 x 2 x 2 supercell by minimizing the Hellman-
Feynman forces. However, this structural optimization does
not capture the antiferrodistortive motions of the oxygen
octahedra.'® In each case, we estimated the dielectric constant
with contributions from electrons and IR-active phonons'® for
the geometry optimized crystal structures. The Born effective
charges were calculated using density functional perturbation
theory? and the phonon frequencies were determined by
frozen phonon calculations using the supercell. The dielectric
constants were calculated following the method described by
Cockayne and Burton.?!

III. RESULTS AND DISCUSSIONS

Room temperature x-ray diffraction of all Mn-doped
SrTiO3 samples (StMn, TiMn, and StMnTiMn) were found
to crystallize in cubic Pm-3m space group. The unit cells were
observed to decrease for all Mn-doped samples, as evidenced
by the shift of the 26 peaks in the x-ray diffraction pattern
towards higher angles for doped samples. Also, reductions in
lattice parameters, caused by the doping of smaller Mn ions
into the SrTiOj lattice, were found to be similar to reported
values.® The reduction in lattice parameters of SrMnTiMn
compared to SrTiO; agrees with an algebraic sum of ob-
served unit cell reductions brought about by individual site
dopings.,® according to the expected stoichiometry. Electron
paramagnetic resonance (EPR) spectroscopy, well established
in elucidating local environment as well as the valency of
doped Mn ions in SrTiO3 lattice,”?223 was used to characterize
present samples. The EPR spectrum, recorded on StMn, shown
in Fig. 1, consists of a sextet of hyperfine split lines, with
Lande g factor of 2.01 and a hyperfine splitting of 88 Oe,
being characteristic of Mn?* ions doped at Sr site in SrTiO3.%?
The EPR spectrum of the sample with Mn at the Ti site also
consists of a single sextet of hyperfine split lines (Fig. 1),
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FIG. 1. (Color online) Electron paramagnetic resonance (EPR)
spectra of StMn, StMnTiMn, and TiMn. To probe the Mn state at the
Ti site, we specifically prepared a low-doping TiMn sample with the
composition SrTigg9Mng ;O3 to avoid any dipolar broadening due to
Mn-Mn interaction, as can be seen at higher concentrations of Mn,
e.g., for the StMnTiMn sample.

with Lande g factor of 1.997 and a hyperfine splitting of
75 Oe, being characteristic of Mn** ions doped at the Ti
site in SrTiO3.”?> The EPR spectrum of SrMnTiMn exhibits
an overall broad signal, well known to arise at such higher
concentrations of Mn doping due to dipolar interactions.
However, the same spectrum also clearly shows the existence
of finer features arising from hyperfine interactions. There
is an obvious one-to-one correspondence between hyperfine
features from SrMnTiMn and those from SrMn and TiMn,
as indicated by vertical lines in Fig. 1, thus establishing the
presence of two species of Mn ions in StMnTiMn; one in
the form of Mn?* ions doped at the Sr site and the other in
the form of Mn** ions at the Ti site of SrTiO;. XA
spectroscopy, known to provide very distinct spectral shapes
for different valencies of Mn ions,?* was used to further
distinguish Mn?* dopants at the Sr site from Mn** dopants
at the Ti site. The characteristic features of Mn Ly XA
spectra, in comparison with reference spectra, as shown in
Fig. 2, clearly establish the Mn>* valence state in SrMn and
the Mn** valence state in TiMn samples. Thus, XAS results
indeed confirm the EPR findings. In order to bring out clearly
the difference in EPR spectra between Mn* ions doped at
the Sr site from Mn?* ions doped at the Ti site of SrTiO3, we
have prepared a sample with Mn?* at the Ti site by careful
reduction of the sample starting from Mn** at the Ti site. The
EPR spectrum of this reduced sample has a single sextet of
lines with a hyperfine splitting of 83.5 Oe, being distinctly
different from the EPR spectra of SrMn sample, which has a
hyperfine splitting of 88 Oe, clearly bringing out the specificity
of EPR to the crystallographic site of doping.

We find that Mn doping at the Ti site retains the quantum
paraelectric state and does not have any qualitative influence on
dielectric properties in comparison to pure SrTiOs, as reported
earlier.? Quantitatively, the dielectric constant ¢/, is less, while
the loss D is distinctly higher in the case of the doped sample,
as shown in Table I. In contrast to doping at the Ti site, &, and
D of SrMn ceramic, measured as a function of the temperature
for various frequencies, show qualitatively different behaviors,
as shown in Fig. 3(a). The dielectric constant of SrMn exhibits
a strong frequency-dependent relaxation, with the temperature
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FIG. 2. Mn Ly x-ray absorption spectra of SrMn and TiMn
samples along with reference compounds, showing the presence of
(a) Mn?* ions in SrMn sample and (b) Mn** ions in TiMn sample.

T,, for the maximum dielectric constant relaxing with the
corresponding measurement frequency f;. If we apply the
same critical slowing-down analysis, usually employed to
study the second-order spin glass phase transition,”® to the
variation of T, with frequency f;, we observe that the dielectric
relaxation follows the power law f; oc fi, x (T;,/Tg—1)*", with
the glass transition temperature (7)), critical exponent (zv),
and f, being 40 K, 10.6, and 1.3 x 10° Hz, respectively.
Thus, the present SrMn ceramic behaves like a dielectric
glass, similar to previous results.'>!3 The dielectric glassy
behavior is expected to originate from the off-centric position
of small Mn?*t ion (r4 =1.25 A) at the Sr*t (ry =1.44 A)
site, as suggested by extended x-ray absorption fine structure
(EXAFS) studies,?’ thereby giving rise to multiple ground
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FIG. 3. (Color online) (a) Dielectric constants of SrMn. Inset
shows linear M—H measured at 10 K of SrMn. (b) Dielectric
constants of StMnTiMn for various fixed frequencies. Inset shows the
corresponding loss D. The arrow indicates the direction of increasing
frequency in every panel.
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TABLE I. A comparison of experimentally obtained dielectric
values of various Mn-doped SrTiO; at 300 K and 1 MHz.

SrTiO; TiMn SrMn SrMnTiMn
el 248 140 278 251
D 0.002 0.03 0.005 0.0003

states.*?’ Interestingly, Table I shows a clearly contrasting
quantitative behavior between dopings at Ti and Sr sites.
Instead of the sharp decrease in the case of TiMn, ¢, of StMn in
fact shows a modest increase, with the dielectric loss retaining
a favorable value (Table I).

Dielectric properties of the sample with Mn doped at
both the Sr and Ti sites [Fig. 3(b)] are qualitatively sim-
ilar to those of the SrMn sample [Fig. 3(a)], exhibiting
glassy dielectric properties below 100 K, as suggested by
the dielectric relaxation as a function of the frequency. The
dielectric relaxation for StMnTiMn obeys the same power law
relation as that of SrMn, with values of Ty, zv, and f, being
35 K, 7.8, and 9x 107 Hz, respectively. These values are very
similar to those for the previously discussed SrMn sample,
establishing this as a dielectric glass at low temperatures
arising from off-centric movements of Mn doped at the Sr
site. More interestingly, we find that the dielectric loss in this
compound is better by an order of magnitude (Table I), while
still retaining the high dielectric constant value of SrTiO3. This
shows that the codoping at the Ti site allows us to tune the
loss, while largely retaining the advantages of a high dielectric
constant as in the case of Mn doping at the Sr site.

Motivated by recent claims of observation of intrinsic
glassy magnetic properties in SrMn ceramic'>!® and in a
related K¢ 97Mng o3 TaO3 system,28 we have performed mag-
netic studies of various Mn-doped SrTiO3 systems. In contrast
to these earlier claims, we do not observe any indication
of a magnetic ordering of any type in M(H) [see inset to
Fig. 3(a) for StMn] and M(T) measurements (not shown here)
down to the lowest temperature of ~10 K for SrMn and
TiMn samples. Instead we observe linear dependencies of
M vs H at T=10 K and Curie-Weiss-like behavior of the
susceptibility. However, it turns out that magnetic properties
of our StMnTiMn sample [Fig. 4(a)] are remarkably similar
to behaviors of the StMn sample reported in Refs. 12 and 13,
suggesting it to be weakly magnetic, with a broad magnetic
response below 60 K and a frequency dependence of the
ac susceptibility [inset to Fig. 4(a)]. The glassy nature of
the observed magnetism was further confirmed by memory
experiments performed by recording differences of zero-field-
cooled (ZFC) magnetization measurements, both as a function
of different wait temperatures as well as different wait times.'?
Results of such memory experiments on the SrMnTiMn
compound [Fig. 4(b)] clearly show sharp dips at the respective
wait temperatures, whose depths increase with increasing wait
times, clearly demonstrating the aging and memory features
associated with glassy magnetic behavior. Specific heat data
(inset to Fig. 5) exhibit a broad component, which extends
from ~70 to 30 K, without any indication of a sharp magnetic
transition at any given temperature. The fact that such magnetic
signatures appear only for the StMnTiMn sample, but not for
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FIG. 4. (Color online) Properties of Sryg7Mng 3 Tig93Mng ¢703.
(a) The field cooled (FC) and zero-field cooled (ZFC) dc magnetiza-
tion measured with an applied dc magnetic field of 100 Oe with the
inset showing the real part of the ac susceptibility data measured for
an applied ac magnetic field of 4 Oe for a few frequencies. The arrow
indicates the direction of increasing frequency. (b) The difference in
ZFC data with intermittent waits (7,,) at 25 and 30 K for different
times as indicated in the plots.

the SrMn sample, while both exhibiting very similar glassy
dielectric behavior, suggests that glassy magnetic properties
of the StMnTiMn sample are not dependent on or associated
with the glassy dielectric properties, though these two glassy
states set in at approximately the same temperature (7 < 60 K).
The decoupling of these two properties is even more directly
evidenced by the observation of a complete absence of
magnetocapacitance at all frequencies and temperatures for
SrMnTiMn, shown in Fig. 5, with open symbols and lines
representing dielectric constant for an applied field, H =0 and
1 T, respectively. It is significant that the present SrMn sample,
while exhibiting a glassy dielectric behavior as reported before,
did not show any magnetic anomaly in sharp contrast to
earlier results'>!3 on the same compound. This suggests that
the observed weak magnetic response in StMn compound of
Refs. 12 and 13 and our StMnTiMn sample have an extrinsic
origin.

In order to probe the possibility of an impurity phase in
the sample, micro-Raman spectroscopic measurements were
performed on SrMnTiMn. In addition to the bulk Raman
spectra, shown by the dashed black line in Fig. 6, statistically
one out of 100 spots on the StMnTiMn sample showed Raman
spectra [red (lower) line in Fig. 6] with additional peaks at 324,
373, and 660 cm™!, which are characteristic lines of Mn3O,
in the hausmannite phase.?’ XRD data with an exceptionally
high signal-to-noise ratio plotted in the logarithmic scale (inset
to Fig. 6), reveals a broad impurity peak in the StMnTiMn
sample at ~26 =36°, again characteristic of the presence of
small clusters of hausmannite Mn3O,4. A Scherrer fit to the
broad impurity XRD peak yields an average size of 17 nm
for these Mn3;O4 clusters. In order to investigate this point
further; we prepared several StMnTiMn samples with the
same target composition, namely Srg ¢7Mng 3 Tig.93Mng ¢703.
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FIG. 5. (Color online) Dielectric constant of

Srp.97Mng 03 Tip93sMng 703 as a function of temperature for
various fixed frequencies in the absence (circles) and in the presence
(lines) of a magnetic field of 1 T. The inset shows the specific heat
as a function of temperature. The arrow indicates the direction of
increasing frequency.

Since the impurity formation is not a controllable process,
we expected the impurity contribution to vary randomly from
sample to sample. In every case we find the impurity level to be
very small, as shown by the tiny impurity peak observable only
in the logarithmic scale of XRD (see Fig. 7 inset). The main
frame of the figure shows the corresponding magnetic data.
The one-to-one correspondence of the observed magnetization
values of different StMnTiMn samples with the extent of
the Mn3;O,4 impurity phase, as shown in Fig. 7, confirms the
extrinsic origin of magnetization in the SrMnTiMn sample.
Since such impurity phases, present in tiny quantities, are
difficult to characterize in detail, particularly with respect to its
exact oxygen stoichiometry, we ascribe such extrinsic glassy
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FIG. 6. (Color online) The bulk Raman spectra of StMnTiMn as
shown by the black dashed line. The red solid line shows the Raman
spectra from the impurity phase overlapped on top of the bulk signal,

which consists of characteristic lines of Mn;O,, highlighted by blue
circles. The inset shows a detailed XRD scan.
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FIG. 7. (Color online) Field-cooled magnetizations (M) of vari-
ous SrMnTiMn samples measured with an applied dc magnetic field
of 100 Oe, with the corresponding x-ray diffraction patterns (shown
in the inset), focusing on the 100% peak position of hausmannite
Mn;0, (26 =36°) °, showing correspondingly varying amounts of
Mn; O, impurity phase in these samples.

magnetic behaviors to the presence of Mn,
x~3andy~4.

We now turn to the phonon spectra of these compounds
in order to understand the microscopic origin of the observed
trends in dielectric responses in doped SrTiOs; compared to
the undoped one. In Fig. 8, we present the phonon density of
states (DOS) at the I" point for all undoped and doped systems
calculated with the 2 x 2 x 2 supercell. It is clear that all
compounds, including SrTiO3;, show a few unstable modes,
appearing with imaginary frequencies in the DOS. This is due
to the fact that the structural optimizations were performed
without considering the antiferrodistortive rotational motion
of oxygen octahedra.'® Therefore the unstable modes due
to such rotations are retained in the calculations and appear

O, phases with

2 T
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Frequency (cm™)

FIG. 8. (Color online) Calculated total (left and bottom axes) and
polar (right and top axes) phonon density of states at the I point
(g =0) for various compounds as indicated. Plots are normalized to
have the same area in every case.
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as modes with imaginary frequency in the calculated DOS.
As can be seen from Fig. 8, these are nonpolar modes and
therefore do not contribute to the dielectric constants of
any of the compounds. We find that the structure undergoes
negligible local distortions when Mn is doped at the Ti site,
as expected from its non-d° state, though optimized lattice
parameters indicate an overall contraction in agreement with
the experiment, leading to a hardening of phonons (Fig. 8).
Since the host lattice also does not exhibit any off-centering
of Ti, TiMn and SrTiO; are structurally very similar, with
a clear reflection in their vibrational spectra (Fig. 8). Due
to broken symmetry, the IR-active phonons of pure SrTiO3
mix with other phonons in the case of TiMn, resulting in
slightly broadened peaks of IR-active modes. As a net result,
the phonon contribution to the dielectric response is reduced
with Mn substitution at the Ti site. The phonon contribution
to the dielectric constant for SrMn is even lower than that of
TiMn, essentially due to an overall decrease of Born effective
charges at Ti sites for StMn compared to TiMn, in addition to a
phonon hardening compared to pure SrTiO; similar to the case
of TiMn. Interestingly, Mn substitution at the Sr site leads to
a rather large off-centering of Mn due to (a) its much smaller
ionic size compared to Sr ions and (b) the fact that Mn does not
normally favor 12-fold coordination. The local dipole moment
induced by Mn off-centered from the Sr site is 3.9 D, in
contrast to 0.03 D when doped at the Ti site. It appears that this
large dipolar contribution more than overcomes the decrease
in the phonon contribution for SrMn, in contrast to the case
of TiMn, when compared with undoped SrTiO3 as suggested
by our experiments (Table I). It is interesting to note that the
emergence of the relaxor behavior through the substitution of
heteroferroactive substitution at the A site (Mn at the Sr site)
is intriguing. We trace the origin of this behavior with the help
of the vibrational spectrum. We find a rather strong mixing
between modes of SrTiO; upon Mn substitution at the Sr site,
as reflected in broad and numerous IR-active modes in SrMn.
Thus, a strong-mode coupling appears to be responsible for
the relaxor behavior of SrMn. Finally, dielectric behavior of
SrMnTiMn can be readily understood from a combination of
factors discussed here for substitutions at Ti and Sr sites.

In order to investigate the effect of the on-site Coulomb
interaction strength U on the dielectric properties of SrMn,
dielectric constants, Born effective charges, and phonon
frequencies were calculated for three different values of U
(U =2, 4, and 6 eV) (see Table II). While it is found that
the electronic contribution to the dielectric constant (£4)
decreases with an increase in the value of U due to a steady
increase in the band gap, the corresponding lattice contribution
to the dielectric constant (g;), however, increases due to

TABLE II. Electronic (e4,) and ionic (g;) contributions to the
dielectric constant of SrMn for various values of U, obtained from
our calculations.

U (eV) €0 &L

2 6.97 61.96
4 6.57 65.43
6 6.49 68.86
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FIG. 9. (Color online) Undistorted (a) and geometry optimized
distorted (b) cuboctahedron of Mn ion in Mn doped at the Sr site of
SrTiO;. Mn and O atoms are drawn as purple (large) and red (small)
balls, respectively.

enhanced Born effective charges, coupled with a softening
of the softest phonon mode. We note here that the soft phonon
mode softens by ~10 cm™! on going from U=2 eV to
U=6¢V.

In order to investigate the relaxation behavior of samples
with Mn doped at the Sr site, we studied the transition states
using the nudged elastic band method. When Mn is doped at the
Sr site, it is in a cuboctahedral coordination having 12 bonds
with 12 oxygen atoms and 14 faces, as shown in Fig. 9(a).
In the distorted cuboctahedron, obtained after relaxation of
the geometry, as shown in Fig. 9(b), the Mn ion becomes off-
centric, as also discussed earlier. The Mn ion can go off-centric
either by displacing towards the center of a bond between two
oxygen atoms of the cuboctahedron (bond off-centering) or it
can displace towards the center of the triangular face formed by
three oxygen ions (face off-centering). In our relaxed distorted
cuboctahedron, we find that Mn ions preferentially off-center
along the center of the bond joining two oxygen atoms [see
Fig. 9(b)]. We have computed the transition states for Mn in the
distorted cuboctahedron for both these possible off-centering
geometries, and find that the transition state energy for the
bond-bond transition is ~100 meV, in good agreement with
the activation energies (~90 meV), estimated for Mn ion
relaxation from our dielectric data. It is interesting to note here
that the energy barrier for reorientation of the impurity-induced
dipole (~80 meV) in Li-doped KTaOs is close®! to what is
found here for Mn-induced dipole reorientation (~90 meV ex-
perimentally and ~100 meV theoretically); this also explains
the similarity of the present dielectric properties to those of
Li-doped KTaOs. In contrast, the transition state energy for
the face-face transition is ~600 meV, i.e., approximately six
times higher than what is observed for a bond-bond transition.
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This further shows that Mn ions energetically favor the bond
off-centering, in good agreement with results obtained from
geometry optimization.

IV. SUMMARY

We have studied dielectric properties of various Mn-doped
SrTiO; systems, establishing that the dielectric constant and
the loss can be significantly tuned by controlled doping at
the Sr and Ti sites. Specifically, Mn doping at the Ti site
was found to leave the sample in the paraelectric state as in
the case of the undoped sample, while reducing the dielectric
constant drastically. In contrast, Mn doping at the Sr site (with
or without a codoping of Mn at the Ti site) was found to alter
dielectric properties by establishing a relaxor behavior at lower
temperatures, while the near-room-temperature dielectric con-
stant remains comparable to, or even slightly higher than, that
of SrTiOs. Ab initio electronic structure and phonon spectral
calculations provide a qualitative framework to understand
these changes. Phonon hardening on substitution, indicated
by the lattice contractions and confirmed by first-principles
calculations, leads to a sharp drop in the phonon contribution
to the dielectric constant. However, a remarkable off-centering
of Mn only at the Sr site, unusual for a non-d 0jon, gives rise to
alarge dipolar contribution to the dielectric constant, regaining
a high dielectric constant at high temperatures and a relaxor
ferroelectric behavior at lower temperatures. In general, our
samples did not show any magnetic ordering or anomaly,
in contrast to previous reports, except for the case of Mn
simultaneously doped at both Ti and Sr sites. In this latter
case, which exhibits a glassy magnetic state below ~50 K, we
have observed a clear decoupling of dielectric and magnetic
properties, which suggests the absence of a true “multiglass”
state in these systems. In our SrMnTiMn sample showing
both dielectric and magnetic glassiness, the glassy magnetic
properties were found to have an extrinsic origin, arising from
Mn; 0,4 impurities in tiny quantities.

ACKNOWLEDGMENTS

The authors thank the Department of Science and Tech-
nology and the Board of Research in Nuclear Sciences,
Government of India, the Swedish Foundation for International
Cooperation in Research and Higher Education (STINT), the
Swedish Research Council (VR), the Swedish Research Links
program under SIDA, and the European Research Council
(ERC) for funding. O.E. also acknowledges ERC (project
247062 - ASD) and the KAW foundation.

*Also at Jawaharlal Nehru Center for Advanced Scientific Research,
Bangalore-560054, India and CSIR-Network of Institutes for Solar
Energy; sarma@sscu.iisc.ernet.in
'J. H. Haeni, P. Irvin, W. Chang, R. Uecker, P. Reiche,
Y. L. Li, S. Choudhury, W. Tian, M. E. Hawley, B. Craigo, A. K.
Tagantsev, X. Q. Pan, S. K. Streiffer, L. Q. Chen, S. W. Kirchoefer,
J. Levy, and D. G. Schlom, Nature 430, 758 (2004); S. K. Streiffer
and A. L. Kingon, ibid. 377, 194 (1995).

2C. S. Koonce, M. L. Cohen, J. F. Schooley, W. R. Hosler, and E. R.
Pfeiffer, Phys. Rev. 163, 380 (1967).

3N. Shanthi and D. D. Sarma, Phys. Rev. B. 57, 2153 (1998); D. D.
Sarma, S. R. Barman, H. Kajueter, and G. Kotliar, Europhys. Lett.
36, 307 (1996).

4K. Szot, W. Speier, G. Bihlmayer, and R. Waser, Nat. Mater. 5, 312

(2006).
SA. Ohtomo and H. Y. Hwang, Nature 427, 423
(2004); L. M. Wang, Phys. Rev. Lett. 96, 077203
(2006).

A. Tkach, P. M. Vilarinho, and A. L. Kholkin, Acta Mater. 53, 5061
(2005).

125124-6


http://dx.doi.org/10.1038/nature02773
http://dx.doi.org/10.1038/377194a0
http://dx.doi.org/10.1103/PhysRev.163.380
http://dx.doi.org/10.1103/PhysRevB.57.2153
http://dx.doi.org/10.1209/epl/i1996-00227-1
http://dx.doi.org/10.1209/epl/i1996-00227-1
http://dx.doi.org/10.1038/nmat1614
http://dx.doi.org/10.1038/nmat1614
http://dx.doi.org/10.1038/nature02308
http://dx.doi.org/10.1038/nature02308
http://dx.doi.org/10.1103/PhysRevLett.96.077203
http://dx.doi.org/10.1103/PhysRevLett.96.077203
http://dx.doi.org/10.1016/j.actamat.2005.07.029
http://dx.doi.org/10.1016/j.actamat.2005.07.029

TUNING OF DIELECTRIC PROPERTIES AND MAGNETISM ...

7A. Tkach, P. M. Vilarinho, and A. L. Kholkin, Acta Mater. 54, 5385
(2006).
8K. A. Miiller and H. Burkard, Phys. Rev. B 19, 3593
(1979).
9A. Tkach, P. M. Vilarinho, A. L. Kholkin, A. Pashkin, S. Veljko,
and J. Petzelt, Phys. Rev. B 73, 104113 (2006).

oD, D. Sarma, A. Chainani, S. R. Krishnakumar, E. Vescovo,
C. Carbone, W. Eberhardt, O. Rader, C. Jung, C. Hellwig, W. Gudat,
H. Srikanth, and A. K. Raychaudhuri, Phys. Rev. Lett. 80, 4004
(1998).

1S, Ray, A. Kumar, D. D. Sarma, R. Cimino, S. Turchini, S. Zennaro,
and N. Zema, Phys. Rev. Lett. 87, 097204 (2001).

12V, V. Shvartsman, S. Bedanta, P. Borisov, W. Kleemann,
A. Tkach, and P. M. Vilarinho, Phys. Rev. Lett. 101, 165704
(2008).

BW. Kleemann, V. V. Shvartsman, S. Bedanta, P. Borisov,
A. Tkach, and P. M. Vilarinho, J. Phys. Condens. Matter 20, 434216
(2008).

141, V. Kondakova, R. O. Kuzian, L. Raymond, R. Hayn, and V. V.
Laguta, Phys. Rev. B 79, 134117 (2009).

150. E. Kvyatkovskit, Phys. Solid State 51, 982 (2009).

14, Bih, L. Bih, B. Manoun, M. Azrour, S. Benmokhtar, and
P. Lazor, J. Mol. Structure 965, 7 (2010).

7G. Kresse and D. Joubert, Phys. Rev. B 59, 1758 (1999);
G. Kresse and J. Furthmuller, Comput. Mater. Sci. 6, 1, 15
(1996); G. Kresse and J. Hafner, Phys. Rev. B 47, 558
(1993).

18N. Sai and D. Vanderbilt, Phys. Rev. B 62, 13942 (2000).

PHYSICAL REVIEW B 84, 125124 (2011)

19U. V. Waghmare and K. M. Rabe, in Material Fundamentals of Gate
Dielectrics, edited by A. A. Demkov and A. Navrotsky (Springer,
Dordrecht, 2005), pp. 215-247.

208, Baroni, S. de Gironcoli, A. D. Corso, and P. Giannozzi, Rev.
Mod. Phys. 73, 515 (2001).

2IE. Cockayne and B. P. Burton, Phys. Rev. B 62, 3735 (2000).

22K. A. Miiller, Phys. Rev. Lett. 2, 341 (1959).

V. V. Laguta, I. V. Kondakova, 1. P. Bykov, M. D. Glinchuk,
A. Tkach, P. M. Vilarinho, and L. Jastrabik, Phys. Rev. B 76, 054104
(2007).

24K. V. Shanavas, D. Choudhury, I. Dasgupta, S. M. Sharma, and
D. D. Sarma, Phys. Rev. B 81, 212406 (2010).

2 A. Tkach, P. M. Vilarinho, and A. Kholkin, Ferroelectrics 304, 87
(2004).

2P, E. Jonsson, Adv. Chem. Phys. 128, 191 (2004), e-print
arXiv:cond-mat/0310684v2.

. Levin, V. Krayzman, J. C. Woicik, A. Tkach, and P. M. Vilarinho,
Appl. Phys. Lett. 96, 052904 (2010).

2W. Kleemann, S. Bedanta, P. Borisov, V. V. Shvartsman, S. Miga,
J. Dec, A. Tkach, and P. M. Vilarinho, Eur. Phys. J. B 71, 407
(2009).

L. Malavasi, P. Galinetto, M. C. Mozatti, C. B. Azzoni, and G. Flor,
Phys. Chem. Chem. Phys. 4, 3876 (2002).

30btained for powder XRD pattern of hausmannite Mn;O, from
Inorganic Crystal Structure Database, Coll. Code: 68174.

3G. Geneste, J.-M. Kiat, H. Yokota, Y. Uesu, and F. Porcher, Phys.
Rev. B 81, 144112 (2010); G. Geneste, J.-M. Kiat, H. Yokota, and
Y. Uesu, ibid. 83, 184202 (2011).

125124-7


http://dx.doi.org/10.1016/j.actamat.2006.07.007
http://dx.doi.org/10.1016/j.actamat.2006.07.007
http://dx.doi.org/10.1103/PhysRevB.19.3593
http://dx.doi.org/10.1103/PhysRevB.19.3593
http://dx.doi.org/10.1103/PhysRevB.73.104113
http://dx.doi.org/10.1103/PhysRevLett.80.4004
http://dx.doi.org/10.1103/PhysRevLett.80.4004
http://dx.doi.org/10.1103/PhysRevLett.87.097204
http://dx.doi.org/10.1103/PhysRevLett.101.165704
http://dx.doi.org/10.1103/PhysRevLett.101.165704
http://dx.doi.org/10.1088/0953-8984/20/43/434216
http://dx.doi.org/10.1088/0953-8984/20/43/434216
http://dx.doi.org/10.1103/PhysRevB.79.134117
http://dx.doi.org/10.1134/S1063783409050163
http://dx.doi.org/10.1016/j.molstruc.2009.11.020
http://dx.doi.org/10.1103/PhysRevB.59.1758
http://dx.doi.org/10.1016/0927-0256(96)00012-2
http://dx.doi.org/10.1016/0927-0256(96)00012-2
http://dx.doi.org/10.1103/PhysRevE.47.1558
http://dx.doi.org/10.1103/PhysRevE.47.1558
http://dx.doi.org/10.1103/PhysRevB.62.13942
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/10.1103/RevModPhys.73.515
http://dx.doi.org/10.1103/PhysRevB.62.3735
http://dx.doi.org/10.1103/PhysRevLett.2.341
http://dx.doi.org/10.1103/PhysRevB.76.054104
http://dx.doi.org/10.1103/PhysRevB.76.054104
http://dx.doi.org/10.1103/PhysRevB.81.212406
http://dx.doi.org/10.1080/00150190490454620
http://dx.doi.org/10.1080/00150190490454620
http://dx.doi.org/10.1002/0471484237.ch3
http://arXiv.org/abs/arXiv:cond-mat/0310684v2
http://dx.doi.org/10.1063/1.3298369
http://dx.doi.org/10.1140/epjb/e2009-00222-4
http://dx.doi.org/10.1140/epjb/e2009-00222-4
http://dx.doi.org/10.1039/b203520k
http://dx.doi.org/10.1103/PhysRevB.81.144112
http://dx.doi.org/10.1103/PhysRevB.81.144112
http://dx.doi.org/10.1103/PhysRevB.83.184202

