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(Sr, Mn)TiO5: A Magnetoelectric Multiglass
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By close analogy with multiferroic materials with coexisting long-range electric and magnetic orders a
“multiglass” scenario of two different glassy states is observed in SryogMng ' TiO3 ceramics. Sr-site
substituted Mn?* ions are at the origin of both a polar and a spin glass with glass temperatures T,~38K
and =34 K, respectively. The structural freezing triggers that of the spins, and both glassy systems show
individual memory effects. Thanks to strong spin-phonon interaction within the incipient ferroelectric host
crystal SrTiO;, large higher order magnetoelectric coupling occurs between both glass systems.
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Recent years have seen a growing research interest in
materials exhibiting the linear magnetoelectric (ME) effect
[1,2]. Tt describes the cross-linking dependence of the
magnetization and polarization on applied electric and
magnetic fields, respectively. Since it promises to reach
largest values in materials with both high electric and
magnetic susceptibility [3], a most favorable situation
might be realized in multiferroic materials, where two
different ferroic states, e.g., ferroelectric and ferromag-
netic, coexist [4]. However, the occurrence of linear mag-
netoelectricity is very rare because of its high symmetry
demands. For this reason it may even be absent in multi-
ferroics as exemplified, e.g., by BiMnO; with TEM =
100 K [5] and TEE = 440 K [6], respectively. Only higher
order magnetoelectricity is predicted similarly as for sys-
tems without well-defined symmetry [7].

In this situation it seems meaningful to investigate the
converse situation, namely, the ME coupling of disordered
systems, e.g., given by glassy materials which have by
definition neither electric nor magnetic periodic long-range
order. In this Letter we show that the class of ME materials
may, indeed, be extended to those undergoing transitions
into glassy (or frozen metastable) states. These are well
known to occur as a result of competing interactions and
topological frustration, where the glass transition tempera-
ture T, separates the ergodic high temperature regime, 7' >
T,, from the nonergodic low-T one. At T < T, true ther-
modynamic equilibrium can be reached only asymptoti-
cally. Structural and spin glass states at low 7T are
established by cooperative random freezing of the orienta-
tional [8] and of the spin degrees of freedom, respectively
[9]. Here we report on the simultaneous occurrence of a
polar cluster glass and a magnetic spin glass state and on
their mutual higher order ME coupling in (Sr;_,Mn,)TiO;
(SMnT, for short) with x = 0.02.

SrTiO; is an incipient ferroelectric, whose polar insta-
bility is suppressed by quantum fluctuations, such that the
system remains in the paraelectric state down to 0 K [10].
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Polar order in STO may be induced by ionic substitutions
as in (Sr;_,Ca,)TiO; [11]. In the related solid solution
SMnT with x = 0.03, slim polarization vs electric-field
hysteresis loops and a broad strongly frequency dependent
peak of the dielectric permittivity are found [12]. The polar
state in these compounds is due to off-center shifts of the
Mn?* cations at the 12-fold coordinated A-cation Sr?*
positions within the perovskite structure as depicted in
Fig. 1(a) and evidenced by energy dispersive X-ray spectra
[12] and by ESR techniques [13]. The off-center Mn>*
cations are assumed to create dipoles, which induce polar
clusters in the highly polarizable StTiO; host lattice [14].
The situation resembles the related (nonmagnetic) system
(K;_,Li,)TaO; (KLT) [8], which undergoes a transition
into a generic glass state at 7, <40 K for x < 0.022 [15].
In the case of SMnT [Fig. 1(a)] a six-state Potts glass
referring to six discrete directions of the polar order pa-
rameter [16] is supposed to occur.

Ceramic samples SMnT with x = 0.02 were prepared by
a mixed oxide technology described elsewhere [12].

FIG. 1 (color online). (a) Displacement vectors of an off-
center Mn?" ion in its cage of 12 surrounding oxygen ions of
A-site doped SrTiOs. (b) Frustrated arrangement of three anti-
ferromagnetically interacting Mn>* spins, S j»J=1,2 and 3,
occupying frozen off-center positions o; of the structural glass
backbone.
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Figure 2(a) shows the temperature dependence of the real
part of the dielectric permittivity &'(T) recorded at frequen-
cies 107! = f < 10° Hz. The position of the peak tem-
perature T,, of £'(T) is well described by a power law of the
respective frequency, f(7,,) = (T,,/Tg — 1)*” [Fig. 2(b)],
which is a typical manifestation of glassy critical behavior
[17,18]. Best fits of the data yield the electric glass tem-
perature T = 38.3 *+ 0.3 K (arrow), and the dynamical
critical exponent, zv = 8.5 = (0.2, which compares well
with that of spin glass systems [17].

An essential indicator of the suspected structural glass
state is the memory effect, which arises after isothermally
annealing below Tg. Figure 2(b) shows the ‘“hole™ burnt
into &'(T) after a wait time 7, = 10.5h at T,, = 32.5 K
(arrow). We find an indentation at the ‘‘anneal-
ing* temperature T,,, Ae' = gl . (T,) — &l((T,) = — 6.
It resembles that observed on the structural glass
KTag 973Nbg o705 [19] and signifies the asymptotic ap-
proach to the glassy ground state at T, via a decrease of
the susceptibility. Since the glassy ground state varies as a
function of the temperature, the system is ‘“‘rejuvenating”
at T sufficiently far from 7T, [17]. Hence, the burnt “hole”
is localized around T,,, while a global decrease would be
expected for an ordinarily relaxing metastable system. The
small amplitude of the “hole” indicates that only a small
fraction of dipoles is actually freezing. Indeed, it should be
reminded that the structural glassy freezing of SMnT does
not signify complete immobilization of all hopping Mn?>*
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FIG. 2 (color online). (a) &/(T) of Sry9sMng 0, TiO5 recorded at
E,. =60 V/m and frequencies f = 10~', 10°, 10!, 102, 103,
10%, 10°, and 0.4 X 10° Hz. (b) Frequency dependence of the
peak temperature (7,,) of &'(T) taken from (a) together with a
critical power law fit (solid line) and difference curve Ae/ =
€' it — € er V8 T obtained at f = 10 Hz upon heating after ZFC
from 110 K with and without waiting for 10.5hatT,, = 32.5 K,
respectively. (c) &"(f) of Sry9gMng (, TiO5 recorded at frequen-
cies 107 = f = 10° Hz.

ions [Fig. 1(a)]. Instead, just one percolating cluster freezes
with 7 — oo, while ramifications and clusters of smaller
size are still able to relax at f > 0. This is confirmed by the
temperature dependence of the broad distribution of re-
laxation times as mimicked by &” vs logf [Fig. 2(c)]. Its
low-f tail gradually lifts upon cooling and attains a finite
amplitude at f;, — 0 as T — Tg. Similar relaxation spec-
tra of Kg9g9Lig 011 TaO5 [15] and of the spin glass manga-
nese aluminosilicate [20] were taken as fingerprints of
glass transitions.

Figure 3(a) shows the temperature dependences of the
real and imaginary parts of the magnetic ac susceptibility,
x' — ix". Pronounced peaks with comparably weak poly-
dispersivity [cf. Fig. 2(a)] are observed for frequencies
0.1 = f =10 Hz slightly below T =~ 38 K [inset to
Fig. 3(a)]. Convergence of the x’ vs T peaks occurs at
Ty = 34 K [see also Fig. 3(b)], which is about 1 order of
magnitude larger than T3' observed on other manganese
doped insulators like aluminosilicate [21]. Since the aver-
age distance between Mn>" ions in SMnT (x = 0.02),
(d) = 1.5 nm, is too large as to warrant stability of the
spin glass structure solely by frustrated superexchange, an
amplification effect needs to be considered. By analogy
with the antiferromagnetic quantum paraelectric EuTiO;
[7] we assume the applicability of the Hamiltonian
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FIG. 3 (color online). (a) Temperature dependences of the real
and imaginary parts, ¥’ and y”, of the magnetic ac susceptibility
of Srg9gMng(, TiO5; measured at f = 1 Hz with a field ampli-
tude woH,. = 0.4 mT (inset: expanded view of ' around T, for
frequencies 10~! = f =< 10 Hz). (b) Temperature dependences
of m?FC (curve 1), mFC (2), and m™M (3) measured in uoH =
10 mT. (c) Difference curves of m%FC after ZFC from 110 to 5 K
with and without intermittent stop of ¢,, = 10* s at T,, = 25 and
30 K. (d) Real part m' of the ME ac susceptibility measured at
T =10K and f = 1 Hz in an ac electric field with amplitude
E,. =625 kV/mvs Hy, (—1 = pogHy = 1 T; upper line) and
vs Eg. (—62.5 = E4. =< 62.5 kV/m under a bias field uyHy, =
1 T; lower line).
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which describes the biquadratic coupling of spins S; ; and
structural pseudospins o;; represented by unit vectors
along (100), and has explained both the observed large
spin-phonon coupling [7,22] and the magnetocapacitive
effect in EuTiO5 [23]. The components of the pseudospins
o; ; mimic the off-center displacements of the A site dop-
ant ions (Mn”") being strongly coupled to the displace-
ments of the B site (Ti*") ions, which participate in the
optic soft mode. &, is an effective coupling constant. The
displacement correlation functions couple to the S = 5/2
Heisenberg spins S, ; of the 3d° configuration of the Mn?*
ions. Large effects are expected around T,, where the
structural pair-correlation functions (o, ¢";) maximize, pro-
mote increased spin pair-correlation functions (S;S;), and
give rise to weak anomalies of the magnetic susceptibility
already above T, [Fig. 3(a), vertical arrow]. Below T =~
38 K, the onset of a percolating network of frozen polar
clusters probably triggers the freezing of the spin degrees
of freedom. While above Ty freezing of the Mn?" spins is
suppressed by the hopping motion of the Mn?" ions, those
spins residing on the percolating polar glass cluster have a
chance to achieve a well-defined collective state at T < Tj.
Its glassy nature is provided by frustrated antiferromag-
netic superexchange interaction via Mn-O-Mn chains simi-
larly as in manganese aluminosilicate spin glasses [21].
Figure 1(b) shows a sketch of a possible local spin con-
figuration at three sites of the frozen structural cluster.

Figure 3(b) shows the temperature dependence of the
total magnetic moment m induced by wogH = 10 mT upon
field heating after zero-field cooling (ZFC) to 5 K (m?FC,
curve 1), subsequently upon field cooling (FC) again to
T = 5 K (m"©, curve 2), and finally as the thermoremanent
magnetic moment upon heating in zero field (m™M,
curve 3). Typical of spin glass behavior, irreversibility
occurs below Tg' =~ 34 K together with a peak in
m?fC(T). In addition, the concave shape of m™RM(T)
around 40 K signifies the decay of metastable field-induced
rather than of spontaneous magnetization.

It is noticed that Curie-type low-T paramagnetic com-
ponents, Am o 1/T, occur in both m?F€ and mFC, similarly
as in the magnetic susceptibility, ' o 1/T [Figs. 3(a) and
3(b), horizontal arrows]. This indicates that a sizable frac-
tion of uncoupled spins remains paramagnetic down to
lowest temperatures. Its fraction is estimated by approx-
imating the low-field m?fC(T) curve in Fig. 3(b) by Curie’s
law, m?YC = (Nm3/3kpT)uoH, both at high and low tem-
peratures [N = number of paramagnetic ions, kp =
Boltzmann’s constant, m, = Suz =~ m(Mn?*") [24] calcu-
lated from the Curie constant at 7 > 250 K and the total
number of Mn?" ions, N = 1.3 X 10"°]. A 1/m?FC plot
(not shown) distinguishes a flat slope between 250 and
300 K from a steeper one below 30 K. This manifests the
condensation process into the spin glass phase. From
Curie’s law we estimate that about 60%—-70% of the
Mn?" ions remain paramagnetic at low T. This complies
with the idea that only those spins are subject to glassy

freezing, which reside on the rare percolating dipolar glass
cluster, and underlines the close neighborhood of frozen
dipoles and spins [Fig. 1(b)].

A crucial test of the spin glass phase is the memory
effect similarly as verified in the polar glass [Fig. 2(b)].
Figure 3(c) shows the differences between m%FC data re-
corded with and without an intermittent stop, Am“FC(T) =
mZEC(T) — mZEC(T), obtained after wait times 7, = 10* s
at T\, = 25 and 30 K (<T7%"). Sharply defined “*hole burn-
ing” dips occur exactly at the respective T, similarly as in
Fig. 2(b). They clearly evidence memory and rejuvenation
of the spin system like in atomic and superspin glasses
[17].

The proposed biquadratic coupling, Eq. (1), enters the
free energy density expansion [25] together with additional
possible ME coupling terms, while spontaneous polariza-
tion and magnetization and bilinear ME coupling (due to
the lack of an appropriate crystalline symmetry [26]) are
absent:

1 1
F(E,H) = F, — EeosijEiEj - EMOMiniHj

Yijk .Bijk
_—2 HlEjEk_—2 ElHij
0jjki

under Einstein summation. The electric-field-induced
magnetization components of

poM; = —dF/9H;

= wopiH; + BijE;Hy + viju/2EE;
+ 0;juHExE; 3)

are measured using ME SQUID susceptometry [27]. It
involves ac and dc electric and magnetic external fields,
E = E, .coswt + E4. and Hy., and records the first har-
monic complex ac magnetic moment, m'(¢) = (m' —
im") coswt, where

m' = (IBEacHdc + yEacEdc + 2(‘SEacEdc[—Idc)(V//~'(‘O) (4)
(V = sample volume) and m"” = 0 at the measurement
frequency f = w/27 = 1 Hz. The orientation averaged
coupling constants, B, vy, and 6 were measured after
cooling the sample in zero external fields to 7 = 10 K.

First, we established that wyHy. = O at arbitrary values
of E4 yields m' = 0 within errors. This means that both
the bilinear and the quadratic ME responses are absent,
a =0 =1y, as expected for systems without magnetic
long-range order [28].

Second, we applied E,. = 62.5 KV/mand E4. = 0, and
cycled the magnetic field, |uoHg.| = 1 T [Fig. 3(d), upper
line]. The slope of the emerging linear hysteresis-free cycle
yields B = woAm'/VE,, AH;. = —3.0 X 107 s/A. The
corresponding electric-field dependent “‘paramagnetoelec-
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tric” susceptibility, Am’/AH4, = E,., is allowed whenever
the paramagnetic ions are located at sites with broken
inversion symmetry [29] and do not require magnetic
long-range order [28]. However, since the linear depen-
dence of Am'/AHy. on E,. requires global inversion asym-
metry, we assume the occurrence of some net polarization
P,, either by self-poling on zero-field cooling or during the
first poling cycle at 10 K. Being metastable throughout the
polar glass state, P, controls the bilinear coupling, until
B — 0as T — T, on heating (not shown). This complies
with the structure of Fig. 1(a), which becomes centrosym-
metric above T,. Details have yet to be explored.

Third, we applied E,. = 62.5 kV/m and uoHy. = 1 T,
and cycled an electric field, |E4.| = 62.5 kV/m [Fig. 3(d),
lower line]. According to Eq. (4) it reveals BEH and 6 H E?
from the intercept at E4. = 0 and from the slope of m' vs
E,., respectively. Consistently, the same 3 value emerges
as from the slope of the upper curve, while the biquadratic
coefficient—being quantified for the first time to the best
of our knowledge—is 8 = ugAm'/QVH E,AEy) =
—9.0 X 1072* sm/VA. The negative sign of & seems to
corroborate double glassiness, whose free energy is en-
hanced in uniform external fields. The value of & al-
lows to predict an E>H?-based magnetocapacitive effect
Ag/e'=—5X10"% where Ae=05H?/gy~—0.65 in-
serting woH = 1T and & (T = 10K, f = 1 Hz) = 1300
[Fig. 2(a)]. Its magnitude is about 2.5% of that found for
EuTiO; at ugH =1 Tand T =4 K, Ag/e’ =2 X 1072
[23], matching to the dilution in SMnT, xy;, = 0.02.

In conclusion, when replacing Sr*>* ions in SrTiO; by a
small amount of magnetic Mn>" ions, two processes are
activated at low temperatures. On one hand, the Mn?" ions
take the role of electric and elastic pseudospins and
undergo a transition into a polar 6-state Potts glass [16].
On the other hand, the S = 5/2 spins, being attached to the
Mn?" ions, couple via frustrated antiferromagnetic super-
exchange, reinforced by ME two-spin-pseudospin inter-
action. They freeze into a spin glass state after the polar
degrees of freedom come to rest below 7 = 38 K. Both
glassy phases are independently evidenced by their specific
memory effects. Dipolar and magnetic “‘holes” have never
before been burned into one and the same system. Strong
ME coupling via both the generic ‘“‘magnetocapacitive’
E?H? and the probably spurious “paramagnetoelectric”
EH? effects manifests the importance of quantum fluctua-
tions in SrTiOj;. It should be noticed that these coupling
schemes would also be valid, if SMnT were in a non-
equilibrium [18] instead of a generic dipole glass state.
Corroborating experiments on oriented (Sr, Mn)TiO;
single crystals are desirable, but up to now mere A-site
substitution has not yet been achieved [30].
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