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Abstract

We report on the observation of ferroelectricity and magnetoelectricity in La,xSrxCuO4 and
La,LixCu;.xO4. Combined with earlier works on La,CuQg.x (Z. Viskadourakis et al., Phys Rev. B 85,
214502 (2012)) these findings establish ferroelectricity as a new generic property in underdoped
La-214 cuprates. Furthermore, the measured electric polarization can be tuned by Dzyaloshiskii-
Moriya interactions resulting to a magnetoelectric effect. It is proposed that ferroelectricity
results from local CuOg octahedral distortions, associated with the dopant atoms and/or
clustering of the doped charge carriers, which break spatial inversion symmetry at the local scale.



Introduction

The phase diagram of the high temperature superconducting cuprates has been under extensive
investigation since their discovery, almost three decades ago [1]. In addition to high temperature
superconductivity, a variety of ground states have been proposed and partly realized upon charge carrier
doping. For example, the parent compound La,CuQ,4, which is an antiferromagnetic (AF) Mott insulator
with Néel temperature Ty=325K [2], is known to exhibit a short-range glassy phase [3-7] and
subsequently diagonal stripe order upon doping with e.g. Sr (La,Sr«CuO,) [8-10]. Recently, research has
refocused on the highly underdoped cuprates [11, 12]. However the evolution of the electronic ground
state with the very first added charge carriers, in particular in the search for a possible broken symmetry
associated with an exotic ground state and subsequent effects on the anomalous normal state properties,
remains an enigma.

A couple of years ago, yet another hitherto unknown property of these complex materials was
discovered in highly underdoped La,CuQ,., namely a low temperature ferroelectric (FE) phase with an
associated magnetoelectric (ME) coupling [13]. Earlier efforts had in fact suggested that ferroelectricity
could be present in La,CuOy4. and YBa,CusOg.x [14, 15]. The question arising therefore, is whether
ferroelectricity is present in La,CuO,4 when different dopant ions are introduced into the lattice. To this
end, it is important to study the case where charge carriers originate from Sr and Li doping since both ions
occupy stoichiometric positions in the unit cell and therefore, no dipole moments are directly associated
with the dopant sites, in contrast to the case of interstitial excess oxygen ions in La,CuQg.x [13].

Ferroelectricity is characterized by broken spatial inversion symmetry and typically emerges in the
absence of mobile charge carriers. In the case of lightly oxygen doped La,CuOg.y (Ty = 320 K) it was
proposed that the non-stoichiometric oxygen ions take interstitial positions in the La,CuQ, unit cell,
causing a displacement in the apical oxygen ions of the CuOg octahedra, which are the building blocks of
the La,CuQ, unit cell [13]. Therefore, local-scale structural CuQg distortions take place, breaking the
spatial inversion symmetry, resulting in the formation of local electric dipoles [16, 17]. These dipoles are
localized around the oxygen interstitials forming charge clusters, which couple and freeze at low
temperature, giving rise to an observable polar state. Other microscopic mechanisms have also been
proposed. These include a model based on polaron formation around the dopant atoms [18], a purely
magnetic origin associated with Dzyaloshinskii-Moriya (DM) interaction leading to local structural
distortions and concomitant local broken inversion symmetry [19], and a proposal for the emergence of
electric polarization due to the formation of magnetic vortex/anti-vortex pairs at the edges of oriented
stripe segments [20]. The presence of the ME effect in La,CuOy.4 [13] has also been studied by Landau
theory, which includes a bi-quadratic coupling between the electric polarization and the magnetic order

[21, 22]. At present, there is no consensus on the origin of the FE phase in these materials. Therefore, it is



essential to shed further light on the nature of ferroelectricity and magnetoelectricity, and to reveal if
these are generic ground state properties of the underdoped La-214 cuprates.

Here, we report measurements of the electric polarization on Sr and Li doped La,CuQ, single crystals.
We show that Laj g99Sro.00:CUO, exhibits distinct FE behavior along different crystallographic directions.
This behavior is also confirmed in lightly oxygen doped La,CuQg. samples studied here for direct
comparison to Laj g99Sr0.00:CUO,4. The magnetic field dependence of the electric polarization is anisotropic
and it can be tuned through the DM interaction. In La,LiyCu;,O4 (X=0.01 and x=0.04), the measured
electric polarization is in the order of uC cm i.e., several times higher than for Laj gg9Sre00:CUQO, (as
shown below) and La,CuO,. [13]. The electric polarization in La,LiCu; 4O, is also tunable by an
applied magnetic field, similarly to LajggeSro0:CuO,; and La,CuOgu.y. These results taken together
demonstrate that the FE phase is ubiquitous to underdoped La-214 cuprates and is prompted by charge
carrier doping. We propose ferroelectricity originates from a mechanism that breaks inversion symmetry
by local structural distortions of the CuOg octahedra due to the presence of the dopant ions and/or
clustering of the added holes. Such local symmetry breaking induces electric dipoles which couple and

order at low temperature.

Experimental details

The experiments were performed on twinned single crystals. Both LajgeeSro00CuO, and lightly
oxygen doped La,CuO,.y crystals were grown using the laser-diode heating floating zone method [23].
High purity La,O3 (99.99 %), SrCO; (99.9 %) and CuO (99.9 %) were used as starting materials. The
homogeneous distribution of the Sr dopant ions is evidenced by the sharp AF transition (appendix A7, fig.
12a). Sr ions take La stoichiometric positions and thus the Sr concentration (x = 0.001) is higher than the
purity of La,Os. On the other hand, the Sr concentration is comparable to the purity of CuO.
Furthermore, the crystals were carefully annealed at 1000 °C for 20 h, under 1ppm O, - Ar flowing
atmosphere, in order to remove oxygen excess ions. The crystal axes were determined by x-ray Laue
backscattering technique.

La,Cuy,LiyO, single crystals were grown using the conventional Lamp Heated Floating Zone
Technique [24]. High purity La,03 (99.999%), Li,CO; (99.99%) and CuO (99.99%) were used as starting
materials in order to achieve the lowest possible impurity level. The crystal axes were again determined
by x-ray Laue backscattering technique. The samples were annealed at 900°C for 48h, in flowing Ar
atmosphere, in order to minimize excess oxygen doping. The Li concentration was estimated from x-ray
diffraction measurements of the lattice constants [24].

All crystals were cut appropriately and pairs of plate-like samples were extracted. Each pair consists of

a sample with the thinnest direction along the c-axis and another with the thinnest direction along the ab-



plane. The magnetization of the samples was measured using a commercial MPMS Quantum Design
SQUID magnetometer, in Heraklion. The LajgeeSro.00:CUO, crystals exhibit Ty = 312 K, whereas for the
LaCuQg.x Ty = 313 K. For La,Li,Cu;,O4 crystals, Ty= 255 K (x = 0.01) and Ty = 150 K (x = 0.04),
respectively. The impedance and loss of the samples were measured using an LCR meter, over a
frequency range 21 Hz — 2 MHz, and the dielectric permittivity was extracted, as described elsewhere [6].
Electric polarization measurements were performed using two different home-built experimental stations
in Heraklion and Singapore employing the pyrocurrent technique. Details of the technique, the
measurement protocol and the pyrocurrent data processing can be found in the Appendix (sections Al -
A3).

Results and discussion

Figure 1a shows the real part of the in-plane dielectric permittivity €7, for LagggeSro00:CuQ,. At high
temperatures, a step-like decrement is observed for all measured frequencies. This decrement shifts to
higher temperature with increasing frequency f, indicative of a common dielectric relaxation process. At
low frequencies, an additional dielectric peak develops which shifts to higher temperature and is
suppressed with increasing f. Such a peak behavior in the dielectric permittivity can be attributed either to
an intrinsic charge relaxor characterized by a diffused phase transition, or to spurious effects arising from
the electrical contacts such as extrinsic Maxwell-Wagner phenomena [25].

To reveal the intrinsic character of the dielectric peaks, measurements of the dielectric permittivity
were repeated several times with renewed contacts, giving consistent experimental results in the
temperature regime around the peaks. This indicates that the electrical contacts do not affect the measured
dielectric permittivity. Also, we found that both the temperature T .o« Where the dielectric peak occurs and
the magnitude of the permittivity at the peak position &".a Cannot be described by the empirical relations
reported for pseudo-FE relaxor behavior [13, 25]. Nevertheless, such a relaxation process due to the
slowing of polar clusters, can be described by the Vogel-Fulcher (VF) relation f = foexp[-Ea/ ks (T-T#)],
where the characteristic freezing temperature Ty corresponds to the estimated temperature below which
the polar clusters freeze [26]. Notably, electric polarization may emerge below the freezing temperature in
relaxor ferroelectrics [27]. Figure 1b shows f as a function of T yea fOr Lay gg9Sro.000CUO,. We estimated the
Twa = (7.3 £0.3) K by fitting the experimental data against the VF relation. Similar analysis of the
imaginary part [28] of the out-of-plane dielectric permittivity £~ gives a freezing temperature T = (8.6
+0.5) K, as (figs 1c and 1d). Therefore, the observed behavior could be due to a FE relaxor behavior,
characterized by a diffused phase transition and the freezing of short-range cluster-like order. The above
data analysis also reveals an anisotropic behavior in the charge dynamics in agreement with an earlier

report [6].



Figure 2 shows the in-plane (Ps) and the out-of-plane (P.) electric polarization as a function of
temperature for LajggeSrog1CuO,. For both directions, the polarization increases with decreasing
temperature, below 10 K. P, and P, exhibit distinct temperature dependences. Even more, corresponding
pyroelectric curves [fig. 2a inset] show that the pyroelectric current local minima occur at different
temperatures, namely 4 K and 6.5 K, for the in-plane and the out-of-plane directions, respectively. These
temperatures are also lower than the corresponding freezing temperatures extracted from VF analysis
[27]. Furthermore, the electric polarization curves reverse with reversing the polarity of the applied
electric field. In proper FE’s the onset of ferroelectricity is defined as the temperature above which there
IS no measurable polarization and the corresponding pyroelectric current exhibits a sharp minimum. On
the other hand, in relaxor FE’s a transition occurs over a large time scale. Similar to our data, the
pyroelectric minimum is not sharp, resulting in a broad transition in the polarization with respect to
temperature therefore, preventing a precise assignment of a transition temperature. We therefore assign
the transition towards a FE state as the temperature where a minimum (albeit broad) occurs in the
pyroelectric current. This assignment is corroborated by the fact that the temperature where the local
minimum occurs is robust against both the electric field applied during cooling and the temperature sweep
rate.

The P-E hysteresis loops for both P, and P, are shown in fig. 2b (T = 2 K). The raw data yield a
sizable anisotropic electric polarization, with the in-plane and out-of-plane values reaching P,, = 18
nCcm and P, = 36 nCcm™ respectively. Notably, a similar anisotropy has been observed in the spin-glass
temperature [9, 29]. The dielectric anomaly and the relaxor behavior in the charge dynamics indicate a
dominant electronic contribution towards the polarization. In addition, the observation of non-zero
polarizations along both the c-axis and ab-plane implies that the electric polarization may arise from an

ensemble of charge clusters with varying polarization vectors.

To confirm the different trends in our observations for La; gg6Sro.00:CUOs (Tn= 312 K, n ~ 10" cm™®)
[30] we performed electric polarization measurements on lightly oxygen-doped La,CuQ,.x with Ty = 313
K (n ~ 10" cm®) [30]. Both P,, and P, increase (fig. 3) with decreasing temperature, however P.(T)
exhibits a different temperature dependence compared to P,,(T). Namely, a slope change is observed at 5
K and 3 K, for out-of-plane and in-plane directions respectively, which coincides with the corresponding
pyrocurrent local minima. These temperatures are also lower than the charge freezing temperatures
obtained from the VF analysis (appendix A4). At T = 2 K both P, is almost equal to P,,. Though, both the
remnant electric polarization (P (E = 0)) and the coercive electric field (E (P=0)) differ between the two
measured orientations (inset fig. 3). Electric polarization appears stronger in the out-of-plane direction (i.

e. larger remnant electric polarization and coercive electric field compared to the ab-plane). We note that



a finite conductivity could lead to an expanded “banana-like” P-E loop [31]. However, this is not the case
in the P-E loops depicted in the inset of fig. 3. Electrical transport experiments in La,CuQ, single crystals
[32] reveal that the in-plane conductivity is considerably larger than the out-of-plane counterpart. Such
high conductivity could result in a relatively lossy dielectric, which can manifest itself as an “chubby”
banana-like P-E curve, in the ab direction. However, in our case the in-plane P-E loop is slimmer than the
out-of plane loop, indicating the intrinsic nature of both the enhanced out-of-plane remnant electric
polarization and the coercive electric field.

The above experimental evidence indicates that Sr doping contributes to the measured electric
polarization. The distinct dielectric permittivity, anisotropy, remnant polarization and coercive field
between La,CuOy.x and Lay g99Sr0.00:CUO, indicate distinctive effects between oxygen and Sr doping. We
also measured LajgesSro002CUO, however the material is sufficiently conductive to allow transport
measurements of the electric polarization. Hence, although possible excess oxygen may still affect the
observations in Lay g99Sr0.001CUO,, the above mentioned observations indicate a distinctive effect due to Sr
doping.

We now turn to the effect of the applied magnetic field. The spins in the AF phase of La-214 are
weakly canted out-of-plane due to the presence of a finite DM interaction [33]. Spin canting causes a
weak ferromagnetic (WF) moment along the c-axis in each CuO, plane, although the opposite spin
canting in alternate planes leads to a net cancellation of the WF moments. By applying an external
magnetic field along the c-axis, the WF moments can be aligned in the same direction above a critical
magnetic field H.,, which for our Laj g99Sro,00:CuO, samples is 6 T (appendix A6 and fig. 11a).

Figure 4a shows P, as a function of applied magnetic field (here E|ic and Hj|c). P, decreases abruptly
above H,, = 6 T and the pyroelectric current minimum (inset in fig. 4a) shifts to lower temperatures,
indicating a suppression of the FE state as the material enters the WF state (such abrupt changes are also
observed for H|lc and E 1 c). On the other hand, both Py, and the pyrocurrent minimum (E|lab and Hijab)
decrease smoothly with increasing H, as seen in fig. 4b (similar changes are observed for E_Lab and
Hjlab). Hence, the FE order in LajggSro:CuOQ, is coupled to the underlying AF structure and is
influenced by the DM interaction in a manner similar to the recent observations for La,CuO.x [13, 20,
21].

The similarity in the FE state among La,CuQg.x and La; g99Sr.00:CUO, cuprates is notable even though
oxygen and Sr doping do not affect the CuOg structure in the same way; while the excess oxygen take
non-stoichiometric positions, Sr ions substitute for La. Because Sr and oxygen dopants take positions
outside the oxygen octahedra it is important to study the evolution of ferroelectricity in the La-214 family
of cuprates using also Li doping, which directly replaces Cu ions in the CuOg octahedra. Among other

dopants, such as Mg and Zn which can be used to replace Cu, Li ions exhibit the largest ionic radius (0.76
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A) compared to 0.74 A for Zn, 0.72 A for Mg and 0.73 A for Cu. Furthermore, La,Li,Cu; O, remains
insulating up to 4 % [24, 34], allowing pyrocurrent measurements even at relatively high dopings.

Figure 5 shows the temperature dependence of P, for La,LixCu;,O4 (X = 0.01 and x = 0.04). In both
cases the electric polarization increases with decreasing temperature, below ~9K. A slope change in the
electric polarization occurs at 5 K for x = 0.01 and at 3.5 K for x = 0.04, respectively. Applying the VF
analysis on the corresponding dielectric permittivity data (appendix AS5), we find a freezing temperature
Tie = (5 £0.3) K for x = 0.01. Furthermore, T is comparable to the values reported by Park et al. [35]
suggesting charge glassines may be associated with the onset of ferroelectricity in La-214 cuprates. It was
not possible to calculate the corresponding Ty for x = 0.04, since the dielectric permittivity peaks are too
broad to define a characteristic peak position (appendix A5). Moreover, the polarization is remarkably
large namely, 900 nCcm™ for x = 0.01 and 800 nCcm™ for x = 0.04. Notably, there is no pyroelectric
signal along the in-plane direction, in both Li-doped samples. This is probably due to the relative high in-
plane electric conductivity of the sample [6].

Figure 6 shows the magnetic field dependence of P, for both La,LiyCu; ,O4 samplesat T=2 K (E || c
and H || ¢). For x = 0.01, P. is enhanced below H. = 6.5 T, increasing by almost 1.7 times its zero-field
value (fig. 6a). Theoretical studies suggest this effect may arise due to a DM induced magnetoelectric
coupling [20, 21]. For x = 0.04, (Hs= 4 T) P, is roughly constant up to H.,, while it decreases when the
WEF state sets in, suggesting that although magnetic order does not control the FE state, DM interactions
enable the tuning of the ME coupling. Notably, the FE transition temperature is also suppressed above the
WEF transition for both doping levels (inset figs 6a and 6b), like in LajggeSrog1CuQ,. Therefore,
La,Li,Cu;.4O4 behaves qualitatively similar to La; g99Sro.00:CuUO,4 and La,CuQy. indicating ferroelectricity
is a common ground state in the La-214 cuprates with an associated magnetoelectricity tunable by DM
interactions.

According to the scenario proposed earlier, in La,CuQg.4 charge clusters give rise to ferroelectricity
[13, 20, 21]. Although we cannot rule out alternative mechanisms for the emergence of ferroelectricity,
our proposal is likely to apply also to LajggeSreeCuO, and La,LiyCu;,QO4, since local-scale CuOg
octahedral distortions may cause the spatial inversion symmetry breaking resulting to the formation of
electric dipoles. These dipoles are in turn localized around the dopant ions creating polar clusters, which
fluctuate and with decreasing temperature freeze resulting to a measurable ferroelectricity. Theoretical
and experimental evidence for both Sr and oxygen-doped La,CuO, also indicate the presence of local
octahedral distortions correlating to charge inhomogeneities [36-40]. Cordero et al. reported the
development of a significant tilt mode associated with oxygen octahedral distortion below T = 10 K from
anelastic spectroscopy measurements on nearly undoped La,,Sr,CuO, crystals [17]. It was argued that

these tilt modes are due to fluctuating low temperature tetragonal structures at domain walls of the low



temperature orthorhombic lattice, and are coupled to hole clusters. Additionally, a non-centrosymmetric
monoclinic distortion in the CuQOg octahedra in orthorhombic La,.,Sr,CuO, and La,CuQO,. has been
discussed [16]. It is therefore plausible that the observed ferroelectricity may be linked to local-scale

octahedral distortions

Summary

We report evidence for the presence of FE and ME coupling in underdoped La-214 cuprates, namely
La,CuOyux, Lagg9eSro.001CUO, and La,LiyCuy 4O, (x = 0.01 and x = 0.04). For both Sr and oxygen doped
samples, we observed distinct electric polarization behavior along in-plane and out-of-plane
crystallographic directions. In all cases the electric polarization is strongly influenced by DM interactions.
Considering the above experimental evidence, the FE order and its related magnetoelectricity appear
generic properties of La-214 cuprates. We propose that the observed ferroelectricity originates from the
CuOqg octahedral distortions, occurring around the dopant ions and/or due to the formation of charge
clustering, resulting to a local-scale spatial symmetry breaking symmetry.
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APPENDIX
Al. Electric polarization measurements: Pyrocurrent method

To measure the electric polarization of our samples we employed the pyrocurrent method. The sample
is placed between two metallic plates to form a capacitor. An electrometer and a voltage source are
connected to form the electric circuit shown in fig. 7a. The capacitor is placed into a cryostat, where we
can accurately control the temperature. When the sample exceeds its ferroelectric transition temperature
its electric polarization decreases abruptly to zero. This induces a current, which is called pyroelectric
current or pyrocurrent.

Further to the pyrocurrent, resistive and capacitive parasitic electric signals are also included in the

total measured current, which can be expressed by [41]

.V v ac opP
l—E+CE+VE+AE (El)



Here V is the applied voltage, R and C is the resistance and the capacitance of the sample respectively, P
is the electric polarization and A is the area of the capacitor. The first term corresponds to the resistance
of the sample, and it can be neglected, as long as the sample is highly resistive or when the measurement
is performed in V = 0 bias voltage. The second term relates to the charging current of the capacitor and is
negligible for a zero voltage across the circuit. The third term is related to the current that could be caused
when the dielectric permittivity of the sample changes considerably with temperature and can be ignored
when a zero bias voltage is applied. The fourth term corresponds to the pyrocurrent component of the
measured current. It follows that pyroelectric current measurements should be performed under zero bias
voltage V = 0, to ensure that the first three parasitic terms do not contribute to the measured current, and
thus the measured current will be purely due to the change of the electric polarization with respect to
temperature. In this case we can write equation (E1) as follows:

. . ap dP oT
l:lp:AE:AEE (E2)

Hence, the pyrocurrent is proportional to the sweep rate of the sample’s temperature. Thus we can
measure pyrocurrent by keeping a constant sweep rate of the temperature (fig. 7b). Integrating the
pyrocurrent curves, with respect to time gives a quantitative measure of the charge induced due to the
depolarization of the sample (fig. 7c). Dividing by the area of the capacitor we obtain the electric

polarization of the sample.

A2. Measurement protocol

To measure accurately the electric polarization of our samples we employ the following protocol. The
measurement process begins with the sample well above its ferroelectric transition temperature
(paralelectric state). An electric field is applied to the sample and the sample is cooled to 2 K. The electric
field is removed in order to fulfill the conditions described in the former paragraph. The sample is then
heated at 3 K/min while measuring time, temperature and current at a constant interval of 0.5 seconds. We
continue to heat the sample well above its ferroelectric transition temperature. In the case of measuring
the pyrocurrent in the presence of an applied magnetic field, we apply the magnetic field as soon as the

sample reaches at 2 K and before removing the applied electric field (Zero Magnetic Field Cooling).

A3. Experimental data processing

A typical measured current-vs.-time data set is shown in fig. 8a. For T > 7 K the current increases
steeply with increasing temperature, indicating the conductive character of the sample. Although V =0
during the measurement process, a small but unavoidable voltage arising from the voltage source is still

applied to the circuit, causing the observed resistive behavior (the level of this voltage depends on the
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current measurement range used in the current meter, and can be between uV and 200 mV). However, in
the temperature range 2 K — 6 K there is a local current minimum (inset fig. 8a) and its sign is reversed
(fig. 8b), upon reversing the electric field during the cooling process. Furthermore, it becomes sharper
with increasing the temperature sweep rate, suggesting its pyroelectric nature. Thus it is important to
distinguish between the pyrocurrent and the resistive components of the current, in order to accurately
determine the electric polarization of the sample. To this point, we fit the experimental data above 8 K
against a resistivity model [42]. The best fit is subtracted from the experimental data and the resulting
curve is the pure pyroelectric component (fig. 8c). Beyond 250 seconds there is considerable noise due to
the data processing. Thus, the pyrocurrent curve is integrated with respect to time in the range 0 - 250
seconds, and the electric polarization with respect to time is obtained. We obtain P(T) by converting time

to temperature.

A4, Dielectric permittivity of the lightly oxygen-doped La,CuO,.x

We analyzed the dielectric permittivity data for the lightly oxygen-doped La,CuOg.x (Tn = 313 K) (fig.
9). The out-of-plane component of permittivity £""; (fig. 9a) exhibits a step-like decrement (at T > 60 K)
with decreasing temperature, which shifts to higher temperature with increasing frequency, indicating a
common dipolar relaxation process. Furthermore a dielectric peak is observed at T ~ 20 K. This peak
becomes smoother and shifts to higher temperature as the frequency increases suggesting a charge
relaxor-like, similar to LajggeSroo01CUO,4. Figure 9b shows the frequency f as a function of peak
temperature Tpea, as extracted from the curves in fig. 9a. Application of the VF model gives a freezing
temperature Ty.. = ( 8 £0.5 ) K. Similar analysis was performed for the in-plane component of the

dielectric permittivity (fig. 9¢) and the calculated freezing temperature was T = ( 5.2 £0.4 ) K (fig. 9d).

Ab5. Dielectric permittivity of LaLi;,CuO,

Similar to LaggeeSron:CuO,, We analyzed the dielectric permittivity for La,Ligo:CuggeQ4 (fig. 10a).
Dielectric peaks are observed in the low temperature regime, which are suppressed and move to higher
temperature with increasing frequency. The intrinsic origin of the peaks was confirmed as in the case of
Laj.9095r0.00:CUO,. VF fits give Ty = ( 5.0 £0.3 ) K (fig. 10b). Correspondingly, measurements of the
electric polarization discussed in the main text give a FE transition temperature T =5 K.

For LayLigo4Cug o604, We observe step-like changes in the out-of-plane dielectric permittivity, which
are suppressed and move to higher temperature with increasing frequency (fig. 10c). Such features
correspond to a normal dielectric relaxation process. On the other hand, there are no observable peaks
corresponding to a relaxor-FE behavior. Although for T > 316 Hz there is an additional small slope

change below the step-like transition (fig. 10d). This feature shifts to higher temperature with increasing
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frequency and vanishes for f > 10 kHz. Repeating the experiments several times with renewed contacts
resulted to curves with similar features, indicating their intrinsic character. Nevertheless, we cannot
extract a corresponding f vs.Tpea diagram since it is not possible to define the T hence, we cannot

apply the VF model to determine a freezing temperature.

A6. Magnetoresistance measurements

Figure 11 shows the magnetic field dependence of the normalized in-plane (fig. 11b) and out-of-plane
(fig. 11a) resistivity of LagggeSro0CuO,4 determined from measurements of electric impedance at T =
20K. For H || c (fig. 11a) we observe a first order phase transition and a corresponding hysteresis at H ~ 6
T due to the metamagnetic transition associated with the DM interactions. In La,CuO,.y, the crystal
anisotropy and the DM interaction fix the easy axis for the spins to the longer of the two in-plane
orthorhombic directions (the b-axis). The direction of the (WF) moments L induced by the DM
interaction is fixed by the cross product L=D>n, between the DM vector D (oriented along the shorter of
the two in-plane orthorhombic directions — the a-axis) and the AF order parameter n, (pointing along the
b-axis) so that L is oriented along the c-axis, perpendicular to the CuO, planes of the crystal structure. A
sufficiently large magnetic field applied along the c-axis can overcome the inter-plane AF coupling and
induce a discontinuous spin-flop reorientation, causing the so-called WF (first order) phase transition. The
critical field is reduced at high temperatures following the decrease in L, due to thermal fluctuations in
no(T) [43]. For H || ab (fig. 11b), the magnetoresistance varies smoothly because the weak ferromagnetic
moments induce a continuous rotation of ny in the bc-plane. Similar results are obtained for the Li doped

samples, as shown in figs 11c and 11d .

A7. Magnetization measurements

Figure 12a shows the measured out-of-plane magnetization for Lay g99Srq00:CUQ,. The peak observed
at T = 312 K corresponds to its Néel temperature. A similar peak is observed for the in-plane component
of the magnetization at T = 312 K. Figure 12b shows the out-of plane magnetization for La,CuOg.x (Tn=
313 K). Figures 12c¢ and 12d show the out-of plane magnetization for the Li-doped samples, x = 0.01 and

x = 0.04, respectively. The corresponding magnetization is comparable to earlier studies [24, 32].
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Figure Captions

Figure 1: a. In-plane dielectric permittivity €",, as a function of temperature for various frequencies
for Lay.g0eSro00:CUO,. b. Experimental data for frequency f vs. peak temperature T as extracted from
panel (a) (black open circles). The red solid line corresponds to the VVogel-Fulcher fit. c. Out-of-plane
dielectric permittivity &’ as a function of temperature for various frequencies. d. The experimental data
(black open circles) for the f - Ty Curve, are extracted from the imaginary part of the dielectric

permittivity €, (inset), while the red solid line depicts the Vogel-Fulcher fit.

Figure 2: a. In-plane P, (red line) and out-of-plane P, (black line) electric polarization as a function of
temperature for LajggeSroo0:CUO,4. Inset. The corresponding pyroelectric current curves are shown. b.
Polarization as a function of applied electric field (P-E) hysteresis loops for both P,, (red solid circles)

and P, (black solid circles) at 2K. Broken lines are a guide to the eye.

Figure 3: In-plane P4, (red line) and out-of-plane Pc (black line) electric polarization as a function of
temperature for lightly oxygen-doped LaCuOy.x (Tn = 313K). Inset. Polarization as a function of applied
electric field (P-E) hysteresis loops for Py, (red symbols) and P, (black symbols) at 2K. The dash lines are

a guide to the eye.
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Figure 4: a. Out of plane polarization P, as a function of applied magnetic field H at T=2K for
Laj099Sr0.00:CUO, (E || ¢ and H || ¢). Inset. Pyroelectric current as a function of temperature for various H.
b. Py as a function of H (E || ab, H || ab). Inset. Pyroelectric current as a function of temperature for

various H.

Figure 5: Out of plane polarization Pc as a function of temperature for La,Li,Cu; 4O, with x = 0.01
(black solid line) and x = 0.04 (blue solid line). Polarization as a function of applied electric field (P-E)
slim loops for x = 0.01 (upper inset) and x = 0.04 (lower inset) at 2K are also shown. Broken lines are a
guide to the eye.

Figure 6: Out of plane polarization P as a function of applied magnetic field H for a.
La,Lig0:CUg9904. The corresponding pyroelectric current is shown in the inset of the graph, for selected
magnetic fields. b. Pc vs. magnetic field for La,Li04Cuo9s04. The corresponding pyroelectric signal is

shown in the inset. In both cases E ||cand H || c.

Figure 7: a. Electric circuit for polarization measurements. The sample (light blue rectangular) is
placed between metallic plates. Rsmple aNd Rieakage are the parasitic resistance components as described in
the text. b. Pyrocurrent vs. time (blue solid line). A sharp negative peak is observed when the polarization
of the sample vanishes. The temperature change is represented by the solid black line. ¢. The integration
of the pyrocurrent peak results in the induced charge curve. Dividing by the area of the capacitor we
obtain the electric polarization of the sample. In the integration process we consider the electric

polarization above the ferroelectric transition temperature to be zero at the initial state.

Figure 8: a. Electric current (blue solid line) and temperature (black solid line) measured during the
experimental process. The inset of the graph depicts a detailed picture of the measured current. A local
current minimum is recorded. b. The local minimum changes sign with respect to the electric field
reversal. c. The measured electric current (black open circles) can be processed to extract the pyroelectric
signal (blue solid line) to determine the electric polarization of the sample. The red solid line represents

the resistive part of the measured current.

Figure 9: a. Real part of the dielectric permittivity ¢'c as a function of temperature, for lightly oxygen-
doped La,CuO,.x (Tn= 313 K), measured for various frequencies. b. Frequency f as a function of peak

temperature T €xtracted from panel a (black open circles). The red solid line corresponds to the VVogel-
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Fulcher fit. c. Real part of the in-plane dielectric permittivity €5, as a function of temperature for various
frequencies. d. Vogel-Fulcher fit (red solid line) applied to the f - Tpea Curve temperature data (black open

circles).

Figure 10 a. Out-of-plane dielectric permittivity £’c as a function of temperature for La,Lig;CuggeOs.
b. Frequency f as a function of peak temperature T, (black open circles) fitted against the Vogel-
Fulcher relation (red solid line). c. Out of plane dielectric permittivity ¢’c for La,Lip0sCUggsOs. d.
Additional changes in the slope of the permittivity are also observed and indicated by colored arrows.

Figure 11 a. Magnetic field dependence of the out-of-plane normalized resistivity Rc(H) / Re(0) for
La,009Sr0.001CUO, (T = 20 K; E Il ¢ and H |l ¢). b. In-plane normalized resistivity Ry (H) / Rap(0) as a
function of applied magnetic field (T = 20 K; E || ab and H [l ab). c. Re(H) / Re(0) vs. H Il ¢ for
La,Li,Cu1O4 (T = 20 K; x = 0.01 and x = 0.04). d. Ras(H) / Rap(0) vs. H (T = 20 K: E || ab and H |l ab)
for both Li-doped samples.

Figure 12: Bulk magnetization with the magnetic field applied along the c-axis (H = 1 kG) for a.

La1,9998r0,001CuO4, b. ||ght|y Oxygen-dOpEd LaQCUO4+X, C. LagLi0.01CUO_9904 and d. LagLi0_04CUO.g504. The
observed peaks correspond to the Nél transitions.
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Figure 11
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