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Ferroelectricity and superconductivity in strained Eu,Sr;_,TiO; films
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The superconducting transition of SrTiO; can be influenced by tuning its ferroelectric transition, but the
underlying reasons remain poorly understood. Here, we investigate compressively strained, Sm-doped films
of Eu,Sr;_, TiO; that were grown by molecular beam epitaxy to determine the effect of alloying with Eu on
both superconductivity and ferroelectricity, both of which are present in strained SrTiO; films. Remarkably,
superconductivity survives up to x = 0.14. Films at the lowest alloy concentration studied here, x = 0.09, exhibit
no suppression of their superconducting transition temperature, but there is a strong reduction of the upper critical
field (H,,), compared to nonalloyed, strained SrTiO; films. In addition, these films lack the sharp ferroelectric
transition that appears in films without Eu in second harmonic generation measurements. We postulate that
Eu alloying causes a crossover from a globally ordered ferroelectric state to one with only short-range polar
order. We discuss the connection between the loss of global polar order and the change in the superconducting

properties.
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I. INTRODUCTION

Superconductivity in electron-doped SrTiOz was discov-
ered in 1964 [1], and yet the nature of its superconducting
pairing mechanism remains debated to this day [2]. Super-
conductivity in SrTiOj3 persists to very low carrier densities,
which challenges the applicability of standard Bardeen-
Cooper-Schrieffer (BCS) theory due to the Fermi energy
being much lower than its Debye energy [1,3]. Additionally,
bulk, pure SrTiOj3 is an incipient ferroelectric [4]. Recently,
there has been significant interest in finding a possible link
between the superconducting state and the incipient ferro-
electricity [5-9]. While many theories so far have focused
on superconductivity emerging from a paraelectric (i.e., cen-
trosymmetric) state, fewer have considered the possibility
of superconductivity emerging from a ferroelectric or polar
phase, which is characterized by the presence of broken inver-
sion symmetry.

Numerous approaches can be used to tune SrTiO; into
the ferroelectric state, such as Ca, Ba, and isotopic 180
substitution [10-13] and stress [14], including epitaxial co-
herency strains [15,16]. When electron doping is also present,
these methods have demonstrated an enhancement of the
superconducting transition temperature 7. above that of the
unstrained SrTiO3 with comparable carrier densities [11,17—
22]. This is sometimes interpreted as the result of a ferro-
electric quantum critical point whose fluctuations putatively
lead to Cooper pairing. This picture is, however, in contrast
with the fact that in many of these studies, superconductiv-
ity emerges from a polar ground state [11,18,21,22]. Indeed,
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some of the highest reported 7.’s have been observed in
samples that were already strongly in the polar regime upon
entering the superconducting state [18,21,22]. Additionally,
in strained films, suppression of superconductivity has been
correlated to the destruction of the (global) ferroelectric state,
either by overdoping [21,22] or by decreasing the film thick-
ness [23]. Moreover, even nominally paraelectric SrTiO3
can be locally polar [24-26]. A number of scenarios of
locally polar states have been suggested, such as dynamic
off-centering of the polarizable Ti ion [27] or polar regions
that cluster around impurity atoms in a highly polarizable
lattice [28-30]. Recently, however, high-resolution scanning
transmission electron microscopy (STEM) has shown evi-
dence of static polar nanodomains in the paraelectric phase
[26,31,32].

Superconductivity in SrTiO3 films exhibits other peculiar-
ities as well. These include upper critical fields (H.,) that
exceed the paramagnetic (Pauli or Clogston-Chandrasekhar)
limit [33-35] and an apparent insensitivity of 7, to the pres-
ence of magnetic impurities [21,34,36], in apparent contradic-
tion of the Abrikosov-Gor’kov (AG) theory of paramagnetic
impurities in an s-wave superconductor [37]. Although each
of these observations can have a trivial explanation, such as
thin film or multiband effects [34,38,39], another possibility
is the effect of antisymmetric spin-orbit coupling (ASOC)
induced by broken inversion symmetry on superconductivity
[40—45]. An important role of spin-orbit coupling, present
in noncentrosymmetric materials, was already suggested in
studies of LaAlO3/SrTiO3 samples, whose T, appears linked
to the strength of Rashba-like ASOC [46-48]. Going further,
it has even been suggested that topological superconductivity
may be found in noncentrosymmetric SrTiO3-based systems
[49-51]. All of these observations strongly suggest that the
role of broken inversion symmetry and spin-orbit coupling in
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the superconducting state of SrTiO3 deserve further investiga-
tion.

In this study, we investigate alloys between SrTiOz and
EuTiOs. Previously, it was shown that alloying strained
SrTiO3; with magnetic Eu*" up to concentrations of 3%
produced essentially no change in the superconducting prop-
erties. Due to the almost identical ionic radii of Sr** and
Eu”*, which leads to the end members SrTiO; and EuTiO;
having identical bulk lattice constants, the Eu,Sr;_,TiO3 sys-
tem presents a unique playground for exploring the effects
of alloying without changing the strain state of the films.
Both superconductivity and ferroelectricity must be expected
to disappear at some concentration x (though not necessarily
the same x), as EuTiO; is not a superconductor and, at the
compressive strain levels used here, it is also not ferroelectric
[52]. Here, we show that superconductivity does eventually
become suppressed by Eu alloying. Interestingly, our data in-
dicate that this does not seem to be brought about by magnetic
(dis)order, but rather by a reduction of polarizability of the
lattice, as told by suppression of the ferroelectric transition
and polar nanodomains.

II. EXPERIMENT

Coherently strained, Sm-doped EuTiO3;/Eu,Sr;_,TiO;
heterostructures were grown on (001)
(LaAlO3)03(SrpAlTaOg )97 (LSAT) crystal substrates by
hybrid molecular beam epitaxy, as described elsewhere
[53-55]. The LSAT substrate introduces a compressive
in-plane strain of ~ 0.9% in both layers, while the thin (10
nm) Sm:EuTiO3 cap prevents issues with surface depletion
in relatively thin (70-100 nm) Eu,Sr;_,TiO3 layers, whose
thickness is limited by the need to prevent strain relaxation
[55,56]. The Sm dopant cell temperature was kept constant
for all layers in a sample. Results from two series of films
are presented in the main text. In the first series (series A),
the alloy concentration of Eu in the Sm:Eu,Sr;_,TiO3 layer
was kept constant at a nominal value of x = 0.05 (5% Eu)
and the Sm>* dopant concentration was varied. In the second
series (series B), the Sm*" dopant concentration was kept
nominally constant in the optimally doped range (determined
by the doping density of the sample in series A that produced
the highest superconducting 7.) and x was varied. The
nominal Eu concentration was estimated by the ratio of Sr/Eu
beam equivalent pressures (BEPs) used during growth and
corresponded to x = 0.05, 0.10, and 0.20 for series B. The
relative St/Eu stoichiometry of the films was also determined
by x-ray photoelectron spectroscopy (XPS), which estimated
the stoichiometry of these to be closer to x = 0.09, 0.14, and
0.30, respectively (see Supplemental Material [56], which
also contains Refs. [57-62]). Note that the optimally doped
sample from series A (sample A3) is also used as the x = 0.09
sample in series B (sample B1). Summaries of film parameters
and measured properties are presented in Tables I-III.

On-axis x-ray diffraction (XRD) measurements were car-
ried out using a Philips Panalytical X’pert thin film x-ray
diffractometer to assess out of plane lattice parameters and
film thicknesses via Laue thickness fringes. The evolution of
ferroelectric order was measured using optical second har-
monic generation (SHG) from 10 to 200 K. Ultrafast laser
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FIG. 1. XRD for series A films. The dotted line represents the
fully strained, stoichiometric 002 lattice parameter.

pulses with 800 nm center wavelength, 40 fs duration, and 10
kHz repetition rate were focused to a spot size of 30 wm, as
described previously [22]. Each point shown is the average of
many points taken continuously as the temperature is changed.
The SHG intensity shown is the average of the points within a
chosen temperature interval.

Al shadow masks were used to deposit Ti(50 nm)/Au(250
nm) Ohmic contacts on the corners of the sample by electron
beam evaporation. Sheet resistance (R;), Hall carrier density
(n3p), and Hall mobility (1) were measured from 300 to 2 K
in van der Pauw (vdP) geometry using a Quantum Design
Dynacool system. Longitudinal resistance (R) measurements
between 14 mK and 1 K were performed in a dilution re-
frigerator (Oxford Instruments Triton) using low-frequency
lock-in techniques. The superconducting transition tempera-
ture 7. was defined as the temperature at which R/R,, = 0.05,
where R, is the resistance measured at 1 K. Upper critical
field (H.2) measurements at 20 mK were performed on the
series A samples with the highest measured 7, values. Sample
Al was measured with H oriented out of the plane of the
sample (oop), while samples A2 and A3 were measured with
H oriented in the plane of the sample (ip) (i.e., H|| » and
H 1 n , respectively, where n is the film surface normal).
Here H,, is defined as the field at which R/R, = 0.5. Only
one orientation of H,, was measured for each sample due to
sample degradation between scans (see Supplemental Mate-
rial for details [56]).

III. RESULTS

Results from the XRD measurements for series A films are
shown in Fig. 1. All exhibit a single 002 film peak indicating
that both the Sm:EuTiO; cap and the Sm:Eu,Sr; ,TiO; are
fully strained to the LSAT substrate, with the out of plane
lattice parameter aop close to the value expected for fully
strained, stoichiometric films (aop, = 3.930 £ 0.001 A). Laue
fringes indicate good crystallinity and smooth surfaces of the
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TABLE I. Summary of properties for series A samples. The
Sm:Eu, Sry_, TiO; thickness was measured via XRD thickness fringes
and subtracting the estimated thickness of the Sm:EuTiO; capping
layer.

EUXSI‘ 1,xTiO3 film

Sample ngr(cm ™) thickness (nm) T. (mK)
Al 6.3 x 10" 68 290
A2 7.4 x 10" 92 330
A3 9.8 x 10" 75 400
A4 1.2 x 10% 68 75

heterostructures. The exception is sample A2, which exhibits
a small degree of strain relaxation (aop ~ 3.927 A). The strain
relaxation in A2 causes the slight dampening of the Laue
thickness fringes, which are stronger in the other samples.
The period of the thickness fringes corresponds to the total
thickness of the heterostructure, and the measured thickness
values for the Sm:Eu,Sr;_,TiO3 layer are given in Table I,
after subtracting the estimated thickness of the Sm:EuTiO3
capping layer. A representative reciprocal space map of sam-
ple A4 is included in the Supplemental Material [56].

The room temperature three-dimensional (3D) carrier den-
sity values ngr for the series A films were calculated from
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the Hall resistance, using the total heterostructure thickness as
both layers contribute to conduction in the normal state [55].
The ngy values were estimated to be 6.3 x 10" cm™3, 7.4 x
10”em™3, 9.8 x 10" em =3, and 1.2 x 10 cm~> for sam-
ples A1-A4, respectively (Table I). Figure 2(a) shows R, as
a function of temperature (7') for series A films, all of which
exhibit metallic behavior down to 2 K. In Fig. 2(b), the slight
upturn in R; around ~ 7-8 K followed by a downward kink
reflects conduction in the Sm:EuTiO; layer as it goes through
an antiferromagnetic transition [54,63], indicative of paral-
lel conduction in both the Sm:EuTiO5; and Sm:Eu,Sr;_, TiO;
layers. Figure 2(c) shows n3p as a function of temperature.
An abrupt downturn in n3p(7) starting around ~ 100K is
observed in all films, which has been attributed to the ferro-
electric transition causing localization of some fraction of the
mobile carriers needed to screen the polarization [21,22]. The
Hall mobility p at low temperatures roughly scales with ngt as
seen in Fig. 2(d), consistent with ionized impurity scattering.
The normal state transport behavior exhibited by the films
mimics that of comparable heterostructures with 0% Eu [55],
indicating that the presence of 9% Eu has minimal effects on
the normal state transport properties.

Figure 3(a) shows R/R, for the series A samples Al—
A3. The measurement for sample A4 is shown separately
in Fig. 3(b). The extracted 7, values as a function of ngr

(b)

140

120r

/ R
100t 1
80+ fmw_.-"

60

R, (Q/o)

40r

0 | 4 | 8 | 1‘2

(d)

3505
300

;> 2004

£

S 150}
100}
50}

100 150

T (K)

0 50 200

FIG. 2. Normal state transport measurements for series A films. (a) Sheet resistance R, from 200 to 2 K; (b) zoomed in R, below 15 K,
showing the kink at the Néel temperature Ty of the Sm:EuTiO; capping layer. (c) n3p as a function of temperature and (d) mobility u as a

function of temperature.
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FIG. 3. Normalized resistance R/R, as a function of temperature for (a) samples A1-A3 and (b) sample A4. The alternating high and
low values of R in the normal state are due to artifacts from the lock-in amplifier, and the slight upturn in R before the superconducting
transition is occasionally observed in films with nonenhanced 7.. (c) 7, versus ngr for series A films, along with values from comparable

Sm:EuTiO;-capped Sm:SrTiO; grown on LSAT from Ref. [23].

are shown in Fig. 3(c), along with values from Sm:EuTiO3-
capped Sm:SrTiO3 films of comparable thickness from
Ref. [23]. The 7, steadily increases with ngr to a maximum
of 400 mK in the optimally doped sample with ngr = 9.8 x
10" cm~3 (A3), followed by a sharp drop-off of 7, at higher
doping densities. The superconducting dome of these 9% Eu
samples is similar to that of the superconducting domes exhib-
ited by strained SrTiOj3 in the high-doping regime [21] in that
the peak occurs at similar ngr values and a sharp drop-off in 7
is observed on the overdoped side. The 7;’s are also essentially
unsuppressed when comparing to strained SrTiO; films [gray
circles in Fig. 3(c)] [23]. We note that thinner films capped
with Sm:EuTiO; have generally lower 7;’s than thicker films
(see Refs. [21,55]), but all 7;’s are enhanced compared to un-
strained Sm:SrTiO3 films [21]. R/R, as a function of magnetic
field for the series A samples are shown in Fig. 4, and the
extracted H,, values are given in Table II along with values

1.2 T T T T
Ur A A.afr—.—l“!'!‘r'l'lE’
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FIG. 4. Critical field measurements for films A1-A3, measured
at 20 mK. Measurements were taken by first ramping the field to 0.1
T and then slowly ramping down.

of other previously reported strained Eu,Sr;_,TiO3; films for
comparison [23,36]. As can be seen from Table II, the H,,
values for these 9% Eu films are strongly suppressed, even
compared to the films with (nominally) 3% Eu [36]. Though
H_, measurements for both in-plane (ip) and out of plane (oop)
field orientations could not be collected for all samples, the
similarity in the oop and ip H,, values suggests that the nor-
mally observed anisotropy of H,, in parallel and perpendicular
fields for thin film SrTiO3 has been suppressed.

Normal state transport measurements for series B are
shown in Fig. 5. All films were nearly optimally doped with
ngr estimated to be 9.8 x 10" cm™3, 8.3 x 10" cm—3, and
8.2 x 10" cm™3 for samples B1, B2, and B3, respectively
(sample B1 is the same as sample A3 from series A). Fig-
ures 5(a) and 5(b) show R (T), which again is qualitatively
similar to that of Sm:EuTiOs-capped Sm:SrTiO; films with
0% Eu. The lack of any additional anomalies in R (7") would
suggest that up to x = 0.30Eu, no spontaneous magnetic
ordering occurs. This has also been confirmed by supercon-
ducting quantum interference device (SQUID) magnetometry
measurements (see Supplemental Material [56]). As can be
seen from Fig. 5(c) increasing the Eu content also has a
negligible effect on the low-temperature Hall mobility, as the
curves essentially fall on top of each other. Figure 5(d) shows
n3p as a function of temperature for series B. All films possess
similar n;p at elevated temperatures and exhibit carrier deple-
tion beginning around ~ 100 K. As the Eu content increases,
the degree of carrier depletion decreases, explaining the dif-
ferent R, values in Fig. 5(b). The superconducting transitions
for series B films are shown in Fig. 6. The T, of sample B1
(A3) is 400 mK, comparable to that of Sm:EuTiO3-capped
Sm:SrTiO3 films with 0% Eu, while that of sample B2 is
suppressed to ~ 180 mK, and sample B3 does not exhibit
a superconducting transition. A summary of series B film
properties is given in Table III.

Figure 7(a) shows the SHG intensity measurements scaled
by film thickness for the series B films, along with a measure-
ment of a comparable sample structure with 0% Eu shown
for comparison (sample A in Refs. [23,55]). A sharp upturn
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TABLE II. Properties of strained Sm>*-doped Eu,Sr,_,TiO; films and heterostructures. The thin capped samples are from Ref. [23] and

the thick uncapped Eu-alloyed samples are from Ref. [36].

Thickness

(nm) ngr (cm™3) x (%Eu) ip H, (T) oop H,, (T) T. (mK) Reference
70* 9 x 10" 0 1.2 0.77 410 [23]

40° 6 x 10" 0 2.7 1.0 320 [23]

170 8 x 10" 0.5 1.4 1.0 600 [36]

167 7 x 107 2 1.0 0.6 550 [36]

187 5 x 10" 3 0.6 0.4 500 [36]

68* 6.3 x 10" 9 - 0.028 290 This work (A1)
92* 7.4 x 10" 9 0.018 - 330 This work (A2)
75% 9.8 x 10" 9 0.035 - 400 This work (A3)

#Samples were capped with ~10 nm Sm:EuTiO;.

in the SHG signal is clearly seen in the 0% Eu sample,
whereas the transition is less pronounced in the Eu-alloyed
films, although remanences of it still exist. Sharp SHG tran-
sitions can be broadened by even a small degree of strain
relaxation [32]; however, as can be seen from the XRD data
shown in Fig. 7(b), here, all films are fully strained and sto-
ichiometric. Thus, the presence of Eu in concentrations of
x > 0.09 apparently suppresses sharp SHG upturns associ-
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ated with a global ferroelectric transition. A persistent finite
signal at low temperatures can be attributed to the presence
of polar nanodomains, commonly observed in SrTiOs films
above a ferroelectric transition [26,31,64]. The change in
the films’ ferroelectric ordering behavior is also indicated by
scanning transmission electron microscopy studies, presented
in the Supplemental Material [56], which show no polar nan-
odomains at room temperature for the x = 0.09 film, at least
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FIG. 5. Normal state transport properties as a function of temperature for series B. (a) R, from 200 to 2 K, (b) zoomed-in R from 15 to 2

K, (c) mobility, and (d) nsp.
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FIG. 6. Superconducting transitions for series B films. Measure-
ments were taken on heating from base temperature. The small
offsets of the resistance from zero are measurement artifacts.

within the detection limits of the method, in contrast to a
x = 0 film.

IV. DISCUSSION
A. Ferroelectric transition

As mentioned in the Introduction, the ferroelectric tran-
sition in strained SrTiOs has both displacive (soft-mode)
[14,65] and order-disorder characteristics, as evidenced by the
presence of nanodomains above the transition, which are an
essential precursor to the ferroelectric transition [26,31]. The
SHG in Fig. 7(a) would indicate that the addition of x > 0.09
Eu has led to a crossover upon which a long-range ordered
state cannot be established, although the steadily increasing
SHG signal with decreasing temperature of the moderate-Eu
films indicates that the degree of polarization is still increas-
ing. It is reasonable to assume that Eu produces minimal
crystalline disorder in SrTiO3 due to its ionic radius being
almost identical to that of Sr, which is supported by the similar
crystallinity exhibited by all films in XRD [Fig. 7(a)] and the
relatively unchanging normal state transport properties across
series B (Fig. 5). Although both SrTiO3 and EuTiO3 are con-
sidered incipient ferroelectrics due to a soft-mode instability,
SrTiO; is much closer to its quantum critical point. Studies
of Eu, Sri_, TiO3 solid solutions have found that the dielectric

TABLE III. Summary of properties for series B samples. The av-
erage Eu-Eu distance /g, g, was calculated using the Eu concentration
x as measured by XPS.

EuXSrl_xTiO3
film thickness

Sample BEP x XPS x ngr (cm™)  (mm) T, (mK) lgupa (A)

B1 0.05 0.09 9.8 x 10%° 75 400 8.7
B2 0.10 0.14 8.3 x 10" 83 180 7.5
B3 020 0.30 8.2 x 10" 92 0 5.8

constant (¢") becomes strongly reduced in going from x = 0 to
x = 0.2, and the €'(T') behavior changes from that of SrTiOs3,
which has a saturating €’(T') as T approaches 0 K, to relaxor-
type behavior with a very broad €¢'(T') peak around ~ 30K
[66]. The 0 < x < 0.25 range has correspondingly exhibited a
strong increase in the frequency of the soft transverse optical
phonon mode [67]. This supports the idea that the addition of
Eu to the SrTiO; host lattice decreases the polarizability and
leads to a crossover from a uniform polar ferroelectric ground
state to a state with only locally dipolar regions.

B. Superconducting properties

It is rather remarkable that replacing 9% of nonmagnetic
Sr?* with magnetic Eu*" results in virtually no suppression of
T, [Fig. 3(c)] and that superconductivity survives up to at least
14%. In an s-wave superconductor, AG theory states that the
introduction of magnetic impurities should cause an immedi-
ate and continuous suppression of 7 as a function of impurity
concentration [37], with typical critical concentrations being
on the order of ~ 1 at. % [68]. While the addition of magnetic
Eu’*t does eventually suppress the 7., there is thus an initial
regime in which it has virtually no effect. In fact, the situation
is more analogous to Anderson’s theorem for the effect of non-
magnetic impurities on s-wave superconductors, in which the
impurities impose virtually no suppression of T, up to a cer-
tain critical concentration, above which the impurities begin
to have larger effects than simply increasing scattering rates
[69]. It should be noted, however, that the AG theory tends
to hold most strongly for binary and pseudobinary systems.
For ternary systems, it has been suggested that the existence
of distinct crystallographic sites allows for spatial separation
between the conduction electrons and the magnetic sublattice,
which could reduce the effect of the exchange interaction [68].
Kondo screening can be a source of resistance to the effect of
magnetic impurities. However, Kondo screening is typically
manifested by an upturn in resistivity, which we do not see
between 2 and 300 K.

Unlike T, the magnetic response of the superconducting
x = 0.09 film does display markedly different behavior from
that of doped, strained SrTiOs or even Eu,Sr;_,TiO; with
x < 0.03. As seen in Table II, though the 7. values at x = 0.09
are relatively unsuppressed, the H,, values are suppressed
by an order of magnitude (or more) and values are similar
to those of bulk SrTiOs; [70,71]. This suggests a crossover
into a different type of superconducting regime associated
with the Eu alloying. Interestingly, the suppression of H,
by moderate Eu alloying correlates with the suppression of
a global ferroelectric transition. Notably, fully strained films
with x < 0.03 exhibit the signatures of a global ferroelectric
transition in SHG along with large H,, values [36]. One pos-
sible explanation for enhanced H,,’s at low x is that when
ASOC is present due to inversion symmetry breaking, spins
are pinned and there will be an additional energy cost for pair
breaking for certain magnetic field orientations [41]. As the
long-range ordered ferroelectric state is lost, any enhancement
of H,, by ASOC would then diminish. At this point, however,
this suggestion is purely speculative. We also note that both
ip and oop H,,’s are reduced in magnitude while the effect of
ASOC on H,, should be strongly directional.
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FIG. 7. (a) Square root of SHG signal intensity normalized to film thickness as a function of temperature for series B, alongside a
comparable Sm:EuTiO3/Sm:SrTiO3/LSAT heterostructure, which displays the signatures of a global ferroelectric transition (sample A from
Ref. [23]). (b) On-axis XRD scans for series B, along with scan of the 0% Eu sample in (a).

V. CONCLUSIONS

We have shown that films of Sm-doped Eu,Sr;_,TiO; re-
main superconducting up to Eu concentrations of at least
x = 0.14. The crossover from formation of a long-range fer-
roelectric state induced by strain to one that contains only
locally polar order is supported by the suppression of a strong
upturn in SHG intensity. The strongly suppressed H,’s in this
regime suggest that the long-range polar phase may provide
protection from magnetic depairing, which is lost when the
polar domains become randomly oriented, adding to the grow-
ing evidence that polar order influences the superconductivity
of SrTiOs3. The eventual total suppression of superconduc-
tivity in the range 0.14 < x < 0.30 may also be connected
to the suppression of polar order, but at this point we can
only speculate. The results show, however, that suppressing
ferroelectricity, i.e., driving the films closer to a putative
quantum critical point, in this case via Eu alloying, does
not promote superconductivity, contrary to the suggestions of
some of the theoretical proposals. There are very few theories
that directly connect superconductivity to spin-orbit coupling
[72,73], although there are recent suggestions of a more in-
direct link via a modification of the phonon coupling [8].

We hope that the results motivate further theoretical studies
on the role of static polar order in the superconductivity of
Sl‘TiOg.
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