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ABSTRACT

Er*" color centers are promising candidates for quantum science and technology due to their long electron and nuclear spin coherence
times, as well as their desirable emission wavelength. By selecting host materials with suitable, controllable properties, we introduce new
parameters that can be used to tailor the Er*" emission spectrum. PbTiOj; is a well-studied ferroelectric material with known methods of
engineering different domain configurations through epitaxial strain. By distorting the structure of Er*"-doped PbTiOj; thin films, we can
manipulate the crystal fields around the Er** dopant. This is resolved through changes in the Er** resonant fluorescence spectra, tying the
optical properties of the defect directly to the domain configurations of the ferroelectic matrix. Additionally, we are able to resolve a second
set of peaks for films with in-plane ferroelectric polarization. We hypothesize these results to be due to either the Er’* substituting different
sites of the PbTiO; crystal, differences in charges between the Er** dopant and the original substituent ion, or selection rules. Systematically
studying the relationship between the Er’** emission and the epitaxial strain of the ferroelectric matrix lays the pathway for future optical
studies of spin manipulation by altering ferroelectric order parameters.
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I. INTRODUCTION

Rare-earth ions (REIs) are attractive photon sources in a
broad range of applications, including quantum communication'™

and new optical sources.”® The self-contained nature of the 4f elec-
trons’ leads to weak interactions with its environment and makes
them attractive systems for storing and manipulating quantum
information, demonstrated by impressive coherence properties in
both optical and spin degrees of freedom.”*™'" In particular,

Er’* is a desirable quantum defect due to its electron spin coher-
ence time exceeding 20 ms'' and nuclear spin coherence times of
over a second,'” as well as its wavelength emission in the telecom
band (~1.5um)."” However, in order to fully realize Er’*-based
systems for quantum information sciences, interactions with the
host material need to be carefully considered.

Interactions between the Er’* dopant and its host are subtle;
yet, these interactions are fundamental to our understanding of
atomic defects in the solid state. Er** ions have been explored for
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quantum information applications across a wide range of materials
and coordination environments, such as yttrium-based crystals,*"”
MgO,'® TiO,,>*"” ZnS, PbWO,, MoOj3, and ZnO.' Though the
host material is often depicted as a passive environment for the
Er’t dopant, it can also serve as a resource to provide additional
methods of controlling the qubit. From a materials design perspec-
tive, this motivates exploration of host materials with additional
controllable degrees of freedom (e.g., strain or polarization) to sys-
tematically study the dependence of Er*" on its local environment.
Important open questions are, therefore, in materials with dynami-
cally tunable order parameters, in which order parameters can be
used to manipulate the defect state and how this can be engineered.

One class of host materials that may offer new functionality
for controlling REI quantum defects is ferroelectric materials,
where the crystallographic environment can be directly tuned with
electric fields and strain. This offers multiple pathways to control
the Er** emission by manipulation of different order parameters'®
or by active modulation of the local coordination environment.
Indeed, recent work on Fe** doped PbTiO; single crystals has
demonstrated that the anisotropy of dopant spins can be controlled
by rotation of the ferroelectric polarization in PbTiO3,'” highlight-
ing the potential for direct coupling between ferroic order and
quantum defect states, while piezoelectric materials have been used
to coherently drive Er’* defects acoustically.”’ In fact, strain has
been reported to influence quantum defects by enabling isolating
individual REIs in the frequency regime,”' affecting the site sym-
metry and electric field sensitivity of REIs,”"** coupling with
quantum emitters to generate entanglement,23 and modulating a
spin relaxation rate in SiV diamond qubits.”* Therefore, strain
manipulation can lead to dynamic coupling and decoupling of ions
in ensembles and various control channels.

PbTiO; (PTO) is a single composition, ferroelectric perovskite
oxide with large spontaneous polarization®>*® and, in thin films,
lattice parameters, which can be finely tuned through epitaxy.”’
The ability to manipulate the lattice environment with externally
applied fields offers the potential for acoustic control and transduc-
tion of quantum states.”*>*’ Additionally, PTO has a bandgap of
~3.9eV,”” much greater than the Er’" emission wavelength of
1.55eV and facilitating electronic isolation. The particular advan-
tage of functional oxides, such as PTO, which have been doped
with transition metal ions'’ or REIs,' is that the dopant can have
interacting charge, spin, orbital, and/or symmetry orders with the
host matrix. Since the distortion of the lattice is directly coupled to
the ferroelectric polarization in PTO,”" cross coupling between
multiple correlated orders can be explored to create solid-state
control of quantum emission. This is, however, challenging as dele-
terious processes, such as fast spin relaxation or optical branching
ratios, are extremely sensitive to the detailed energy level structure.
Realizing the full potential of this class of defects in active materials
requires a thorough understanding of the interactions between the
host lattice and the defect crystal field levels. By utilizing the fine
tunability of the lattice parameters of PTO, a systematic study
understanding how different crystal fields affect the Er’* optical
properties can be performed.

In this work, we demonstrate coupling of the Er** emission to
the epitaxial strain of the host matrix up to 80 K. By systematically
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changing the epitaxial strain of the host lattice via substrate selec-
tion, we modulate both the strain and the crystal field around the
defect, allowing exploration of optical properties based on substitu-
tional site occupancy and ferroelectric polarization. Resonant fluo-
rescence spectroscopy is used to study the telecom-wavelength
4 /2 —* 15 /2 transition for Er’", revealing the dependence of
peak position, linewidth, and intensity on even subtle changes in
epitaxial ~strain and ferroelectric ~domain configuration.
Understanding the effect of epitaxial strain on Er** emission pro-
vides a blueprint to study the control of Er*" emission with strain
using resonant fluorescence spectroscopy.

Il. RESULTS AND DISCUSSION
A. Epitaxial strain engineering

To systematically study the effect of strain environment on the
Er’" optical properties, PbTiO; is selected as a wide-bandgap,
anisotropic host that can be tuned through epitaxial strain. PTO is
a tetragonally distorted perovskite [Fig. 1(a)] ferroelectric with a
significant c:a (4.11 A: 3.91 A) ratio, where the spontaneous polari-
zation P is along the ¢ axis of the unit cell. This tetragonal distor-
tion of the unit cell translates to a corresponding distortion of the
crystal field around the Er*™ dopant that can substitute either the
A (Pb?") or B (Ti*") site in the perovskite structure’ as outlined
with a dashed pink line in Fig. 1(a). We probe the 4113/2 —* L5/
transition for Er’** at 6500 cm™! [Fig. 1(b)]. Because c:a is large,
the orientation of P, with respect to the film geometry, can be effec-
tively tuned using thin film heteroepitaxial strain.”” We investigate
five substrates commonly employed to generate epitaxial strain in
thin films: (LaollgSr0<32)(Alo‘59Ta0'41)03 (LSAT), SI'T103 (STO),
DyScO, (DSO), GdScO; (GSO), and NdScO5 (NSO).

When the lattice constant of the substrate is large (>3.95 A),
creating a tensile epitaxial strain, the PTO film will prefer to form
domains where c is in the plane of the film (a-oriented) to partially
relax the elastic energy. Conversely, when the lattice constant of the
substrate is small (<3.95 A), creating a compressive epitaxial strain,
the PTO will form domains where ¢ is preferentially normal to the
film plane (c-oriented). This is illustrated in Fig. 1(c). Because these
a- and c-oriented domains are defined by different lattice constants
along the c axis and the a axis, this difference is apparent in X-ray
diffraction (XRD) in Fig. 1(d). As a further complexity, the diffrac-
tion peaks are not pinned to the ideal a and c lattice constants, but
individual peaks shift betraying further strain within the split
domains. Thus, varying the substrate lattice parameter varies not
only the fraction and orientation of ferroelectric domains, but also
the finer strain state within this structure.

The fraction of ¢- and a-domains can be quantified from XRD
using the ratio of the film peaks at 21.5° (¢, 001) and 22.6° (g, 100)
[Fig. 1(d)].” By integrating the intensity of the 100- and
001-peaks, we can quantify the phase fraction of each sample
[Fig. 1(e)]. From this analysis, samples deposited on LSAT and
STO substrates, with a compressive epitaxial strain, possess a
majority of c-domains, while samples on GSO and NSO substrates,
under tensile strain, have a majority of a-domains. Between these
extremes, the lattice constant of DSO is comparable to the mean of
the ¢ and a axes of PTO; thus, the structure is a mixture of the two
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FIG. 1. Er3+-doped PTO. (a) Diagram of the tetragonal PTO unit cell with the two sites the Er*t
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(b) *h3 /2 —4 I157 transition of the Er’* ion with an emission of ~6500cm~" in the near-IR. (c) When epitaxially deposited on different substrates, the tetragonal PTO
will take on different domain configurations to relax the epitaxial strain of the substrate, ultimately leading to either primarily OOP or primarily IP polarized films. (d) X-ray
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respectively. The substrate peak is marked with an

configurations. Using piezoresponse force microscopy, we can visu-
alize how the PTO domains change from predominantly c-domains
in LSAT and STO to predominantly a-domains in GSO and NSO,
with the DSO sample having some of both domains with a length
scales of 10-50 nm (Fig. 7), consistent with the x-ray analysis.

B. Emission in erbium-doped PTO

Er’" incorporated within the PTO film can be detected
through its luminescence. The Er*" ground state (*I;s /2) is com-
posed of eight crystal field levels, while the first excited state
(4113/2) is composed of seven. Elevated temperatures result in a
highly congested spectrum, expected due to thermalization between
states, making it difficult to distinguish and identify because of
broad linewidths and thermally excited states. However, at tempera-
tures where the thermal energy, kpT, is small relative to the crystal
splittings, a simpler spectrum arising only from the sparser range
of thermally populated states is expected. Analysis here focuses on
emission from the Y, level to the three lowest ground states: Z;
(circle), Z, (diamond), and Z; (square) [Fig. 2(a)]. Emission is
observed that is broadly consistent with previous measurements at
4K for Er*t-doped PTO on an SrTiO; substrate with peaks at
6512cm™! (Y7 — Z;), 6496cm™! (Y; — Z,), and 6398 cm™!
Yy — Z3),! though systematic variation of a substrate allows iden-
tification of new, subtle trends.

At 7K, only transitions from the Y; excited state are observed;
the long excited state lifetime (3.9ms)' ensures that the excited
state crystal field levels follow a Boltzmann distribution, so only Y;
has any appreciable population. At 77 K, however, additional peaks
emerge that correspond to new thermally accessible crystal field
levels in the excited state [Fig. 2(b)]. The three transitions from the

o = ~21.5° and ~22.6° correspond to c- and a-oriented polarizations,

Y; level to the three lowest ground states can be identified for all
samples (LSAT, STO, DSO, GSO, and NSO) at 77K [Fig. 2(c)].
There is, however, a significant variation in the peak intensity, the
presence of other transitions, and even the frequency of the
transitions.

To improve our sensitivity to the higher energy peaks and
explore internal transitions, excitation-emission spectral maps
(Fig. 3) were measured for all five samples of identical thickness.
These spectral maps allow visualization of the connection between
different excitation and emission peaks. The diagonal line where
emission and excitation frequencies are equivalent corresponds to
residual laser scattering. To visualize the change in PL counts from
the sample, the intensity is normalized to the 6500 cm™" emission
peak when excited at 6500 cm™!.

From these data, the full complexity of the Er’" photolumi-
nescence can be observed. These data highlight the complicated
role of temperature in interpreting Er measurements; for example,
it is possible to observe emission at higher energies than the excita-
tion frequency (Fig. 3). This is possible because the long (millisec-
ond) lifetime allows the excited state manifold to reach a
quasi-equilibrium. If we excite to the lowest-lying excited state (Y;),
the system will thermalize yielding non-zero Y, (and above) popu-
lation according to a Boltzmann distribution. Emission from these
higher-lying states can then occur at energies greater than the
initial excitation energy.

Emission is observed for all samples at an excitation frequency
of 6500 cm™!. At this excitation frequency, the intensity at other
emission frequencies decreases based on the substrate in the follow-
ing trend: LSAT > STO > DSO > GSO > NSO. For the
Er’"-doped PTO sample on GSO, intense emission is detected at
excitation frequencies of 6533 cm~! and 6486 cm™!, which are not
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FIG. 2. Er** telecom transitions. (a) Diagram of the energy levels for the 4/13/2 = hs2 transitions. Z and Y refer to the lower and upper manifolds, respectively.
(b) Er** emission observed for 6500 cm~" excitation at 77 K and 6515cm~" excitation at 7K in Er**-doped PTO on STO. (c) Er** emission observed for 6500 cm~"
excitation at 77 K for the five films studied here.
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FIG. 3. Excitation-emission spectral maps. Spectral maps for all five samples. The intensity of spectral maps has been normalized to the 6500 cm~" emission peak when
excited at 6500 cm~". Spectral maps were measured at 77 K.
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TABLE I. Photoluminescence excitation peaks for different emission frequencies for
Er**-doped PTO on NSO from Fig. 3.

Emission

frequency (cm™") Excitation frequency (cm™")

6456 6457.94 6486.18 6503.85 6515.11 6533.21
6485 6457.31 6485.18 6503.17 6515.55 6532.99
6533 6455.68 6483.80 6503.07 n/a 6531.29

observed for the other samples. This emission, however, comes
from the substrate itself (discussed later in Sec. II D), presumably
from trace contamination of Er’" in the substrate similar to previ-
ous observations of unexpected background Er** emission.” An
additional set of peaks is observed in Er’**-doped PTO on NSO at
an emission frequency of 6457 cm™! and 6486 cm™!, which are
excited by frequencies not observed in other samples or in the sub-
strate, and are given in Table I. From these data, the changes in the
Er’" emission as a function of the PTO domain configuration
demonstrate that the intensity, the peak position, and the linewidth
are all impacted by the domain fraction and strain induced by the
substrate lattice constant.

C. Strain-dependent parameters

First, the difference in the intensity, peak linewidth, and fre-
quency is visualized by comparing the PL from the Er’"-doped
PTO on STO and DSO samples at 7K. The three peaks that are
present at 7 K correspond to the Y; to Z; transition [Fig. 8(a)], the
Y; to Z, transition [Fig. 4(a)], and the Y; to Z; transition [Fig. 8(b)].
There is a clear trend in emission across the substrate series
[Fig. 4(b)] consistent across the three peaks. Though the Y, — Z;
transition is typically used for quantum information applications,
we analyze the more intense Y; — Z, response initially and show
consistent behavior from the other transitions in Fig. 8. From this,
we can conclude that the intensity of the peaks increases inversely to
the lattice constant, namely, NSO < GSO < DSO < STO < LSAT,
which is the order of the c-domain fraction. This trend is observed at
both 7K [Fig. 9(a)] and 77 K [Fig. 9(b)]. Changes are also observed
in the peak position and linewidth as a function of substrate. Here,
the emission peaks shift to higher energies as the fraction of
c-domains decreases; this trend is clearly observable by inspection at
7K but is also present in the 77K data and is accompanied by
broadening of the peaks.

ARTICLE pubs.aip.org/aip/jap

By fitting the PL spectra with Gaussian curves with a linear
background, we can quantify the changes in the emission spectra of
the three transitions with a fraction of c-domains as a proxy for
structural distortion (Figs. 10-16). Differences in the PL intensity
[Figs. 4(c), 4(f)], the emission frequency [Figs. 4(d), 4(g)], and the
peak linewidth [Figs. 4(e), 4(h)] for the samples at 7 K [Figs. 4(c)-4(e)]
and 77 K [Figs. 4(f)-4(h)] are reported. Fit parameters are reported in
Tables II and III for the 7 and 77 K data set, respectively. The PL inten-
sity of the peaks is relative to the most intense peak of that transition
{STO for 7K [Fig. 4(d)] and LSAT for 77 K [Fig. 4(g)]}. Generally, the
peak intensities decrease with the decreasing fraction of c-domains. At
77 K, the PL counts decrease on average for the three transitions by
57% for the STO sample, 86% for the DSO sample, 92% for GSO, and
91% for the NSO sample.

The variation in the PL intensity for the different transitions
shows a strong correlation with the fraction of c-domains in the
sample. One interpretation is that the change in domain orientation
changes the excited transition dipole moment with respect to the
polarized excitation; however, this effect alone would not account
for the significant variation between the LSAT and DSO samples,
where the c-domain fraction changes from 1.0 to ~0.75; yet, the
observed relative PL change is from 1.0 to 0.14. Similarly, a simple
polarization explanation would not account for the variation
between LSAT and STO, which have similar c-domain fractions but
where the PL varies by a factor of two. Instead, we consider the
effect of strain; previous studies of Er’* PbTiO; found an excited
state lifetime shorter than that expected from a pure magnetic dipole
transition,' suggesting some electric dipole contribution to the tran-
sition dipole strength. Changes in the strain environment may
change the extent of this mixing, which would change both the exci-
tation and emission strength of the Er¥t. As we show below, there is
a corresponding change in the peak position, indicating that the
Er’* wavefunctions are modified by the strain environment.

We compare the change in the peak position for each transi-
tion by subtracting that particular transition with either that of
the sample on STO for the 7K data set [Fig. 4(e)] or the sample
on LSAT for the 77K data set [Fig. 4(h)]. As the fraction of
c-domains decreases, the emission frequency increases. The
change is more drastic for the 7 K data set where the emission fre-
quency increases by at least 0.58 cm™! for the Y; to Z; transition
and at most 1.78 cm™! for the Y; to Z, transitions. At 77 K, the
change in the emission frequency for the samples with predomi-
nantly a-domains varies between 0.31 cm™! for the Y; to Z; tran-
sition and 0.73cm™' for the Y, to Z, transition both for the
sample on NSO.

TABLE Il. Gaussian fit results of frequency (Freq.), intensity, and linewidth from Figs. 10 and 11. Freq. from the literature (Lit.) from Ref. 1.

STO DSO
Lit. value Freq. Intensity Linewidth Freq. Intensity Linewidth
Transition (cm™) (cm™) (arb. units) (em™) (em™) (arb. units) (em™)
Y, > Z; 6511.7 6516.08 954.96 14 6516.66 629.35 0.99
Y - Z, 6497.49 6501.27 7066.52 1.86 6503.06 95491 2.2
Y, > Zs 6398.23 6403.15 3224.14 1.64 6403.99 507.47 1.96
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TABLE lll. Gaussian fit results of frequency (Freq.), intensity, and linewidth from Figs. 12-16. Freq. from the literature (Lit.) from Ref. 1.
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LSAT STO
Freq. from Lit. Freq. Intensity Linewidth Freq. Intensity Linewidth
Transition (cm™) (em™) (arb. units) (cm™) (em™) (arb. units) (cm™)
Y, -7, 6511.7 6515.82 2230.89 2.36 6515.81 3623.92 2.41
Y, - Z, 6497.49 6501.39 30101.09 2.2 6501.34 14 655.47 2.19
Y, > Z; 6398.23 6403.98 8918.9 2.42 640391 870.85 2.44
DSO GSO
Freq. from Lit. Freq. Intensity Linewidth Freq. Intensity Linewidth
Transition (cm™! (cm™h (arb. units) (cm™h) (cm™h (arb. units) (cm™h
Y- 27, 6511.7 6516.28 607.68 2.46 6516.5 238.42 2.57
Y, -2, 6497.49 6501.44 5405.47 2.13 6501.8 2839.2 2.25
Y, > Z; 6398.23 6404.13 349.34 2.55 6404.47 254.66 2.58
NSO
Freq. from Lit. Freq. Intensity Linewidth
Transition (cm™! (cm™) (arb. units) (cm™h)
Y - 27, 6511.7 6516.54 337.88 2.43
Y, > 2, 6497.49 6501.87 2575.09 2.35
Y\ > Z; 6398.23 6404.3 278.17 2.7
Similarly, the change in the linewidth for each sample is com- D. Second site identification
pared by subtracting each sample’s linewidth with either the sample . . 341 2
STO for the 7K d Fie. 4(f h ) LSAT In addition to the previously reported spectrum of Er’™,” 3
01111 ((;r ¢ Fi ata.set [Fig. 11( )] ﬁr tfre s'ampfe (}>1n 4 9r peaks in GSO (Fig. 20) and NSO (Fig. 21) that do not correspond %
:1 e 77K ?}tla se}f [ 1g..4(31]. lolvera. d)tflls tf 1 actlonl o .t € omallln to the Er** emission discussed thus far are observed. In the case of S
ecreases, the change In the finewidth o the samp esSincreases. The the film on GSO, these emissions arise from the substrate (Figs. 5 »
main exception is the Y, to Z; transition for t?e Er —doped.PTO and 22). Given the unique emission range of Er these peaks <
sample on DSO which changes by —0.41cm™' at 7K (and is the a

least intense transition in our dataset). Additionally, the changes in
the linewidth are smaller than the spectrometer resolution
(0.8 cm™1); hence, these values may be underestimations of the true
change in the linewidth. Yet again, the change is more drastic at 7K
than at 77 K. Overall, the samples with a higher fraction of c-domains
have brighter peak intensities, lower energy emission frequencies, and
narrower linewidths. The trends highlighted in Fig. 4(b) demonstrate
that even subtle changes in the local environment can tune multiple
important emission parameters of the Er’* center.

We consider whether these trends could be artifacts from
slightly different temperatures due to differences in sample mount-
ing by comparing our data to temperature-dependent measure-
ments (Figs. 17-19). In the 10-50 K range, the PL counts increase
for all three peaks up until a threshold temperature of 35K is
reached in which the PL counts then decrease and continue to
decrease at the liquid N, temperature regime. This turnover arises
from the depopulation of the Z; ground state once other crystal
field levels are thermally excited. The change in PL counts with
temperature is much more gradual than the observed changes
across samples; for the trends we observe to arise from sample
mounting, we would require implausibly large variations of ~25K
across our datasets. An analysis of the temperature-dependent line-

width yields similar conclusions (see Appendix E).

likely come from Er’" contamination in the substrate itself, a

known challenge in rare-earth materials.””” In the case of NSO
[Figs. 5 and 22(b)], however, the new emission is not present from
the bare substrate, indicating that they arise from a different Er**

environment in the PTO layer.

Here, we hypothesize that there are two different cation sites the
Er’* could occupy, each with a different crystal field environment (A
site or B site in the ABO3 perovskite structure of PbTiO3) [Fig. 1(a)].
Since the ionic radius of Er*™ (1.03) is relatively similar to Pb**
(1.12) compared to Ti*" (0.56),” it is expected for the Er’* dopant
to replace the A site. However, despite the ionic radii mismatch, Er’t
has been reported to readily substitute Ti*" in TiO, in various

methods.' "~

“! Moreover, ESR measurements have shown that REIs

can substitute into the A or B site of BaTiOs,”” where the thermody-
namic driving force is the ionic radius of the ion relative to the site.
This work on BaTiOs is consistent with our observation that the pop-
ulation of these substituent sites changes as we tune the epitaxial
strain and the lattice parameter of the film with different substrates.

A further explanation for the emergence of a second set of
peaks is that the charge compensation required to host Er** in a
lattice of Pb*>" and Ti** changes between substrates due to local
elastic energies. Indeed, local vs non-local charge compensation, or
even different charge compensation configurations, can give rise to
distinct sets of peaks.”” Vacancies within the PTO crystal (the most
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FIG. 4. Changes in Er>* emission. (a) Emission corresponding to Y; to Z, transitions for Er**-doped PTO on STO (red) and DSO (purple) samples at 7K. (b) Diagram
of different substrates studied with their observed structural and optical spectral differences. The diagram is also a color reference for the different substrates used in the
rest of the figure. (c) Change in counts, (d) emission frequency, and (e) peak linewidth for an Er**-doped PTO sample on STO and DSO at 7K, as well as the (f) change
in counts, (g) the emission frequency, and (h) the peak linewidth for an Er**-doped PTO sample on the five substrates at 77 K. Normalized PL counts are the PL intensity
of each peak normalized to the most intense peak for that transition of all five samples (STO for 7 K and LSAT for 77 K). Change in the emission frequency and the line-
width is compared by subtracting that particular transition with either that of the sample on STO for the 7K data set or the sample on LSAT for the 77K data set.
Measurements done at 7 K were excited at 6515 cm~", and measurements done at 77 K were excited at 6500 cm~". Dashed black trendlines are included to help guide

the eye.

likely charge compensation mechanism) have been extensively
studied and reveal a complex landscape.””™*" Strain can also affect
the concentration of vacancies, which, since they provide charge
compensation, will impact the equilibrium concentration of Er’*
on either site.”® Oxygen vacancies, which are the most common,

are highly mobile,”” however, making them unlikely to be localized
around a particular Er*" dopant.

Finally, we consider whether these two distinct sets of peaks
could in fact arise from one site. Changes in sample orientation
could result in different accessible transitions because of selection

48,49
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FIG. 5. Rare-earth emission from substrates. PL for Er** doped PTO samples
deposited on DSO (purple), GSO (light blue), and NSO (dark blue) are com-
pared to that of their respective substrates (black) when excited at 6500 cm—".
The substrate spectrum is overlaid on top of the relevant sample spectrum. All
spectra are compared relative to their integration time. Dashed lines represent
frequencies for different set of peaks present in GSO (light blue dashed) and
NSO (dark blue dashed).

rules, which could, in principle, yield a second seemingly uncon-
nected set of peaks. However, in this scenario, we would expect to
see this in the GSO (which has the same domain structure) and
partially in the mixed-phase DSO sample also. We only observe
these peaks in the NSO case, suggesting that these additional peaks
do indeed arise from a distinct Er** site.

11l. CONCLUSION

To conclude, we have shown that Er** emission can be tuned
by epitaxial strain engineering via substrate selection. Epitaxially
depositing Er**-doped PTO films at similar conditions on sub-
strates with varying lattice parameters permits fabrication of thin
films of the same composition but different domain configurations.
This allowed for a systematic comparison of how strain engineering
in these films affects the Er’* emission in the spectral range of
interest. We observed that films with predominantly c-domains
have narrower linewidths, emit at lower energies, and have a
brighter luminescence than films with predominantly a-domains.
Additionally, samples that have predominantly a-domains showed
additional peaks that correspond to Er’' transitions. The set of
peaks for the Er’*-doped PTO on the GSO sample corresponds to
Er’" impurities in the GSO substrate itself. However, the set of
peaks for the sample on NSO does not come from the NSO

ARTICLE pubs.aip.org/aip/jap

substrate and, hence, must be from the deposited Er*"-doped PTO.
This different set of peaks can either be due to Er’" replacing a dif-
ferent site in the PTO crystal, charge compensation effects, or selec-
tion rules. This work lays a foundation to how strain engineering
through epitaxial fabrication of samples plays a role in controlling
the emission of Er’*, opening up the pathway to manipulating the
properties of REIs via controlling order parameters of the host
material.

ACKNOWLEDGMENTS

Support for cryogenic optical spectroscopy was provided by
the U.S. Department of Energy (DOE) Office of Science, Basic
Energy Sciences in Quantum Information Science under Award
No. DE-SC0022289. P.S. acknowledges support from the
Northeastern University Provost’s Office and TIER 1 Internal Seed
Grant Program. R.M.B. acknowledges fellowship support from the
Kavli Philomathia Graduate Student Fellowship. Work at the
Molecular Foundry was supported by the Office of Science, Office
of Basic Energy Sciences, of the U.S. Department of Energy under
Contract No. DE-AC02-05CH11231. RM.B. would like to thank
Edward Barnard, Artiom Skripka, Emory Chang, Daria Blach,
Jingxu Xie, and Ari Gashi and the physical infrastructure at the
Molecular Foundry for assistance and helpful discussions regarding
designing the resonant fluorescence microscope.

AUTHOR DECLARATIONS
Conflict of Interest

The authors have no conflicts to disclose.

Author Contributions

Rafaela M. Brinn: Data curation (equal); Formal analysis (equal);
Investigation (equal); Writing - original draft (equal); Writing -
review & editing (equal). Peter Meisenheimer: Conceptualization
(equal); Investigation (equal); Writing - review & editing (equal).
Medha Dandu: Investigation (equal); Writing — review & editing
(equal). Elyse Barré: Investigation (equal); Writing — review &
editing (equal). Piush Behera: Investigation (equal); Writing -
review & editing (equal). Archana Raja: Conceptualization (equal);
Resources (equal); Supervision (equal); Writing — review & editing
(equal). Ramamoorthy Ramesh: Conceptualization (equal);
Resources (equal); Supervision (equal); Writing - review & editing
(equal). Paul Stevenson: Conceptualization (equal); Methodology
(equal); Supervision (equal); Writing - original draft (equal);
Writing — review & editing (equal).

DATA AVAILABILITY

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

APPENDIX A: EPITAXIAL PbTiOs FILM GROWTH

100 nm thick thin films of Er*'-containing PbTiO; (PTO)
were deposited via pulsed laser deposition from an Er containing
precursor using ~2m] cm~? laser energy at 590 °C and 100 mTorr
process O,. The Er’" concentration is nominally 0.01% (at. %).
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Samples were deposited on substrates with a range of lattice con-
stants in order to generate a wide range of strain environments.
The substrates are (Lag 18Srg.s:)(Algs9Tag41)O3 (LSAT), SrTiOs
(STO), DyScO, (DSO), GdScO3 (GSO), and NdScO3 (NSO). The
strain and domain orientation of the samples were characterized
from CuK, X-ray diffraction (XRD) spectra about the 001 peak,
using the ratio of the d. = 4.11 A and d, = 3.92 A peaks as the c:a
domain fraction [Figs. 1(d) and 1(e)].

APPENDIX B: RESONANT FLUORESCENCE
SPECTROSCOPY

Resonant fluorescence measurements were done in a home-
built microscope setup (Fig. 6) constructed at the Molecular
Foundry at the Lawrence Berkeley National Lab. Samples were
excited with a Newport Velocity Tunable (TLB-6300-LN) laser
with tunable emission from 1520nm (6579 cm™')-1570 nm
(6369 cm™1) and a nominal linewidth of <300 kHz (narrower than
any feature discussed). The excitation passed through a polarizing
beam-splitter and the fluorescence with polarization orthogonal to
the excitation were detected to suppress scattered laser light. A dual
chopper setup was used to do photoluminescence measurements at
resonant excitation-emission frequencies. The choppers were rotat-
ing at the same frequency (77 Hz) but with a phase offset to mini-
mize laser scattering. Additional prevention of laser scattering was

Convex Lens

Excitation

Chopper Velocity Tunable laser

1520-1570 nm

Detection
Chopper

Polarizing
BeamSplitter
1200-1600 nm

InGaAs

Andor CCD
Camera

lens

Princeton Instruments

Achromatic Spectrometer

Doublet

Inverted Microscope
Sample loaded in
Janus Cryostat

FIG. 6. Diagram of a resonant fluorescence microscope setup.
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done by using different chopper blades. The excitation chopper
blade only exposed the laser to the sample 10% of the time, while
the detection chopper blade only collected the sample emission
50% of the time. An achromatic doublet lens was used instead of
an objective to focus the laser on the sample to image a larger area
of the sample. The sample was maintained in either a liquid He or
liquid N, environment under vacuum in a Janis ST-500 cryostat.
The emission was dispersed onto an InGaAs AndorCCD camera
connected to a Princeton Instruments SpectroPro 300 with a
spatial resolution of 0.1 nm (0.8 cm™!).

APPENDIX C: PIEZOFORCE MICROSCOPY

Dual AC resonance tracking piezoresponse force micros-
copy (PFM) was done in an atomic force microscope (MFP-3D,
Asylum Research). PFM images show the topography
[Figs. 7(a)-7(e)] and the in-plane [Figs. 7(f)-7(j)] and out of
plane [Figs. 7(k)-7(o)] polarizations of the five samples.
Polarizations are represented by the product of the amplitude
and phase. The PFM results support the XRD structural charac-
terization of Er’**-doped PTO. Samples deposited on LSAT and
STO exhibit predominantly out-of-plane polarization, while
those on GSO and NSO show predominantly in-plane polariza-
tion. Samples on DSO exhibit a mixed phase with domain sizes
ranging between 10 and 50 nm.

APPENDIX D: PEAK COMPARISONS

At 7K, the Y; to Z; and Y; to Z; transitions are broader and
have a higher energy frequency for Er**-doped PTO deposited on
DSO than on STO.

Relative intensities of the photoluminescence (PL) of
Er**-doped PTO deposited in different substrates at 7 K [Fig. 9(a)]
and 77 K [Fig. 9(b)]. At both temperatures, samples with a higher
fraction of c-domains have a greater number of PL counts.

1. Peak fits for Er**-doped PTO samples at 7 K

Peak fits for the Er*"-doped PTO samples on STO (Fig. 10)
and DSO (Fig. 11) at 7 K. Peaks were fit to a Gaussian curve with
a linear background. The three peaks fitted correspond to the
Y, — Z; [Figs. 10(a) and 11(a)], Y7 — Z, [Figs. 10(b) and 11(b)],
and Y7 — Z; [Figs. 10(c) and 11(c)] transitions. Residual of fits
provided next to each peak fit to show the goodness of fits. Fit
results are reported in Table II.

2. Peak fits for Er**-doped PTO samples at 77 K

Peak fits for the Er**-doped PTO samples on LSAT (Fig. 12),
STO (Fig. 13), DSO (Fig. 14), GSO (Fig. 15), and NSO (Fig. 16) at
77 K. Peaks were fit to a Gaussian curve with a linear background.
The three peaks fitted correspond to the Y, — Z; [Figs. 12(a)-16(a)],
Y, — Z, [Figs. 12(b)-16(b)], and Y; — Z3 [Figs. 12(c)-16(c)] transi-
tions. The residual of fits is provided next to each peak fit to show the
goodness of fits. Fit results are reported in Table I1I.

2521112 G20z IMdY L1

J. Appl. Phys. 137, 134402 (2025); doi: 10.1063/5.0253357
© Author(s) 2025

137, 134402-9


https://pubs.aip.org/aip/jap

Journal of

o o ARTICLE ubs.aip.org/aip/ja
Applied Physics P p-org/aip/jap

>
o o
o
© 3
()]
o
o N
o 2 ~
|_ =
3
1
5
S5 g
S N
o5 200
£ 0o
o 100

! o
8
(wd) uonezuejod

Polarization
N
o
o

Out of Plane

FIG. 7. Piezoforce microscopy. Topography for Er**-doped PTO deposited on (a) LSAT, (b) STO, (c) DSO, (d) GSO, and (¢) NSO. All scale bars have a length of
400 nm. The product of amplitude and phase from PFM measurements showing (f)—(j) in-plane polarization and (k)-(o) out of plane polarization. Corresponding color
bars show topographical features (blue to yellow) and polarization domains (blue to red).

2521112 G20z IMdY L1

B Y —7Z

O
o
<
l ]
N
z

PL Counts (a.u.)
PL Counts (a.u.)

6515 6520 6400 6405 6410
Emission Frequency (cm—1) Emission Frequency (cm—1)

FIG. 8. Peak comparison for Er**-doped PTO on STO and on DSO at 7 K (a) Emission corresponding to Y; to Z; and (b) Y; to Zs transitions for Er>*-doped PTO on
STO (red) and on DSO (purple) samples at 7 K excited at 6515 cm~". PL was normalized to the largest peak intensity.

J. Appl. Phys. 137, 134402 (2025); doi: 10.1063/5.0253357 137, 134402-10
© Author(s) 2025


https://pubs.aip.org/aip/jap

Journal of
Applied Physics

T

(@) 8000

PL Counts (a.u.)
N o)
o o
o o
=2 =,

N
o
o
o

6400 6500 6600
Emission Frequency (cm™?)

0

ARTICLE pubs.aip.org/aip/jap

30000; -

u.)

20000¢

10000y

PL Counts (a

6400 6500 6600
Emission Frequency (cm™1)
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APPENDIX E: TEMPERATURE-DEPENDENT
PHOTOLUMINESCENCE

Temperature-dependent PL of Er**-doped PTO on STO.
Temperature-dependent PL measurements were done for two
temperature regimes: the liquid He temperature regime from 13 to
55K [Fig. 17(a)] and the liquid N, temperature regime from 77 to
191K [Fig. 17(b)]. All spectra were measured with an excitation
frequency of 6500cm~!. Peaks corresponding to Y; — Z,
Y, — Z,, and Y; — Z; transitions were fit to Gaussian peaks with
a linear background. Peak fit results were plotted as a function of
temperature for the three transitions in both the liquid He regime
(Fig. 18) and the liquid N, regime (Fig. 19).

For the liquid He temperature regime, the normalized
PL counts increase with temperature up until 35K and then begins
to decrease for higher temperatures [Figs. 18(a)-18(c)]. At 35K,
there is enough thermal energy to populate different states.
Both the emission frequency [Figs. 18(d)-18(f)] and linewidth
[Figs. 18(g)-18(i)] increase with temperature, which is expected
due to changes in the population of states with thermal energy. At
most, a change in the emission frequency of 0.47 cm™! for the Y,
to Z; transition and a change in the linewidth of 0.27 cm™! for the
Y; to Z; transition are observed at 55 K. However, considering only
a Boltzmann distribution of populations, we expect to see the pop-
ulation strictly decrease as other states begin to be populated,
counter to our observation of the initial increase. We propose that
the initial increase is due to the broadening of the homogeneous
linewidth. Our narrowband laser excitation only excites a subset of
the entire Er** ensemble, determined by the laser linewidth and

the homogeneous linewidth of the transition. As the homogeneous
linewidth increases relative to the inhomogeneous linewidth, we are
able to excite a greater fraction of the Er*" ensemble, leading to an
increase in the observe PL.

For the liquid N, temperature regime, the normalized PL counts
[Figs. 19(a)-19(c)] decreases with temperature, while the change
in the emission frequency [Figs. 19(d)-19(f)] and the linewidth
[Figs. 19(g)-19(i)] increase. The only exception to this trend is the
change in the linewidth for the Y, — Z,; transition [Fig. 19(g)]; here,
we note that the onset of the reduction in the linewidth occurs
around the known phase transition temperature for the STO sub-
strate, where significant changes to the phonon modes are known to
occur.”’ However, other transitions do not show this behavior, sug-
gesting that a more subtle description may be required to fully
capture this behavior. The changes in the emission frequency and
linewidth observed in Figs. 4(g) and 4(h) occur between 110 and
150 K and 90 and 110 K, respectively. Therefore, the trends discussed
in Sec. II C) are due to different structural distortions imposed by epi-
taxial strain on the thin film through the substrate and not because of
differences in thermal conditions.

APPENDIX F: ADDITIONAL PEAKS IN Er**-DOPED PTO
ON GSO AND NSO

Peak fits for additional peaks in Er’**-doped PTO samples on
GSO (Fig. 20) and NSO (Fig. 21) at 77 K. Peaks were fit to a
Gaussian curve with a linear background. Residual of fits provided
next to each peak fit to show the goodness of fits. Fit results are
reported in Table IV.
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data (red circle). The corresponding residual from fits is shown to the right of each plot. The sample was excited at 6515 cm~".
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Additional comparisons of PL of Er*"-doped PTO samples
and their respective substrates at resonant excitation frequencies to
the additional peaks. In Fig. 22(a), Er**-doped PTO on GSO (light
blue) and the GSO substrate (black) are excited at 6533 cm™!

(dashed line). At this excitation frequency, different spectra are
observed than at 6500 cm™! excitation. The peaks at this excitation
frequency are present for both sample and substrate. Since Gd**
does not have any transitions in this spectral range,”* we believe
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FIG. 19. Fit results from temperature-dependent data at a liquid N, temperature regime. Change in (a)—(c) PL counts, (d)—(f) an emission frequency, and (g)—(i) a peak
linewidth for the Yy — Z4, Yy — Z,, and Y; — Z; transitions, respectively, at different temperatures. PL counts were normalized with respect to each peak at 77 K. The

change in the emission frequency and the linewidth was also determined with respect to each peak at 77 K.

that these peaks are due to Er’" impurities within the GSO sub-
strate. On the other hand, in Fig. 22(b), when Ertt -doped PTO on
NSO (dark blue) is excited at 6456 cm™! (dashed line), peaks at
6456, 6486, and 6500 cm™! are observed. These peaks are also

present at the 6500 cm™

1

excitation. Additionally, no peaks are
observed when the NSO substrate (black) is excited at 6456 cm™!
except for some counts at that frequency due to residual laser scat-
tering. Last, in Fig. 22(c), Er’*-doped PTO on GSO (light blue)
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(black solid line) are shown on top of data (light blue circle). The corresponding residual from fits is shown to the right of each plot. The sample was excited at 6500 cm—".
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TABLE IV. Additional peaks in Er**-doped PTO on GSO and NSO.
GSO NSO
Frequency Intensity Linewidth Frequency Intensity Linewidth
(cm™) (arb. units) (cm™) (cm™) (arb. units) (cm™)
6456.43 225.48 5.06 6457.36 500.08 3.21
6485.71 417.52 3.01 6486.44 618.70 2.84
6533.38 346.06 3.07 6534.84 141.58 3.27
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and the GSO substrate (black) are excited at 6456 cm™' (dashed
line). In addition for the peak resonant to that excitation frequency,
a peak at 6533 cm ™! is also observed for both the sample and sub-
strate. The PL of the Er** impurities in GSO is much brighter than
the Er*" in PTO at this excitation frequency. Hence, we cannot dif-
ferentiate if the source of those additional peaks is the Er’™
dopants in the PTO sample or the Er’* impurities in the GSO
substrate.
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