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Spin splitting tunable optical band gap in polycrystalline GdN thin films for spin filtering
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Rare-earth nitrides, such as gadolinium nitride (GdN), have great potential for spintronic devices due to their
unique magnetic and electronic properties. GAN has a large magnetic moment, low coercitivity, and strong spin
polarization suitable for spin transistors, magnetic memories, and spin-based quantum computing devices. Its
large spin splitting of the optical band-gap functions as a spin filter that offers the means for spin-polarized
current injection into metals, superconductors, topological insulators, two-dimensional layers, and other novel
materials. As spintronics devices require thin films, a successful implementation of GAN demands a detailed
investigation of the optical and magnetic properties in very thin films. With this objective, we investigate the
dependence of the direct and indirect optical band gaps (E,) of half-metallic GdN, using the trilayer structure
AIN (10 nm)/GdN (¢)/AIN (10 nm) for GdN film thickness ¢ ranging from 6 to 350 nm, in both paramagnetic
(PM) and ferromagnetic (FM) phases. Our results show a band gap of 1.6 eV in the PM state, while in the FM
state the band gap splits for the majority (0.8 eV) and minority (1.2 eV) spin states. As the GdN film becomes
thinner, the spin-split magnitude increases by 60%, going from 0.290 to 0.460 eV. Our results point to methods

for engineering GdN films for spintronic devices.

DOI: 10.1103/PhysRevB.109.L060401

Introduction. Spintronic devices based on rare-earth ni-
trides (RENs) are of great interest since they present both
semiconducting and ferromagnetic properties, making these
materials suitable for exploiting the spin of carriers in fun-
damental and applied research [1,2]. Among many RENS,
gadolinium nitride (GdN) is especially promising for im-
plementations that aim to explore the electron’s spin to
store, process, and transmit information. The advantageous
properties of GdN are its high degree of spin polarization,
half-metallic behavior that is useful for spin filtering, siz-
able ferromagnetic transition temperature of ~70 K, and large
magnetic moment of 7 up/Gd>" due to fully occupied 4f
electronic states [3—8]. The use of this material in selective
transmission of electrons based on their spin orientation finds
applications in magnetic tunnel junction, spin valves, spin
transistors, and spin-based quantum computing, where the
electron’s spin state encodes and processes quantum infor-
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mation. In this context, the spin-filtering ability promotes an
efficient way to inject and manipulate the spin current [9—14].

Due to its high oxophilicity, GAN easily reacts in air
forming Gd;0Oj3, which can cause significant changes in its
electronic and magnetic properties [15,16]. The growth of
stoichiometric GdN thin films, with low levels of oxygen,
is very challenging and requires rigorous control of the syn-
thesis. This challenge has led to some disagreement in the
literature regarding the electronic properties of GdN films,
but most results point to its semiconducting behavior with an
average band gap of 1.2-3 eV at room temperature [5,17,18].
In addition to controlling the stoichiometry, to combine GdN
with novel materials that are aimed at investigating interface
and spin phenomena, it is crucial to obtain atomically flat sur-
faces with a high degree of crystallinity, large magneto-optical
effects, thermal stability, and tunable band-gap energy. These
properties depend on the film’s strain, thickness, nitrogen va-
cancies, amount of oxygen impurities, parameters that depend
on growth and postgrowth processes, as well as protective
layer and substrate choices.

In this work, we investigate the optical and magnetic prop-
erties of a set of polycrystalline GdN thin films with thickness
ranging from t = 6350 nm. The AIN (10 nm)/GdN (¢)/AIN

©2024 American Physical Society
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FIG. 1. (a) X-ray reflectivity for the rf-sputtered AIN (10 nm)/GdN (22 nm)/AIN (10 nm) and theoretical fit used to obtain the GdN film
thickness. (b) High-resolution x-ray diffraction pattern for AIN (10 nm)/GdN (350 nm)/AIN (10 nm) on a (0001)-oriented sapphire (Al,O3)
substrate. (c) In-plane field cooled magnetization at 50 Oe for GdN thicknesses of 13, 30, and 80 nm. (d) Magnetization (M) vs in-plane
applied magnetic field (H) at T = 10 K for AIN (10 nm)/GdN (#)/AIN (10 nm) structures, with t = 13, 30, and 80 nm.

(10 nm) structures were reactively sputtered on sapphire
(0001) substrates in a UHV sputtering system, grown at
700 °C in a pressure of 2.8 mTorr (mixture of 40% N, and
60% Ar). Measurements using a superconducting quantum
interference device (SQUID) magnetometer confirm that the
GdN films are magnetic with magnetization saturation of
6 up/Gd*" and a Curie temperature of ~30 K, in agreement
with previous reports, and x-ray diffraction data confirms a
polycrystallinity [5,18,19]. Direct and indirect band-gap en-
ergies as a function of the films’ thicknesses are determined
from analysis of the squared-absorption spectra (a?) and /o
using extrapolated curves, respectively. The band-gap energy
in the paramagnetic (PM) phase, at 300 K, reveals a direct
band gap of ~1.6eV with no dependencies on the spin,
whereas this value decreases and splits to 1.2 and 0.8 eV,
approximately, in the ferromagnetic (FM) phase at 6 K. In
the low-temperature FM state a well-separated spin-split band
energy of AE = Ey — E, ~ 0.4 eV is found, which confirms
a giant optical spin splitting in the GdN films, where E; and
E, correspond to the band gaps of the majority and minority
states. We also observe that the splitting magnitude depends
strongly on the GdN film thickness, going from 0.290 eV for
a 350-nm-thick film to 0.460 eV for a 6-nm-thick film—an
increase of about 60%.

Since the investigated GdN films are polycrystalline, the
extensively used Tauc method suitable for determining the
band gap of amorphous semiconductors was not applied
in our analysis [20]. Zanatta proposed the use of sigmoid
(Boltzmann) functions for more accuracy, and showed that
for crystalline Si, Ge, and GaAs the a? extrapolated curve
is in good agreement with the Boltzmann analysis [21]. For
simplicity, we used . for direct band-gap estimation.

Sample preparation, crystal structure, and magnetic prop-
erties. GAN thin films with thickness ranging from 6.3 to 350
nm were deposited on (0001)-oriented sapphire substrates,
with buffer and capping layers of 10-nm-thick aluminum
nitride (AIN) films to avoid oxidation. The growth process
of AIN and GdN took place in a high vacuum sputtering
chamber with a base pressure below 5x 10~ Torr. To improve
the substrate’s surface crystallinity and film quality, prior to
deposition the sapphire substrates were annealed in a quartz-
tube oven at 1100°C for 8 h in an O, atmosphere. After
the annealing treatment, the substrates were cleaned in an
ultrasonic tank first in acetone, and then in isopropanol before
transferring into the load lock chamber and subsequently to

the main sputtering chamber. Inside the growth chamber the
substrates were slowly heated up to 700°C for degassing
followed by the deposition process. Targets of 99.99% purity
of Al and Gd were presputtered for 10-20 min in a controlled
atmosphere composed of 60% argon and 40% N, before re-
actively growing AIN and GdN on the substrates. The AIN
deposition rate was approximately 1.0 nm/min, at 700 °C,
with rf power of 150 W and a working pressure of 1.2 mTorr.
The GdN films deposition rate was approximately 2 nm/min,
deposited at 700 °C, in a working pressure of 2.8 mTorr and
a DC power of 50 W. The deposition rates and film’s thick-
ness were estimated using x-ray reflectometry as shown in
Fig. 1(a). The high-resolution x-ray diffraction patterns for
GdN (80 nm) shown in Fig. 1(b) confirm a preferentially
orientated growth along the (111) direction in agreement with
previous investigations [22,23].

Besides having good crystallinity, it is important that GAN
films have a large magnetic moment as confirmed by SQUID
measurements, shown in Figs. 1(c) and 1(d). The field-cooled
magnetization curves of GdN film in the trilayer AIN (10
nm)/GdN (¢)/AIN (10 nm) show a magnetization saturation
varying from 4.5 ug/Gd** to 5.5 up/Gd>* for an in-plane
H = 200 Oe, as the GdN’s thickness ranges from ¢ = 13 to
80 nm. The FM critical temperature (T¢), was near 30 K,
measured with an applied in-plane magnetic field of 50 Oe,
as shown in Fig. 1(d), which agrees with previous reports
[5,18,19]. The coercivity (H,) is larger (40 Oe) for the thinner
13-nm-thick GdN film and decreases to ~20 Oe for t = 30
and 80 nm.

The observed magnetic moments are smaller than the theo-
retical expected value of 7 up/Gd>". One of the reasons is the
applied magnetic field of 200 Oe is not enough to saturate the
film; instead it is necessary ~10* Oe [11,24,25]. Other facts
might affect the magnetic moment in GdN films: (i) nitrogen
vacancies cause changes in the lattice constant, magnetization,
and conductivity, since N acts as a dopant; (ii) oxygen contam-
ination that also acts as a dopant; and (iii) lattice parameter
strains caused by a mismatch between the substrate and film
[1,7,22,26]. Khazen et al. showed how an extension of 2.4%
in the lattice parameter of GdN films, compared to the bulk
value of 4.99 A, which promotes substantial changes in the
magnetization behavior and reduces the magnetic moment
[25]. As shown in the inset of Fig. 1(b), the GAN(111) peak
for the 80-nm-thick film is located at 260 = 30.25° determined
by a Gaussian fit. This corresponds to a lattice parameter of
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5.11 A—an extension of 2.4%. The same analysis for the
350-nm-thick GdN presented a (111) peak located at 26 =
30.51° with a lattice parameter of 5.07 A, which corresponds
to an extension of 1.6%. The full width at half maximum
(FWHM) of the XRD (111) peak for GAN (80 nm) was 1.42°
and the crystallite size estimation was 5.8 nm. For GdN (350
nm) these values became 1.01° and 7.8 nm, respectively. The
FWHM increase indicates a relaxation of the tensile stress and
a reduction in the number of grains due to their coalescence
leading to a more crystalline film as GAN becomes thicker.

Finally, the twinned domains present in GdN grains, in-
fluenced by the hexagonal surface symmetry of the AIN
template/buffer layer, could potentially impact the magnetic
and optical properties. This is attributed to the alterations in
structural and surface properties observed in group-III rare-
earth nitrides [27,28].

Optical band-gap properties. Engineering the optical band
gap in GdN thin films by controlling its magnetic state and
thickness leads the way for its implementation in spintronic
devices. The temperature dependence of the semiconductor’s
band gap can be different in bulk and thin-film morphologies
due to factors such as quantum confinement and lattice strain
effects. In bulk samples, the band gap typically increases
as the temperature decreases partly due to the renormal-
ization of electron-phonon interactions and partly due to
lattice thermal expansions. As the temperature decreases, the
phonon population also decreases leading to an increase of
the band-gap energy, making it more difficult for electrons to
be excited to the conduction band [29]. In most bulk semi-
conductors, the thermal expansion term is negligible in first
approximation compared to the electron-phonon interaction
[30]. In contrast, the band gap’s temperature dependence in
thin films is more complex. It is known that light absorp-
tion by electrons in semiconductors with restricted geometry
like thin films, nanowires, and quantum dots are strongly
dependent on the size [30-32]. This quantum confinement
effect also gives rise to changes in the transition probabilities,
which is a consequence of the electron’s wave properties.
Materials with dimensions on the order of the de Broglie
wavelength show relevant quantum-mechanical effects with
size-dependent optical properties. Models predict a decrease
in phonon frequency and dielectric constant of semiconduct-
ing nanostructures leading to an increase of the band-gap
energy as the material’s size reduces, as confirmed by reported
studies [33-35].

On the other hand, the lattice constant plays an important
role in the optical, electronic, and magnetic properties of
GdN thin films leading to changes on its spin-dependent band
structure. Previous investigations showed how changes in the
unit cell volume of GdN leads to half-metallic to semicon-
ducting transformation [6]. At low temperatures, the lattice
constant of the material shrinks, resulting in an increased
interatomic bond strength, higher phonon frequencies, and re-
duced lattice vibrational amplitudes [36]. Also, the mismatch
promotes extra strain in the interfaces, and thus affects the
band gap. In sapphire/AIN/GdN/AIN, the differences among
the thermal expansion coefficients of each material create a
complex strain on GAN. The GdN lattice expansion coefficient
is 8.7x107%/K, while for AIN this value is 4.2x107%/K,
and for sapphire substrate it is 8.1x107%/K [37-39]. As the

temperature decreases to 6 K, GdN’s lattice parameter shrinks
more than AIN’s, in such a way that the lattice mismatch be-
tween GdN and AIN causes a tensile strain on GdN’s surfaces,
and a compressive strain on AIN’s surface, which would lead
to an increase in the band gap of GdN.

To better understand the role of thickness and temperature
in a thin GdN layer, we measured the optical density (OD)
spectra as a function of the photon energy (E = hv), at tem-
peratures of 300 and 6 K, for AIN (10 nm)/GdN (¢)/AIN
(10 nm) trilayers on (0001) sapphire with ¢ = 6.3, 13, 22,
30, 80, and 350 nm [see Figs. 2(b) and 2(c)]. The absorption
coefficient () was determined using the Beer-Lambert law
that relates the amount of light absorbed by a material to its
concentration, path length, and molar absorption coefficient.
For a material with a uniform thickness, the relationship can
be simplified as

@=— (1)

where ¢ is the film’s thickness. a® versus E plots were used

to estimate the direct band-gap (E,) energies of the GAN thin
films via extrapolation of the linear portion of the curve to
a? = 0, as shown in Fig. 2(d), where E,= 1.6 eV. The energy
at which the extrapolated line intersects the energy axis corre-
sponds to the direct band-gap energy E, [40,41]. To determine
the indirect band gap, the procedure is similar, but the analysis
relies on extrapolating «'/? versus E. The range of the photon
energy in this investigation is well below that for the AIN band
gap of ~6.1 eV and the sapphire band gap of ~9 eV [42-44].
Thus, the observed absorption spectra are clearly attributable
to the GdN films. Figures 2(e) and 2(f) show o? vs hy for
T =300K, and «!/? vs hv for T =6 K, respectively. To
reduce errors in the band-gap determination due to drawing
lines manually, we identified the linear portions of each curve
(o? versus E) and fit the experimental datatoy = A + Bx. The
band gap was determined when y = &> = 0, so E, = —A/B.
The uncertainty associated with this band gap was determined

using
-1\ (-4 Y
Ok, = (?UA) +<?UB> , (2)

where o4 and op are the relevant uncertainties. Table I shows
fitted values of the intercept (A) and slope (B) and their
respective uncertainties that were used for determining the
direct band gap at 300 K. The red data points in Fig. 3(d)
show E,(t), where the solid curve is a guide for the eyes and
the error bars are smaller than the data points. The direct
band gap of the GdN films in the paramagnetic phase is
around E3p0x = 1.6 eV and spans a region of GdN thick-
ness (13 nm < ¢ < 80 nm) where the gap increases as the
thickness decreases, being attributed to quantum confinement.
When samples are cooled down to 6 K they become FM,
where the absorption spectra present more than one narrow
linear deviation, indicating a spin-split band gap. Thus, in the
magnetic state, the average minority (spin-down) band-gap
energy is £, ~ 1.2 eV, and the average majority (spin-up)
band-gap energy is E4 ~ 0.8 eV, as shown by the blue data
in Fig. 3(d), where the black dotted lines correspond to their
average energy values. As the temperature decreases from 300

L060401-3



G.L.S. VILELA et al.

PHYSICAL REVIEW B 109, L060401 (2024)

(a) GdN(350 nm) T = 3001 (b)  zof—daeSonm Tl 1 (c)
. 5.0 GaN@onm) T - 300K Gan@onm) T = 6K
i = 9 5| ——GdN(30 nm) >, 2.5} ——GdNBoAm)
Incoming light 2] —— GdN(22 nm) % —— GdN(22 nm)
= O ° [ —cdNE.3nm) 8 —— GdN(6.3 nm)
®© 1.5} — 15}
Detector © @
o 1.0t S 10}
[e) o
N / O os}
Apert S :
periure 0.0 0.0 —
08 10 1.2 14 16 18 20 22 08 10 12 14 16 18 20 22
AIN(10 nm)GAN(30 nm)/AIN(10 nm) Photon Energy hv (eV) Photon Energy hv (eV)
A " N ! T T T T T
Eg=-7=1622 (d) —— GAN(13 nm) (e) 10 | —— GdN(13 nm) E @
900} 1 z 4 2 | 2500 | —— GdN(22 nm) 4 ——GdN(22 nm)
N/-\ Opg = (; . GA) + (172' UE) =0.002 —GdN(30 nm) | ——GaN(30 nm)
‘e 2000} —
= o T =300K < T=6K
= 600 T=300K £ 1500} £ 6
3 Linear fit parameters: g 1000k Direct Bandgap at 300K =
A=-225842 3 8 4t
300 B=1392+1 500 ol ]
ly = A+ Bx 0 s =+ Indirect Bandgap at 6K
%0 0'5 1'0 1'5 2'0 25 060810121416 18202224 06 08 10 12 14 16 1.8 20

Photon Energy hv (eV)

Photon Energy hv (eV)

Photon Energy hv (eV)

FIG. 2. (a) Illustration of the optical density acquisition apparatus composed of light source, sample, aperture, and light detector. (b) and
(c) show the optical density spectra for the set of samples at 300 and 6 K. (d) shows how the direct optical band gap, at room temperature, for
at = 30-nm-thick film was extracted from the squared-absorption coefficient () vs photon energy. The linear red fitted curve (y = Ax + B) is

used to determine the band gap. (e) and (f) show > and /2

vs the photon energy E = hv for determining the direct and indirect optical band

gaps of the GdN thin films, respectively. The dashed lines indicate the linear extrapolation to y = O where the intersection corresponds to the

direct/indirect band-gap energy.

to 6 K, the band-gap variations are E3p gk — E, ~ 0.4 eV for
the minority state and E3p0 gk — E4 ~ 0.8 eV for the majority
state. This observed band-gap reduction as the temperature de-
creases to 6 K suggests the shrinking of the lattice parameter
in the volume of GdN overcomes the tensile strain effect at
the interface of AIN/GdN that would lead to an increase in the
band gap.

Finally, Fig. 3(a) is a very simplified illustration of the
band structure of a semiconducting magnetic material in its
paramagnetic and ferromagnetic phases. A more accurate
calculation of the GdN band structure using local density
approximation can be found in [17] for the paramagnetic
and ferromagnetic states. The band gap in the PM phase is
the same for electrons with spin up or spin down, whereas
in the FM phase it depends on the spin orientation, and it
splits into £, and E;. Figures 3(b) and 3(c) demonstrate o?
vs hv plots for the direct band gap of a 30-nm-thick GAN
film in both paramagnetic (300 K) and ferromagnetic (6 K)

TABLE I. Intercept (A) and linear fit slope (B) and their respec-
tive uncertainties (o4 and og) from a? vs E plots for the AIN/GdN
(t)/AIN structures as a function of GdN thickness (7). The direct band
gap (E,) and its uncertainty (og,) for GAN films at 300 K in eV units.

GdN film thickness

(nm) A O/ B OB Eg UEg
6.3 —7320 30 4650 20 1.576 0.009
13 —7060 20 4069 7 1.736  0.005
22 —3620 20 2117 7 1.709 0.009
30 —2258 2 1392 1 1.622  0.002
80 —388.8 0.8 261.0 04 1.490 0.004
350 —2292 09 137.6 04 1.665 0.008

phases, respectively. In the FM state, we observe a linear
portion that extrapolates to £, = 1.192 £ 0.006 eV, and by
zooming around 0.9 eV, as shown in the inset, we observe
two linear portions that extrapolate to the energies of £y, =
0.844 £ 0.005 eV and E}; = 0.900 & 0.008, with an average
value of E4 = 0.87 & 0.01. This band-gap splitting appears
for all GdN thicknesses investigated here, and a complete
analysis is shown in Fig. 3(d). The filled blue points corre-
spond to the minority band gap (E|) and the unfilled blue
points correspond to the majority band gap (E4). The details
are shown in the zoomed Figs. 3(e) and 3(f), respectively.
These results show a giant optical spin splitting of the direct
band gap at 6 K of E; — E| ~ 0.4 eV. The dependence of
the direct band-gap spin splitting magnitude on the GdN film
thickness is shown in Fig. 3(j). The black star and black
circle points show the splitting with respect to £4; and Ej»,
and the solid lines are guides for the eyes. As the thickness
decreases, the spin splitting magnitude increases most likely
due to two combined factors: (i) the strengthening of the
quantum confinement as the GdN film becomes thinner and
(ii) the reduction of the GAN’s volume making the surface ten-
sile strain on GdN more relevant, thus leading to a band-gap
increase.

Figure 3(g) shows the same analysis for the indirect optical
band gaps in the PM (red points) and FM states (blue filled
and unfilled points). At room temperature (300 K) the indirect
transitions occur at very small energies, whereas in the FM
phase, we still observe two absorption lines with separation of
~0.4 eV that increases as film’s thickness decreases reaching
values of ~0.6 eV for the 6.3-nm-thick layer. The zoomed
details are shown in Figs. 3(f) and 3(h).

Our experimental results show a good agreement with the
(LSDA + U)-computed band structure for U; = 8.0 eV re-
ported by Trodahl et al. [17]. For a 200-nm-thick GdN film
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FIG. 3. (a) [llustration of the band structure of a magnetic semiconductor in the paramagnetic (left) and ferromagnetic (right) phases. In the
PM phase, the band gap does not depend on the spin’s orientation. (b) and (c) compare the > vs E plots for obtaining the direct optical band
gap of sapphire/AIN (10 nm)/GdN (30 nm)/AIN (10 nm) in the PM (T = 300 K) and FM (T = 6 K) phases. In the FM phase, shown in the
inset of (c), we observe more than one linear portion that is related to the spin-split band gap. (d) and (g) show the direct and indirect optical
band gaps dependence with the GdN film thickness at 300 and 6 K, where the black dotted lines correspond to their average energy values,
and (e), (), (h), and (i) are the zoomed direct and indirect band gaps for the minority and majority-spin states at 6 K. The spin splitting of the
band gap is also present in the indirect transitions. (j) Dependence of the magnitude of the spin splitting as a function of the GdN thickness,

showing that the splitting becomes larger as the film thickness decreases.

capped with 200 nm of GaN, they calculated a majority-spin
gap of 0.91 eV in the ferromagnetic state at 6 K, and an
average gap of 1.30 eV in the paramagnetic phase at 300
K, which represents a shift of 0.4 eV. The calculations also
indicated an indirect-gap semiconductor with the direct gap
at X and an indirect (I'-X) gap of 0.43 eV (0.98 eV) in
the ferromagnetic (paramagnetic) state. Our data showed an
average majority-spin gap of around 0.84 eV at 6 K, and a gap
of 1.6 eV at 300 K. For the indirect gap we estimated averages
of 0.6 and 0.96 eV in the ferromagnetic phase and 0.2 eV in
the paramagnetic phase.

Conclusions. We investigated a set of polycrystalline GAN
thin films aiming to control its band gap and move towards
their application as a spin-polarized source in spintronics
devices such as spin transistors, tunneling magnetoresistance

(TMR) magnetic tunnel junctions, and spin valves. By varying
the thickness from 6 to 350 nm we observed a room tempera-
ture direct band-gap average value of 1.6 eV with a variation
of 0.24 eV as the thickness decreases. Upon cooling the films
down to 6 K, in their ferromagnetic phase the direct band
gap splits into two gaps of 1.2 and 0.8 eV, corresponding
to the minority and majority-spin bands. This giant optical
spin splitting of 0.4 eV confirms this material is suitable for
spin-filtering applications. The same behavior appears in the
indirect band gap with a splitting magnitude of 0.3 eV. The
observed spin splitting magnitude (E; — E|) increased 60%
as the GdN thickness decreased from 350 to 6 nm. This result
sheds light on the manipulation and control of the optical
and magnetic properties of the semiconducting GdN films
with the potential for high spin polarization through the spin
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splitting of the band gap. Further investigations should focus
on determining the band-gap dependence on a larger range
of temperature covering the details on the PM-FM transition,
and performing x-ray measurements as a function of temper-
ature to understand the role of thermal expansion and lattice
mismatch on the band gap.
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