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We present electrical and thermal transport measurements in single crystals of the metallic oxide RuO,. The
resistivity and Seebeck coefficient measured up to 970 K confirm the metallic nature of transport. Magnetore-
sistance and Hall effect measurements as a function of orientation can be most easily described by a multiband
transport model. We find that the ordinary Hall effect dominates any anomalous Hall signal in single crystals.
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I. INTRODUCTION

Fundamental research on RuO; began 60 years ago when
it was identified as a highly metallic conducting oxide [1-3].
Its chemical stability and straightforward synthesis meant that
it quickly found application as a component of precision re-
sistors and was also identified early on as a potential barrier
material for use in semiconductor devices [4]. In the last
twenty years it has seen renewed interest as a catalyst [5], as
well as possible applications as a lithium storage material [6].

Experimental and theoretical work in the last few years has
shown that even such simple and well known materials can
host exotic states of matter. RuO, has emerged as a candidate
material hosting altermagnetism, the state where collinear an-
tiferromagnetic ordering also breaks time reversal symmetry
[7] due to the different symmetries of the magnetic and crystal
lattices. However, the magnetic ordering in this system has
not been unambiguously observed. Neutron scattering mea-
surements on single crystals detected a magnetic reflection
that would normally be forbidden in the rutile structure, which
vanished by around 1000 K [8]. Resonant x-ray scattering [9]
later made a similar observation in both crystals and thin films.

Anomalous properties which depend on time-reversal sym-
metry breaking have since been observed in thin films of
RuO,, including spin transport [10,11], magnetic circular
dichroism [12], and the anomalous Hall effect (AHE) [13].
Spin-resolved photoemission [14] also finds the d-wave sym-
metry expected from the altermagnetic state.

While there seems to be a critical mass of observations
of altermagnetic effects, questions about some of the original
observations of magnetism, particularly in bulk crystals, have
arisen [15,16]. Muon spectroscopy, normally very sensitive
to local moments, found no evidence for magnetism in bulk
RuO; [17]. The recent controversy is very well summarised
in Ref. [16] whose calculations advance the hypothesis that
altermagnetism in RuO, only arises when the stoichiometric
material is doped with holes.

Remarkably, despite being so well known, there have been
relatively few studies of bulk transport properties of RuO,
in applied magnetic fields. In this paper we present measure-
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ments of the electrical and thermal transport in single crystals
of RuO; up to 970 K to address three recent observations.
First, the magnetic peak in neutron scattering on bulk crystals
was observed to be suppressed at a temperature between
900 and 1000 K [8]. A second experimental result was the
observation of a kink in the resistivity of thin films grown
on a variety of different substrates at 400 K [13]. Previous
electrical transport measurements above 300 K consisted of
just six widely spaced points up to 1000 K [3,18]. Our high
resolution measurements show no sign of a phase transition
in this temperature range in either the resistivity or Seebeck
coefficient.

Third, an anomalous Hall conductivity was observed in
RuO;,(110) films [13]. The signatures of the AHE in par-
ticular were difficult to extract as it is only predicted to be
present when the Néel vector can be moved away from the
easy c axis by the applied magnetic field. The AHE does not
therefore manifest with hysteresis in RuO,, which makes it
indistinguishable from the ordinary Hall effect with respect to
the applied magnetic field direction. We have measured the
magnetoresistance and Hall effect of single crystal samples
as a function of orientation and sample quality, but find that
we cannot distinguish any anomalous contribution to the Hall
effect in the presence of strong ordinary contributions.

II. METHODS

Single crystals of RuO, were synthesized by the vapor-
transport technique in a multizone tube furnace with flowing
O, [19]. An alumina crucible containing 5 g of polycrystalline
commercial RuO, powder (Chempur, 99.9%) was introduced
in the first third of the tube length. The O, flow was set to
2 cm® min~! while the temperature was ramped up to 1350 °C
in the furnace center over 24 h, then at 60 cm® min~! for
the next 12 days. The furnace was powered down, allowed
to cool overnight, and finally the O, flow was turned off. As
synthesized single crystals have an elongated shape, typically
of 0.5 to 1 mm long.

The x-ray powder diffraction (XRPD) patterns were per-
formed using a standard powder diffractometer X’PERT Pro
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FIG. 1. X-ray powder diffraction of RuO, commercial powder
starting material shows no difference to the ground single crystal.
Inset: Single crystal ED patterns of RuO, [111] (left) and [101]
(right).

PANalytical (Philips) with Cu K radiation in 8-26 mode at
room temperature. Electronic diffraction (ED) patterns were
recorded using two different transmission electron micro-
scopes at FEI TECNAI 30UT (Cs = 0.7 mm) working at
300 kV and a JEOL ARM?200 cold FEG double-corrected
microscope.

Transport properties were measured in a physical proper-
ties measurement system (PPMS) cryostat equipped with a
9 T magnet in the temperature range 2—400 K. Two single
crystals of approximate dimensions 0.2x0.1x 1.0 mm?® were
selected for their different residual resistivity ratios (RRR)
of 80 (sample one) and 12 (sample two). Four-probe elec-
trical resistivity was measured using silver paste (Dupont
4929 or 6838) contacts. Thermal properties were studied un-
der high vacuum using custom thermal transport pucks for
the single crystals. At temperatures up to 300 K the stan-
dard one-heater two-thermometer technique was used with
fine-wire thermocouples attached directly to the sample to
detect the thermal gradient. Resistivity and Seebeck measure-
ments were extended to 970 K using miniature heaters and by
thermally isolating the samples, still within the PPMS high
vacuum environment. The RRR of sample one was checked
after heating to 720 K but did not change.

III. RESULTS

The XRPD patterns of the starting commercial powder and
ground single crystals are similar (Fig. 1). The single crystals
are single phase rutile RuO,. ED pattern analysis confirms
the space group and lattice parameters along the [111] and
the [101] directions, as shown in the inset of Fig. 1. The cal-
culated lattice parameters from Lebail refinements, based on
a tetragonal model with space group No. 136 P42/mnm, are
a = 4.4908(2) A and ¢ = 3.1063(1) A for the single crystals,
which is in excellent agreement with both early [2,20,21] and
recent reports [8]. We note here that the lattice parameters of
TiO,, the substrate used for epitaxial growth of thin films of
RuO; in several recent studies [11-13,22,23] are a = 4.594 A

180 —
(a) L
160 - fﬁ .
140 |- ra 1
&

120 | ﬁ T
2 100 | f,,.,@ i
= 4
=
2 i
[7]

(0]
I -
Sample 1
Sample 2
Feng (2022) thin film ——— |
Ryden (1970) crystal
| | |
T T T
v
< i
2
x
[$]
[
Qo
Q
]
m -
| | | | |

0 200 400 600 800 1000
Temperature (K)

FIG. 2. (a) Resistivity of single crystals of RuO, with RRR 80
(sample one) and RRR 12 (sample two). The solid lines are data
for the low temperature range, the different symbols refer to two
separate high temperature runs on each sample (up to 720 and 970 K)
to confirm reproducibility. The resistivity of sample two has been
slightly scaled to match the slope of that of sample one at 300 K,
but this is within the experimental uncertainty due to the size of the
contacts. The dashed line is a linear fit to the data of sample one
in the range 200-800 K which emphasizes the slight deviation from
linearity at higher temperature. The resistivity of a thin film grown
on TiO; is shown for comparison (blue curve from Ref. [13]). No
sign of a feature like that seen near 380 K in the blue curve is seen
in the single crystal data. (b) Seebeck coefficient in single crystals of
RuO,. The large positive peak in S near 100 K and the small negative
peak around 400 K are slightly reduced as sample quality decreases.
As the different symbols show, there is a slight difference between
the high temperature runs that becomes more pronounced at higher
temperatures, however the trend remains consistent.

and ¢ = 2.969 A, which results in considerable strain on the
films with a strong dependence on orientation [22].

The temperature dependent resistivity of two single crys-
tals are shown in Fig. 2(a). The single crystals have resistivity
of around 30 uQ2cm at 300 K which is in reasonably good
agreement with previous results [3,24], given the geometric
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uncertainty involved in measuring finite-sized contacts on
submillimeter samples. The residual resistivity ratios (RRR),
p(300K)/p(2K), are 80 for sample one and 12 for sample
two. This is lower than some previous reports [2,17], but it
is notable that the temperature dependence of the resistivity
is largely similar over a wide range of sample quality. To
a first approximation it appears that the impurity scattering
does not have a temperature dependent component. The same
appears to be true for thin film data, at least for temperatures
below 380 K, reproduced from Ref. [13] in Fig. 2(a) where
dislocations as well as impurities lead to residual resistivities
that are generally higher than in crystals.

Resistivity data on these samples was taken up to 970 K
and is consistent with previous single crystal data, although
only a few data points have been reported before in the range
300-1000 K [3]. Between around 300 and 800 K, p is ap-
proximately linear in temperature for both samples [see the
dashed black line in Fig. 2(a)]. Above 800 K there is a small
downwards deviation from linearity. This contrasts with thin
films grown on three different substrates, which all show a
change in slope of the resistivity at around 380 K, which was
interpreted as a sign of the Néel temperature [13].

Neutron scattering measurements indicate that the struc-
tural distortion associated with antiferromagnetism persists
up to at least 900 K in bulk crystals [8], albeit with a short
coherence length, while resonant x-ray scattering shows that
this order persists with a coherence length of 4000 A up to
400 K in single crystals (and is also present in thin films) [9].
Photoemission has also confirmed the d-wave symmetry of
the electronic structure expected for the collinear antiferro-
magnetic state [14]. However, recent uSR measurements do
not detect any magnetism in high-quality single crystals [17].

Up to around 800 K, the resistivity curves are compatible
with previous models [18] that include Bloch-Gruné&isen-type
scattering from both acoustic and optical phonons, as well as
an electron-electron scattering contribution, although our data
are considerably more complete than the previously available
set. The transport Debye and Einstein temperatures that we
extract are around 500 K and 900 K. Beyond 800 K there
is a small downward deviation of the data from the best-fit
model. Excluding the electron-electron scattering term results
in a better fit over the whole temperature range, but does
not change the extracted Debye and Einstein temperatures
significantly.

The slope of extended region where the resistivity is linear
in temperature can be used, in conjunction with the plasma
frequency of 3.3 eV [18], to estimate the transport scattering
rate in terms of the so-called Planckian scattering rate. We
find that % ~ 3.5'%, close to the range of values obtained
for other materials where T-linear resistivity is observed. The
Planckian scattering rate is a hypothetical upper bound on
scattering derived from the smallest relevant timescale kiT,
but it is not currently clear why so many materials follow this
limit to within a small prefactor [25]. While we may therefore
conclude that RuO; is also a likely candidate for Planckian-
bounded resistivity, it is not straightforward to employ these
data to rigorously test this, given the multiband nature of
conductivity in RuO; [26]. There is also the matter of the
slight downward deviation from linearity at the highest tem-

peratures, which would imply a change in the Fermi surface if
this limit were still obeyed.

We show the Seebeck coefficient, S, of both samples in
Fig. 2(b). We observe a peak in S around 100 K to a modest
value of around 10 1V K~!. The size of the peak is reduced
somewhat as the sample RRR decreases. A small negative
contribution to S at low temperature appears to be reduced
in magnitude similarly.

A sample-dependent peak in S may originate from either
drag-type phenomena, or from the presence of multiple bands.
In the former case, normal scattering of the electrons from,
for example, the bath of phonons, which conserves the to-
tal momentum, must significantly outweigh the combination
of electron-phonon umklapp and electron-defect scattering,
which dissipate the momentum of the electron system. The
thermal gradient applied to the phonon system in this way
“drags” the electron system, usually leading to an enhance-
ment of §. While the normal/umklapp scattering ratio is more
or less fixed by the material properties, defect scattering de-
pends most strongly on sample quality. For phonons, the effect
should be greatest at some fraction of the Debye temperature,
at the point where phonon wave vectors are still too short to
have effective umklapp processes, but normal processes are
numerous. We note, however, that the Fermi surface topology,
with bands that overlap the Brillouin zone boundary, allows
umklapp events with even very short phonon wave vectors.

Alternatively, the presence of magnetism implies the exis-
tence of the analagous magnetic process, magnon drag, which
would be active at temperatures some fraction of the Néel
temperature.

On the other hand, the presence of multiple bands can
also account for variations in S as a function of temperature
and sample quality. The importance of contributions to S of
either sign varies slightly differently from sample to sample
as a function of temperature depending on the precise details
of scattering. In this way, S would provide complementary
information to the Hall coefficient, which also reflects the
sign of the carriers weighted by their relative mobilities. In
the case of S, the weighting factors are the energy derivatives
of the carrier numbers and the mobilities. If a single type of
scattering dominates transport, as expected in both the high
and low temperature limits, the latter will be the same for all
the bands. The former implicates the energy dependence of
the density of states over a width ~kpT', and S can therefore be
expected to acquire some unusual temperature dependence in
the presence of narrow bands. This is the more likely scenario
in the absence of a Fermi surface topology which enhances
phonon drag.

We have extended our measurements of the Seebeck coeffi-
cient up to 970 K. The behavior is anomalous in comparison to
other high-conductivity ruthenate compounds, where S often
saturates at a value of around 30 ©V K~ in this temperature
range [27-29]. The continued monotonic rise of S from 300 to
970 K is consistent with persistent metallicity and no change
in degrees of freedom. We saw no clear feature that might
be linked to the onset of antiferromagnetism. A slight differ-
ence in the Seebeck coefficient measurements when extending
measurements to 970 K may be the result of a temperature
offset in one of the thermocouples, possibly due to a small
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residue of silver paint. This small difference does not affect
our conclusions.

Electronic structure calculations in the paramagnetic state
predict that RuO, is a compensated metal dominated by one
large electron and one large hole band [30]. This is in rea-
sonable agreement with quantum oscillation measurements
on single crystals. One electronic structure calculation in a
collinear antiferromagnetic state [12] showed more complex
spin- and direction-dependent Fermi surfaces, although for
transport in the ¢ direction the effect of these should be av-
eraged out. Where multiple bands are present, the Seebeck
coefficient can be represented as a sum of contributions from

each band weighted by their conductivities: S = % Since

the mobilities of each band can have a different temperature
and impurity dependence, this leads naturally to a total S that
has impurity-dependent features such as the low temperature
peak that we observe. While a value of S can be calculated
directly from electronic structure using, e.g., the BoltzTraP
software [31], this contains within it the poor assumption that
the relaxation time is isotropic and common to all bands,
and therefore cancels out of the calculation of S. The usual
result is smooth monotonic S(7) curves that do not reflect
the underlying multiband nature of conduction. Likewise,
the expectations for the Seebeck coefficient from a Planck-
ian scattering model are difficult to quantify in a multiband
system, as it is apparent that even in the case of single-band
material the scattering asymmetry with respect to energy that
determines S may acquire a momentum dependence [32,33].

Motivated by the compatibility of the temperature depen-
dent resistivity and Seebeck data with a multiband model of
conduction, we performed measurements of the magnetoresis-
tance and Hall effect at low temperatures. These also serve to
compare directly with thin film measurements, where the Hall
signal is enhanced for one particular orientation, but otherwise
isotropic [13].

The transverse magnetoresistance (MR) and Hall effect
of the two single crystals are presented in Fig. 3 in applied
magnetic fields up to 9 T, and for two different orientations.
Sample one with RRR 80 was split into a long bar and a small
cube. The cube was connected in a van der Pauw configuration
with contacts elongated along the thickness to assure homo-
geneous current flow in the (001) plane. The magnetic field
was applied along [001]. In this orientation (only measured
for sample one), we would not expect any AHE by symmetry
[13]. The remaining part of sample one and sample two were
oriented with their long axes, and current flow, along [001].
The magnetic field was applied close to the [110] direction in
both cases.

Comparing Figs. 3(a) and 3(b), we see that the MR is very
similar for the two different orientations of the same crystal,
reaching around 200% in 9 T. The MR is much greater for
sample one than for sample two [Fig. 3(c)], which is typical
of good metals as the RRR increases. Large MR can also arise
easily in a compensated material like RuO5.

The Hall resistivity at 200 K is consistent across both
samples and orientations [Figs. 3(d)-3(f)]. It is linear in B
and has a value of around —0.18 p€2cm at 9 T. This compares
reasonably with the only other report of the magnitude of the
Hall effect in single crystals from Ref. [3], from which we

would expect a value of around —0.10 uQ2cm at 300 K. In
comparison, the thin films where the AHE has been reported
have p,, ~ —0.02 pQcm.

Comparing the Hall effect for the same orientation in dif-
ferent samples, B || [110], J || [001] [Figs. 3(e) and 3(f)], we
see a large positive contribution to p,, for sample one at
higher fields and lower temperatures which is largely absent
in lower-quality sample two, where p,, remains negative and
quasilinear over all the field and temperature range. This is
the orientation in which the AHE was observed in films as
an excess negative contribution to p,, visible only at lower
temperatures [13].

Finally, examining the Hall data for different orienta-
tions in sample one, B || [001],J L [001] [Fig. 3(d)] and B ||
[110],J || [001] [Fig. 3(e)], we find that the nonlinearity of
the Hall effect is much reduced and there is no longer a sign
change. The curvature of the Hall resistivity as a function
of field also changes sense. The holelike contribution to o,
that is seen for B || [110] orientation is no longer present
when B || [001]. The sense of curvature indicates that it is an
electronlike band that has the highest mobility in the latter
case.

Our nonlinear MR and Hall data are again most naturally
explained by a multiband scenario. A large, nonsaturating MR
is associated both with compensated systems and with open
orbits. The latter have been identified in the [110] direction on
the basis of angular dependent measurements [34]. A nonlin-
ear Hall effect is also expected in high-mobility compensated
materials.

IV. DISCUSSION

Electronic structure calculations of RuO, in the param-
agnetic state are dominated by two large bands that form
the Fermi surface [12,35]. One calculation found additional
small pockets [30], although quantum oscillation experi-
ments are dominated by the larger bands with no conclusive
identification of any frequencies with the smaller bands
[36]. Recent calculations in the collinear antiferromagnetic
phase [12] show that spin splitting leads to additional sheets
which are larger than the small pockets previously suspected,
however, a full comparison to the older quantum oscillation
data is lacking.

Anisotropy in the Hall effect is also implied by the tetrag-
onal symmetry, where p,, is not required to be the same as
Pxz- In this respect the observation of isotropic Hall resistivity
for B || [001] and B || [100] in thin films was already quite
remarkable [13]. In the case of a moderately ellipsoidal Fermi
surface, such as the large electron sheet in the paramagnetic
electronic structure of RuO, [12,30], we may be confident
that the sign (and approximate magnitude) of the ordinary
Hall coefficient would remain the same when measured in
these two orientations. For a multiply connected Fermi surface
sheet, such as the hole pocket in the same calculations, a more
complex behavior may arise as the orientation of the magnetic
field is changed. Regions of different curvature can give rise
to both hole and electronlike trajectories on the same sheet,
and therefore to opposite sign contributions to the Hall effect.

The electronic structure in the collinear antiferromag-
netic state with spin splitting is more complex [12] but the
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FIG. 3. The magnetoresistance (a)—(c) and Hall resistivity (d)—(f) of two samples of RuO, in transverse magnetic fields of up to 9 T. (a),
(d) Sample one, RRR = 80, B || [001],J L [001]. (b), (e) Sample one, RRR = 80, B || [110], J || [001]. (¢), (f) Sample two, RRR = 12, B ||
[110], J || [001]. The MR and nonlinearity of the Hall effect are strongly reduced when the RRR is reduced. The MR is unaffected by a change
in the direction of measurement, but the nonlinearity of the Hall effect is strongly reduced.

qualitative topology of the Fermi surface is similar, with some
surfaces that are self-contained and some that are connected
across the Brillouin zone boundary. A strong difference be-
tween the ordinary contributions to py, and p,, is therefore
likely.

One potentially relevant observation was made in a sys-
tematic study of RuO, films grown on all orientations of TiO,
[22], where (110) oriented films were the only ones to show
superconductivity at low temperatures. These films were also
the only orientation to show anisotropy of the in-plane lattice
parameter, where the a;jy and a,j, lengths became different,
corresponding to a lifting of the tetragonal symmetry. That
this orientation should also be the only one to show AHE is
an observation that motivates further investigation.

On the other hand, the Hall resistivity that we observe at
9 T is an order of magnitude larger than the values observed
in the thin films where the AHE was reported. While the
slope of the resistivity in thin films is compatible with single
crystals up to 380 K, the change of slope seen there in films
grown on many different substrates is a qualitative difference
that implies some intrinsic difference arising either from the
strained lattice or a different level of doping.

It is well known that oxygen pressure during growth con-
trols the sample quality and can have a large effect on the Hall
coefficient [37], with an n-to-p-type transition occurring with
increasing oxygen deficiency. The small n-type Hall coeffi-
cient in thin films should be seen as a consequence of this
effect. Another recent measurement on (101) thin films grown
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on TiO, showed an ordinary Hall contribution of around
0.05u2cm in 2 T [23], which is closer to the expected bulk
value.

It is only when the magnetic field is oriented along [110]
that an additional electronlike AHE is observed in films. This
becomes smaller as the temperature is increased, which the
authors of Ref. [13] interpreted as the reduction in the mag-
nitude of the Néel vector with increasing temperature. oapyg
vanishes around 200 K while the Néel temperature, if the
feature in resistivity is to be believed, is closer to 400 K.

We would expect to see the AHE in all of our samples if
they are indeed altermagnetic, and moreover we would expect
it to persist to higher temperature if its presence depends
on the Néel temperature, which is thought to be in excess
of 900 K in bulk material [8]. It is not straightforward to
compare the thin film and single crystal data, however. In
our samples, the closest match to the sign and curvature of
the AHE seen in films is for sample two, where the Hall re-
sistivity becomes more negative with decreasing temperature.
However, the comparison is still imperfect, as by 9 T the low-
and high-temperature p,, curves converge again. An extended
study showed that py, saturates above 60 T in thin films [38].
Qualitatively then, the comparable features of the Hall effect
in both thin films and crystals is an anisotropy with respect
to the magnetic field direction, with a greater nonlinearity for
fields applied away from the ¢ axis. However, the magnitude
of both the high- and low-temperature Hall signals, the sign of
the low-temperature contribution, and the field-scale required
are all different to those observed in thin films.

In summary, in single crystals we observe monotonically
increasing resistivity and Seebeck coefficient at temperatures
above 300 K, with a small dependence on sample quality.
At lower temperatures we see strong magnetoresistance that
depends on RRR and temperature, but not on the orientation of
the magnetic field. We see a nonlinear Hall effect with a strong
holelike contribution at low temperatures for B || [110]. This

contribution is greatly reduced for B || [001]. The Hall effect
is also less field and temperature dependent when the RRR is
reduced.

All of these features could be accounted for by multi-
band, compensated, or nearly compensated conduction. The
increased RRR of our single crystals with respect to the thin
films measured in Ref. [13] means that high-mobility carriers
produce an ordinary Hall effect that is substantially nonlinear
at much lower magnetic fields. This signal may not therefore
be reliably separated from the AHE, if it is indeed present.
The magnitude of the intrinsic AHE arising from noncollinear
magnetism observed in films is around 1000 (Qcm)~! at 50 T
[13], while here oy, is already 10°(Q2cm)~! in 9 T. We note
additionally that any defect-dependent sources of AHE (skew
and side-jump scattering) should be further reduced as the
RRR is increased. The resistivity anomaly in thin films at
380 K is a further point of difference that remains to be
explained. It is also noteworthy that the AHE is only observed
in films where the in-plane rotational symmetry is lifted [22],
when in principle it should be observed in other directions too,
according to calculations [13].

It is currently difficult to describe the wealth of new and old
data on thin film and single crystals of RuO, within a single
consistent model. A plausible scenario is that a combination
of oxygen deficiency (and possibly strain effects [39]) may
account for the diversity of current observations, although
even if we limit ourselves to single crystal studies there is still
fundamental disagreement between probes as to whether the
altermagnetic state exists [8,17]. A recent thorough reexami-
nation of available data suggests that the altermagnetic state
may only be stabilised under certain conditions of stoichiom-
etry [16].
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