Nb-substitution suppresses the superconducting critical temperature
of pressurized MoB,
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A recent work has demonstrated that MoBsz, transforming to the same structure as MgB,
(P6/mmm), superconducts at temperatures above 30 K near 100 GPa [C. Pei et al. Natl. Sci. Rev.,
nwad034 (2023)], and Nb-substitution in MoB, stabilizes the P6/mmm structure down to ambient
pressure [A. C. Hire et al. Phys. Rev. B 106, 174515 (2022)]. The current work explores the high
pressure superconducting behavior of Nb-substituted MoB, (Nbg.25Moo.75B2). High pressure x-ray
diffraction measurements show that the sample remains in the ambient pressure P6/mmm structure
to at least 160 GPa. Electrical resistivity measurements demonstrate that from an ambient pressure
T. of 8 K (confirmed by specific heat to be a bulk effect), the critical temperature is suppressed
to 4 K at 50 GPa, before gradually rising to 5.5 K at 170 GPa. The critical temperature at high
pressure is thus significantly lower than that found in MoB, under pressure (30 K), revealing that
Nb-substitution results in a strong suppression of the superconducting critical temperature. Our
calculations indeed find a reduced electron-phonon coupling in Nbg.25Mog.75B2, but do not account
fully for the observed suppression, which may also arise from inhomogeneity and enhanced spin

fluctuations.
I. INTRODUCTION

The discovery of superconductivity at a critical tem-
perature T, = 39K in MgBs [1] two decades ago sparked
great interest in diborides amongst the scientific commu-
nity. The superconductivity in this material is widely be-
lieved to be conventional in nature, i.e., deriving from the
electron-phonon interaction. The high critical tempera-
ture has been attributed at least partly to high phonon
energy scales related to the presence of low mass (light)
elements and to the significant covalent character of the
states near the Fermi surface [2, 3].

A great deal of effort was focused on increasing the
T. to higher values by chemical substitution or pressure.
These attempts were unsuccessful. Pressure causes a
monotonic decrease in the T, of MgB, [4, 5]. Similarly,
partial substitutions on the Mg or B sites invariably cause
a reduction of T, [6, 7]. A number of structurally similar
borides or borocarbides were also investigated, but none
of these exhibited T values comparable to those found in
MgB,. A gradual decrease in further exploration of di-
boride superconductors followed. On the other hand, the
search for high superconducting critical temperatures in
light element compounds has been recommenced follow-
ing the discovery of remarkably high T, values in pres-
surized hydrides [8-10].

The recent discovery of superconductivity in MoBy
with a T, reaching as high as 32K at 110 GPa has re-
newed the interest in diborides [11]. However, it has

been suggested that the mechanism of high T in MoB,
is significantly different than that in MgB, [12]. At am-
bient pressure MoB, exists in an R3m structure, which
is non-superconducting at low pressure. Above 25 GPa,
however, superconductivity appears, with the highest T¢
achieved in the P6/mmm phase (the same structure as
MgB,) at 110 GPa. These results led us to examine
whether other diborides might also exhibit remarkably
high critical temperatures at elevated pressures. In a re-
cent paper [13], we reported that WB, reaches a max-
imum 7. of ~17K at pressures near 90 GPa. Unlike
MoB,, bulk WB, adopts a P63/mmec structure over the
entire measured pressure range to at least 145 GPa. Our
findings suggested that the superconducting nature of
WB, derives from stacking faults in a MgBs-like struc-
ture.

An interesting question is whether the superconduct-
ing critical temperature of pressurized MoB, can be
enhanced through chemical substitution. Our initial
work in this direction has focused on examining the
effects of partial Nb substitution on the Mo sites be-
cause NbB, occurs with P6/mmm structure in which
MoB, superconducts above 30 K near 100 GPa. Re-
cently, we showed, via density functional theory calcula-
tions, that phonon free energy stabilizes the P6/mmm
structure relative to the R3m structure at high tem-
peratures across the Nb,Mo;_, By series [14]. We were
able to successfully synthesize Nb-substituted MoB, in
the P6/mmm structure at ambient pressure via arc-



melting. The resulting compounds, Nby_,Mo, B, where
xz = 0.1,0.25,0.5,0.75,0.9, were superconducting with
Nbg.25Mog.75B2 having the highest T, of 8K in the se-
ries. Specific heat measurements on the x = 0.25 sample
demonstrate bulk superconductivity and also showed a
high upper critical field close to 7T [14]. In the present
study, we further investigate the superconductivity in
Nb-substituted MoB, (x = 0.25) through a combination
of high-pressure electrical resistivity and x-ray diffraction
measurements to pressures as high as 170 GPa.

II. METHODS

At lower pressures (< 2GPa), we used a piston
cylinder cell for resistivity measurements [15], with the
Nby 95Mog.75B2 sample (~1.0x1.0x0.4mm?) mounted
in the van der Pauw configuration. A solution of n-
pentane:isoamyl alcohol (1:1 ratio) was used as the pres-
sure medium. Details on the use of the piston cylinder
cell can be found in Ref. [16].

For higher pressure resistivity measurements, a
micron-sized Nbg 95Mog 75B sample (~40x40x20 pm?)
was placed in a gas membrane-driven diamond anvil
cell (OmniDAC from Almax-EasyLab). A ruby crys-
tal (20pm in diameter) was used for pressure calibra-
tion [17] below 80 GPa. At higher pressures, the pres-
sure was determined using the Raman spectrum of the
diamond anvil [18]. Pressure was measured at 10 and
292 K during each cooling cycle within an error estima-
tion of 5%. Two opposing diamond anvils (type Ia, 1/6-
carat, 0.15 mm central flats) and a cBN-epoxy, soapstone
insulated Re metal gasket were used for the four-probe
method (see inset in Fig. 1). The diamond anvil cell was
then placed inside a customized continuous-flow cryostat
(Oxford Instruments). For each temperature-dependent
resistivity measurement, pressure was applied at room
temperature. The sample was then cooled to 1.8 K be-
fore being warmed back to room temperature at a rate of
~0.25 K/min. The measurements were performed with
an excitation current of 0.3mA. Further details of the
non-hydrostatic high-pressure resistivity techniques are
given in Refs. [13, 19].

High pressure x-ray diffraction measurements were per-
formed on a powdered piece of Nbg 95Mog 75B5 sample
at beamline 16-BM-D at the Advanced Photon Source,
Argonne National Laboratory. The x-ray beam had a
wavelength of 0.41 A (30keV) in Runs 1 and 2, which
was focused to a 3x4pm? (FWHM) spot at the sample.
A MAR345 image plate detector calibrated with a CeO4
standard was used to record the diffracted intensity with
the typical exposure time of 60 to 120 seconds per image.
Neon was used as the pressure medium, and pressure was
determined both using an online ruby fluorescence mea-
surement [17] up to 40 GPa as well as the equation of
state of Au grains [20] loaded into the sample chamber
up to 162 GPa within an error estimation of 2%. DIOP-
TAS [21] software was used to convert the 2D diffraction

images to 1D diffraction patterns which were further an-
alyzed by Rietveld [22] and Le Bail [23] methods using
GSAS-IT software [24].

To better understand the superconducting properties
of Nbg 25Moq 75B5 under pressure we calculate the Allen-
Dynes T at 100 GPa. The electron-phonon coupling con-
stant, A, was calculated from Eliashberg spectral func-
tion, a? F(w), obtained using the tetrahedron method as
implemented in the density functional theory (DFT) code
Quantum Espresso [25-27]. We use the Perdew—Burke-
Ernzerhof functional for the exchange-correlation energy
in the DFT calculations [28]. The virtual crystal approx-
imation was used with the optimized norm-conserving
pseudopotentials [29, 30]. A k-point mesh of 20 x 20 x 20
and a g-point mesh of 4 x 4 x 4 was used in the calcula-
tions.

IIT. RESULTS

The pressure-dependent resistivity curves of
Nbg o5Moq 75B5 are shown in Fig. 1 at 10, 150, and 292 K.
While increasing pressure at 292 K, the resistivity was
measured simultaneously at that temperature. However,
the resistivity curves at 10 and 150K were extracted
from the temperature-dependent resistivity at different
pressures (see inset in Fig. 2). There is no significant
change in resistivity with respect to pressure indicating
the absence of any structural phase transition. We also
plot the resistivity in a base 10 logarithmic scale showing
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FIG. 1. Resistivity of Nbg,sMog 5By versus pressure to

171 GPa at 10, 150, and 292 K. The resistivity curves show
no noticeable change with pressure indicating the absence of
any structural phase transition. Pressures at 150 K were esti-
mated, reflecting the small changes between pressures mea-
sured at 10 and 292K. Inset shows the microphotograph
of the sample, a ruby pressure calibrant, and the four-probe
method looking through the upper diamond central flat (or
culet). The white scale bar indicates 50 pm.
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FIG. 2. Representative temperature-dependent resistivity

curves of Nbg osMog 75B2 under pressure to 171 GPa (mea-
sured at 10K) clearly showing the zero resistivity of super-
conducting transition between 1.8-10 K during each warming
cycle. Inset shows the full 1.8-292 K temperature range stud-
ied.

that the resistivity smoothly decreases with pressure (see
Fig. S1 in the Supplemental Material [31]). The inset
in Fig. 1 illustrates the four-probe electrical resistivity
configuration in the diamond anvil cell looking through
the upper diamond used in these measurements.

Figure 2 shows selected temperature-dependent resis-
tivity curves under pressures up to 171 GPa (measured
at 10K) focusing on the superconducting transition.
Nbg.a5Mog 75B3 superconducts at ambient pressure with
a T, of 8K as reported by our recent study [14]. Zero re-
sistivity below the superconducting transition is observed
in Nbg 55Mog 7B throughout the whole pressure range
studied. The superconducting transition broadens sig-
nificantly above 50 GPa. We denote the transition width
(AT.) by vertical bars in Fig. 3. The resistivity curve at
171 GPa in the inset of Fig. 2 ends at 200 K, where the
diamonds failed during the warming cycle. Nevertheless,
we managed to measure the highest pressure at 171 GPa
using diamond anvil Raman at 10 K during the cooling
cycle (see Fig. S2 in the Supplemental Material [31]).

The superconducting transition temperature (T) of
Nbg.25Mog 75B5 versus pressure to 171 GPa from Run 1
(below 2 GPa including ambient pressure using a piston-
cylinder cell) and Run 2 (above 2 GPa using a diamond
anvil cell) is shown in Fig. 3. The T,(50%) is defined
by the temperature corresponding to the 50% of nor-
mal state resistivity value just above the superconducting
transition (~10K), whereas the upper and lower vertical
bars refer to the 90% and 0%(offset) criteria, respectively.
The pressure-dependent superconducting transition tem-
perature (7;(P)) initially decreases with pressure with
a slope of —0.067(6) K/GPa and above 50 GPa mono-
tonically increases with a slope of 0.0097(6) K/GPa. In-
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FIG. 3. Superconducting phase diagram of Nbg 5sMog 75Bs
to 171 GPa (measured at 10K). The superconducting transi-
tion temperature (T%) initially goes down until ~50 GPa above
which it monotonically increases up to 171 GPa. The upper
and lower vertical bars refer to T.(90%) and T¢(offset) respec-
tively. The dashed line shows T¢(P) of elemental Nb for com-
parison [32]. Inset refers T¢(P) of pure MoB; from Ref. [11]

terestingly, the slope change in T.(P) above 50 GPa is
accompanied by the significant broadening of supercon-
ducting transition width (AT.), defined as the difference
between T.(90%) and T¢(offset) (see the corresponding
vertical bars). The nonhydrostatic condition in the mea-
surement partially contributes to the broadening due to
the presence of the pressure gradient. However, the sud-
den increase above 50 GPa suggests the effect originates
mainly from the sample itself. A comparison of T,(P)
between Nbg 55Mog 75Bs and elemental Nb metal [32] is
shown in Fig 3, which clearly demonstrates that the su-
perconductivity in Nbg 55Mog 75B5 is not associated with
Nb inclusions. Previous work has demonstrated that this
material is a bulk superconductor [14].

In order to determine the presence of any structural
transitions, we have performed synchrotron X-ray diffrac-
tion (XRD) measurements on powdered Nbg 55Mog 75B5
samples under high pressure and room temperature using
Ne as a pressure transmitting medium in diamond anvil
cells (DACs). Figure 4 shows a contour plot of XRD
patterns whose intensities are normalized with the (101)
peak in Runs 1 and 2. The P6/mmm structure at am-
bient pressure persists to pressures as high as 161 GPa
as seen by the continued presence of the three dominant
peaks with (001), (100), and (101) Miller indices. Ver-
tically offset plots of the XRD patterns with respect to
pressure from Runs 1 and 2 are shown in Fig. S3 in the
supplemental material [31]. The peaks from the highly
compressible Ne can be easily distinguished from those
from the sample. The reflections from both Ne pres-
sure medium and Re metal gasket are confirmed by their
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FIG. 4. Contour plot of XRD patterns of Nbg 95Mog 75B5 to
161 GPa at room temperature from Runs 1 and 2. The ambi-
ent structure (P6/mmm) persists up to the highest pressure
without any structural phase transitions.
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FIG. 5. P-V-isotherm of Nbg 95Mog 75B5 to 161 GPa at room
temperature. Inset shows the ¢/a ratio versus pressure. There
is a slope change above ~50GPa marked by a light blue
shaded area referring to the potential correlation with the
slope change of T.(P) in Fig. 3.

equation of state [33, 34]. There is a small amount of
unidentified second phase between 6-7 degrees marked
by a white asterisk (*).

The resulting pressure-volume (P-V) curve of
Nbg o5Mog 75Bo in P6/mmm structure at room tem-
perature from Runs 1 and 2 is shown in Fig. 5 with
the c¢/a ratio versus pressure in the inset. There is a
slope change in the ¢/a ratio above 50 GPa marked by
a light blue shaded area, which seems to potentially
correlate with the slope change in the T.(P) in Fig. 3.
Interestingly, the value of the c¢/a ratio plateaus above
50 GPa, meaning that c lattice parameter begins to be

TABLE I. Calculated superconducting parameters. The crit-
ical temperatures, T, were calculated using the Allen-Dynes
equation with p* = 0.16. All the calculations utilized the
P6/mmm structure. The DOS at the Fermi level is in units
of states/eV/unit cell volume. (* indicates calculation was
performed using the experimental lattice parameters.)

Material P | N(Er)| wiog | (W) | X | TAP
(GPa) X) | (K) (K)
NbB, 0 - 354 | 502.6] 0.75| 8.86
NbB, 100 | 0.795 | 577.1| 767.4| 0.48| 1.65
Nbyg.2sMog.75B2 | 50 1.16 | 268.8| 426.5| 1.41| 23.33
Nbg.osMog7sBy | 100 | 0.99 | 362.2| 542.7| 1.02| 20.14
Nbg 25Mog 75Bo*| 100 | 0.90 | 419.8| 608.3| 0.94| 19.58
MoB, 100 | 1.14 | 283.3| 452.5| 1.48| 29.17

less compressible. This may indicate that the interaction
between interlayers begins to play a significant role
in the P6/mmm structure. The calculated a and c
lattice parameters with respect to pressure are shown in
Fig. S4 [31]. The Vinet Equation of state [35] is used
to fit the P-V curve, which gives rise to an ambient
volume 25.8 A° (Vb), bulk modulus 272 GPa (By), and
a derivative of the bulk modulus of 4.1 (Bf). The bulk
modulus of Nbg9sMog 75B9 is comparable to that of
MoB, (296 GPa) [36].

Table I shows the computed moments of phonon fre-
quencies, the electron-phonon coupling parameter, and
the Allen-Dynes T.. (TAP) for NbB, (at 0 and 100 GPa),
Nbg.o5sMog 75Bo (at 50 and 100 GPa), and MoB, (at
100 GPa). According to these calculations, 25% Nb-
substitution results in a moderate (roughly 30%) sup-
pression of T, compared to pure MoB, at 100 GPa. This
occurs primarily due to a suppression of the electron-
phonon coupling. Interestingly, the calculated TAP for
Nbg o5Mog 75B5 at both 50 and 100 GPa appear to be
overestimations when compared to the experimental Tt.
Contrary to the observed experimental trend, we found
that TAP decreases as the pressure increases. Note that
our x-ray diffraction results indicate that at 100 GPa,
Nbg 25sMog 75Bs and MoB, adopt the same P6/mmm
structure.

IV. DISCUSSION

One question that still follows from our experiment is
why Nb-doped MoB; has a significantly lower transition
temperatures than MoB, over the same pressure range
studied in Ref. [11]. Much of the answer to this question
can be gleaned from the literature on NbBy, MoBs, and
alloyed transition metal diborides. We will focus on those
findings which are most relevant for superconductivity,
starting with the density of states (DOS) near the Fermi
level. When compared with NbBy, MoBs has a higher
DOS near the Fermi level (Table I) and a higher fraction
of electrons occupying antibonding states [37, 38]. This



difference helps to explain why, at ambient/low pressure,
MoBs is a less stable diboride, preferring the trigonal
R3m space group symmetry with alternating puckered
boron planes instead of the hexagonal P6/mmm struc-
ture realized by NbBy [37]. In addition, MoBs has a
higher isotropic electron-phonon coupling constant than
NbB; [39-43]. Here, we would like to point out that the
calculated electron-phonon coupling for NbB, at ambi-
ent pressure of A\ ~ 0.43 in Singh [44] is a result of poorly
converged calculations [41, 45], and our calculated value
agrees with Heid et al. [41].

Another interesting aspect of the present study is that
the experimentally realized suppression of T¢ is at odds
with the TAP obtained using the Allen-Dynes formula.
The theory and experiment both qualitatively agree that
Nb-substitution reduces the T. in MoBs at high pressure
(Table I) compared with MoB,. However, there is signif-
icant quantitative disagreement in the magnitude of T
between the two results. Experimentally, we found that
Nbg 25Mog 75Bs at 100 GPa exhibits only about 30% of
the T, of pure MoB; at the same pressure (Table I). In
contrast, the Allen-Dynes equation predicts that the Nb-
substituted sample should exhibit about 70% of the T
of pure MoBs (i.e., for Nbg 45Mog 75B,, TAP = 19.58 -
20.14 K; for MoB, TAP = 29.17 K ). In other words, the
Allen-Dynes TCAD prediction works reasonably well for
pure MoB,, but it fails to capture the strong reduction
in T, for Nb-doped MoB,.

Performing the same calculation for the TAP of sto-
ichiometric NbB, at ambient pressure reveals a similar
overestimation. However, in that case, the degree of over-
estimation is difficult to gauge since the experimental
literature for stoichiometric NbB, is rife with inconsis-
tencies. Some papers report T.’s between 0.62 K and
9 K [46—49], and many others report an absence of su-
perconductivity down to the lowest temperatures mea-
sured [50-55]. There is considerably more evidence for
finite T¢.’s up to 8-11 K in nonstoichiometric NbBy, char-
acterized by increasing the ratio of B to Nb (enabled by
Nb-vacancies) [49-52, 54-59] or decreasing this ratio via
B-vacancies [60, 61]. Assuming that stoichiometric NbB,
does not superconduct experimentally, except possibly
at minimal temperatures, the Allen-Dynes prediction of
TAP = 8.86 K becomes a rather severe overestimation.

In light of the sensitivity to inhomogeneity and va-
cancy formation in NbB,, we point out that MoB, is also
susceptible to metal vacancy formation, which generally
lowers the electronic density of states [43]. Taken to-
gether, we cannot rule out the role of inhomogeneities
due to vacancies in the alloyed sample. Our calculations
show that the tendency for metal vacancy formation in
Nbg.25Mo.75Bo (Eyt = 0.214 €V) is even more likely than
in NbB, (Eyt = 1.794 eV). The presence of vacancies on
the 4d-atom site could lower the DOS at the Fermi level,
reducing T.. While we do not include these effects in
our calculations of the Eliashberg function, we suspect
they play a role in the discrepancy between theory and
experiment.

Another potential pathology leading to T, predictions
larger than experiment could stem from spin fluctuations
absent from the present formalism. Several 3d transition
metals like V and Cr are better known to have signif-
icant spin fluctuations [62-66]. While Nb is generally
considered a conventional electron-phonon superconduc-
tor, some claim that spin fluctuations effects are essen-
tial for estimating T, [64, 67]. We have used a modi-
fied McMillan formula defined in Eqn. (2) of Ref. [68] to
estimate the electron-paramagnon coupling constant re-
quired to match the experimental 7. of Nbj 55Mog 75B5
(100 GPa), obtaining Ay ~ 0.15. By comparison, to
match a T, < 0.1 K in NbB;y (0 GPa) would require
Ast > 0.26. These values are comparable to results for
Nb in Ref. [67] and provide at least a partial explana-
tion for the 7. mismatch. Recent theoretical work on
the itinerant antiferromagnet CrBsy suggests that spin
fluctuations are suppressed under pressure, giving rise
to electron-phonon-mediated superconductivity at higher
pressures [66]. It is unclear if Nbgo5Mog 75B, exhibits
analogous behavior in the pressure dependence of T, in
part due to the unknown role of other effects like disor-
der. Further theoretical investigations are necessary to
pin down the sources of the overestimation of T¢, which
is outside the scope of this study.

Our measured T, values are comparable to those re-
ported in many other stoichiometric and nonstoichio-
metric ternary diboride compounds (at ambient/low
pressure), such as Mog.g5Sco.05B2 (T. ~ 4.8 K) [69],
M00.96ZI‘0'04B2 (TC ~ 5.9 K) [38], ZI‘0'96V0‘04B2 (Tc ~
8.7 K) [70}, Zr0_96Nb0.04B2 (TC ~ 8.1 K) [71], relevant
doped binaries such as Nb;_,Bs (T, =~ 9.2 K) [51], NbB,,
(Te ~ 9.4 K) [47], and many other borides of Mo and Nb
in the range T, ~ 0 to 11.2 K [50]. There is considerably
less literature studying diborides under pressures near
100 GPa, so it isn’t easy to draw complete comparisons
with the references above.

In nonstoichiometric NbB,, increasing the B/Nb ra-
tio tends to expand (shrink) the ¢ (a) lattice parameter
alongside a concomitant increase in T, [43, 49-52, 54-59].
This behavior indicates that a smaller spacing along the
c-axis is likely detrimental to superconductivity in NbBs.
Therefore, one can reasonably expect that the T, of NbBo
will decrease under pressure. Our T, calculations further
support this point, though the actual values are overes-
timates. In contrast, experiments by C. Pei et al. show
that the T, of MoB; rises sharply with applied pressure
beyond 25 GPa until a structural transition near 70 GPa,
where T, continues to increase with pressure (and the ¢
lattice parameter keeps decreasing) but at a lower rate
[11]. Hence to achieve a higher T¢. value, both the mate-
rials (NbB, and MoB,) take advantage of different and
opposing trends in the lattice parameters. This differ-
ence possibly explains the relatively flat T, as a function
of pressure observed in our experiments. Taken together,
we can see that the role of Nb in Nb,Mo;_,Bs is to in-
crease the low-pressure stability of the AlBsy structure
(P6/mmm) without recreating other conditions needed



for the higher T;. observed in MoB, under pressure.

V. CONCLUSIONS

In summary, we have studied the pressure-
dependent superconducting transition temperature
of NbgosMog 75B, in the same structure as MgB,
(P6/mmm). Electrical resistivity measurements up to
171 GPa reveal that T, initially decreases with increasing
pressure. Above 50 GPa, T, increases monotonically with
a significant broadening of transition width AT, up to
the highest pressure. However, the ambient pressure T
of 8 K is the highest T, observed up to at least 171 GPa.
Synchrotron high-pressure XRD measurements up to
161 GPa show that the slope of the ¢/a ratio changes
above 50GPa within the same P6/mmm structure,
indicating a potential correlation with the change in
slope of T.(P). Our theoretical findings show a reduction
of T., due to the weakened electron-phonon coupling,
in Nbg.osMog.75B2 compared to pure MoBs at high
pressure, in qualitative agreement with the experiment.
However, these calculations underestimate the observed
suppression of T, suggesting that additional factors,
such as inhomogeneity and spin fluctuations, may be
present. High-pressure studies of other substitutions into
MoB,, which might enhance electron-phonon coupling,
would be interesting to explore, to determine whether
T. values comparable to the 32K observed in MoB, at
110 GPa [11] can be realized at low or ambient pressure.
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