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We have performed ''”Sn-NMR measurements on the antiperovskite oxide superconductor Sr;_,SnO to
investigate how its normal state changes with the Sr deficiency. A two-peak structure was observed in the
NMR spectra of all the measured samples. This suggests that the phase separation tends to occur between the
nearly stoichiometric and heavily Sr-deficient Sr;_,SnO phases. The measurement of the nuclear spin-lattice
relaxation rate 1/7) indicates that the Sr-deficient phase shows a conventional metallic behavior due to the
heavy hole doping. In contrast, the nearly stoichiometric phase exhibits unusual temperature dependence of
1/ T, attributable to the presence of a Dirac-electron band.

DOI: 10.1103/PhysRevB.98.100503

Recently, antiperovskite (inverse-perovskite) oxides have
attracted much attention because of their nontrivial electronic
structures [1,2]. It was shown from the investigation with the
data-mining algorithm that a number of compounds including
antiperovskite oxides possess the inversions of the valence
and conduction bands [3]. Actually, the band calculations of
Ca3PbO and its family indicate that a Dirac cone due to the
p-d band inversion and protected by crystalline symmetry
exists around the Fermi energy Ep and that the Dirac cone
has a slight but nonzero band gap because of the higher-order
effect of the spin-orbit coupling [1,4]. In addition, Hsieh et al.
theoretically revealed that the antiperovskite oxides with the
band inversion and the gap opening are topological crystalline
insulators [2].

From a crystallographic point of view, the antiperovskite
oxide A3 BO is the charge-inverted counterpart of the ordinary
perovskite oxide in which the positions of metal and oxygen
ions are reversed as shown in Fig. 1(a). While the metal
element at the unit-cell center is octahedrally surrounded by
oxygens in an ordinary perovskite oxide, the oxygen atom
is octahedrally coordinated by metal elements in an antiper-
ovskite oxide. The space group of antiperovskite oxides is
basically the same as that of the ordinary cubic perovskite
oxides (Pm3m, No. 221, O},) [5]. When A is a group-2
element and B is tin or lead, the valence of the B ion becomes
4— to satisfy the charge neutrality condition [6]. Indeed,
Sn*~ state was experimentally confirmed in Sr;_,SnO by
Mossbauer measurements [7]; such a negative-ionic state of
a metallic element is quite unusual.

The predicted Dirac dispersion has been experimentally
observed in single-crystalline Ca;PbO through soft x-ray
angle-resolved photoemission spectroscopy [8]. Moreover,
semiconducting behavior and room-temperature ferromag-
netism were observed in thin films of nearly stoichiometric
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Sr3_,SnO (x ~ 0) [9-11]. Some of the present authors re-
ported the discovery of the superconducting (SC) transition
occurring at 7, = 5 K on the Sr-deficient antiperovskite oxide
Sr3_,SnO (x ~ 0.5), which marks the first superconductor
among the antiperovskite oxides [12]. Since the possibil-
ity of the topological crystalline superconductivity has been
theoretically proposed due to the strong p-d mixing of the
orbitals in a moderately hole-doped Sr3_,SnO with a rigid-
band shift, SC properties on Srz_,SnO have attracted much
attention. Quite recently, some of the present authors system-
atically studied the Sr deficiency x dependence of the SC
state and found that superconductivity with a highest volume
fraction of as much as 70% appears in the vicinity of x =
0.5 (sample weight is ~30 mg) [7]. In addition, a second
superconducting transition was observed at ~1 K for all SC
samples. However, the microscopic investigations of physical
properties of Sr;_,SnO have not been reported so far, and
this makes the understanding of the normal and SC states
difficult.

In this Rapid Communication, we report results of ''°Sn-
NMR measurements, which have been performed to in-
vestigate the sample dependence of the electronic state of
Sr3_,SnO with varying x contents. We measured four samples
and found a two-peak structure in NMR spectrum arising from
the main phase, along with a tiny peak from an impurity phase.
The two-peak structure indicates that the phase separation
tends to occur between the nearly stoichiometric and Sr-
deficient Sr3_,SnO phases. We also measured the nuclear
spin-lattice relaxation rate divided by temperature 1/ 7,7 for
the two main phases and found the electronic states are quite
different between the two phases: The nearly stoichiometric
phase shows a characteristic behavior of a Dirac-electron
system, but the Sr-deficient phase shows a conventional-metal
behavior with the 1/T;T value smaller than that of the Sn
metal by a factor of about 4. These 1/T; results suggest
that both 5 K and 1 K superconductivities arise from the
Sr-deficient Sr3_,SnO with a certain x causing a heavy hole-
carrier doping.

©2018 American Physical Society
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FIG. 1. (a) Crystal structure of the antiperovskite Sr;SnO. The
black, red, and blue spheres represent the strontium, tin, and oxygen
atoms, respectively. This figure is prepared with the program VESTA
[13]. (b) Temperature dependence of the resistivity at x ~ 0 and x ~
0.5.

The measured four samples are listed in Table I. Polycrys-
talline samples of Sr3_,SnO were synthesized by the reaction
of Sr chunk (Furuuch Metal Co., 99.9%) and SnO powder
(Furuuchi Metal Co., 99.9%) in an alumina crucible sealed
inside a quartz tube under vacuum or 0.3 bar of argon at room
temperature [7,12,14,15]. The molar ratios of the starting
materials are shown in Table I. The sealed quartz tubes were
heated to 825 °C over 3 h and kept at 825 °C for 3 h. Then, the
tubes were immediately quenched in water. The actual values
of x in the samples A and C were changed from the starting
values due to the evaporation of strontium, while the evap-
oration in other samples was negligible due to the effect of
argon gas. The actual values of x in the samples A and C were
evaluated as ~0.5 and ~0 from the estimation of the amount
of evaporated strontium with the weight change. Powder x-ray
diffraction measurements revealed cubic Sr;_,SnO phase to
be dominant in all samples. To prevent sample degradation by
oxidization and/or moisture, all polycrystalline samples were
mixed with epoxy (Emerson & Cuming, Stycast 1266), and
the mixture was solidified with random crystal orientation. All
procedures were done in a glove box filled with argon.

Zero resistivity with the metallic resistive behavior was
observed in a similar quality sample as the samples A and
B, but not in a similar quality sample as the samples C and
D, although the precursor of superconductivity was observed
accompanied with semiconducting behavior [Fig. 1(b)]. Note
that the samples are not stable enough in air, so that the sam-
ples used for the resistive measurements cannot be used for
other measurements. Superconductivity was also confirmed
by magnetization measurements with a commercial SQUID
magnetometer (Quantum Design, MPMS) after mixing with

TABLE 1. Synthesis conditions and basic properties of the
Sr;_,SnO samples.

Starting molar ~ Synthesis
Sample ratio Sr:SnO pressure X Superconductivity
A 3.0:1 vacuum ~0.5 Yes
B 2.5:1 0.3 bar (Ar) ~0.5 Yes
C 3.5:1 vacuum ~0 No
D 3.0:1 0.3 bar (Ar) ~0 No
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FIG. 2. 'Sn Knight-shift spectra at T =5 K and f =
99.1 MHz of all measured samples in their normal state converted
from field-swept NMR spectra. The repetition time of the RF pulse
fields is 5 s, which is shorter than 7; at the peak 1. Thus, the
intensity of the peak 1 underestimates the corresponding volume
fraction. The intensity of each spectrum is normalized by the total
area. The positions of K = 0%, Ko, = 0.11%, and K for the Sn
metal (K = 0.717%) are indicated by broken lines. The labels SC
and non-SC indicate whether the sample shows superconductivity in
magnetization measurements. (Inset) Estimated NMR spectrum of
the sample B whose intensity of the peak 1 is corrected based on the
value of 7.

Stycast. The SC volume fractions in the samples A and B were
estimated as 6-8%. A large sample volume to obtain enough
NMR signal (~300 mg) prevents high SC volume fraction.
A conventional spin-echo technique was used for the NMR
measurements. The '"”Sn-NMR spectra (nuclear spin / =
1/2, nuclear gyromagnetic ratio "%y /27 = 15.8775 MHz/T,
and natural abundance 8.6%) were obtained as a function of
magnetic field in a fixed frequency f = 99.1 MHz. Since
the applied magnetic field is ~6.2 T, which is much higher
than the upper critical field uoHe, ~ 0.5 T, we could not
investigate SC properties of Sr3_,SnO in the present study.
The ''”Sn Knight shifts of the samples were calibrated using
a Sn metal, and 1/T; of ''?Sn was determined by fitting the
time variation of the spin-echo intensity after the saturation
of the nuclear magnetization to a single exponential function.
All recovery curves can be fit by a unique 77 value as shown
in the Supplemental Material [16].

Figure 2 shows the Knight-shift spectra at 7 = 5 K of all
measured samples, which were converted from field-swept
NMR spectra. In the measurements, the repetition time of the
RF pulse fields was 5 s, which is much shorter than the 7}
of the stoichiometric phase but substantially longer than that
of the Sr-deficient phase as discussed later. Thus, it should be
noted that the intensity of these spectra does not reflect the
volume fraction of the samples. The intensity of each spec-
trum obtained in the measurement was normalized by the total
area. In the field-swept NMR spectrum, a resonance magnetic
field wo H;es s shifted as a function of the Knight shift K, and
K is linearly proportional to the spin susceptibility x at the
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FIG. 3. Temperature dependence of 1/7;7T at different peak
positions and samples on a logarithmic scale. 1/7,T is measured
around 6.2 T. The broken line represents the value for Sn metal. Since
1/T,T is proportional to the square of the electronic density of states
(DOS), peak 2 corresponds to a conventional metallic phase and peak
1 corresponds to a less metallic phase with a quite low DOS.

nuclear site as

Hy — Hie
K = 0 res (1)
Hyes
= Kspin + Ko = Ath + Korb, (2)

where Hj is a magnetic field at g — 0, Ay is the hyperfine
coupling constant, Kpin = Apg x is the spin part of the Knight
shift, and Ky is the temperature independent orbital part
of the Knight shift. Ky, is estimated to be 0.11% from the
relationship between the Knight shift and 1/717; 1/ T =
K S2pin. It was shown that all spectra contain some NMR signals
around the K position for the Sn metal (K = 0.717%) [17],
which originates from an impurity phase and/or the decompo-
sition of the samples. It should be noted that this peak is strong
only in the sample D, which was measured six months after
the mixing with Stycast while other samples were measured
just after the mixing. This indicates that the decomposition
occurs for a longer term even in the powder sample embedded
in Stycast. Except for the signals due to the Sn metal, a
two-peak structure was observed in all samples, indicative of
the phase separation occurring in all four samples. Although
the precise discussion about the fraction of each phase cannot
be made from Fig. 2, the NMR intensity ratio of the two
peaks was similar between the samples A and B or between
the samples C and D with similar x contents; the ratio was
different between the samples with different Sr deficiencies.
Since the intensity of the peak 1 is larger in the nearly
stoichiometric samples C and D, we identify the peaks 1 and
2 as arising from the nearly stoichiometric and Sr-deficient
Sr3_,SnO phases, respectively.

To investigate electronic properties of each phase, we mea-
sured 1/T) at the two peaks. The temperature dependencies
of 1/T1T at the two peaks are shown in Fig. 3. 1/T|T at
the peak 2 is independent of temperature between 1.5 K and
150 K, which is a typical behavior of a conventional metallic

system, and the value of 1/7; T, proportional to the square of
the electronic density of states (DOS), was about 1/4 of that
of the Sn metal. Thus, we conclude that the peak 2 originates
from a conventional metallic phase. The value of 1/7,T at
the peak 2 in the sample C was identical to that in the sample
A, indicating that the microscopic x content of the peak
2 is the same in both samples. 1/7|T at the peak 1 arising
from the nearly stoichiometric phase in the samples C and D
shows a temperature independent behavior with a very small
value of 1/T,T up to 150 K and a superlinear behavior above
150 K. Similar behavior was observed in three-dimensional
Dirac and Weyl semimetal systems such as Sr3PbO [18],
PtSny [19], and TaP [20]. The robust temperature independent
1/T\T at low temperatures indicates that the nearly stoichio-
metric phase is not in the semiconductor state but possesses a
finite DOS at E¥, although resistivity shows weakly semicon-
ducting behavior as shown in Fig. 1(b). The value of 1/TT at
the peak 1 was 400 times smaller than that at the peak 2. The
small value of 1/T)T indicates a quite low DOS around EF in
the nearly stoichiometric phase.

On warming, 1/7\T increases above 150 K, which is
consistent with a Dirac-electron property. In the case of a pure
Dirac point exactly located at Er with linear k dispersion,
1/TT'T x T* (T?) in 3D (2D) systems. On the other hand, a
Dirac point is located slightly above/below Ep in most actual
compounds. Therefore, the value of 1/7,T is affected when
the temperature is higher than the energy difference between
Ep and the Dirac point. In fact, such a temperature depen-
dence was observed in the Weyl-semimetal TaP: 1/7\T is
nearly constant below 10 K and shows 72 dependence above
30 K [20]. According to band calculations, it is expected that
Er in stoichiometric Sr3SnO is located slightly below the
gapped Dirac point, which would affect the value of 1/T\T
at high temperatures [15].

To explain the temperature dependence of 1/ T at the peak
1, we adopt two-channel relaxation models with different
energy dependencies of the DOS as follows,

NE) 14 akE? (model I),
Vo) 1+b/IE|—% (modelll, |[E| > A/2),
1 (model 11, |[E| < A/2),

where the constant component arises from a finite DOS of a
conventional hole band, A is the energy gap of split bands
in the model II. We set the zero energy to the Dirac point
(model I) or the center of the band gap (model II). The linear
(E o k) and parabolic (E o k?) dispersions of the bands are
assumed in models I and II, respectively. Schematic images of
two models are illustrated in the inset of Fig. 4. The relaxation
rate 1/T) in the metallic state can be calculated as

1/ O</ N(EY f(E)1 — f(E)dE,

where f(E) = 1/{exp[(E — Eg)/kgT] + 1} is the Fermi dis-
tribution function. As shown in Fig. 4, the temperature depen-
dences of 1/ T are consistently reproduced by the two models.
The parameters used in the calculations are listed in Table II.
It is noted that three times difference of the b coefficient is not
significant since the temperature dependence of 1/ 7 is not so
sensitive against the b coefficient. Actually, 1/7) can also be
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10 ——ry ———r — TABLE II. Parameters used in the calculation of 1/ 7.
N v Model Il + ]
/ \ '»WEﬁ;‘O z;z;é‘ Sample Model a(J?) b(J7%)  Eg/kg (K) A/kg (K)
o N forsample D e C I 1.2 x 10-6 200
................. /- - - - - - Y\ EF for sample C
o Erfrsamed 4 A I 0.09 —200 100
~ 'F e Qﬁ' D I 12x10° -50
w F , ¥ ] I 0.03 -50 100
L & ¥
- & ¥
~ - v
= Model | . & , 54
— = Model I Py ¥ St SO the sample D, which is consistent with the results of 1/T,T
01 Py / A 113;;” NMR ] measurements.
A ; & 4H~62T ] We tentatively estimated the volume fraction of each phase
e Y o peék 1] from the NMR spectra by taking into account longer 7 of the
s 57 & sample C 1 nearly stoichiometric phase. After a suitable correction, the
L San v sample D ratio of the NMR peak intensities becomes, roughly speaking,
0.01 T 10 10 proportional to that of each phase in the sample. By using the
T (K) NMR intensity corrected with the 7' values, the volume ratios

FIG. 4. Temperature dependence of 1/7; calculated by two mod-
els. Triangles represent the observed values of 1/7, measured at the
peak 1 in the samples C and D. (Inset) Schematic band dispersions
in the two models.

reproduced by a gapped Dirac model. We cannot distinguish
which model is more appropriate for the temperature depen-
dence of 1/T) of the nearly stoichiometric Sr3_,SnO below
room temperature. To reveal topological properties of nearly
stoichiometric Srz_,SnO, further experiments with samples
free from the Sr deficiency are needed.

Next, we discuss how the ground state changes from the
non-SC to SC samples with the amount of the Sr deficiency.
The present NMR results indicate that the amount of the
Sr deficiency does not change continuously but is stabilized
at certain values discontinuously. It seems that it is difficult
to synthesize a sample with high SC volume fraction since
there is a miscibility gap in the nearly stoichiometric and
Sr-deficient Sr;_,SnO phases. The careful investigation of
sample properties and the x dependence will be reported by
some of the authors [7]. Based on our NMR measurements,
the peak 2 originates from a conventional metallic Srz_,SnO
phase with the heavy hole doping due to the Sr deficiency,
and this phase would show superconductivity. Note that two
SC transitions at 5 K and 1 K are reported in Sr3_,SnO
(x ~0.5). Since the two SC transitions are always observed
together in one sample, both seem to originate from Sr-
deficient Sr3_,SnO. According to the band calculations, Ep
of the heavily hole-doped phase is far from the Dirac point
[15]. On the other hand, the peak 1 originates from the less
metallic Sr3_, SnO phase with a quite low DOS. Interestingly,
the value of 1/7T at the peak 1 in the sample C was slightly
larger than that in the sample D, indicating that the doping
level is different between these samples. In fact, Knight shift
at the peak 1 in the sample C is slightly larger than that in

of the nearly stoichiometric and Sr-deficient Sr3_,SnO phases
in the samples A, B, C, and D were estimated to be 10:1, 11:1,
65:1, and 50:1, respectively. The NMR spectrum of the sample
B whose intensity of the peak 1 is corrected by taking into
account the value of 71, is shown in the inset of Fig. 2. The
volume fractions of the SC phase in the samples A and B seem
to be consistent with the SC volume fraction estimated from
dc magnetization measurements.

In conclusion, we have performed ''Sn-NMR measure-
ments to investigate how the ground state of Sri;_,SnO
changes from the non-SC to SC phase against the Sr defi-
ciency. In the four samples we measured, a two-peak struc-
ture of the NMR spectra was observed, indicating that the
amount of the Sr deficiency does not change continuously
but is stabilized at certain values discontinuously. The two-
peak structure means that the phase separation tends to occur
between the nearly stoichiometric and heavily Sr-deficient
Sr3_,SnO phases. 1/ T} measurements indicate that the nearly
stoichiometric phase shows a characteristic behavior of a
Dirac-electron system, but the Sr-deficient phase shows a
conventional-metal behavior with the 1/7,T value smaller
than that of the Sn metal by a factor of about 4. The 1/7)
result suggests that both 5 K and 1 K superconductivities arise
from the Sr-deficient Sr3_,SnO with a certain x with heavy
hole-carrier doping.

We would like to acknowledge M. Maesato for technical
support. This work was partially supported by the Kyoto
Univ. LTM Center, Grant-in-Aids for Scientific Research
(KAKENHI) (Grants No. JP15H05882, No. JP15H05884,
No. JP15K21732, No. JP25220710, No. JP15H05745, No.
JP17K14339, No. JP15H05851, No. JP15K21717, and No.
JP17J07577) and by the JSPS Core-to-Core Program (A.
Advanced Research Network), as well as by Izumi Science
and Technology Foundation (Grant No. H28-J-146). A.L is
supported by Japan Society for the Promotion of Science as
JSPS Research Fellow.

[1] T. Kariyado and M. Ogata, J. Phys. Soc. Jpn. 80, 083704 (2011).
[2] T. H. Hsieh, J. Liu, and L. Fu, Phys. Rev. B 90, 081112 (2014).

[3] M. Klintenberg, J. T. Haraldsen, and A. V. Balatsky, Appl. Phys.
Res. 6, 31 (2014).

100503-4


https://doi.org/10.1143/JPSJ.80.083704
https://doi.org/10.1143/JPSJ.80.083704
https://doi.org/10.1143/JPSJ.80.083704
https://doi.org/10.1143/JPSJ.80.083704
https://doi.org/10.1103/PhysRevB.90.081112
https://doi.org/10.1103/PhysRevB.90.081112
https://doi.org/10.1103/PhysRevB.90.081112
https://doi.org/10.1103/PhysRevB.90.081112
https://doi.org/10.5539/apr.v6n4p31
https://doi.org/10.5539/apr.v6n4p31
https://doi.org/10.5539/apr.v6n4p31
https://doi.org/10.5539/apr.v6n4p31

NORMAL-STATE PROPERTIES OF THE ANTIPEROVSKITE ...

PHYSICAL REVIEW B 98, 100503(R) (2018)

[4] T. Kariyado and M. Ogata, J. Phys. Soc. Jpn. 81, 064701
(2012).

[5] A. Widera and H. Schifer, Mater. Res. Bull. 15, 1805 (1980).

[6] J. Nuss, C. Muhle, K. Hayama, V. Abdolazimi, and H. Takagi,
Acta Cryst. B 71, 300 (2015).

[7] M. Oudah, J. N. Hausmann, S. Kitao, A. Ikeda, S. Yonezawa,
M. Seto, and Y. Maeno (unpublished).

[8] Y. Obata, R. Yukawa, K. Horiba, H. Kumigashira, Y. Toda,
S. Matsuishi, and H. Hosono, Phys. Rev. B 96, 155109
(2017).

[9]1 Y. F. Lee, E. Wu, R. Kumar, F. Hunte, J. Schwartz, and J.
Narayan, Appl. Phys. Lett. 103, 112101 (2013).

[10] Y. F. Lee, F. Wu, J. Narayan, and J. Schwartz, MRS Commun.
4,7 (2014).

[11] Y. E. Lee, J. Narayan, and J. Schwartz, J. Appl. Phys. 116,
164903 (2014).

[12] M. Oudah, A. Ikeda, J. N. Hausmann, S. Yonezawa, T.
Fukumoto, S. Kobayashi, M. Sato, and Y. Maeno, Nat. Com-
mun. 7, 13617 (2016).

[13] K. Momma and F. Izumi, J. Appl. Crystallogr. 41, 653 (2008).

[14] J. N. Hausmann, M. Oudah, A. Ikeda, S. Yonezawa, and Y.
Maeno, Supercond. Sci. Technol. 31, 055012 (2018).

[15] A. Ikeda, T. Fukumoto, M. Oudah, J. N. Hausmann, S.
Yonezawa, S. Kobayashi, M. Sato, C. Tassel, F. Takeiri, H.
Takatsu, H. Kageyama, and Y. Maeno, Physica B 536, 752
(2018).

[16] See Supplemental Material at http://link.aps.org/supplemental/
10.1103/PhysRevB.98.100503 for the time dependence of re-
covery curve at each sample.

[17] G. C. Carter, L. H. Bonnet, and D. J. Kahan, Metallic Shifts in
NMR (Pergamon Press, Oxford, 1977).

[18] M. Suetsugu, K. Kitagawa, Y. Hayama, A. W. Rost, C. Muhle,
J. Nuss, and H. Takagi, presented at 72nd Physical Society of
Japan Annual Meet., 2017, 20aB12.

[19] M. Okabe, Y. Nakai, R. Higashinaka, K. Miyata, and Y.
Maniwa, presented at 72nd Physical Society of Japan Autum
Meet., 2017, 24aB31.

[20] H. Yasuoka, T. Kubo, Y. Kishimoto, D. Kasinathan, M.
Schmidt, B. Yan, Y. Zhang, H. Tou, C. Felser, A. P. Mackenzie,
and M. Baenitz, Phys. Rev. Lett. 118, 236403 (2017).

100503-5


https://doi.org/10.1143/JPSJ.81.064701
https://doi.org/10.1143/JPSJ.81.064701
https://doi.org/10.1143/JPSJ.81.064701
https://doi.org/10.1143/JPSJ.81.064701
https://doi.org/10.1016/0025-5408(80)90200-7
https://doi.org/10.1016/0025-5408(80)90200-7
https://doi.org/10.1016/0025-5408(80)90200-7
https://doi.org/10.1016/0025-5408(80)90200-7
https://doi.org/10.1107/S2052520615006150
https://doi.org/10.1107/S2052520615006150
https://doi.org/10.1107/S2052520615006150
https://doi.org/10.1107/S2052520615006150
https://doi.org/10.1103/PhysRevB.96.155109
https://doi.org/10.1103/PhysRevB.96.155109
https://doi.org/10.1103/PhysRevB.96.155109
https://doi.org/10.1103/PhysRevB.96.155109
https://doi.org/10.1063/1.4820770
https://doi.org/10.1063/1.4820770
https://doi.org/10.1063/1.4820770
https://doi.org/10.1063/1.4820770
https://doi.org/10.1557/mrc.2014.4
https://doi.org/10.1557/mrc.2014.4
https://doi.org/10.1557/mrc.2014.4
https://doi.org/10.1557/mrc.2014.4
https://doi.org/10.1063/1.4899438
https://doi.org/10.1063/1.4899438
https://doi.org/10.1063/1.4899438
https://doi.org/10.1063/1.4899438
https://doi.org/10.1038/ncomms13617
https://doi.org/10.1038/ncomms13617
https://doi.org/10.1038/ncomms13617
https://doi.org/10.1038/ncomms13617
https://doi.org/10.1107/S0021889808012016
https://doi.org/10.1107/S0021889808012016
https://doi.org/10.1107/S0021889808012016
https://doi.org/10.1107/S0021889808012016
https://doi.org/10.1088/1361-6668/aab6c2
https://doi.org/10.1088/1361-6668/aab6c2
https://doi.org/10.1088/1361-6668/aab6c2
https://doi.org/10.1088/1361-6668/aab6c2
https://doi.org/10.1016/j.physb.2017.10.089
https://doi.org/10.1016/j.physb.2017.10.089
https://doi.org/10.1016/j.physb.2017.10.089
https://doi.org/10.1016/j.physb.2017.10.089
http://link.aps.org/supplemental/10.1103/PhysRevB.98.100503
https://doi.org/10.1103/PhysRevLett.118.236403
https://doi.org/10.1103/PhysRevLett.118.236403
https://doi.org/10.1103/PhysRevLett.118.236403
https://doi.org/10.1103/PhysRevLett.118.236403



