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We report a high-pressure study on the antiperovskite phosphide superconductor Sr(PtooPdy;);P. The
superconducting transition temperature 7, decreases with a negative differential pressure coefficient, dIn7;. /dP ~
-0.052GPa™! (dT,/dP ~ -0.33K/GPa for P < 10 GPa), which is a very high value for antiperovskite super-
conductors. We find that the upper critical field poH.»(0) also decreases with increasing pressure, but the
woHo(0)/ksT,, e.g., 2A¢[nN(Er)]"?/kgT,, is doubled from ~0.5-0.7 T/K at ambient pressure to ~1.2 T/K
at 31.7 GPa. Our comparative studies on the dependences of 7. as functions of physical pressure versus
chemical doping support that Sr(PtyoPdy;);P belongs to a phonon-mediated Bardeen-Cooper-Schrieffer-type
superconductor with enhanced superconducting coupling strengths. The reduction of 7. with pressure should
mainly originate from the decrease of the density of states at the Fermi level and the phonon-hardening effect.
Our results shed some light on understanding the superconducting mechanisms of Pt-based antiperovskite

superconductors.
DOI: 10.1103/PhysRevB.105.214529

I. INTRODUCTION

Polar metal usually involves the inversion symmetry break-
ing of crystal structure and polarized charges in real space
[1]. Superconductors with polar structures are rare and have
received increasing attention owing to exotic electronic states
and possible unconventional pairing mechanisms [2—7]. The
well-studied examples include the heavy-fermion supercon-
ductor CePt3Si [3], the Nb-doped ferroelectric StTiO; [2]
with intriguing quantum criticality, the superconducting SnP
near the polar-nonpolar transition [6], and the enhancement
of superconductivity (SC) in MoTe, near the polar structure
instability [8]. Recently, Takayama et al. reported a new
family of ternary Pt-based superconductors APt;P (A = Sr,
Ca, La) with an antipolar structure [9]. As shown in Fig. 1,
the APt;P crystallizes in a tetragonal structure (space group
P4/nmm, No. 129) featured by the elongated distortions of
the PPtg octahedron; the P ion is displaced with electric
polarization along the c axis. The antiparallel polarizations
cause SrPt;P to possess an antipolar nature. The APt;P is
centrosymmetric apart from the noncentrosymmetric heavy-
fermion superconductor CePt;Si [3]. It was found that the
superconducting transition temperature, 7., of APt;P 8.4, 6.6,
and 1.5 K for A = Sr, Ca, and La, respectively [9]. These
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new superconducting materials share a similar crystal struc-
ture with the antiperovskitelike superconductors, including
cubic MgCNi; (T, = 8K) [10], CuNNis (7 ~ 3.2K) [11],
and SnSr;0 (T, ~ 5K) [12]. In addition, it has some con-
nection with other Pt-based superconductors SrPtyAs; [13]
and SrPtAs [14] with quasi-two-dimensional PtAs layers,
which has thus rekindled the interest in these new supercon-
ductors.

Among the series of APt;P, SrPt3P has attracted special
attention because it not only shows the highest 7. among
all the 5d-based superconductors with antiperovskitelike
structure, but also exhibits a larger ratio between supercon-
ducting gap Ag and T, i.e., 2A¢/kgT. ~ 5, which indicates
a strong coupling strength [9]. Such a large ratio is similar
to cuprates [15,16] and iron-based unconventional supercon-
ductors [17-19]. Takayama et al. argued that the presences
of low-lying phonons and the multiple Fermi-surface pockets
are the key ingredients for the strong coupling with large
2A0/ksT. [9]. Kang et al. suggested that SrPt;P belongs to
a strong-coupling phonon-mediated superconductor in which
the superconducting charge carriers derived from the pdm
hybridization between Pt and P ions are coupled to the ab
in-plane phonon modes (~5 meV) [20]. Such a conclusion
of strong-coupling superconductivity in SrPt;P is supported
by first-principles calculations [21]. However, nuclear mag-
netic resonance studies on SrPt3;P indicated that it is a rather
simple metal with spherically symmetric pairing configura-
tion [22] and some other calculations revealed that APt;P
is a weak-coupling superconductor with three-dimensional

©2022 American Physical Society
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FIG. 1. (a) The Rietveld refinement on the x-ray powder diffrac-
tion (XRD) pattern of Sr(PtyoPdo;);P. All the diffraction peaks
can be indexed to the tetragonal structure with a tiny unknown
phase as also found in Refs. [9,28,29]. (b) Crystal structure of
Sr(PtooPdp 1 );P. It has an edge-sharing (Pt, Pd)sP octahedron with
the c-axis stretched distortion. The magenta arrows indicate the alter-
nating polarization vector originated from the asymmetric Pt/Pd(2)
positions.

Fermi surfaces [23]. Concerning these discrepancies, the stud-
ies on the lattice dynamics of SrPt;P pointed out that the
enhanced electron-phonon coupling for the optical phonon
modes (~5.0 meV) is overestimated in calculations, which
also supports SrPt;P to be a weak-coupling superconductor
[24]. In addition, there exists some debate on whether the
observed superconducting state is related with charge density
wave (CDW); i.e., Chen et al. reported that the SC of SrPt;P
is enhanced by CDW instability [25], while Subedi et al.
excluded the CDW scenario and argued that the enhancement
of superconducting pairing strength from La to Ca and Sr is
associated with the changes in the electron-phonon matrix
elements and low-frequency phonons [26]. In view of the
above discrepancies about the superconducting mechanism,
more comparative studies through high pressure and chemical
substitutions are required.

Chemical doping and physical pressure are two effective
methods to manipulate crystal and electronic structures and
to reveal the physical parameters closely related to SC. In
comparison to chemical doping, the application of physical
pressure provides a clean and fine tuning knob without intro-

ducing lattice disorders. The comparative studies are helpful
to uncover different contributions of physical quantities such
as the lattice and carriers to the superconducting state. For
parent SrPts;P, a slight substitution of 4d Pd for Pt causes
a decrease of 7. [27,28], which has been attributed to the
enhancement of electron-electron correlations and the sup-
pression of electron-phonon coupling and spin-orbit coupling;
the hole doping by partially replacing P with Si also results
in a monotonous decrease of 7; [29], which is contradictory
to the theoretical calculations. In addition, we noticed that
pressure can also affect the 7; of SrPt;P in such a way that
firstly increases and then decreases in the pressure range of
0-1.7 GPa due to the decreasing of coupling strength [29].
However, the pressure range is rather limited. Based on these
previous studies, electron-phonon coupling, electron-electron
correlations, and density of states at the Fermi level are all
important factors affecting the SC of APt3P. In this regard, a
further study on the evolution of these related parameters at el-
evated pressures is required to achieve a better understanding
of SC in APt;P.

We learned from the previous reports that the parent
SrPt;P always contains some unknown impurities, which hin-
der the reliable analysis on experimental results, especially
under high pressures. In contrast, those impurities can be
substantially reduced in the Pd-substituted Sr(Pt;_,Pd, );P su-
perconducting samples with the same crystal structure [28].
Thus, Sr(PtgoPdg | );P with the highest 7. among this series
of samples has been chosen as a good example to study
the intrinsic pressure effect and to unveil the evolutions of
electron-phonon coupling, electron-electron correlation, and
the density of states at Fermi level under pressure [28]. In
this work, we have investigated the superconducting prop-
erties of Sr(PtyoPdy );P by measuring electrical transport
under various pressures up to 31.7 GPa. Its T; is found to
decrease with increasing pressure. The comparative studies
on the dependences of 7; on pressure and doping reveal that
the negative pressure effect on 7; originates from the decrease
in the density of states at the Fermi level and the phonon
hardening under pressure.

II. EXPERIMENTAL METHODS

Polycrystalline Sr(PtyoPdg 1);P samples were synthesized
by the solid-state reaction method as reported elsewhere
[27,28]. Phase purity of the obtained samples was examined
by powder x-ray diffraction (XRD) using Cu Ko; radia-
tion (A = 1.5406 A). The XRD pattern was refined with the
Rietveld method by using FULLPROF software. Because the
as-obtained sample is too loose to be cut into small pieces (the
typical size of 0.20 x 0.20 x 0.60mm?) for high-pressure
electrical measurements in a cubic anvil cell (CAC) appa-
ratus, the synthesized polycrystalline samples wrapped with
gold foil was cold pressed at 5 GPa for 35 min before high-
pressure measurements. After the high-pressure treatment, we
checked the XRD again and found no change in lattice pa-
rameters except for the broadening of some diffraction peaks.
At ambient pressure (AP), electrical resistivity and Hall co-
efficient were measured by a standard four-probe method on
the Quantum Design physical property measurement system
(0< H<K9.0T, 1.8 < T <400K); magnetic susceptibility

214529-2



PRESSURE EFFECT IN THE ANTIPEROVSKITE ...

PHYSICAL REVIEW B 105, 214529 (2022)

was also checked for ellipsoid sample and the applied field is
basically parallel to its longest semiaxis.

The measurements of electrical resistivity and Hall coeffi-
cient under high pressure were performed in a palm-type CAC
up to 11 GPa and a diamond anvil pressure cell (DAC) up to
31.7 GPa, respectively. In the CAC, glycerol was employed
as the pressure transmitting medium (PTM), and the pressure
values were estimated from the calibration curves determined
at room temperature. In the DAC, a rhenium gasket was
preindented to ~33 um and then a 100 um diameter hole
was drilled in the center using a laser drilling system, filled
with soft material, KBr, as the PTM to keep a quasihydrostatic
pressure. The rhenium gasket was covered with a c-BN epoxy
as the insulating layer and resistivity was measured using the
dc current in the van der Pauw configuration. The pressure
was determined by the wavelength shift of the ruby R1 fluo-
rescence line in the whole pressure range at room temperature.
All the low-T measurements are carried out in a homemade
“He cryostat equipped with a superconducting magnet system
(O H<K90T,1.4 < T <300K).

III. RESULTS AND DISCUSSION

Figure 1(a) shows the Rietveld refinement of a room-
temperature powder XRD pattern for Sr(Pty9Pd 1);P in the
tetragonal SrPt;P structure (SG: P4/nmm, No. 129). The as-
terisks refer to some unknown impurities which were also
observed in the parent SrPt;P by Takayama et al. and Hu et al.
[9,27,28]. The obtained lattice parameters (a = b = 5.8145 A,
¢ = 5.3689 A) are close to those reported in the literature [9].
A comparison with the values for pristine SrPt;P (a = b =
5.809 A and ¢ =5.383 A) indicates that the crystal lattice
shows a slight shrinkage along the ¢ axis and an expansion
within the ab plane with increasing the Pd doping. The results
indicate that the slight decrease of the c/a ratio upon Pd
doping is advantageous for stabilizing the crystal structure so
as to reduce the amount of impurities significantly [28]. The
volume decreases slightly as a function of the Pd doping in
the series of Sr(Pt;_,Pd,);P for 0 < x < 0.1, and then shows
an increasing trend up to x = 0.4. Such a variation of V(x)
is abnormal regardless of comparing both the ion radius and
metallic bond length of Pt and Pd. Besides, other isostructural
LaPd;P and CaPd;P with smaller unit-cell volume are also
stable without clear impurity [30,31], which indicates that the
lower Pd doping is reliable and the induced chemical pres-
sure stabilizes the crystal structure of the SrPt;P system. We
thus chose to study the nearly single-phase Sr(Ptg9Pdg ;);P
sample under physical pressures. Figure 1(b) shows the crys-
tal structure of slightly Pd-doped Sr(PtgoPdg;);P, which
can be described as the alternative stacking of the distorted
P(Pt/Pd) octahedra and Sr layers. The polarity of asymmet-
ric distorted octahedra alternates within the ab planes, forming
an antipolar pattern. In this case, the Pt/Pd(1)-5d bands con-
tribute more to the electronic density of states near the Fermi
level than the Pt/Pd(2)-5d and P-3p bands [23].

We first characterized the Sr(PtyoPdg );P samples at AP
by measuring the temperature dependences of electrical re-
sistivity p(T) and magnetic susceptibility x (7). As shown
in Fig. 2(a), p(T) shows a metallic behavior with a sharp
superconducting transition at low temperatures, which starts

0 5 10 15

6
> (d) mT-sPpel
0.0— (b) Tc ‘ a ( ) ATC'“‘d- SrPt,P [29]
* T, sr(Pt, Pd, )P
Q 4 Fc E 4 - v T Sr(Pt, Pd, )P
2
-0.54 S A7
N T
J 2
ZFC ot _
-1.0- H=15 Oe 7 wh fit
T T T T T T T 0 LI LA | I
0 4 8 12 0 2 4 10
T (K) T

FIG. 2. (a), (b) Temperature dependences of electrical resistiv-
ity po(T') at zero field and the superconducting volume 4w x,(7T")
at a magnetic field of woH = 150e for Sr(PtyyPdo;);P. Inset
shows the enlarged view of low-T p(T). The T, and 77 are
the onset and zero-resistivity temperature of the superconducting
transition. The red solid line in (a) represents the fitting curve to
the Bloch-Griineisen (BG) formula. (c) p(T) under various mag-
netic fields up to 5.0 T. (d) Temperature dependence of the upper
critical field puoH.(0) of Sr(PtyoPdy);P and the fitting results by
the Ginzburg-Landau (GL) equation and the Werthamer-Helfand-
Hohenberg (WHH) model. The woH:,(0) of SrPt;P is also included
for comparison [9,28,29].

at ~8.1 K and reaches zero resistivity at ~7.2 K. Here, the
T is determined as the temperature deviating from the
normal-state resistivity and 7.7° is defined as the zero-
resistivity temperature. These results agree well with the
previous report [28] and thus confirm the high quality of our
Sr(Pty9Pdy 1 );P sample in this study. The superconducting
transition temperature TcM determined from the x(7) data
in Fig. 2(b) is in perfect agreement with the p(7) shown
in Fig. 2(a). Bulk SC is also confirmed by the observation
of large superconducting volume fractions of 47 x,(2K) ~
100% and 14.8% for the zero field cooled (ZFC) and
field cooled (FC) processes, respectively. The difference of
47 x,(T) between ZFC and FC suggests an enhanced mag-
netic flux pinning effect as the common feature of type-II
superconductors.

Figure 2(c) shows the p(T) curves under various magnetic
fields up to 5 T, illustrating a gradual reduction of 7. with
increasing magnetic field due to the magnetic pair-breaking
effect. Here, we adopted the criteria of middle point and
onset for the superconducting transition temperature, 7,™¢ and
T2 and plotted the temperature dependences of upper crit-
ical field puoH(T) in Fig. 2(d) together with those of SrPt;P
for comparison. At first, these puoHq(7T) data can be well
described by using the Ginzburg-Landau (GL) equation, i.e.,
toHe(T) = noHe(0)(1-17)/(1 4 1%), where t = T/T.. As
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FIG. 3. Temperature dependence of electrical resistivity p(T")
under various pressures for Sr(PtyoPdy ;);P in a cubic anvil pressure
cell (CAC) and a diamond pressure cell (DAC): (a) p(T') in CAC up
to 11 GPa; (b) p(T") in DAC up to 31.7 GPa. (¢), (d) The enlarged su-
perconducting transitions with the pressure; the blue and red arrows
mark the onset temperature 7> and zero-resistivity temperature
17", respectively.

shown in Fig. 2(d), the obtained woH(0) = 4.83 by using the
T™4 for Sr(PtooPdy 1);P is slightly higher than those of two
pristine SrPt;P, i.e., ~3.84-4.69 T [9,22,28], which should
be attributed to the magnetic flux pinning effect. For compar-
ison, we also employed the Werthamer-Helfand-Hohenberg
(WHH) model to extract the orbital-limiting ,uOHCOZ’b (0), which
are slightly smaller than those obtained from the GL fitting
[32,33] for pristine SrPt;P and Sr(PtyoPdg;);P. The large
difference of woH(0) for the two SrPt;P samples should be
ascribed to the different sample qualities.

To trace the normal- and superconducting-state properties
of Sr(Pty9Pdy.1);P under pressures, its p(7T') were measured
in different pressure ranges by using the CAC (2-11 GPa)
and DAC (0.9-31.7 GPa), respectively. As shown in Figs. 3(a)
and 3(b), the normal-state p(7T") decreases monotonically with
increasing pressure and the superconducting transition tem-
perature 7; decreases gradually as depicted in Figs. 3(c) and
3(d). It is noted that the superconducting transition becomes
broadened with increasing pressure, presumably due to the
presence of shear stress or pressure inhomogeneity upon com-
pression. As shown in Fig. 3(d), there is an additional step in
some superconducting transitions under nonhydrostatic pres-
sures in DAC, different from the smooth transitions under
hydrostatic pressures in CAC. Pressure dependence of 7,2
and 77 determined from po(T) are plotted in Fig. 4(a).
We find that both 7. and 7”°" obtained from measure-
ments in CAC and DAC almost coincide with each other,
confirming the good reproducibility of pressure effect on
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FIG. 4. (a) Pressure dependence of T.°™*" and 7. The inset
shows the logarithmic scale of 7,°"*-P and the linear fit. The red
lines in (a) across the data indicate the fitting results to the In7;-P
plot; (b) Temperature dependence of p(7T") under various pressures
and the fittings of normal-state resistivity by using p = py + AT"
with the residual resistivity pg, the coefficient A, and the exponent
n, respectively. Pressure dependence of characteristic parameters:
(©) po/po(AP); (d) A/A(AP); (e) Op/Op(AP); () the n; the A is
fitted with n = 2 and the dashed lines in (c—f) are guide for eyes.

Sr(PtooPdp;);P. A linear fitting to the 7.(P) in the pres-
sure range 0-10 GPa yields a negative differential pressure
coefficient d71./dP ~ —0.33 K/GPa. It is noteworthy that this
coefficient is the largest one among all the antiperovskitelike
superconductors, as seen in Table I. At elevated pressures
above 10 GPa, the reduction of 7.(P) becomes slower with
pressure. A careful examination of the pressure dependence
of T; reveals an exponential decay with a negative slope of
dInT./dP ~ —0.052 GPa™! for Sr(PtgoPd;)sP in the whole
pressure range, as shown in the inset of Fig. 4(a).

To gain more insight into the evolution of T.(P), the
normal-state resistivity just above 7. is analyzed with the
power-law formula, viz., p = py +AT", where py is the
residual resistivity; the coefficient A and the exponent n
are related to the density of state at Fermi level and the
inelastic electron scattering, respectively. The polynomial fit-
tings shown by the solid lines in Fig. 4(b) are performed
from T, to 30 K and n contains the information about
electron-phonon scattering. Meanwhile, the quadratic tem-
perature coefficient A extracted from a linear fit to the
(p—po) vs T? plot at the low-temperature limit reflects mainly
the electron-electron interactions when most of the phonon
modes are frozen. The obtained fitting parameters renor-
malized by their corresponding values at AP are compared
in Figs. 4(c)-4(e). In a single-band model, the residual re-
sistivity is simply expressed as po = (372)"(h/e*1) /3,
where [ and n. represent the mean free path and carrier
density, respectively [34]. Since the pressure-induced reduc-
tion of n. is confirmed by the following Hall coefficient
measurements, the monotonic decrease of pg here should
be mainly attributed to the increase of / due to the reduc-
tion of grain boundary scattering upon compression. We also
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TABLE 1. Summary of the superconducting transition temperature 7. and its pressure coefficients for known antiperovskitelike

superconductors.

T; dT./dP oH2(0) Op 4
Samples (K) (K/GPa) (T) (K) (mJ/mol K?) References
MgNi;C, 6.9-7.9 0.134-0.155 - - - [39]
MgNi;C 8.12 0.06 144 284 30.1 [40,41]
CdNi;C 2.5-3.2 - 1.8-2.2 352 18.0 [41]
CuNi;N 3.2 - 1.21 291 39.27 [11]
ZnNizN, 3.0 - 0.96 336 13.0 [42]
SnSr;0 5.0 - 0.44 - - [12]
AsV;3;N 2.60 -0.013 2.79 364 22.0 [43,44]
PV;3Nyo 5.6 -0.19 3.49 489 19.5 [43,44]
(Cag¢Srg4)Pt;P 3.54 -0.15(1) 2.53 184 6.24 [31]
(Cag25Srg.75)Pts P 0.32 - 0.032 242 3.61(9) [31]
SrPt;P 8.40 - 5.80 190 12.7 [9]
CaPt;P 6.60 - - 218 174 [9]
LaPt;P 1.50 - - - 6.70 [9]
SrPt;P 8.35 0.12 (< 1 GPa) - 190 - [29]
SrPd;P 0.06 - - - - [30]
LaPd;P 0.28 - 0.306 267 6.06(4) [31]
SrPt; Py §Sig » 7.80 - - - 7.73 [29]
SrPt;P 8.4 - <5.0 - 13.54 [28]
Sr(PtyoPdy 1 );P 7.60 -0.33 4.83-6.0 135.3 - This work

find that the A/A(AP) value decreases strongly by nearly
one order at 20 GPa and then changes weakly. Generally,
the A value is proportional to the square of the Sommerfeld
coefficient by the Kadowaki-Woods relationship and thus
reflects the density of states at Fermi level N(Ep) [35].
Thus, the decrease in the A/A(AP) signals the reduction of
N(EF), which correlated positively with the evolution of T.
The estimated exponent n shows a weak pressure depen-
dence by increasing from 2.6-2.7 to 3.0-3.2 in the studied
pressure range, which is different from the typical value
of n =2(5) for electron-electron (electron-phonon) scatter-
ings. The observed n =~ 3 deviating from the Landau Fermi
liquid in Sr(PtyoPdy ;);P under pressure suggests enhanced
phonon scatterings. Besides, the evolution of Debye temper-
ature ®p was obtained by fitting the po(7T") curve with the
Bloch-Griineisen (BG) formula [36]. At AP, as shown in
Fig. 2(a), the well-fitted BG formula gives ®p &~ 135.3K in
Sr(Ptg.9Pdy.;)sP, which is lightly lower than that of ~190 K in
SrPt;P. In order to eliminate the influence of pressure varia-
tion and electron contribution at low temperature, we roughly
estimated the ®p, at various pressures. As suggested, for T >
0.50p (Op ~ 190K in SrPt;P and 2218 K in CaPt;P), the
temperature dependence of high-temperature resistivity can
be described by p(T) ~ A'T /AM®% ~ BT, where A’ and M
represent the characteristic parameter and the atomic mass, re-
spectively. As shown in Fig. 4(e), we find that the value of the
®Op(P)/ @SP ratio increases monotonously from 1.0 at AP to
1.50 at 31.7 GPa, which is evidence of phonon hardening upon
compression and is consistent with the increasing tendency of
®p &~ 190 K in SrPt3P to ®p ~ 218 K in CaPt3P. Our results
are also consistent with some theoretical predictions
[21,37,38].

To further understand the evolution of SC, we measured
the temperature dependence of resistivity under various mag-
netic fields at each pressure. As shown in Figs. 5(a)-5(f),

T°™°" moves to lower temperatures gradually with increasing
magnetic fields. By choosing 7o and T0%~ % (tempera-
ture of 90% normal-state resistance R,), the T.—uoH., data
are plotted in Fig. 6(a) and zero-temperature woHc(0) is
obtained by using the empirical GL fitting as shown by the
solid lines. For comparison, we also employed the WHH
model to extract the orbital-limiting ,uoHc"zrb(O) based on the
initial slope of woH:(T) around T;. Although slight differ-
ences are noticed for the obtained poH,(0) values in these
two methods, they display similar pressure dependences. As
illustrated in Fig. 6(b), the obtained poH.,(0) values decrease
monotonically with increasing pressure from ~6 to ~3 T.
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FIG. 5. Temperature dependence of resistance R(7") under var-
ious magnetic fields and selected pressures. The T.°™*" represents
the superconducting transition temperature and the arrows show the
changing trends.
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FIG. 6. (a) Temperature dependence of the upper critical field
oHo(T) under various pressures up to 20.2 GPa in a diamond
pressure cell. The solid and dashed lines represent the GL and WHH
fittings, respectively. (b) The pressure dependences of woH.,(0) (on
the left) and poH.(0)/T. (on the right). The dashed lines show
the changing trends. (c) Hall resistivity p.,(H) at 10 K under AP
and 6.9 GPa.

Such a moderate (~50%) reduction of uoH(0) cannot be
rationalized by considering only the change of N(EF ), which
is expected to undergo a significant decrease with increasing
pressure as indicated by the reduction (~10%) of quadratic
temperature coefficient A in Fig. 4(d). Instead, the supercon-
ducting energy gap A, might be strengthened by pressure
according to the relationship oHe(0) & 2A0[nN(Er)]"/>.
To substantiate this point, we have obtained the poH»(0)/T,
e.g., ZAO[nN(EF)]l/z/Tc, which is found to increase from
~0.5-0.7 T/K at AP to ~1.2 T/K at 20 GPa as shown in
Fig. 6(b). Considering the decrease of the N(Er), we deduce
that the increment of 2A(/kgT. is much stronger than that
of woH»(0)/T;, e.g., 2-3 times. Based on these results, we
may conclude that the superconducting coupling strengths
of Sr(PtypoPdy );P are enhanced although its 7; is reduced
by pressure. Figure 6(c) shows the Hall resistivity p,,(H)
at 10 K at AP and 6.9 GPa. For both pressures, the p,,(H)
shows a nearly linear H dependence. The positive slope of

metallic
SrPt,P

n O\e_dop\ng

ion
107 \attice oxpansion 4

(M) @meredws )

FIG. 7. Temperature-pressure phase diagram of superconductor
Sr(PtyoPdy 1 );P. The dependence of superconducting transition tem-
peratures on chemical-doping level is summarized for Sr(Pt,_,Pd, );P
[27,28], SrPt;P,_,Si, [29], SrPt;P, CaPt;P, and LaPt;P [9]; for
SrPr;P and CaPt;P, the chemical pressure is converted into an equal
amount of physical pressure according to the bulk elastic modulus
and the volume changes. The lines across the data are a guide for the
eyes.

Pxy(H) at AP and 6.9 GPa indicates that the hole-type carri-
ers dominate the electrical transport in Sr(Ptg¢Pdg 1);P. The
Hall coefficient obtained at 6.9 GPa (~2.09 x 107> cm?®/C) is
about 4.5 times larger than that at AP (~4.32 x 10~ cm?/C),
which corresponds to the decrease of the dominant carrier
concentration.

Based on the above results, a comprehensive temperature-
pressure-composition phase diagram was constructed for
SrPt;P. As shown in Fig. 7, both the electron doping (re-
placing Sr/Ca with La) and the hole doping (SrPt;P;_,Siy)
reduce the 7. value with increasing the doping level. This
feature seems to contradict the previous theoretical predic-
tions considering only the change of carrier density of states
N(EF) [23]. At the same time, we also find that both posi-
tive chemical pressure (from SrPt;P to CaPt;P) and physical
pressure [Sr(Pty 9Pdy | );P] suppress the superconducting tran-
sition temperature, which is different from the observation of
a monotonic increase of T; in SrPt;P at 0-1.0 GPa originated
from the increase of Debye temperature [29]. Interestingly,
the volume increase as a function of the Pd doping in
Sr(Pt;_,Pd, );P results in a monotonic reduction of T; [27,28].
According to the previously reported bulk modulus of SrPt;P
and CaPt;P [37,38], the equivalent pressure is about 5 GPa
and the pressure coefficient is about d7./dP ~ —0.36 K/GPa
if considering only the volume shrinkage from SrPt;P to
CaPt3P. This estimation seems to be equivalent to the ob-
served dT./dP ~ —0.33 K/GPa for Sr(PtyoPdg);P at P <
10GPa in the present work. However, the reduction of T
with a slight change of volume in the case of Sr(Pt;_.Pd,);P
does not conform to the above scenario, which indicates that
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other factors also play an important role in determining the
evolution of 7. with pressure. Nonetheless, our comparative
studies based on high-pressure and chemical-doping effects
support that Sr(PtgoPdg ;);P belongs to a phonon-mediated
Bardeen-Cooper-Schrieffer (BCS)-type superconductor with
enhanced coupling strength by pressure.

Finally, we discuss briefly some important issues. Firstly,
the SC of SrPt;P seems to be optimized and its 7; is readily
suppressed by the application of tuning parameters includ-
ing the isovalent/hole doping, lattice expansion/shrinkage.
According to the previous studies, the effect of spin-orbit
coupling of heavy-element Pt and Pd is negligible [20,21,26],
which makes SrPt;P a trivial electronic system with domi-
nated electron-electron and electron-phonon couplings. The
change of lattice parameters and electronic structures and the
couplings between them should be the key to understanding
the above phase diagrams. Under pressure, the decrease of
T. is mainly attributed to the decrease of density of states at
the Fermi level, although pressure drives a phonon hardening,
which increases Debye temperature and the lattice vibration
ending frequency. This is consistent with the previous theoret-
ical and experimental studies [29]. Meanwhile, the enhanced
electron-electron scatterings may reduce the T, according to
the previous reports [28].

The second issue is the superconducting coupling strengths
under pressure. As mentioned above, our results support
that the SC of Sr(PtyoPdp );P is phonon mediated and the
2A¢/kgT. ratio increases more quickly than the uoH.(0)/T.
ratio with the pressure, indicating the enhancement of su-
perconducting coupling strength under pressure despite the
reduction of T¢. It has been shown that SrPt;P at AP is a
strong- or moderate-coupling superconductor with 2A/kg T
larger than 3.52 for the conventional weak-coupling BCS
superconductors. The enlarged superconducting gap value
or the contributions of high-frequency optical phonons may
contribute to the enhanced electron-phonon coupling. How-
ever, the previous studies suggested that the zero-temperature
superconducting gap ~1.55 meV is overestimated to be
~5.0 meV and leaves little space for the strong coupling
limited SC [24]. Further studies to directly probe the su-
perconducting coupling strength are needed to clarify these
discrepancies.

Last, but not least, the role of antipolar structure in
Sr(Ptg.9Pdg 1 )s;P on the superconducting pairing is proposed.
In tetragonally distorted SnP, the superconducting state
emerges when its polar structure associated with the charge
transfer from Sn to P is suppressed by pressure, which

indicates strong competitions between the polar and supercon-
ducting states [6]. Similarly, the 7; of SrPd;P rises suddenly
from 0.05-0.32 K to 3.5-4 K accompanying the tetragonal-
orthorhombic structure phase transition, which can be
attributed to the suppression of the polar structure and/or non-
centrosymmetry [30]. Meanwhile, some theoretical calcula-
tions also implied that the coupling between the superconduct-
ing carriers and in-plane phonon modes is dominated, which
does not break the antipolar nature of SrPt;P [20]. However,
the polar structure may compete with the in-plane pairing
electronic states and reduces the 7;. Following this idea, high
T. may appear if the antipolar structure could be suppressed,
which needs more follow-up experimental studies.

IV. CONCLUSION

In summary, we performed a comprehensive high-pressure
study on the antiperovskite phosphide superconductor
Sr(PtyoPdg 1 );P. Its T.(P) decreases with increasing pres-
sure in a relatively large slope of dInT,/dP ~ —0.052 GPa™!
(dT./dP ~ -0.33K/GPa for P < 10GPa), which is a very
high value for antiperovskite superconductors. The upper
critical field woH(0) also reduces but the woH:»(0)/kgT:
ratio increases presumably due to the enhanced superconduct-
ing coupling strength. Our studies support Sr(PtooPdg ;);P
as a phonon-mediated BCS superconductor and the evo-
lution of 7. with pressure mainly originates from the
decrease in the density of states at Fermi level and phonon
hardening.
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