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Abstract

We report on the structure and the superconducting properties of 9-electron 111 compounds
with honeycomb layers, namely SrGaGe, SrAlGe, and the SrGa;_,Al,Ge solid solution. By
means of single-crystal x-ray diffraction we show that, on one hand, StGaGe crystallizes into
the centrosymmetric P6/mmm space group (a = 4.2555(2) A, ¢ = 4.7288(2) A) with statistical
disorder in the [GaGe]éi honeycomb layers. On the other hand, we confirm that SrAlGe
crystallizes in a non-centrosymmetric space group, namely P6m2 (a = 4.2942(1) A, ¢ =
4.7200(2) A) with fully ordered [AlGe]? honeycomb layers. By using magnetization and
specific heat measurements, we show that the superconducting properties of SrGaGe and
SrAlGe differ significantly from each other. SrGaGe is a superconductor with a critical
temperature of 7, = 2.6 K falling into the weak coupling limit, while SrAlGe has a T, = 6.7K
and can be classified in the strong coupling limit. By realizing the SrGa;_,Al,Ge solid solution,
we were able to investigate the transition between the different crystal structures as well as the
evolution of the electronic properties. We show that the transition from the weak-to
strong-coupling superconductivity in this system is likely associated with the disorder-to-order
transition of the honeycomb layer, along with the loss of the inversion center in the crystal
structure.
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1. Introduction

Superconductivity in materials with honeycomb layers has
attracted significant interest, particularly following the dis-
covery of unconventional superconductivity in magic-angle
bilayer graphene [1], or also in the context of supercon-
ductivity in AIB, materials, such as MgB, [2]. One partic-
ular opportunity in AlB,-type superconductors is the pos-
sible loss of centrosymmetry in the structure, by ordering
the atoms on the honeycomb layers. Superconductors with
non-centrosymmetric structures are of interest as they can
host antisymmetric spin—orbit coupling, which can lead to
the mixing of the spin-singlet and spin-triplet components [3,
4]. Non-centrosymmetric superconductors have been extens-
ively studied, most prominently the heavy fermion supercon-
ductor CePt3Si [5]. Several non-centrosymmetric supercon-
ductors have been considered as candidates for topological
superconductivity [6].

Among ternary AlB,-type superconductors with hon-
eycomb layers, SrPtAs has been most prominently dis-
cussed. This compound crystallizes in the centrosymmetric
space group P63;/mmec. Interestingly, SrPtAs is locally non-
centrosymmetric, and based on this, it has been proposed
to host intrinsic topological superconductivity with a chiral
d + id gap and a critical temperature of 7, = 2.4K [7-9].

The highest critical temperatures in ternary AlB,-type
superconductors are found in 9-electron 111 compounds [10].
Within this group of compounds CaAlSi has been reported to
have a critical temperature of 7, = 7.8 K. The crystal struc-
ture of CaAlSi is related to the AIB, structure, but it is more
complex, with buckling of the honeycomb layers, indicating a
versatile interplay between structure and superconductivity in
these materials [11-17].

The here investigated SrGaGe and SrAlGe are both 9-
electron 111 superconductors, related to the AlB, structure
with honeycomb layers. For SrGaGe, two crystal structures
have previously been reported. It was reported to crystal-
lize into the P63/mmc space group with a buckled 4 H struc-
ture consisting of 4 alternating layers [18] and the P6/mmm
space group [10], where a fivefold modulation of the stack-
ing sequence has been proposed. SrAlGe has been reported to
crystallize in the P6m2 space group with planar and ordered
honeycomb layers [10]. Preliminary data for both compounds
show superconductivity with 7, = 2.6K and T, = 6.7K for
SrGaGe and SrAlGe [10], respectively. The relatively high
transition temperature of SrAlGe was attributed by first prin-
ciple calculations to the enhanced electron—phonon coupling
along the ¢ direction [19]. It is worth noting that the P6m2
space group does not have an inversion center, which makes
SrAlGe a non-centrosymmetric superconductor with honey-
comb layers.

In this work, we investigate the structural and super-
conducting properties of these 9-electron 111 compounds,
namely SrGaGe and SrAlGe and the SrGa;_,Al,Ge solid
solution. Specifically, we show a different structural model
for SrGaGe and unambiguously describe this compound as
a bulk superconductor in the weak coupling limit. Moreover,
we confirm that SrAlGe crystallizes in the fully ordered P6m2
space group, and we show that this compound is a strong
coupling superconductor. We also synthesized the continuous
SrGa; _,Al,Ge solid solution, for which we observe a struc-
tural transition from disordered to ordered honeycomb layers
upon substitution of Ga for Al. The continuous transition from
weak to strong electron—phonon coupling within this solid
solution appears to be connected to a disorder-to-order trans-
ition and the loss of the inversion center on the honeycomb
layer.

2. Methods

Synthesis: All samples were prepared by arc melting stoi-
chiometric amounts of Sr (99.99% Aldrich), Al (99.9995%
Acros Organic), Ga (Roth, 99.999%) and Ge (Alfa Aesar,
99.999%) under purified argon atmosphere, on a water-cooled
copper plate using a tungsten tip. The samples were melted
shortly, in order to avoid the evaporation of Sr but mul-
tiple times with flipping the sample over, after every firing.
This was performed to ensure the maximum homogeneity of
the products. The melted ingot was sealed in a quartz tube,
annealed for 24 h at 830 °C, and eventually cooled down to
room temperature with a rate of 30 °C/h. The samples were
handled inside an argon filled glovebox, as they were found to
be air and moisture sensitive.

Diffraction: Powder x-ray Diffraction (PXRD) data were col-
lected on a STOE STADIP diffractometer equipped with a
Ge-monochromator using Cu—K,, radiation (A = 1.540 51 A)
in the 26 range 5°-90°. The data were analyzed using the
FULLPROF program package [20] employing LeBail fits.
Single-crystal x-ray diffraction (SXRD) data were col-
lected at 160(1) K on a Rigaku OD SuperNova/Atlas area-
detector diffractometer and a Rigaku OD Synergy/Hypix dif-
fractometer using Cu K, radiation (A = 1.54184 A) from a
micro-focus x-ray source and an Oxford Instruments Cryojet
XL cooler. The selected suitable single crystal was mounted
using polybutene oil on a flexible loop fixed on a goniometer
head and immediately transferred to the diffractometer. Pre-
experiment, data collection, data reduction and analytical
absorption correction [21] were performed with the pro-
gram suite CrysAlisPro. Using Olex2 [22], the structure was
solved with the SHELXT [23] small molecule structure solu-
tion program and refined with the SHELXL.2018/3 program
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Figure 1. Obtained structural model from SXRD for (a) SrGaGe and (b) SrAlGe. SrGaGe crystallizes into the P6/mmm space group with
disordered honeycomb layers, while SrAlGe crystallizes into P6m2 space group with planar honeycomb layers. Both compounds are shown

along the a and c directions.

package [24] by full-matrix least-squares minimization of
F%. PLATON [25] was used to check the result of the X-ray
analysis.

Elemental characterization: Elemental analysis was per-
formed by energy dispersive x-ray spectroscopy (EDS) using a
Jeol JSM-7600 F field emission scanning electron microscope
equipped with an x-ray detector X-MAX80, AZTec Advanced,
Oxford. Multiple spectra for each sample were collected at a
working distance of 15 mm and an applied voltage of 10kV.

Physical properties: Magnetic measurements were per-
formed on a quantum design magnetic properties measure-
ment system (MPMS3) equipped with a vibrating sample
magnetometer (VSM) option and a 7T magnet, as well as
on a quantum design physical property measuring system
(PPMS) Evercool II equipped with a VSM option and a 9T
magnet. Samples were of an arbitrary shape and in a mass
range between 8-25mg. Heat capacity measurements were
performed using a PPMS Evercool II in a magnetic field ran-
ging from 0 T to 2.5 T using the two-7 time-relaxation method.
The sample was mounted on the measurement platform using
Apiezon N grease.

3. Results

3.1. Structure and composition

Samples of SrGaGe, SrAlGe, and the whole SrGa;_,Al,Ge
solid solution were obtained as silvery shinny ingots with
metallic luster. Composition and stoichiometry of the samples

were confirmed by EDS, as shown in figure S1 and table S1
in supplemental material (SM). The determined experimental
composition was found to be very close to the targeted one,
hence a nominal value of x will be used throughout the text.
All members of the solid solution were found to be highly air-
sensitive. Their stability varies from SrGaGe, which is stable
up to few hours, to SrAlGe which decomposes immediately
after exposure to air.

We have performed SXRD measurements for the end mem-
bers of the solid solution, SrGaGe and SrAlGe, respectively.
For the other compounds of the solid solution refining three
atoms with similar electron density, i.e. Ga, Al, and Ge, at one
crystallographic position would be unreliable by x-ray diffrac-
tion. We find that SrGaGe crystallizes in the P6/mmm space
group, with unit cell parameters: a = 4.2555(2) A and ¢ =
4.7288(2) A, where the positions in the honeycomb layer are
stochastically occupied by Ga and Ge atoms, with a Ga-Ge
distance of 2.5079(4) A. An additional positional disorder was
observed within the honeycomb layer along the c-axis, which
can be interpreted as a slight buckling of the honeycomb lay-
ers. Our solution of the SrGaGe structure differs from earlier
reports. Czybulka er al [18] described powder data obtained
from Guinier and Straumanis images. They report that SrGaGe
crystallizes into the P63/mmc space group with unit cell para-
meters a = 4.250(1) A and ¢ = 18.630(3) A (4 H structure).
However, no further structural details are provided. This struc-
ture type is four-fold enlarged along ¢ direction in comparison
to the AlB,-type structure, with buckled Ga/Ge layers, altern-
ately stacked on top of each other, where Ga and Ge atoms
occupy the distinct crystallographic positions. One unit of the
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Table 1. Details of the SXRD measurements and of the structural refinement for SrGaGe and SrAlGe.

Single-crystal data for SrGaGe and SrAlGe

Composition SrGaGe
CCDC/FIZ 2368 347
Formula weight (g mol ') 229.93
Temperature [K] 160(1)
Crystal system hexagonal
Space group P6/mmm
a[A] 4.2555(2)
b[A] 4.2555(2)
c[A] 4.7288(2)
al®] 90

BI°] 90

71°] 120
Volume [A%] 74.162(8)
z 1

Pealc (8 Cm73) 5.143

p (mm™Y) 42.987
F(000) 101.0
Crystal size (mm™)

Radiation

26 range for data collection [°]

0.01 x 0.01 x 0.01
Cu—Ka (A = 1.54 184 A)
9.383 to 73.456

SrAlGe

2368 346

187.19

160(1)

hexagonal

P6m2

4.2942(1)
4.2942(1)
4.7200(2)

90

90

120

75.377(5)

1

4.124

35.701

83.0

0.08 x 0.07 x 0.02
Cu-Ka (A = 1.541 84)
18.800 to 152.252

Index ranges —4<h<4 —5<h<4
—5<k<5 —5<k<5
—-5<1<5 —-3<I<5

Reflections collected 829 600

Independent reflections

47 [Ring = 0.0366
Ryjgma = 0.0112]

85 [Rin = 0.0199
Ryjgma = 0.0088]

Data/restraints/parameters 47/0/7 85/0/9

Goodness-of-fit on F2 1.244 1.276

Final R indexes [I1 > 2 o (I)] R; = 0.0085 R, =0.0135
wR, = 0.0205 wR, = 0.0392

Final R indexes [all data] Ry = 0.0085 Ry =0.0143
wR, = 0.0205 wR, = 0.0394

Largest diff. peak/hole (eA ™) 0.26/—0.20 0.28/—0.42

Table 2. Wyckoff positions, atomic coordinates, equivalent isotropic displacement parameters, and occupancies of the atoms in SrGaGe and

SrAlGe as obtained by SXRD.

SrGaGe
Atom Symbol X y z Urso Occ.
Srl 1b 0 0 0 0.0089(2) 1
Gal 4h 1/3 2/3 0.5532 0.0147(4) 0.25
Gel 4h 1/3 2/3 0.5532 0.0147(4) 0.25
SrAlGe
Srl la 0 0 0 0.0108(4)
All 1f 1/3 2/3 172 0.0207(15) 1
Gel 1d 2/3 1/3 172 0.0123(8) 1

four-fold unit cell, which we could compare to the 1 H struc-
ture would have the lattice parameters of a = 4.250(1) A and
c* = 18.630/4 = 4.6575 A which is slightly smaller than that
of our structure, even though it has comparable Ga—Ge dis-
tance of 2.4696(6) A. Evans er al [10] showed, from powder
diffraction and Rietveld refinement, that SrGaGe crystallizes
into the P6/mmm space group with unit cell parameters: a

= 4.2718(1) A and ¢ = 4.7179(1) A. The AIB,-type struc-
ture has a single planar honeycomb layer with mixed Ga/Ge
sites, sandwiched between the Sr atoms (1 H structure) with
a distance between Ga and Ge atoms of 2.46632(6) A. The
authors suggest however, that a modulation of this structure
might be present as electron diffraction experiment showed
an additional reflections. The authors suggest a commensurate
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Figure 2. PXRD patterns for all members of the SrGa;_,Al,Ge (0
< x < 1) solid solution together with reference patters for SrGaGe
(ICSD-166 385) and SrAlGe (ICSD-418 391). (a) PXRD patterns in
the full 260 range. (b) PXRD patterns in a 26 range form 17° to 26°
with focus on evolution of (001) and (100) Bragg peaks.

five-fold superstructure along the hexagonal ¢ direction, how-
ever in their work, SrGaGe is still classified as the AlB,-type
structure.

The SXRD measurements for SrAlGe were refined in the
P6m2 space group (unit cell parameters: 4.2942(1)A, ¢ =
4.7200(2) A, and the Al-Ge distance of 2.47926(6) A), with
the Al and Ge atoms clearly ordered in the planar honey-
comb layers. The ordering of the Al and Ge atoms within the
honeycomb layer is a reason for the non-centrosymmetry of
the structure. The obtained result is in excellent agreement
with earlier reports [10]. The crystal structures for SrGaGe
and SrAlGe as obtained from SXRD are depicted in figure 1.

SrGa, Al Ge
(a) T T T T
0.0
-02 | ( poH=1mT |
—_ x=0
X x=0.1
©-04+ x=0.2 -
< x=0.3
§ x=04
E_O's i x=05 7
S x=0.6
-08 | x=0.7 |
x=0.8
x=0.9
_10 — X= 1 .
1 1 1 1
2 4 6 8 10
T (K)
(b) T T T T T T T T T T T
0 L
_2 -
G
=
=}
€
=
_8 L
-10 | % =1
0 10 20 30 40 50 60

oH (mT)

Figure 3. (a) Normalized ZFC temperature dependent
magnetization M(7T) data for all samples of the SrGa;_,AlGe solid
solution. (b) Field dependent magnetization M(H) data for selected
members of the solid solution measured at 1.9 K.

Details of the SXRD measurements and structural refinement
are given in table 1, while the Wyckoff positions, the atomic
coordinates, the equivalent isotropic displacement parameters,
and the occupancy of the atoms in SrGaGe and SrAlGe are
shown in table 2.

The PXRD patterns of the SrGa; _,Al,Ge samples (0 < x <
1) are shown in figure 2. All samples were found to be single
phase. LeBail fits of the samples with 0 < x < 0.9 were per-
formed using the P6/mmm space group, while the last sample
of the solid solution (x = 1) was refined with the P6m2 space
group, as only for this sample we have unambiguously con-
firmed an ordered structure by SXRD data.

Upon substitution of Ga by Al in SrGa;_,Al,Ge, we
observe a systematic exchange of the intensities between the
(001) and (100) Bragg peaks. As shown in figure 2(b), the
(001) Bragg peak is pronounced for SrGaGe and for the
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& 50F x=0.8 o | solution with x = 0, 0.2, 0.4, 0.6, 0.8, and 1. The measure-
s sk ° X% 0.9 °o° | ments confirm II-type superconductivity for the whole solid
£ x= 2% 2 solution. We observed a systematic increase of the lower crit-
— . . . . . . .
g 30 °3° & . ical field H.; with increasing x in agreement with the increase
-~ ] ..
=~ 5 ° f% O,:: of the critical temperature 7.
ST 9 & v ] Specific heat capacity measurements of selected members
) . . .
10 L ‘5% ] of the SrGa;_,Al,Ge solid solution with x = 0, 0.2, 0.4, 0.6,
W 0.8, 0.9, and 1, were performed in order to provide thermody-
0r HoH=0T 4 namic evidence for the bulk nature of the superconductivity in

Figure 4. Heat capacity of selected samples of the SrGa;_,Al,Ge
solid solution. (a) Normal state heat capacity measured in external
magnetic field. (b) Heat capacity jump for selected samples and
entropy conserving construction for a sample with x = 1.

samples with x < 0.5. For the samples with bigger content of
Al (0.5 < x < 1) the Bragg peak (100) is systematically more
pronounced, while the intensity of (001) peak decreases.

3.2. Physical properties

In figure 3(a), we show the zero field cooled (ZFC)
temperature-dependent magnetization M(7T) in an external
magnetic field of upH = 1mT measured for all members
of the SrGa;_,Al,Ge solid solution. Data is presented as
M(T)/M(1.8 K) for better comparability. The onset transition
temperature 7. for SrGaGe and SrAlGe are found to be T, =
2.6 K and 6.7 K respectively, in good agreement with previ-
ous reports [10]. As the composition shifts from SrGaGe to
SrAlGe, the transition temperature rises continuously.

Figure 3(b) shows the volume magnetization isotherms
My(H) measured at 1.9K for selected members of the solid

these compounds. The heat capacity in the normal and super-
conducting state is shown in figure 4. At low temperatures, the
total heat capacity can be considered as a sum of the electron
and phonon contributions:

C, =T+ BT, (1)

where v is the Sommerfeld coefficient describing the elec-
tronic part and 8 describes the phonon part. The data in
an applied external magnetic field together with the fit to
equation (1) are shown in figure 4(a). Using the obtained 3
value, the Debye temperature Op was calculated according to:

4 1/3
enz(m R) , ®)

55 "

where n is the number of atoms per formula unit and R =
8.31Jmol~! K~! is the ideal gas constant.

The Sommerfeld coefficient -y is shown in the table 3, and it
increases as x increases. The Debye temperature ©p is shown
in figure 7 as well as in the table 3 has a nonlinear behavior
across the solid solution, which we discuss in details in the next
section.

A pronounced discontinuity of the heat capacity at the tem-
peratures in the vicinity of the transition to the superconduct-
ing state proves the bulk superconductivity for all measured
samples (compare, e.g. references [26, 27]). By applying an
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Table 3. Parameters obtained from heat capacity analysis for measured members of the SrGa;_,Al.Ge solid solution.

x v BmImol?K™*) ©p ACAT. T. MY, PYGA
0 3.0(1) 0.37(1) 2503) 155 2.05 0.53 0.68
0.2 3.64(6) 0.27(1) 278(4) 153 237 0.54 0.66
0.4 3.77(1) 0.25(1) 286(5) 1.52  2.67 0.5 0.65
0.6 4.18(1) 0.23(1) 292(6) 1.59  3.54  0.59 0.86
0.8 4.48(5) 0232(6)  2933) 1.83 447 0.62 0.94
0.9 4.59(6) 0313(8)  2652) 197 570 0.69 1.08
1 5.4(1) 0.5839)  215(1) 230  6.65 0.80 1.40

Values of the Ae_p calculated from (a) McMillan formula, (b) Allen—Dynes formula.

480 T T T T T T
475}, SrGa, Al,Ge s e e
o e
. e o g 0
4.70 .
€4.65 - .
(&)
©
430+ . wom T
I e
[ e
425t —
g
420 1 L 1 L 1 L 1 L 1 L 1
0.0 0.2 0.4 0.6 0.8 1.0

Figure 6. Unit cell parameters across the SrGa; _,Al.Ge solid
solution. The black dashed lines are guides to the eye.

entropy conserving construction (see figure 7(b)) the exact
value of the heat capacity jump defined as AC/yT, and the
transition temperature 7, can be extracted. 7. obtained from
the heat capacity measurements (table 3) increases across the
solid solution and changes in the same fashion as the crit-
ical temperatures obtained from magnetization measurements.
The normalized heat capacity jump increase across the solid
solution are presented in figure 5(b) and in table 3. According
to the BCS theory, the normalized heat capacity jump equals
AC/yT, = 1.43 for superconductors in the weak coupling
limit. For SrGaGe the heat capacity jump equals 1.55 which
is close to this theoretical value, indicating that SrGaGe is a
superconductor falling into the weak coupling limit. The val-
ues of the heat capacity jump remains nearly constant for the
Ga rich samples (0 < x < 0.6). For the samples with x > 0.6
the value of the normalized heat capacity jump increases up to
AC/~T. =2.30, for SrAlGe. This value is far above previously
reported theoretical value of 0.83 [28] as well as the theoretical
BCS value, indicating that SrAlGe and the Al-rich samples of
the solid solution are likely strong coupling superconductors.

The electron—phonon coupling constant \._, was estim-
ated by applying the semi-empirical McMillan formula, which
is based on the phonon spectrum of niobium and is valid for
A < 1.25: [29]

1.04 + p*In(©p/1.45T¢)

Aep = (1—0.621%)In(Op/1.45T,) — 1.04"

3

In this equation, ©p is the Debye temperature and p* is
a parameter for the effective Coulomb repulsion that arises
from Coulomb-coupling propagating much more rapidly than
phonon coupling. The value of * may vary from 1.0 to 1.8.
Here, we use a value of pu* = 0.13, which is an average
value used commonly for intermetallic superconductors (see,
e.g., reference [30]). The calculated values of the electron—
phonon coupling constant A._p, using the McMillan formula
are presented in figure 7 (purple squares) and discussed in
detail in the next section. Additionally, values of the electron—
phonon coupling constant A._, calculated using McMillan
formula for different values of p* are presented in the figure
S2 in the SM.

For strong coupling superconductors, the electron—phonon
coupling constant A\._, can be calculated using Allen—Dynes
formula for T, [31]:

(wieFy oxp | =104 (14 Aep)
1.2 Aeop — 1" (14+0.620e ) |

T.= 4

where (wgng ) is the logarithmic average phonon frequency
estimated from the approximate formula for the specific
heat jump in strongly coupled superconductors, and defined

according to [32]:

AC .\ [ (weh)
TP 143 (1+53 ¢ ] log .6
T +53| ooy | | 57 5)

log

The results of these calculations for A\._p, for all members
of the solid solution are presented in figure 7 (blue circles) and
in the table 3.
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Figure 7. Superconducting parameters of the SrGa;_,Al.Ge solid
solution. The upper panel presents the critical temperature 7,
obtained from the magnetic measurements. The middle panels
present the Debye temperature ©p and Sommerfeld coefficient y as
obtained from the low-temperature fit in the normal state of the heat
capacity. The last panel presents electron-phonon coupling constant
Ae—p calculated using the McMillan and the Allen—Dynes formula.
Filled symbols indicate the values we consider accurate. The black
lines are guides to the eye.

4. Discussion

The unit cell parameters extracted from the PXRD patterns are
shown in figure 6. The unit cell parameters change slightly and
non-linearly across the solid solution with a clear minimum in
the ¢ parameter for the sample with x = 0.5.

The superconducting transition temperature 7, shown in
the upper panel of figure 7 is found to change strongly in a

non-linear fashion. The T, changes very little in the first half
of the solid solution e.i. from x = 0 to x = 0.5. For SrGaGe
(x =0) T, = 2.6 K, while for SrGag s5Alys5Ge (x = 0.5) the T,
was found to be 3.1 K. In the other half of the solid solution, we
observe a rather steep increasing of the T.. For StGag 4Aly¢Ge
(x =0.6) T. = 3.7 K, while for SrAlGe (x =1) T, = 6.7K.
In order to understand better the superconductivity in this
system, parameters which influence the 7, according to the
BCS theory, i.e. Debye temperature ©p, Sommerfeld coeffi-
cient v, and the electron—phonon coupling constant \._, are
plotted together in figure 7. Worth noticing is the behavior of
the Debye temperature Op which is changing in a non-linear
fashion across the solid solution. The Debye temperature is
equal to 250(3) K for SrGaGe and increases to 293(3) K for
the sample with x = 0.8, then suddenly decreases for x =
0.9 and further reaches the value 215(1) K for SrAlGe. The
Sommerfeld coefficient -y, presented in the middle panel of the
figure 7, is correlated with the density of states at the Fermi
levels and changes linearly across the solid solution. Last, but
not least, the calculated values of the electron—phonon coup-
ling constant A\._, using the inverted McMillan formula as
well as the Allen—-Dynes formula are presented in the bot-
tom panel of figure 7. The McMillan formula is commonly
considered to be more accurate for weakly coupled supercon-
ductors, while the Allen—Dynes formula allows for the estima-
tion of electron—phonon coupling strength of strongly coupled
superconductors [33]. The filled symbols in figure 7 indic-
ate the values we consider accurate, i.e. below x < 0.6 the
McMillan formula and x > 0.6 the Allen—Dynes formula.
Our results suggest that small increase of the 7, at the
beginning of the solid solution (i.e. samples with x from O to
0.5) might be associated with the increase of the Debye tem-
perature Op, as well as the increase of the density of states
at the Fermi level, what can be observed by the increase of
the Sommerfeld coefficient v. The other half of the solid solu-
tion seems to show a more complex interplay between these
parameters. For samples with x > 0.5 we observe a signi-
ficant increase of T,. While the +y is still linearly increasing,
the Op starts to decrease, what should cause decrease of the
T.. However, for these samples the values of the electron—
phonon coupling constant A._ start to significantly increase
and seems to have the strongest influence on 7. in the system.

5. Conclusion

In this work, a detailed analysis of the structure and the
superconducting properties of SrGaGe, SrAlGe, and the
SrGa;_,Al,Ge solid solution was presented. We showed a
refined structural model for SrGaGe, which crystallizes in
the P6/mmm space group with the unit cell parameters a =
4.2555(2) A, and ¢ = 4.7288(2) A, and local-disorder around
the mirror plane along the c-axis, which can be interpreted
as a slight buckling of the honeycomb layer. We confirmed
that SrAlGe crystallizes in the non-centrosymmetric P6m2
space group with unit cell parameters a = 4.2942(1) A, and
¢ = 4.7200(2) A, with an ordered honeycomb lattice. Both
compounds are superconductors with critical temperatures
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of T, = 2.6 and 6.7K, respectively, as shown by mag-
netization measurements. Using specific heat measurements,
we have proven the bulk nature of superconductivity and
revealed that StGaGe is a superconductor in the weak coupling
limit, while SrAlGe is a strong coupling non-centrosymmetric
superconductor.

By preparing the SrGa;_,Al,Ge solid solution, we invest-
igated the continuous transition between those two crystal
structures and different electronic states. We showed that the
unit cell parameters and transition temperatures change in a
non-monotonic way. The biggest increase in the transition
temperature happens in the Al rich compositions of the solid
solution. Parameters derived from heat capacity measurements
also change in a non-linear way, and the most striking is a
change of the Debye temperature, which is increasing for the
samples from x = 0 to 0.8 and then suddenly decreases for the
last two members of the solid solution. However, our results
suggest that the strongest contribution to the transition temper-
ature T in this system has the electron—phonon coupling con-
stant \._p,, which was analyzed across the solid solution using
the McMillan formula for the samples with 0 < x < 0.6, while
for the three last members of the solid solution we used the
Allen—Dynes formula, for strong coupling superconductors.
This decision was dictated by the high values of \._, obtained
from the McMillan formula, as well as the high value of the
heat capacity jump, which is by far crossing the limit of the
1.43 value of the BCS theory.

Hence, across the solid solution we observed a transition
from the weak- to strong-coupling superconductivity, which
may be associated with the rearrangement of the atoms within
the honeycomb lattice as indicated by the distinctively dif-
ferent values of the Debye temperature. We have revealed
a disorder-to-order transition connected with the loss of an
inversion center in the honeycomb layer, which increased the
electron—phonon coupling and enhanced the superconductiv-
ity across the solid solution.
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