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Single crystals of SrCo2Al and BaCo2Al9 were grown using a self-flux method. A LeBail analysis of the powder 

X-ray diffraction patterns show that both compounds crystallize in a hexagonal (P6/mmm) crystal structure with

lattice parameters: a = 7.8995(1) Å, c = 3.9159(1) Å for  SrCo2Al9, and a = 7.9162(2) Å, c = 3.9702(1) Å for

BaCo2Al9 aluminide. The low temperature analysis of the heat capacity measurements give a Sommerfeld

coefficient γ = 4.99(6) mJ mol
-1 

K
-2

 for SrCo2Al9 and almost twice larger γ = 7.94(9) mJ mol
-1 

K
-2

 for BaCo2Al9.

Resistivity measurements show metallic-like behavior, with reasonably large residual resistivity ratio RRR = 6

and 10 for SrCo2Al9 and BaCo2Al9, respectively. Neither heat capacity nor resistivity measurements reveal any

phase transition down to 1.8 K.

I Introduction 
Aluminum rich polar intermetallics show a variety 

of structural types that can often be conveniently 

described as networks of interconnected Al 

endohedral clusters. Examples of particularly large 

structural families include the cubic CeCr2Al20

[1,2], tetragonal CaCr2Al10 [3,4], and hexagonal 

Ho6Mo4Al43 [1]. The three groups have been a 

subject of an extensive research effort, due to their 

compositional versatility leading to a diversity of 

physical phenomena observed, including 

superconductivity [5–8], heavy fermion ground 

states [9–11], and magnetic order [1,10,12–14]. In a 

recent study a correlation between the occurrence of 

superconductivity and the valence electron count 

was observed in the group of gallide endohedral 

cluster compounds [15]. 

The hexagonal BaFe2Al9 family is much smaller, 

with 10 compounds reported in the Inorganic 

Crystal Structure Database, 7 of which being 

aluminides, that share the structural motif of 

interconnected endohedral transition metal-centered 

Al clusters stabilized by electron transfer from an 

electropositive atom (alkali, alkaline earth or rare 

earth metals). In all the known aluminide BaFe2Al9-

type compounds the Ba position is occupied by a 

divalent metal (Ca, Sr, Ba, or Eu) and Fe position 

by Co, Fe or Ni [16,17], while the indide analogues 

were also reported with K and Ir occupying the Ba 

and Fe positions, respectively [18,19]. 

Fig. 1. Crystal structure of BaFe2Al9-type, where 

Ba, Fe and Al are represented by yellow, blue 

and grey balls respectively. a) clusters of Al 

atoms around Fe, b) clusters of Al around Ba 

atoms, c) Kagome structure of Al atoms and 
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honeycomb network of transition metal atoms. 

Images rendered using VESTA [20]. 

The structure of BaFe2Al9 can be understood as a 

network of FeAl9 clusters sharing vertices (Al1) in 

the ab plane and triangular faces (formed by Al2) 

along the c direction (Fig. 1a). The voids of the 

hexagonal framework are occupied by Ba atoms 

which are coordinated by 18 Al atoms (12 x Al2 

and 6 x Al1). These BaAl18 polyhedra share only 

vertices (Al1) (see Fig. 1c). 

As pointed out by Tremel and Hoffman [21], the 

“cluster analysis” of solid state compounds is just 

one of the several ways one can describe their 

structure. The BaFe2Al9 structure type can be thus 

viewed as an interweaving kagomé lattice of Al1 

atoms, honeycomb network of transition metal 

atoms, and a triangular net of Ba within one plane, 

separated by honeycomb layer of Al2 atoms (Fig. 

1c).  

While the structure of SrCo2Al9 and BaCo2Al9 was 

described by Turban and Schäfer [16], in the 

literature, there are no reports of their physical 

properties. In this study we report single-crystal 

growth and physical characterization of the above 

mentioned compounds.  

II Materials and Methods 
Single crystals of SrCo2Al9 and BaCo2Al9 were 

synthesized using self-flux method. Strontium (Alfa 

Aesar, 99%) or barium (Alfa Aesar, 99.2%) pieces 

were put together with cobalt scraps (Alfa Aesar, 

99.9+%) and aluminum slug (Alfa Aesar, 99.999%) 

in an alumina crucible at the atomic ratio of 1:2:40 

(M:Co:Al). A frit-disc and a second crucible were 

used for flux separation as in [22]. The set was put 

in a quartz tube, evacuated and backfilled with Ar 

to dilute the Al vapor attacking the tube walls.  

The ampoules were placed in a box furnace, heated 

to 1000
o
C, held for 2 hours and then slowly cooled 

(2
o
C/h) to 770

o
C. At this temperature the ampoules 

were centrifuged to separate crystals from the flux. 

The obtained crystals have cuboidal-like shape, are 

about 2 mm long, about 0.2 mm wide and thick and 

have shiny, silver color.  

The phase purity and composition of the crystals 

was checked by powder x-ray diffraction (pXRD) 

using Bruker D2 Phaser 2
nd

 generation 

diffractometer with Cu-Kα radiation and a LynxEye 

XE-T detector. Several crystals were fine ground 

using an agate mortar and pestle. The pXRD 

patterns were analyzed on the basis of LeBail 

refinement [23] with the PANalytical HighScore 

software.  

Heat capacity and resistivity measurements were 

performed using a Quantum Design Physical 

Property Measurement System (PPMS). For 

specific heat the standard relaxation method was 

used. The two time-relaxation method was used to 

measure the specificheat. For electrical transport 

measurements, four 50 m diameter platinum wire 

leads were attached to the crystal surface using a 

silver epoxy (Epo-Tek H20E).The measurements 

were carried out in the temperature range of 300 – 

1.8 K.  

Electronic structure calculations were performed by 

means of the Density Functional Theory (DFT) 

using the Quantum Espresso software package [24] 

employing the Perdew-Burke-Ernzerhof 

Generalized Gradient Approximation [25] of 

exchange-correlation potential. Rappe-Rabe-

Kaxiras-Joannopoulos ultrasoft pseudopotentials 

[26] were used in their scalar- and fully-relativistic

forms. Density of states integrations within the

irreducible wedge of the primitive Brillouin zone

were completed on a 10x10x16 k-point mesh.

Kinetic energy cutoff for charge density and

wavefunctions was set to 60 eV and 500 eV,

respectively. Experimental crystal structures were

relaxed using the Broyden–Fletcher–Goldfarb–

Shanno (BFGS) algorithm.

III Results 

Figure 2 The X-ray powder diffraction 

characterization of crushed MCo2Al9 crystals 

(M=Sr, Ba). Red dots mark observed data and 

black solid line is the profile calculated with 

LeBail refinement. Black ticks mark Bragg 

positions of MCo2Al9. 
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Room temperature pXRD scans were performed in 

order to determine the composition and phase 

purity of the crystals. The results are presented in 

Fig. 2. All of the observed reflections are indexed 

to the hexagonal P6/mmm unit cell of BaFe2Al9 

type.  

LeBail refinement represented by black solid line in 

Fig. 2 gave the lattice parameters for SrCo2Al9: a = 

7.8995(1) Å, c = 3.9159(1) Å, and for BaCo2Al9: a = 

7.9162(1) Å, c = 3.9702(1) Å, which are in good 

agreement with the values reported previously 

[16,17]. Crystal structure parameters obtained from 

the LeBail refinements of the data in comparison 

with information from literature are presented in 

Tab. 1.  

Tab. 1 Crystallographic data for MCo2Al9 crystals (M=Sr, Ba). Cell parameters and atomic positions 

obtained from the LeBail refinement are compared with the values reported previously [16,17]. 

MCo2Al9 (M=Sr, Ba) 

Space group P6/mmm (# 191) 

Pearson symbol hP12 

SrCo2Al9 BaCo2Al9 

Cell parameters (Å) 

a = 

c = 

This work 

7.8995(1) 

3.9159(1) 

Ref. [16] 

7.91 

3.96 

This work 

7.9162(1) 

3.9702(1) 

Ref. [16] 

8.04 

3.89 

Cell volume (Å
3
) 211.601(3) 215.34(2) 

Molar weight (g/mol) 448.32 498.03 

Density (calculated) (g/cm
3
) 5.08 4.13 

The main panels of Fig. 3 show the overall 

temperature dependence of the specific heat for a) 

SrCo2Al9 and b) BaCo2Al9. At room temperature, 

Cp is close to the expected by the Dulong-Petit law 

value 3nR ~ 300 J mol
-1

 K
-1

, where n is the number 

of atoms per f.u. (n  = 12) and R is gas constant 

(R = 8.31 J mol
-1

 K
-1

). The solid red line through 

the data points denotes a fit to a combined model 

that includes electronic heat capacity (Cel) and 

phonon contribution (CD and CE) to the total Cp. 

Cp = Cel + k·CD+(1-k)·CE, 

where k is the weight of the Debye part. The 

electronic heat capacity is equal to: 

Cel = γT(1 −
3𝜋2

10
(
𝑇

𝑇𝐹
)
2

), 

where TF is Fermi temperature and TF = EF/kB. kB is 

the Boltzmann constant (kB = 1.38 · 10
-23

 J K
-1

) and

γ is the Sommerfeld coefficient. For metals the 

value of TF is usually of the order of 10
4
-10

5
 K [27],

so even at the highest temperatures we measured 

(~300 K) the expression can be simplified to:  

Cel = γT. 

Debye (CD) and Einstein (CE) contributions to Cp 

are described by equations: 

CD = 9𝑛𝑅(
𝑇

𝛩𝐷
)3 ∫

𝑥4𝑒𝑥

(𝑒𝑥−1)2
𝑑𝑥

𝛩𝐷/𝑇

0
, 

and 

CE = 3𝑛𝑅(
𝛩𝐸

𝑇
)2𝑒

𝛩𝐸
𝑇 (𝑒

𝛩𝐸
𝑇 − 1)−2,

where ΘD and ΘE denote characteristic Debye and 

Einstein temperatures.  

The Debye temperatures estimated from the fits are 

equal to 443(2) K and 398(2) K, the Einstein 

temperatures are 99(4) K and 82(7) K, and the 

weight k = 0.93 and 0.97, for SrCo2Al9 and 

BaCo2Al9, respectively. It is clear that the Debye 

modes are dominant for both compounds. This 

distinguishes the two compounds from the cage 

intermetallics such as MT2Al20 (M – rare earth 

metals and actinides, T – transition metals), where 

significant Einstein contributions were attributed to 

the vibrations of the electropositive atom in an 

oversized Al cage [7,8,28-33]. In SrCo2Al9 and 

BaCo2Al9, the movement of the encaged Sr/Ba 

atom is thus likely more strongly coupled to the 

cage, resulting in a Debye-type contribution to the 

heat capacity. 

In the analysis we fixed the Sommerfeld parameter 

() as obtained from a low temperature fit shown in

the insets of Fig. 3. At sufficiently low temperatures

(typically T < D/50), the Cp can be described as
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Cp = T + T
3
. Plotting Cp/T versus T

2
, and using a

linear fit, we got 
 
= 4.99(6) mJ mol

-1
 K

-2
 for 

SrCo2Al9 and 7.94(9) mJ mol
-1

 K
-2

 for BaCo2Al9.

The second parameter, , is related to the Debye 

temperature through Θ𝐷 = √
12𝜋4𝑛𝑅

5𝛽

3
, where n is the 

number of atoms per formula unit (here n = 12). 

Taking  values from the fit, the estimated Debye 

temperatures are 436(2) K and 474(4) K, for 

SrCo2Al9 and BaCo2Al9, respectively. For SrCo2Al9 

obtained Debye temperature is in a very good 

agreement with a value estimated from the whole 

temperature range fit. While the two methods of 

estimating the Debye temperature (low-temperature 

and whole-range fits) yield consistent results in 

case of SrCo2Al9, a discrepancy is seen in case of 

BaCo2Al9. This may reflect the details of the 

phonon structure of the two compounds, with 

SrCo2Al9 being described better by a single Debye 

oscillator model due to lower mass differences 

between the constituent elements. 

In order to obtain Einstein temperature we plotted 

temperature dependence of Clattice/T
3
 (shown in Fig.

4), where Clattice is a lattice (phonon) contribution to 

the heat capacity and was calculated by subtracting 

Cel = T from the total signal Cp. It can be derived 

from the Einstein model of the specific heat, that 

the temperature at which Cp/T
3
 occurs is exactly

Tmax = ΘE/5. Hence, the obtained Einstein 

temperature is ΘE = 96 K and ΘE = 91 K for 

SrCo2Al9 and BaCo2Al9, respectively.  Both values 

are in good agreement with previously refined 

values from the whole temperature fit.  

Temperature dependence of a normalized resistivity 

(R/R300) for SrCo2Al9 (blue line) and BaCo2Al9 

(green line) is presented in Fig. 5. For both 

compounds the resistivity has a metallic-like 

character with the residual ratio RRR = 

R(300K)/R(1.9K) ≈ 6 and 10 for SrCo2Al9 and 

BaCo2Al9, respectively. There is no transition to the 

superconducting state observed above 1.8 K.  

Figure 3 Heat capacity for a) SrCo2Al9 and b) 

BaCo2Al9. Main panel: overall temperature 

dependence of heat capacity. Inset: Low 

temperature data fitted with linear function. 

Figure 4 Temperature dependence of Clattice/T
3

for SrCo2Al9 a) and BaCo2Al9 b). 
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Figure 5 Normalized resistance vs. temperature 

for SrCo2Al9 (blue solid line) and BaCo2Al9 

(green solid line). 

Magnetoresistance defined as: 

𝑀𝑅 =
𝑅(𝐵)−𝑅0

𝑅0
∙ 100%, 

where R(B) is the resistance in given field and R0 is 

resistance without applied magnetic field, shown in 

Fig. 6 a) and b) is positive and at low fields has an 

ordinary parabolic character in both compounds. At 

higher fields the MR slowly saturates. 

 

Figure 6 Magnetoresistance for a) SrCo2Al9 and 

b) BaCo2Al9. A slight asymmetry of the MR with 

respect to the field observed in the Sr compound 

results from a Hall contribution due to an 

imperfect linear 4-probe geometry. Data were 

smoothed using a moving average filter in order 

to improve readability. 

At 1.9 K and 9 T the MR gains the values of 

approximately 40-50% and 60% for SrCo2Al9 and 

BaCo2Al9, respectively.  

Electronic structure calculations were performed to 

gain insight into the observed difference between 

the electronic heat capacity coefficient in the Sr- 

and Ba-bearing compound. 

Relaxed lattice constants and atomic positions (Tab. 

2) are in a good agreement with experimental 

values (see Tab. 1 and ref. [16])..  

Tab. 2 BFGS-relaxed cell parameters and 

atomic positions. Wyckoff symbols of atomic 

positions are given in parentheses. The only free 

parameter (not fixed by symmetry) is x of Al2. 

 SrCo2Al9 BaCo2Al9 

a = b 7.9035 7.9153 

c 3.8985 3.9534 

Ba/Sr (1a) 

x = y = z 

 

0 

Al1 (3f) 

x = z 

y 

 

0 

 ½ 

Al2 (6m)  

x 

y = 2x 

z 

 

0.2142 

0.4284 

½ 

 

0.2158 

0.4316 

½ 

Co (2c) 

x 

y 

z 

 

0  

1/3  

2/3 

 

The band structure of SrCo2Al9, as presented in the 

Materials Project database [34,35], is rather 

complicated due to the large number of atoms in the 

primitive cell. The projected density of states of 

SrCo2Al9 and BaCo2Al9 (Fig. 7) show that in both 

cases the transition metal d states are completely 

filled, and the majority of DOS(EF) is contributed 

by Al. Most of the Ba contribution lie above the 

Fermi level (ca. 0.5 to 3 eV), in accordance with an 

electron transfer from Ba/Sr to the Co2Al9 network. 

The inclusion of spin-orbit coupling (fully 

relativistic – FR) does not strongly affect the DOS 

in the -5 to 2 eV energy window, which is not 

surprising as the main contributions come from 

low-Z elements – Al and Co. Calculations of DOS 

for SrCo2Al9 was therefore performed only in the 

scalar-relativistic approach.  
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Figure 7 Density of states for SrCo2Al9 (a) and 

BaCo2Al9 (b). In the latter the DOS calculated 

within scalar- (SR, black line) and fully-

relativistic (FR - including spin-orbit coupling, 

pink line) approach is compared. Green, blue, 

and orange lines show element-projected DOS 

contributions of Co, Al, and Sr/Ba, respectively, 

for the scalar-relativistic case. 

As it is often observed in endohedral cluster 

compounds, the Fermi level lies in the vicinity of a 

pseudogap [15]. Interestingly, the difference in 

calculated DOS(EF) between the two compounds is 

not large enough to explain the almost twofold 

difference between the Sommerfeld coefficient 

estimated from heat capacity measurements. Since γ 

is renormalized by electron-phonon interactions, 

one may expect much stronger electron-phonon 

coupling in BaCo2Al9, which should also lead to 

higher superconducting (SC) critical temperature 

Tc. However, as most of endohedral Al 

superconductors show Tc in the sub-2 K range [5–

8,31,36,37] the lack of SC transition in the T = 1.8-

300 K range is not surprising. 

IV Conclusions 
We have successfully synthesized single crystals of 

SrCo2Al9 and BaCo2Al9. Powder x-ray diffraction of 

crushed crystals confirms the hexagonal structure of 

BaFe2Al9-type with space group of P6/mmm. The 

crystals were studied with heat capacity and 

electrical transport measurements. Neither heat 

capacity nor resistivity measurements reveal any 

phase transition down to 1.8 K. Resistivity 

character of SrCo2Al9 and BaCo2Al9 is metallic and 

their magnetoresistance at T = 1.9 K has the value 

of 50% and 60% at 9 T, respectively. Low 

temperature heat capacity measurements give 

almost twice larger Sommerfeld coefficient for 

BaCo2Al9 (γ = 7.94(9) mJ mol
-1 

K
-2

) than for

SrCo2Al9 (γ = 4.99(6) mJ mol
-1 

K
-2

). Electronic

structure calculations show 
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