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Thermal characteristics of the phase transition near 100 K in BaFe2Al9
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Novel intermetallic BaFe2Al9 has been of current interest due to indications of the charge-density wave
(CDW) behavior associated with the structural phase transition. To further shed light on the nature of the phase
transition, we carried out a detailed study by means of the specific-heat and thermoelectric measurements on
single-crystalline specimens, mainly focusing on the signatures around the transition temperature TC � 100
K. For comparison, we investigated the isostructural compounds of BaCo2Al9 and SrCo2Al9, which showed no
indications of the phase transition. While the measured physical quantities in both cobalt-based aluminides varied
smoothly with temperature, those in BaFe2Al9 exhibited profound features with noticeable thermal hysteretic
behavior in the vicinity of TC. Based on the observed sudden enhancement in the Seebeck coefficient below TC,
we provide evidence for a decreased contribution from the n-type carriers undergoing the phase transition. The
analysis of the thermal conductivity further indicated that both electronic and phononic origins were responsible
for the drastic reduction in the observed thermal conductivity at TC. We thus highlighted that the strong interplay
between electronic and structural degrees of freedom gave rise to the peculiar phase transition in BaFe2Al9.
Moreover, we compared the observed signatures with those reported in various CDW systems, and revealed
important aspects of the emergence of CDW behavior in BaFe2Al9.
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I. INTRODUCTION

Among the ternary aluminides with a three-dimensional
(3D) hexagonal BaFe2Al9-type structure, only BaFe2Al9 ex-
hibits a structural phase transition at the transition temperature
TC � 100 K. [1]. The structural transition is intrinsically as-
sociated with discontinuous changes in the lattice parameters
of about 0.5% increase in a and 1.5% shrinkage in c, a typi-
cal first-order phase transition in nature. Such an anisotropic
distortion produces substantial mechanical strain, which re-
sults in the shattering of a chunk of crystal during the phase
transition. The investigation of single-crystal x-ray-diffraction
(XRD) measurement of the system revealed additional su-
perlattice peaks below TC, signifying the existence of the
spatial modulation undergoing the phase transition. Further,
refinement of the neutron-diffraction data at 70 K indicated
that the observation was attributed to the modulated displace-
ments at iron along the c axis and barium atoms in the ab
plane. The large Fe atomic distortions have been suggested as
the direction of the wave vector arising from charge-density
wave (CDW) ordering [1]. Very recently, the nuclear magnetic
resonance (NMR) measurement further provided evidence for
a decrease in the electronic density of states (DOS) across the
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phase transition, consistent with the common signature for the
CDW formation [2].

The simultaneous emergence of the CDW behavior to-
gether with a first-order structural transition in BaFe2Al9
is reminiscent of various 3D CDW systems, including the
orthorhombic U2Co3Si5-type Lu2Ir3Si5 and Er2Ir3Si5 [3–8],
tetragonal Sc2Fe3Si5-type Sm2Ru3Ge5 and Pr2Ru3Ge5 [9,10],
and tetragonal CaBe2Ge2-type RPt2Si2 (R: rare-earth ele-
ments) [11–15]. It is worthwhile mentioning that the CDW
mechanism in 3D structural materials is more complex than
in the ideal 1D Peierls picture, where a nesting of Fermi
surface (FS) in the electronic structure (i.e., formation of an
energy gap) and a Kohn anomaly in phonon spectra occur
simultaneously during the phase transition [16,17]. While the
FS nesting may not necessarily take place in the 2D or 3D
CDW systems, there could be imperfect nesting due to their
anisotropic band structure and multicomponent FSs [17,18].
In addition, the q-dependent electron-phonon coupling and
electron correlations play important roles for the CDW phase
transition in these materials. For the present case of BaFe2Al9,
incomplete FS nesting (i.e., partial gapping of FS) associated
with the CDW ordering has been speculated [1]. Nevertheless,
the proposed mechanisms responsible for the CDW formation
remain unexplored.

In this study, a combination of specific-heat, electrical
resistivity, Seebeck coefficient, and thermal conductivity mea-
surements were carried out on single-crystalline BaFe2Al9.
For comparison, we also performed the same measurements
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FIG. 1. Room-temperature single-crystal x-ray diffractions of
the (00l) planes for BaFe2Al9, BaCo2Al9, and SrCo2Al9, respec-
tively. All diffraction peaks can be indexed to the P6/mmm space
group. Each inset shows a corresponding photograph of the crystal.

on the sister compounds of BaCo2Al9 and SrCo2Al9, which
did not indicate any phase transitions down to 4 K [1,19,20].
Distinctive features associated with thermal hysteresis in the
vicinity of TC were observed in BaFe2Al9 by all measured
physical quantities. The analyses provided evidence that the
phase transition involves a severe reconstruction of the elec-
tronic structures in addition to dramatic lattice distortions.
Furthermore, the marked signatures near TC were compared
to those reported in various CDW materials, giving important
viewpoints for the realization of the emergence of CDW be-
havior in BaFe2Al9.

II. EXPERIMENT AND DISCUSSION

Single crystals of BaFe2Al9, BaCo2Al9, and SrCo2Al9
were grown by using the Al self-flux method. For each
individual material, the corresponding mixture of metallic
elements was placed in an alumina crucible and sealed in
a silica tube with partial argon. The ampoule was heated
with a heating rate of 50 K/h to 1373 K and held at this
temperature for 12 h, followed by cooling to 1173 K over
100 h. The remaining Al droplets on the crystal surfaces were
etched in 1% HCl solution for 1 week. We thus obtained bulk
crystals that exhibit a metallic luster, as shown in the inset
of Fig. 1. The room-temperature single-crystal XRD patterns
of each compound are displayed in Fig. 1, with the diffrac-
tion peaks indexed to the BaFe2Al9-type hexagonal structure
(space group P6/mmm). We therefore determined the room-
temperature lattice constants a = 8.02 Å and c = 3.936Å

FIG. 2. Temperature dependence of the specific heat Cp for
BaFe2Al9 and the background obtained by a combination of the
Debye and Einstein models as discussed in the text. Inset (a) displays
the excess specific heat �Cp for both cooling and warming processes.
Inset (b) shows �Cp/T and the corresponding entropy S in the vicinity
of TC under a warming process.

for BaFe2Al9; a = 7.918 Å and c = 3.965 Å for BaCo2Al9;
and a = 7.90 Å and c = 3.916 Å for SrCo2Al9. These lat-
tice parameters are close to those reported in the literature
[1,2,19–21].

High-temperature specific-heat measurement was per-
formed with a home-built ac calorimeter, employing chopped
light as a heat source. While the ac technique has the
advantage of high precision (∼1%), it only obtains the rel-
ative values of the specific heat. To get the absolute values,
the specific-heat data here were normalized to the reported
value at 200 K measured using a thermal relaxation tech-
nique [1]. Electrical resistivity data were obtained from a
standard four-probe method, with electrical current flowing
along the direction perpendicular to the c axis of the crystal.
The Seebeck coefficient and thermal conductivity measure-
ments were carried out in a closed-cycle refrigerator using a
direct heat-pulse technique. The temperature difference was
detected by an E-type differential thermocouple with junc-
tions thermally attached to two well-separated positions along
the longest direction of the specimen. To avoid microcracks or
shattering of crystals caused by the strain during the structural
phase transition in BaFe2Al9, we applied a slow scanning
rate (<0.5 K/min) and used a small size of the specimen
(0.5 × 0.4 × 0.3mm3 for the electrical resistivity, 1.0 × 0.5 ×
0.5 mm3 for the Seebeck coefficient and thermal conductivity,
and 0.5 × 0.5 × 0.1mm3 for the specific heat measurements).
The uncertainty of electrical and thermal transport measure-
ments is less than 15%, mainly arising from the error in the
determination of the geometrical factor of the specimens.

Temperature dependence of the specific heat Cp between 80
and 300 K for BaFe2Al9 is shown in Fig. 2. Two spiky peaks
at 90.5 and 100 K, measured during cooling and warming
processes, respectively, are clearly discernible. The appear-
ance of thermal hysteresis behavior demonstrates that the
intrinsic phase transition is first order in nature. To elucidate
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FIG. 3. Electrical resistivity ρ as a function of temperature for
BaFe2Al9. Inset (a) displays a plot of ρ vs T 2, showing a linear
relation below 80 K. The slope yields the temperature coefficient
of the electric resistivity A = 2.75 n� cm K−2 obtained during a
warming process. Inset (b) shows the temperature variations of ρ for
BaCo2Al9 and SrCo2Al9, respectively.

the thermodynamic characteristics of the phase transition, we
analyzed the excess specific heat �Cp, obtained by subtracting
a background of the specific heat, which was generated by a
combination of Debye and Einstein models with a fixed value
of electronic contribution (Ce), as reported previously [1]. The
measured Cp data can be fitted up to 200 K by combining
92% Debye and 8% Einstein models with Debye temperature
θD = 440 K and Einstein temperature θE = 100 K. These
parameters, along with the dominant Debye model, are similar
to those examined for BaCo2Al9 (θD = 398 K and θE = 82 K)
and SrCo2Al9 (θD = 443 K and θE = 99 K) [19]. The upper
inset of Fig. 2 displays the results of �Cp for both cooling
and warming processes. It is worthwhile mentioning that the
presence of a distinct �Cp with thermal hysteresis resembles
those reported in the CDW compounds at the corresponding
CDW ordering temperature. The examples include Lu2Ir3Si5
[3], Er2Ir3Si5 [8], Pr2Ru3Ge5 [9], PrPt2Si2 [11], EuAg4As2

[22], CaCu4As2 [23], and the kagome metal ScV6Sn6 [24,25].
We also estimated the excess specific heat during the phase
transition �Cp/Cp(TC) of about 9% from the data measured
under the warning process. To further evaluate the change in
entropy �S associated with the phase transition, we first deter-
mined the temperature-dependent �Cp/T and then integrated
�Cp/T through the entire phase-transition region. These re-
sults are illustrated in the lower inset of Fig. 2, revealing the
magnitude of �S � 0.36J mol−1 K−1 for the phase transition
of BaFe2Al9.

Temperature dependence of the electrical resistivity ρ

for BaFe2Al9 is displayed in Fig. 3. The plot of the mea-
sured ρ for BaCo2Al9 and SrCo2Al9 is given in the lower
inset of Fig. 3. Both cobalt-based aluminides exhibit typi-
cal metallic behavior with a positive temperature coefficient
of the electrical resistivity, consistent with the previously
observations [1,20]. For BaFe2Al9, the resistivity data be-
low 80 K can be described well as a power law: ρ(T) =
ρ0 + AT 2, where ρ0 is the residual resistivity mainly from
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FIG. 4. Temperature dependence of the Seebeck coefficient S
for BaFe2Al9. The inset shows the temperature variations of S for
BaCo2Al9 and SrCo2Al9, respectively.

scattering due to domain boundaries and defects by elec-
trons and A is the temperature coefficient of the electric
resistivity. In the upper inset of Fig. 3, we showed the plot
of ρ vs T 2, with a linear relation yielding ρ0 = 53.9 µ�cm
and A = 2.75n�cm K−2. The characteristic of the T 2 term
can be further related to the Sommerfeld coefficient for
the electronic specific heat γe, expressed as the Kadowaki-
Woods ratio A/γ 2

e , which is usually employed to examine the
strength of the low-temperature electron-electron interaction
of the studied system [26]. Taking the extracted A = 0.00275
μ� cm K−2 and γe = 19.4 mJ mol−1 K−2 from the literature
[1], we found A/γ 2

e = 0.73 × 10−5 μW cm mol2 K2 mJ−2 for
BaFe2Al9. This value is close to the universal relation (10−5

μW cm mol2 K2 mJ−2) for the Fermi liquidlike systems [27],
indicating the importance of the strong electron correlation in
the low-temperature state of this material.

Upon cooling, ρ exhibits an abrupt upturn at 100 K with
a thermal hysteresis width of about 10 K, identical to that
reported by Meier et al. [1]. The observation is likely due to
a partial gap in the FS of the band structure associated with
the CDW formation. Nevertheless, the reduction in the carrier
mobility caused by large strains during the structural phase
transition is another possible mechanism responsible for the
observed phenomenon. For further clarifying the true origin,
more experiments, such as the analysis of the Hall coefficient
measurement, is required. Here we estimated the resistivity
jump at the phase transition �ρ/ρ(TC) � 66% for BaFe2Al9.
This value is comparable to those obtained in the CDW com-
pounds of Er2Ir3Si5 (�62%) and Ho2Ir3Si5 (� 82%) [8,28].
We also noticed that the features of the dramatic change in ρ

and the spiky peak in Cp bear striking resemblances to those
in (Er, Ho)2Ir3Si5 [8,28]. The comparison implies similarities
among the underlying mechanisms for the phase transition in
these materials.

It is known that the Seebeck coefficient S is a sensitive
probe for the phenomenon associated with changes in the
FSs, such as CDW ordering and crystallographic distortion
[4,29–47]. As shown in Fig. 4, the obtained S exhibits a
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strong temperature dependence with a sign change below
30 K, indicative of the multi-band effect on the thermoelec-
tric transport in BaFe2Al9. In the vicinity of TC, a sudden
change in S with noticeable thermal hysteresis behavior was
observed. For the isostructural compounds of BaCo2Al9 and
SrCo2Al9, the corresponding S is displayed in the inset of
Fig. 4, showing a nearly identical temperature dependence
with no change in the sign of S at low temperatures. For
each material, the measured S increases monotonically with
a broad maximum at around 70 K. The appearance of a
hump feature is commonly seen in conventional metals at
low temperatures, attributed to the phonon-drag effect arising
from the umklapp phonon-phonon scattering process. Since
the characteristic of S is strongly associated with the electronic
structure of the studied material, the observations clearly indi-
cate the intrinsic difference between the electronic structures
of Fe- and Co-based aluminides. As a matter of fact, previous
theoretical band-structure calculations revealed unfilled Fe d
bands in BaFe2Al9 and filled Co d bands in BaCo2Al9 [1,20],
being consistent with the present findings. In addition, the
Sommerfeld electronic coefficient of BaFe2Al9 derived from
low-temperature Cp data was approximately 4 times greater
than those of the Co-based compounds [1]. It is worthwhile
mentioning that the Hall measurement on the CDW compound
of CsV3Sb5 suggested an interplay between electron mobility
and hole concentration responsible for the change in the sign
of S at low temperatures [48]. We thus speculate that the sign
change in S is likely due to the interplay between scattering
mechanisms and concentrations of different charge carriers in
BaFe2Al9.

Since the measured S for BaFe2Al9 varies strongly with
temperature, it can be appropriately described by a two-
band model as S = (σnSn + σpSp)/(σn + σp), where Sn,p and
σn,p represent the Seebeck coefficients and electrical conduc-
tivities for the n- and p-type carriers from electronic and
hole bands, respectively. In principle, each parameter is gov-
erned by the corresponding effective mass as well as the
temperature-dependent scattering relaxation rate. Here, the
positive sign of S indicates that the p-type carriers are pre-
dominant in the thermoelectric behavior. The drastic increase
with lowering temperature below TC can be realized as an
imbalance of the contribution from different types of carri-
ers induced by the phase transition. Accordingly, a reduced
contribution from the n-type carriers would give rise to an
enhancement in the observed S. Such an interpretation agrees
with the previously theoretical model, where the filling of the
Fe 3d orbitals by capturing the electrons from neighboring Al
atoms plays an essential role in approaching the ground state
of BaFe2Al9 [1]. It is also consistent with the NMR result,
which revealed a reduction in the Al partial Fermi-level DOS
below TC [2]. A similar feature was noticed in the well-studied
CDW compound of SmNiC2, where the increase in S was
ascribed to a substantial modification in the FS across the
phase transition [45]. The comparison thus provides evidence
for the DOS reduction along with the structure transition,
which may lead to a CDW order in BaFe2Al9.

The main panel of Fig. 5 illustrates the temperature-
dependent thermal conductivity κ for BaFe2Al9, showing
an abrupt change with thermal hysteresis at TC. In the in-
set of Fig. 5, we plotted κ as a function of temperature
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FIG. 5. Temperature dependence of the measured thermal con-
ductivity κ for BaFe2Al9. The inset displays the temperature
variations of κ for BaCo2Al9 and SrCo2Al9, respectively.

for both BaCo2Al9 and SrCo2Al9. At low temperatures, κ

features a broad maximum at around 28, 40, and 55 K
for BaFe2Al9, BaCo2Al9, and SrCo2Al9, respectively. The
observation is likely caused by the reduction of the ther-
mal scattering, and the maximum occurs at the temperature
where the phonon mean-free path is approximately equal to
the crystal site distance. In ordinary metals or semimetals,
the measured κ is a sum of electronic and lattice contribu-
tions. The electronic thermal conductivity κe can be evaluated
using the Wiedemann-Franz law: κeρ/T = L0, where L0 =
2.45 × 10−8 W � K−2 is the theoretical Lorentz number and
ρ is the experimental electrical resistivity. The lattice thermal
conductivity κL was thus obtained by subtracting κe from the
measured κ . The resolved κe and κL for the cooling process
of BaFe2Al9 are depicted in Fig. 6. The same analysis was
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FIG. 6. Temperature variations of the electronic thermal conduc-
tivity κe and lattice thermal conductivity κL for BaFe2Al9 obtained
during a cooling process. Each inset shows the decomposed κe and
κL for BaCo2Al9 and SrCo2Al9, respectively.
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employed on BaCo2Al9 and SrCo2Al9, with the results given
in the insets of Fig. 6. For both cobalt-based aluminides, κe

increases with temperature and becomes dominant at high
temperatures. κL obeys a conventional 1/T-type decrease with
temperature, attributed to the umklapp phonon scattering pro-
cess of the acoustic phonons.

For BaFe2Al9, κe � 4.8 and κL � 13.3 W m−1 K−1 at
room temperature were extracted. On this basis, we concluded
that the thermal conductivity of BaFe2Al9 is mainly gov-
erned by κL at high temperatures. Remarkably, κL exhibits
a glasslike linear increase instead of a crystalline monotonic
decrease with temperature, similar to that observed in the
CDW compounds of Lu5(Rh/Ir)4Si10 and AV3Sb5 (A = K,
Cs, and Rb) [29,46,49]. The exotic feature in κL was attributed
to quasiparticle scattering resulting from charge fluctuations
occurring along quasi-1D CDW chains via electron-phonon
coupling. For the present case of BaFe2Al9, the characteristic
of quasi-1D CDW with non-negligible fluctuations has been
identified [1]. With this accordance, we pointed out that the
linear temperature dependence of κL at high temperatures is
a common signature for the chainlike CDW compounds with
strong fluctuations and the presence of electron-phonon cou-
pling in BaFe2Al9. While the exact strength of this coupling is
unknown, it appears to play an essential role in the formation
of CDW in the BaFe2Al9 system.

Another odd feature in κL is the appearance of a dis-
tinctive peak prior to TC in BaFe2Al9. The corresponding
excess lattice thermal conductivity �κL was found to be about
0.9 W m−1 K−1, yielding the excess κL associated with the
phase transition �κL/κL(TC) of about 10%. Notably, this value
is comparable to that of Lu5Ir4Si10 (�15%) [46]. The origin
of large �κL in Lu5Ir4Si10 was ascribed to the propagation of
the softening phonon modes in the transition region, leading to
considerable heat carried by the soft phonons. In this regard,
one would expect a large number of soft phonons in the
phonon-band dispersion of BaFe2Al9, which could enhance
the electron-phonon coupling. The scenario drawn from the
current investigation deserves further identification by means
of theoretical calculations.

From the decomposed κe and κL in BaFe2Al9, we found
that the drop in κe accounts for about 36% of the total thermal
conductivity reduction at TC. The substantial decrease in κe

implies that the change in the electronic structure plays an
important role in approaching the low-temperature ground
state. The observation resembles those reported in SmNiC2

and Lu5Ir4Si10 [45,46]. The observed rapid drops in both ma-
terials are intrinsically caused by the reduction in κe with little
contribution from κL, giving strong evidence for the electronic

origin responsible for the CDW formation. Nevertheless, κL

falls drastically at TC, with a decrease of approximately 64%
of the total reduction in BaFe2Al9. The dramatic change in
κL is reminiscent of the signature in the materials with struc-
tural transformation [50,51]. The contribution from κL was
connected to the change in the thermal diffusivity arising
from different scattering of phonons undergoing the struc-
tural phase transition. In BaFe2Al9, a considerable anisotropic
strain induced by the structural transformation would lead to a
decrease in the thermal diffusivity and consequently lower the
lattice thermal conductivity. Therefore, the current analysis
of κe and κL near TC gives an important viewpoint that the
modification in both electronic and structural features plays
an essential role in the peculiar phase transition in BaFe2Al9.

III. CONCLUSIONS

Thermal and transport properties at around TC of BaFe2Al9
were characterized, revealing significant insights into the
characteristics of the phase transition. In particular, we ob-
served an enhancement in the Seebeck coefficient below TC,
which was accounted for by a decreased contribution from the
n-type carriers due to a dramatic modification of electronic
structures. We further demonstrated that both electronic and
lattice thermal conductivities contribute to the drop of the total
thermal conductivity undergoing the phase transition, indicat-
ing that the phase transition in BaFe2Al9 is not likely due
to the purely electronic origin. Rather, the phonon-assisted
enhancement in the lattice thermal conductivity during the
structural phase transition is an important mechanism for
the observation. With this accordance, we pointed out that the
strong interplay between electronic and structural instabilities
is a key factor responsible for the peculiar phase transition.
In addition, we compared the signatures at around TC to those
reported in various CDW materials, yielding realistic view-
points for the emergence of CDW behavior in BaFe2Al9.
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