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Heat capacity and anisotropic thermal expansion were measured for Ba�Fe1−xCox�2As2 �x=0,0.038,0.074�
single crystals. Thermal expansion is anisotropic and, in tetragonal phase, is significantly higher along the c
axis. Previously reported phase transitions, including possibly split structural and magnetic for x=0.038, are
clearly seen in both measurements. Uniaxial pressure derivatives of the superconducting transition temperature
inferred from the Ehrenfest relation have opposite signs for in-plane and c-axis pressures for both
Ba�Fe0.962Co0.038�2As2 and Ba�Fe0.926Co0.074�2As2, with the opposite sign of this anisotropy.
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I. INTRODUCTION

The discovery of superconductivity in F-doped LaFeAsO
�Ref. 1� and K-doped BaFe2As2 �Ref. 2� compounds caused
an outpouring of experimental and theoretical studies of the
materials containing Fe-As layers as a structural unit. The
understanding that Co substitution for Fe in the �AE�Fe2As2
�AE=Ba,Sr,Ca� could be used to both stabilize
superconductivity3–5 and simplify growth while improving
homogeneity makes the �AE��Fe1−xCox�2As2 series �and in
particular Ba�Fe1−xCox�2As2 �Refs. 3 and 6–9�� a model sys-
tem for studies of physical properties of Fe-As based mate-
rials.

The T−x phase diagram for Ba�Fe1−xCox�2As2 is rather
complex:7–9 on Co doping the critical temperature of the
structural-antiferromagnetic transition decreases, possibly
with a separation in critical temperatures between these
two transitions,7,8 then, above x�0.035 superconductivity is
observed, apparently in the orthorhombic-antiferromagnetic
phase. Above x�0.06 the structural-magnetic transitions
vanish, whereas superconductivity appears to persist to
x�0.12. In this work we report temperature-dependent
heat capacity and thermal expansion for three samples of
Ba�Fe1−xCox�2As2 with Co concentration chosen so that
they are located in three different parts of the x−T phase
diagram: pure BaFe2As2 to serve as a reference point,
Ba�Fe0.962Co0.038�2As2 for which superconductivity in
orthorhombic-antiferromagnetic phase is reported,7–9 and
Ba�Fe0.926Co0.074�2As2 that is located close to the maximum
of the superconducting dome and for which no structural-
magnetic phase transition was reported.

Thermal expansion is uniquely sensitive to magnetic,
structural, and superconducting transitions.10 In addition, the
combination of specific heat and thermal expansion data, in
the case of the second-order phase transitions �the supercon-
ducting transitions in the Ba�Fe1−xCo2�2As2 series�, allows
for the evaluation of the uniaxial, often anisotropic, pressure
derivatives of the critical temperatures and possibly get some
insight in structure—physical properties relations in the se-
ries.

II. EXPERIMENTAL METHODS

Single crystals of Ba�Fe1−xCox�2As2 were grown out of
self-flux using conventional high-temperature solution

growth techniques.3,11 Detailed description of the crystal
growth procedure for this series can be found elsewhere.7

The samples are platelike with the plates being perpendicular
to the crystallographic c axis. The in-plane orientation of the
samples at room temperature was determined by the x-ray
Laue technique. Elemental analysis of the samples was per-
formed using wavelength dispersive x-ray spectroscopy
�WDS� in the electron probe microanalyzer of a JEOL JXA-
8200 electronmicroprobe.7 Measured rather than nominal Co
concentrations will be used throughout the text. The heat
capacity of the samples was measured using a hybrid adia-
batic relaxation technique of the heat capacity option in a
Quantum Design, PPMS-14 instrument. Thermal expansion
data were obtained using a capacitive dilatometer con-
structed of OFHC copper; a detailed description of the
dilatometer is presented elsewhere.12 The dilatometer was
mounted in a Quantum Design PPMS-14 instrument and was
operated over a temperature range of 1.8–305 K. The
samples were cut and lightly polished so as to have parallel
surfaces perpendicular to the �100� and �001� directions with
the distances L between the surfaces ranging between ap-

FIG. 1. Temperature-dependent heat capacity of BaFe2As2

single crystal. Left inset: enlarged region near the structural/
magnetic phase transition; right inset: low temperature Cp /T as a
function of T2. Linear specific heat term, � is �15 mJ /mol K2.
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proximately 0.25–3 mm. Care was taken to remove small
parts of the samples exfoliated near the edges, so that the
measurements were performed on the bulk part of the crys-
tals. Specific heat and thermal expansion data were taken on
warming.

III. RESULTS AND DISCUSSION

The heat capacity of the pure BaFe2As2 is shown in Fig.
1. The feature associated with the structural/magnetic transi-
tion is narrow and sharp. The transition temperature is
slightly lower than that reported for polycrystalline
samples13,14 but consistent with the results on similarly
grown single crystals.8 The extreme sensitivity of the

structural-magnetic transition temperature, e.g., to small
amount of impurities was clearly seen on crystals grown out
of Sn flux.15 The value of the electronic specific heat coeffi-
cient can be estimated as ��15 mJ /mol K2 �right inset of
Fig. 1�, in agreement with the result in Ref. 13. Anisotropic,
temperature dependent, linear and volume thermal expansivi-
ties ��a /a0, �c /c0 and �V /V0, where the changes are taken
relative to the values at 1.8 K� and thermal expansion coef-
ficients ��a, �c and �� are shown in Fig. 2. The structural-
magnetic phase transition is clearly seen in the data. Above
the transition, the relative change in the c-axis thermal ex-
pansivity is significantly larger than that in the a axis �Fig.
2�a��, a fact that is reflected in more than factor of 3 higher
thermal expansion coefficient in this temperature region �Fig.
2�b��. The thermal expansion coefficients are almost tem-
perature independent between �200–300 K. At low tem-
peratures, �c is close to zero at �60–110 K.

Thermal expansion in BaFe2As2 �for the sample grown
out of Sn flux and with structural-magnetic transition at
�90 K� was measured via neutron diffraction.16 In the te-
tragonal phase, near room temperature, the �c is similar to
our data, whereas �a and � are reported to be smaller than in
our measurements. This difference may be due to the differ-
ence in samples as well as may reflect the differences in
accuracy of the two experimental techniques.

The temperature-dependent heat capacity of
Ba�Fe0.962Co0.038�2As2 �Ref. 7� is shown in Fig. 3. Two fea-
tures separated by �9 K are seen above 60 K. These fea-
tures are possibly the result of a separation between the
structural and magnetic transitions with Co doping,7,8 al-
though the hypothesis of the chemical inhomogeneity of the
sample7 cannot be readily excluded. The jump in the specific
heat at the superconducting transition can be estimated as
�Cp /Tc�4 mJ /mol K2. Using the BCS weak coupling ap-
proximation, �Cp /�Tc=1.43 and assuming 100% supercon-
ducting fraction, we can estimate the normal state electronic

(b)

(a)

FIG. 2. �Color online� Anisotropic, temperature dependent, �a�
linear and volume thermal expansivities ��a /a0, �c /c0 and �V /V0,
where the changes are taken relative to the values at 1.8 K� and �b�
thermal expansion coefficients ��a, �c and �� of BaFe2As2 single
crystal. Inset to �a�: expanded low temperature part of the main
graph. Inset to �b�: expanded part of the main graph near the
structural-magnetic phase transition. Note that at temperatures be-
low the structural-magnetic phase transition the data marked as a
axis are some average of a and b.

FIG. 3. Temperature-dependent heat capacity of
Ba�Fe0.962Co0.038�2As2 single crystal. Insets: Cp /T vs T near the
superconducting transition with the estimate of �Cp /Tc shown;
temperature dependence of the derivative dCp /dT. Arrows mark the
phase transitions.
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specific heat coefficient, � for Ba�Fe0.962Co0.038�2As2 as
�2.8 mJ /molK2. �The fact that this is a relatively low value
will be discussed in detail below.� Anisotropic thermal ex-
pansivities and thermal expansion coefficients are shown in
Fig. 4. Near room temperature the thermal expansion values
of Ba�Fe0.962Co0.038�2As2 are similar to that of BaFe2As2. For
Ba�Fe0.962Co0.038�2As2 all phase transitions detected in the
heat capacity are clearly seen at similar temperatures in the

thermal expansion data. As in the Cp�T� data, two distinct
features are observed above 60 K. The higher temperature
feature is stronger and if these two anomalies are associated
with the split structural and magnetic transitions �as opposed
to coinciding as in BaFe2As2� it seems reasonable to assume
that the more pronounced upper transition is structural and
the lower one is magnetic, because thermal expansion more
directly couples to structural rather than magnetic transition

TABLE I. Uniaxial pressure derivatives of superconducting transition temperature in Ba�Fe0.962Co0.038�2As2 and Ba�Fe0.926Co0.074�2As2

�dTc /dP is calculated as 2 ·dTc /dpa+dTc /dpc�.

x-Co
�Cp /Tc

�mJ /molK2�
��a�Tc�

�10−6 K−1�
��c�Tc�

�10−6 K−1�
���Tc�

�10−6 K−1�
dTc /dpa

�K/kbar�
dTc /dpc

�K/kbar�
dTc /dP
�K/kbar�

0.038 4 −2.7 1.1 −4.0 −4.1 1.7 −6.1
0.074 28 1.4 −11.7 −8.1 0.3 −2.6 −1.8

(b)(a)

(c)

FIG. 4. �Color online� �a� Linear and volume thermal expansivities �the changes are taken relative to the values at 1.8 K� of
Ba�Fe0.962Co0.038�2As2 single crystal; inset: enlarged low temperature part of the data. �b� Thermal expansion coefficients of
Ba�Fe0.962Co0.038�2As2 single crystal. �c� Enlarged, low temperature, part of the data in the panel �b�, vertical lines mark structural-magnetic
phase transitions; inset: enlarged low temperature part of the data including the superconducting transition, lines show how ��c was
estimated. Note that at temperatures below the structural-magnetic phase transitions the data marked as a axis are some average of a and b.
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for which a sizable magnetoelastic term is required.
Anomalies corresponding to the superconducting transi-

tion are unambiguous in the thermal expansion data �Fig.
4�c�, inset�. The signs of ��a and ��c at the superconducting
transition are different. The initial uniaxial pressure deriva-
tives of the superconducting transition temperature, Tc, can
be estimated using the Ehrenfest relation17 for the second-
order phase transitions:

dTc/dpi =
Vm��iTc

�Cp
,

where Vm is the molar volume �Vm�6.1410−5 m3 for
Ba�Fe0.962Co0.038�2As2 �Ref. 7��, ��i is a change in the linear
�i=a ,c� or volume ��V=�� thermal expansion coefficient at
the phase transition, and �Cp is a change in the specific heat
at the phase transition. The inferred �via the Ehrenfest rela-
tion� uniaxial pressure derivatives are listed in Table I. It is
noteworthy that from these results in-plane uniaxial pressure
apparently should cause a decrease in Tc, whereas Tc is ex-
pected to increase when the uniaxial pressure is applied
along the c axis. For a “hydrostatic” pressure the uniaxial
effects are partially compensated.

The temperature-dependent heat capacity of
Ba�Fe0.926Co0.074�2As2 �Ref. 7� is shown in Fig. 5. The jump
in the specific heat at the superconducting transition can be
estimated as �Cp /Tc�28 mJ /mol K2. Using the BCS weak
coupling approximation, �Cp /�Tc=1.43 and assuming
100% superconducting fraction, we can estimate the normal
state electronic specific heat coefficient, � for
Ba�Fe0.926Co0.074�2As2 as �19.6 mJ /mol K2. There may be
several reasons for the significant difference in values of the
electronic specific heat coefficient, �, inferred from �Cp /Tc:
�i� density of states may change on Co doping,3 however, the
extreme sensitivity of band-structure calculations, e.g., to the
position of As in the structure precludes accurate evaluation
of this contribution; �ii� in principle, it is possible the value

of �Cp /�Tc changes with Co doping and differs from the
BCS weak coupling value 1.43, however, this contribution is
not expected to be larger than factor of �2 �Ref. 18�; �iii� we
cannot exclude that inhomogeneities, e.g., of Co concentra-
tion, exist in Ba�Fe0.962Co0.038�2As2 samples7 and cause sig-
nificant underestimate of the �Cp /�Tc value for this material
�due to broadening of the transition and, possibly, less than
100% superconducting fraction�. Additional effort is required
to address this question.

Anisotropic thermal expansivities and thermal expansion
coefficients for Ba�Fe0.926Co0.074�2As2 are shown in Fig. 6.
Near room temperature the thermal expansion values are
similar to that of BaFe2As2 and Ba�Fe0.962Co0.038�2As2.
Anomalies corresponding to the superconducting transition
are clearly seen in the thermal expansion data �Fig. 6�b��.
The signs of ��a and ��c at superconducting transition are
different and opposite to that of Ba�Fe0.962Co0.038�2As2. Us-

FIG. 5. Temperature-dependent heat capacity of
Ba�Fe0.926Co0.074�2As2 single crystal. Insets: Cp /T vs T near the
superconducting transition with the estimate of �Cp /Tc shown.

(b)

(a)

FIG. 6. �Color online� �a� Linear and volume thermal expansivi-
ties �the changes are taken relative to the values at 1.8 K� of
Ba�Fe0.926Co0.074�2As2 single crystal; inset: enlarged low tempera-
ture part of the data. �b� Thermal expansion coefficients of
Ba�Fe0.926Co0.074�2As2 single crystal; inset: enlarged low tempera-
ture part of the data including the superconducting transition.
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ing the heat capacity data and the Ehrenfest relation, for
Ba�Fe0.926Co0.074�2As2 Tc is expected to increase under in-
plane uniaxial pressure and to decrease when the uniaxial
pressure is applied along the c axis. Again, for a “hydro-
static” pressure the uniaxial effects are partially compen-
sated. The initial uniaxial pressure derivatives of Tc esti-
mated using the Ehrenfest relation are listed in Table I. These
results can be compared with a recent study of the aniso-
tropic thermal expansion of the Co-doped sample with a
similar doping level, Ba�Fe0.92Co0.08�2As2 �Ref. 19�. Room
temperature thermal expansion coefficients are similar to our
data, as well as the sign and the order of magnitude of ��a

and ��c at superconducting transition. The ��a values are
very close in both measurements, whereas ��c, measured
along the shorted crystal dimension, are somewhat different,
possibly reflecting the difference between the samples and
errors in the measurements. Still the main result, different
signs of the in-plane and c-axis uniaxial pressure derivatives,
is clear and consistent in both measurements.

The inferred “hydrostatic” pressure derivatives �Table I�
can be �semiqualitatively� compared with the results of
direct resistance measurements under pressure6 on
Ba�Fe1−xCox�2As2 with nominal Co concentrations x=0.04
and 0.10 �dTc /dP=0.4 K /kbar and 0.065 K/kbar, respec-
tively�. The comparison is rather poor, with the discrepancies
possibly caused by the difficulties in thermal expansion mea-
surements, in particular along the c axis, due to morphology
of the samples, as well as possible contribution from Poisson
stresses in these soft anisotropic materials.

The opposite signs of the uniaxial pressure derivatives of
Tc were observed in other materials, both “conventional”20,21

and high-temperature22 superconductors. Moreover, for
YBa2Cu3O7−� even in-plane uniaxial pressure derivatives
dTc /dpa and dTc /dpb have different signs.23–26 However, at
least for La2−xSrxCuO4, in which Tc�x� dependence has simi-
lar dome shape, the sign of the uniaxial pressure derivatives
was reported independent of doping.22

IV. SUMMARY

Thermal expansion of Ba�Fe1−xCox�2As2 �x=0, 0.038, and
0.074� single crystals is anisotropic, with �c�3�a at room
temperature, in the tetragonal phase. The values of �a and �c
at room temperature are very similar for all three Co concen-
trations. Features associated with the structural-magnetic �x
=0,0.038� and superconducting �x=0.038,0.074� transitions
are clearly seen both in heat capacity and thermal
expansion data. For x=0.038 two features above 60 K
are observed in both measurements, with the higher tem-
perature anomaly more pronounced than the lower one, in
thermal expansion, which suggests that the higher anomaly
is associated with the structural transition and the
lower one with the magnetic. Uniaxial pressure derivatives
of Tc are evaluated based on the Ehrenfest relation.
For Ba�Fe0.962Co0.038�2As2 dTc /dpa�0 and dTc /dpc�0,
as opposed to dTc /dpa�0 and dTc /dpc�0 for
Ba�Fe0.926Co0.074�2As2. So for both samples have anisotropic
uniaxial pressure derivatives of Tc but the sign of the
anisotropy is different. This is an unexpected result and it
requires confirmation and understanding. It is consistent
though with the change in low temperature crystal structure
from orthorhombic for Ba�Fe0.962Co0.038�2As2 to tetragonal
for Ba�Fe0.926Co0.074�2As2 effecting signature of the super-
conducting transition. This result serves as a further evidence
of the superconducting dome existing in both orthorhombic
and tetragonal regions.
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