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Thermal properties of SmFeAsO,_.F, as a probe of the interplay between electrons and phonons
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A comparative study of thermal properties of SmFeAsO, SmFeAs(Ogg3Fy¢7), and SmFeAs(OggsF 5)
samples is presented. Specific heat and thermal conductivity show clear evidence of the spin-density wave
(SDW) ordering below Tgpw~ 135 K in undoped SmFeAsO. At low level of F doping, SmFeAs(O 93F.7),
SDW ordering is suppressed and superconducting features are not yet optimally developed in both specific heat
and thermal conductivity. At optimal level of F-doping SmFeAs(Oy gsF 15) anomalies related to the supercon-
ducting transition are well noticeable. By a compared analysis of doped and undoped samples we conclude that
despite the fact that F doping modifies definitely the electronic ground state, it does not substantially alter
phonon and electron parameters, such as phonon modes, Sommerfeld coefficient, and electro-phonon coupling.
The analysis of the thermal conductivity curves provides an evaluation of the SDW and superconducting
energy gap, showing that phonons can suitably probe features of the electronic ground state.

DOLI: 10.1103/PhysRevB.78.094518

I. INTRODUCTION

The recent discovery of superconductivity at critical tem-
perature T, up to 50 K in layered rare-earth (RE) iron-based
oxipnictide compounds REFeAsO (RE=La, Ce, Pr, Nd, Sm)
(Refs. 1-4) has sparked enormous interest in this class of
materials. Like high-T, cuprates they have layered structure
with conducting FeAs layers sandwiched between insulating
REO layers, and exhibit superconductivity at relatively high
temperatures upon electron'™ or hole doping® of the related
nonsuperconducting compounds. The latter exhibit a mag-
netic transition with a sharp drop of resistivity below 140-
150 K.'-3 This anomaly has been explained within controver-
sial theoretical frameworks.””'* Optical’ measurements
suggest that LaFeAsO has an antiferromagnetic spin-density-
wave (SDW) state. This has been confirmed by neutron scat-
tering studies,'> which provide evidence for an antiferromag-
netic long-range ordering with a small 0.35up per Fe
moment below 140 K. Nearly at the same temperature a
structural transition has been reported for LaFeAsO,"
NdFeAsO,'® and recently for SmFeAsO.!”

More recently a new class of double layer AFe,As,
(A=Sr, Ba, Eu) compounds has been investigated. They
present even more pronounced resistivity and specific-heat
anomalies at a temperature that ranges from 130 to 200 K,
and T, increases up to 38 K when doped with holes.'8-?!

First-principles calculations indicate that electron-phonon
coupling is not sufficient to explain superconductivity.®?> On
the other hand, thermal properties are strongly affected by
the establishment of a SDW,”-!® suggesting that these prop-
erties can be useful tools to investigate details of electronic
structure. To our knowledge, an in-depth analysis of thermal
properties of oxipnictides is still lacking in the literature.

In this work we report results of specific-heat and thermal
conductivity measurements on SmFeAsO, which exhibits
anomalies at ~135 K. Although the nature of this anomaly
is not yet definitively clear, in the following we refer to it as
due to the transition to a SDW ordered state. The same prop-
erties measured on SmFeAs(Oy g3F (7) show that anomalies
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at ~135 K are suppressed while the superconducting fea-
tures are still not well developed. Superconducting anoma-
lies are clearly evident in both specific heat and thermal con-
ductivity of SmFeAs(OggsFy;5). A lambda anomaly is
clearly evident in the specific heat of the three samples close
to liquid helium temperature. Remarkably, the lattice proper-
ties are very close for the three samples and this allows direct
comparison of the thermal properties of doped and undoped
cases, leading to an evaluation of the SDW and supercon-
ducting energy gap. It turns out from this analysis that ther-
mal properties can suitably probe details of the electronic
ground state. For the sake of clarity, we focus on the thermal
properties of the parent SmFeAsO in comparison with the
SmFeAs(Og93F( ;) sample first, and we discuss the super-
conducting properties of SmFeAs(O gsFy 5) second.

II. EXPERIMENTAL DETAILS

The SmFeAsO, SmFeAs(Ogo3Fyg7), and SmFeAs
(Op.35F0.15) samples were prepared in three steps as described
in Ref. 23: (1) synthesis of SmAs from pure elements; (2)
synthesis of SmFeAsO and SmFeAs(O,_,F,) by reacting
SmAs with stoichiometric amounts of Fe, Fe,03, and FeF, at
high temperature; and (3) grinding of the so-obtained sample
and further sintering at high temperature, in order to obtain a
compact sample. The samples were characterized by x-ray
powder diffraction followed by Rietveld refinement, reveal-
ing their single-phase nature. Transmission electron micros-
copy (TEM) analysis evidences the lack of structural defects.
The effect of sintering is to increase the density and connec-
tion between the grains, improving substantially the transport
properties.

Heat capacity and thermal conductivity were measured by
a Quantum Design physical property measurement system
(PPMS). Heat-capacity measurements were performed by
using the two-tau method.

Resistivity and magnetization measurements reported
elsewhere,?>?* evidence of a pronounced anomaly around
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FIG. 1. (Color online) Temperature dependence of the specific
heat of SmFeAsO and SmFeAs(Og93F 7). Upper inset: specific-
heat anomaly AC(T) related to the SDW.

140 K in SmFeAsO specimen. SmFeAs(Og o3F ¢7) does not
reveal the SDW anomaly and shows a rather broad supercon-
ducting transition below 7.~34 K probably related to the
somewhat inhomogeneous distribution of fluorine.
SmFeAs(Og¢sF 15), instead, undergoes a sharp supercon-
ducting transition at 7,=51.5 K as detected by resistivity
and susceptibility measurements,”* and exhibits well-
developed and sharp anomalies in the thermal properties as
discussed below.

II1. SDW STATE
A. Specific heat

The temperature dependence of the specific heat C of Sm-
FeAsO is plotted in Fig. 1 and it can be compared to that of
SmFeAs(0y 93F (7) and to that of SmFeAs(O gsF, ;5) in Fig.
5. Remarkably, the absolute values of C are quite close for
the three samples. At high temperature, the C values tend to
saturate to the Dulong Petit value 3nR with n=4 and R
=8.314 J/mol K—the gas constant. These features lead to
the conclusion that fluorine doping induces only little quan-
titative changes in the lattice, as expected from the almost
identical crystalline structure.?? This result is fully consistent
by the phonon density of states measurements in undoped
and optimally doped LaFeAsO,_,F,.?> Our results thus rec-
tify data previously reported by Ding et al.? for which the
specific heat of SmFeAsO,_,F, largely exceeded the Dulong
Petit value and strongly depended on F doping.

The main difference between the two C(T) curves in Fig.
1 is the anomaly clearly visible and peaked at about 130 K in
the undoped SmFeAsO sample but not in SmFeAsO g3F 7.
This anomaly was previously observed’?® and ascribed to
the SDW transition. We can better show this anomaly by
evaluating AC(T)=C(T)spmreaso— C(T)smreas(or)- This is plot-
ted in the inset of Fig. 1. Its cusp shape suggests an impor-
tant role of fluctuations above Tgpw~ 130 K, and its
height—about 5 J/mol K AC(T)—becomes negative below
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FIG. 2. (Color online) Specific-heat data of SmFeAs(O 93F o7)
and C(T)=yT+Cp(T)+Cg(T) (continuous line). Inset: S,, associ-
ated to the ordering of the Sm>* sublattice.

110 K. If we assume that Cgypeasor) approximates the nor-
mal state (no SDW order) behavior, qualitatively this implies
that the entropy difference between the normal and the
gapped states tends to be compensated at Tgpy like in the
superconducting transition.

Both SmFeAsO and SmFeAs(Ogg3Fyo7) compounds
show sharp peaks in C(7) at 4.6 K and 3.7 K, respectively
(see the magnification in Fig. 1). In SmFeAs(O gsF,5) this
peak is a bit smeared. Above these peaks, the C(T) curves fit
well a dependence C/T=vy+BT>. In spite of some uncer-
tainty due to the presence of the peaks, the following param-
eters can be obtained by fitting data between 15 K and 25 K:
v=(42+2) mJ/mol K> and B=(0.36+0.04) mJ/mol K*
for SmFeAsO, y=(44+2) mJ/mol K? and
B=(0.35+0.04) mJ/mol K* for SmFeAs(Qgg3Fo07;), and
y=(39%2) mJ/mol K> and B=(0.38+0.04) mJ/mol K*
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FIG. 3. (Color online) x of SmFeAsO and SmFeAs(Og g3Fy 7)
as a function of temperature. The inset shows the magnification of
the superconducting transition at B=0 and B=9 T.
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FIG. 4. (Color online) «,, of SmFeAsO and SmFeAs(Og g3F ¢7)
as a function of temperature. Continuous lines are the best fitting
curves evaluated by Eq. (1) with the parameters in Table 1. Inset:
BCS temperature dependence of the SDW gap.

for SmFeAs(Oy gsF 5). It is worth noting that the y coeffi-
cients are similar in doped and undoped samples and are
higher (about one order of magnitude) than the Sommerfeld
coefficient for the parent compound LaFeAsO.”?” Similar
values of the +y coefficients were reported for
(Sm, gsCeq.15)CuO,_s2® which presents similar layered struc-
ture, and the Sm>* sublattice ordinates exactly at the same
temperature (4.7 K). The entropy removal related to these
peaks can be evaluated as S,=/C,,/T-dT, where C,=C
—(yT+ BT?). For both SmFeAsO and SmFeAs(Qy ¢3F7), S,
tends to saturate to R In 2 (see the inset of Fig. 2), as ex-
pected for a doublet ground state of Sm3*. This leads us to
conclude that the low-temperature peaks can be actually re-
lated to the AFM transition of the whole Sm3* sublattice with
some little sensitivity to the electron doping. Within this
framework, the relatively high y values might indicate that
some hybridization/interaction of the electron wave func-
tions with the Sm** magnetic ion may lead to renormaliza-
tion of the effective electron mass. This is supported by re-
sistivity ~measurements, which show a drop in
correspondence of Sm** AFM transition?® and by the rather
high value of Pauli susceptibility.”* However, magnetic exci-
tations related to the incipient antiferromagnetic transition of
the Sm** sublattice may also contribute to such high y
values.

The B coefficients are reasonably close for the three com-
pounds and a bit lower than those evaluated for LaFeAsO.!?
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In the low-temperature limit, acoustic phonon branches are
expected to characterize the lattice vibrations, and the 8 co-
efficient can be related to the Debye temperature through the
relation B=(12/5)7*R(T/®p)* from which we can estimate
0p,=175 K, 173 K, and 170 K for SmFeAsO,
SmFeAs(Og93Fy07), and SmFeAs(Ogg¢sFy 15), respectively.
These rather low 0, values well agree with acoustic modes
as evaluated in Ref. 22. At higher temperature (7=30 K)
optical modes contribute as well to the specific heat. By con-
sidering optical modes centered at 100 cm™!, 180 cm™!, and
290 cm™' as evaluated in Ref. 22, the overall high-
temperature C(T) behavior can be obtained by considering
Einstein contributions, Cp, in addition to the Debye, Cp, and
the Sommerfeld contributions. This is shown in Fig. 2 where
the specific heat of SmFeAsO¢3F,; above 10 K is well
reproduced by the sum of the three contributions C(T)=yT
+Cp(T)+ Cg(T).

B. Thermal conductivity

In Fig. 3, the thermal conductivity x of SmFeAsO and
SmFeAs(Og93F7) is plotted as a function of temperature.
The undoped sample presents a clear signature of the SDW
transition, abruptly increasing below Tgpw ~ 135 K. Similar
behavior was observed in LaFeAsO,? yet the « values in our
case are more than two times higher, indicating good crys-
tallinity of the sample. Measurements at B=97T yield a «(7T)
curve, not shown for the sake of clarity, that perfectly over-
laps data in zero field. This indicates that in the undoped
sample mechanisms involved in heat conduction are essen-
tially insensitive to magnetic field.

SmFeAs(Ogg3Fy7) sample shows thermal conductivity
values smaller than those of SmFeAsO and shows very dif-
ferent behavior. In agreement with specific-heat measure-
ments there is no feature around 135 K. Instead maximum
occurs around 20 K, as previously observed in Ref. 30. The
application of magnetic field reduces thermal conductivity,
removing this anomaly. A close data inspection (see the in-
set) shows that x(9 T) departs from (0 T) below ~34 K,
which roughly corresponds to the superconducting critical
temperature of this sample.?

In LaFeAsO compounds®>?° it was observed that thermal
conductivity is dominated by phonons. This is true also for
our samples: by evaluating the electronic contribution «,(7)
by the Wiedemann Franz law (x,=LyT/p, where L,=2.45
X 1078 W Q/K and p is the resistivity), it actually turns out
that «,(T)/ «(T) is less than 1% for SmFeAsO and less than
10% for SmFeAs(Og ¢3F 7).

From these evaluations it emerges that, independently of
the rare-earth and of sample qualities, the heat conduction is

TABLE 1. Best fit parameters of the thermal conductivity of SmFeAsO and SmFeAs(O 93F g7)-

A (C] D
Sample (W/mK) (K) 7 a X Tspw
SmFeAsO 0.12(1) 178(2) 9(1) 149(2) 27 (2) 2.90(2)
SmFeAS(Oo_g:;FOA(n) 2240(40) 29 (2)
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FIG. 5. (Color online) Specific heat of SmFeAs(OggsF 5)
(black circles) as compared with that of SmFeAsO (red circles).
Inset: [C(0)-C(7T)}/T versus temperature.

dominated by phonons in particular in the sample with low
carrier density. Within this framework, an abrupt rise of « is
expected in correspondence to the gap opening at the Fermi
surface, followed by carrier condensation and consequent
suppression of electron-phonon scattering.

This explains the features observed in Fig. 3: In Sm-
FeAsO, « rises below Tgpw, and in SmFeAs(Oy 93F (7) and
in SmFeAs(Og ¢sF 15) (this will be shown in Sec. IV) below
T.. In the case of SmFeAs(O93F ;) the application of mag-
netic field, producing pair breaking, removes nearly com-
pletely the anomaly (see the inset of Fig. 3).

For a more quantitative analysis, a phenomenological
model that describes the phonon thermal conductivity of su-
perconductors can be used. The model developed initially by
Bardeen, Rickayzen, and Tewordt (BRT) in the framework of
the BCS theory?! was later generalized®? and gives the fol-
lowing expression for the phonon thermal conductivity:*3

s 1/tp exx4
K, = At dx—————1(tp,x,y), 1
ph DL (ex_l)zT(D Y) ( )
where tp=T/0®p, x=hv/kgT, and y=A(T)/kgT are the re-
duced temperature, phonon energy, and gap energy. Param-
eter A, assuming that only longitudinal acoustic phonons
contribute to «, is approximately’?

4 \'"PigL
A=<§7T> :7{’%, 2)

where a is an average lattice constant and L, is the typical
grain size. 7(t,x,y) is the normalized relaxation time that,
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FIG. 6. Thermal conductivity of SmFeAs(OgsF ;5) as a func-
tion of temperature at B=0 and B=9 T. The inset shows «;, as a
function of temperature. Continuous line is the best fit evaluated by
Eq. (1) with the parameters in Table II.

according to the Mathiessen rule, may be written as’?

Hipx,y) ™ = [1+ atpx® + xtpxg(x,y) + pip®l. (3)

The terms proportional to «, Y, and 7 refer to the main
phonon relaxation rates: Point-defects, charge carriers, and
other phonons, respectively. Each relaxation rate is divided
by the phonon relaxation time with sample boundaries T,;l
=v,/L, (v, is the sound velocity in the materials). The func-
tion g(x,y), which is included in the electron-phonon term, is
the ratio between the electron-phonon scattering times in the
normal and in the superconducting state, and has been de-
rived in the original BRT theory.?! The strong similarities
existing between superconducting and SDW ground states*
suggest that the same derivation can be applied here, intro-
ducing as a free parameter ogpw=Agpw(0)/kgTspw and as-
suming a BCS temperature dependence of the gap.

In Fig. 4 the phonon contributions to the thermal conduc-
tivity, Kpn, of SmFeAsO and SmFeAs(Oy o3F( o7) are plotted
as a function of temperature. «,, is evaluated as k,,=k—k,
=~ k—LyT/p.

In the case of SmFeAs(Ogq3Fo7), neglecting the super-
conducting transition, Kph has been evaluated in the normal
state by keeping «(B=9 T) and by extrapolating «, linearly
to zero in the superconducting state. Equation (1) depends on
the following set of free parameters: A, Op, «a, x, 7, and
ospw- In order to introduce some constraints, the two curves
are simultaneously fitted by keeping A, ® ), and # equal for
the two samples. @, and 7 are indeed related to the phonon

TABLE II. Best fit parameters of the thermal conductivity of SmFeAs(OggsFy s)-

Sample (W/mK) (K) 7 a X T.(K) o=2A(0)/kgT.
SmFeAs(OggsFo ) 0.13(1)  180(2)  10(2)  4300300)  20(2)  51.5 3.9(3)
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spectrum, which is not affected by doping as shown by
specific-heat measurements, and A is related to the grain size
which is similar in the two samples.?? The best fitting curves
are plotted in Fig. 4 as continuous lines. They capture the
main features giving a quite satisfying agreement. In the case
of SmFeAsO the increase below Tgpyw is well reproduced
even if the fluctuations, which make the curve around the
transition less stiff are not taken into account. The best fitting
parameters are reported in Table 1.

O, essentially coincides with the value obtained by low-
temperature specific heat. By parameter A an average grain
length L,~6 wum can be evaluated by Eq. (2), assuming an
average lattice constant a=5 A: this well agrees with the
grain size reported in Ref. 23. The different absolute values
of the two curves are mainly taken into account by the pa-
rameter «, which is more than one order of magnitude higher
in SmFeAs(Oy 3F7) than in SmFeAsO. This coefficient is
proportional to point defect scattering which is strongly en-
hanced by F substitutions. The parameter y is nearly the
same in the two samples. For free electrons y is proportional
to the density of state at the Fermi level,>?> N(0), thus sug-
gesting that N(0) is substantially unchanged after doping.
The same can be concluded by comparing the above reported
Sommerfeld y constant of the two samples. The coefficient y
can be expressed in terms of the longitudinal acoustic pho-
non contribution to the electron-phonon coupling constant,
Ao Ref.  32):  x=(w/2)(kgTspw/D)(Ly/a)\,,, where
7~N(0)"! is the effective hopping matrix element for a two-
dimensional tight-binding band of electrons. With Tgpw
=135 K, L,=6 um, a=5A, and N(0)~2.6
—2.1 states/eV~,>??> we obtain \,,~0.04—0.05. This value
fairly agrees with the estimated contribution of the longitu-
dinal acoustic mode to the total electron-phonon coupling
constant as inferred from Ref. 22.

Finally we consider the ogpw coefficient, which is ex-
pected to assume the BCS value 3.52. In our case we
evaluated ogpw=2Aspw(0)/kzTspw=2.9. In the inset of Fig.
4 the temperature dependence of the SDW gap with
Agpw(0)=199 K=17 meV is plotted.

Within a BCS framework the specific-heat anomaly can
be evaluated as ACgpw/ YTspw = 1.43(ogpw/3.52), where
the height of the jump has been scaled with the reduced gap.
Assuming y=42 mJ/mol K, Tspw=135 K, ogpw=2.9, we
obtain ACgpw~6.6 J/mol K, not far from the value of 5
J/mol K experimentally evaluated.

IV. SUPERCONDUCTING STATE.

A. Specific heat

Figure 5 shows the specific heat of SmFeAsO gsF 5 as
compared to that of undoped SmFeAsO. The two C(7)
curves essentially overlap each other except in proximity of
the respective anomalies: while SmFeAsO shows the SDW
bump at 130 K, the specific heat of SmFeAs(O ssFj 15) ex-
hibits a small jump at about 47 K. By subtracting the specific
heat C(7 T) measured in 7 T applied magnetic field, we plot
this specific heat jump as [C(0 T)—C(T)]/T in the inset of
Fig. 5. The jump is relatively sharp and starts at 47 K, and
the wvalue at its maximum is [COT)-C(T)]/T
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=12 mJ/mol K. This is almost twice the values previously
reported,”®3 but it is still less than 0.1% of the absolute
specific-heat value. This explains why the anomaly was not
observed in not optimally doped and/or not homogeneous
samples like SmFeAs(Oy¢3Fq07).2’ Now if we use the
y=39 mJ/mol K?, it results in [C(0 T)-C(T)]/yT=0.25,
i.e., a value much smaller than what is expected from BCS.
This can be partially due to the small inhomogeneity within
the sample but it may also indicate that the normal state
electronic contribution is overestimated and 7y also comprises
the contribution from spin excitations related to the antifer-
romagnetic transition of the Sm3* sublattice as previously
mentioned.
B. Thermal conductivity

Figure 6 shows the thermal conductivity « of
SmFeAs(OggsFy 15) as a function of temperature at B=0 and
B=9 T. k is rather constant at high temperature and abruptly
increases below 51 K showing a maximum around 30 K. The
application of the magnetic field reduces «, but the maxi-
mum remains well evident. Following step by step the dis-
cussion done in the previous section we evaluate that the
electron contribution on the thermal conductivity is less than
10%. Thus, also at this level of doping the heat conduction is
dominated by phonons and the rise of « is due to electron
condensation below 7. Different from the case of
SmFeAs(Og 93F 7). the application of magnetic field of 9 T
does not remove the anomaly, indicating that such a field is
much lower than the upper critical field in this sample.

The thermal conductivity of this sample is analyzed
within the same theoretical frame introduced in Sec. III B.
Kpn versus temperature is plotted in the inset of Fig. 6 where
continuous line is the best fit evaluated by Eq. (1) with the
parameters listed in Table II. It well reproduces the experi-
mental data with a reasonable set of parameters. A, ®, and
v essentially coincide with the values reported in Table I for
SmFeAsO and SmFeAs(O o3F7), as expected for similar
microstructure and specific-heat values of the three samples.
a is nearly two times higher than the value of
SmFeAs(Og93F( 7). as expected for a double fluorine con-
tent. xy is 30% lower than the values of SmFeAsO and
SmFeAs(0g93F( 7). suggesting a decreasing N(0) with in-
creasing doping. Finally the reduced gap value is 2A/kgT,
=3.9+0.3 from which we evaluate A(0)=8.5+1 meV. This
result is in good agreement with the value obtained by An-
dreev spectroscopy on SmFeAs(O gsF 15).3° We point out,
however, that our evaluation assumes a single BCS gap, and
it does not consider the occurrence of different pairing sym-
metries or more energy gaps as recently suggested by some
authors.?’37-#! The inclusion of more complex gap structures
in the model could in principle improve the quality of the fit,
mainly at low temperature, but it is beyond the purpose of
this work.

V. CONCLUSIONS

From the comparative analysis of thermal properties of
undoped and F-doped SmFeAsO, two important hints on the
nature of the SDW can be drawn:

(1) The SDW transition, evident in both specific heat and
thermal conductivity of SmFeAsO, disappears at a low level
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of F doping with the occurrence of superconductivity. On the
other hand, the phonon structure and, more noteworthy, the
electronic density of states are not strongly affected by dop-
ing. These results follow by the observation that in the three
samples, the lattice specific heat is essentially unchanged,
and also the Sommerfeld coefficients y and the electron-
phonon scattering rate parameters y are nearly equal. This
suggests that doping abruptly breaks the symmetries of the
Fermi surface inhibiting the SDW formation in favor of su-
perconductivity, without changing substantially both electron
and phonon density of states.

(2) The analysis of the thermal properties has emphasized
similarities between SDW and a superconducting ground
state. The difference between the specific heat of the un-
doped and doped samples looks qualitatively like the differ-
ence between the superconducting and the normal specific

PHYSICAL REVIEW B 78, 094518 (2008)

heat even if a cusp shape suggests an important role of fluc-
tuations. The thermal conductivity of undoped and optimally
doped samples presents similar abrupt rise below the respec-
tive ordering temperatures, Tspw and T.. These behaviors
can be well rationalized by describing the SDW transition
within a BCS generalized model with 2Agpw(0)/kgTspw
=2.9 and the superconducting transition within a BCS single
gap model with 2A(0)/kT,=3.9.

We conclude that electron-phonon coupling strongly char-
acterizes the thermal properties, giving important clues on
the electronic ground states.
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