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Influence of spin fluctuations on the thermal conductivity in superconducting Ba(Fe,_,Co,),As,
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The thermal conductivity of electron-doped Ba(Fe;_,Co,),As, single crystals is investigated below 200 K,
with an emphasis on the behavior near the magnetic and superconducting (7,) transition temperatures. An
enhancement of the in-plane thermal conductivity «,, is observed below T, for all samples, with the greatest
enhancement observed near optimal doping. The observed trends are consistent with the scattering of heat carriers
by low-energy magnetic excitations. Upon entering the superconducting state, the formation of a spin gap leads
to reduced scattering and an enhancement in (7). Similarly, an enhancement of « is observed for polycrystalline
BaFe,As, below the magnetic transition, and qualitative differences in «(7') between single crystalline and
polycrystalline BaFe,As, are utilized to discuss anisotropic scattering. This study highlights how measuring «
near T, in novel superconductors can be useful as a means to probe the potential role of spin fluctuations.
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I. INTRODUCTION

In unconventional superconductors, which are not char-
acterized by a phonon pairing mechanism, the thermal
conductivity « typically increases upon cooling through the
superconducting transition temperature 7,.'-> This enhance-
ment in k below T, has been observed in the iron-based
superconductors.® On the contrary, ¥ in conventional su-
perconductors usually decreases upon cooling through 7, due
to the loss of the electronic contribution.”!” This trend suggest
that examining «(7') in the vicinity of 7, can provide insight
into the nature of the superconducting pairing mechanism,
which can be especially useful when probing the behavior of
newly discovered superconductors.

Of the various iron pnictides, those derived from BaFe;As;,
have provided model systems for studying the basic physics
in these superconductors.“ BaFe,As, is metallic and under-
goes a coupled structural (tetragonal to orthorhombic) and
magnetic (paramagnetic to antiferromagnetic) transition upon
cooling below ~140 K.!'>!3 The antiferromagnetic (AFM)
transition is associated with a commensurate spin density
wave (SDW), with electron-hole nesting vector Q = (%%O)
(tetragonal notation).'4!7 The magnetic excitation spectrum in
the ordered state, as observed via inelastic neutron scattering,
is characterized by spin-wave excitations that possess a gap of
approximately 10 meV.'%!® Many detailed studies and review
articles discuss the doping dependence of physical properties
and magnetism in BaFe,As;. 11,20-30

Electron  doping via  cobalt  substitution in
Ba(Fe;_,Co,),As, suppresses the structural and magnetic
transitions, 29222331 and similar phase diagrams evolve with
hole doping on the Ba site or isoelectronic substitution on the
As site.?%7* Superconductivity exists for 0.03 < x < 0.13
and even coexists with AFM order for 0.03 < x < 0.06.16:33-36
With increasing Co concentration, the magnetic transition
occurs at a temperature Tspw that is lower than that of the
structural transition Tp. At optimal doping (x ~ 0.06-0.07),
the magnetic and structural transitions are entirely suppressed
and superconductivity emerges at T, m.x &~ 24 K from the
paramagnetic, tetragonal state. These materials are known to
have a large magnetoelastic coupling,'”*’ and in underdoped
materials both the orthorhombic distortion and the magnetic
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order parameter decrease upon cooling below 72263 For
nearly optimally doped compositions, the tetragonal structure
even re-emerges below 7.

Upon cooling below T, a resonance and gap form in
the magnetic spectrum at the wave vector associated with
the SDW in the parent compound.’®3° Interestingly, the
energy of the resonance (E,) is found to scale with 7, in a
manner very similar to the behavior observed in the cuprates
(E, ~ 5kT.).3040

With cobalt doping the ordered moment decreases,”™ and
the spin gap decreases and broadens as the spin-wave dis-
persions transform to a magnetic excitation spectrum similar
to that in the paramagnetic state (characterized by strong
fluctuations).*"*> For the superconducting compositions, the
spin gap is largest at optimal doping, and decreases with
increasing (or decreasing) cobalt concentration. Magnetic fluc-
tuations are not present in the nonsuperconducting, overdoped
compositions (x > 0.15) due to the disappearance of the
hole pocket and the associated loss of an available nesting
vector.!343

Here we show that «k increases below 7, in
Ba(Fe;_,Co,),As; crystals with compositions where a spin
gap forms below 7. The spin gap prohibits the formation
of low-energy magnetic excitations that could otherwise
scatter heat carriers, such as quasiparticles or phonons. To
demonstrate this behavior, «(7) is examined near 7, in
Ba(Fe;_,Co,),As, single crystals with compositions ranging
from x =0 to x ~ 0.2. Importantly, a slightly underdoped
(T. = 21 K) crystal is characterized, which allows the potential
role of nematic fluctuations to be addressed. In this case, k¥ does
indeed increase below T, even though nematic fluctuations
are frozen out well above T,, revealing that nematic (or
structural) fluctuations are most likely not a dominant source
for scattering.

26

II. EXPERIMENTAL DETAILS

Single crystals of Ba(Fe;_,Co,),As, were grown from
an FeAs flux using melts of nominal composition
Ba(Fe;_,Co,)sAss. Dendritic Ba was combined with FeAs
and CoAs in an Al,O;3 crucible and sealed in a silica ampoule
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TABLE I. (Color online) Characteristic properties of the
Ba(Fe,_,Co,),As; crystals with x obtained from energy dispersive
spectroscopy (all standard deviations <0.003) and transition tem-
peratures obtained from electrical resistivity data; superconducting
transitions 7, are given for both the onset and 50% resistive change
criteria.

T¢ onset T¢ 50% To Tspw
X Symbol (K) (K) (K) (K)
0 < - - 137 137
0.043 L 4 17.7 16.6 70 55
0.049 21.6 21.1 53 35
0.075 A 24.8 24.4 - -
0.11 o 14.8 13.9 - -
0.20 <2 K <2K - -

with approximately 1/5 atm of argon. The mixtures were
heated to between 1180 and 1220°C, followed by cooling
at 2°/h to approximately 1090 °C, at which temperature the
samples were taken from the furnace and excess FeAs/CoAs
was removed by centrifugation.

Cobalt concentrations (x) were determined using the
relative amounts of Fe and Co obtained from energy dispersive
spectroscopy (EDS) in a Bruker Quantax 70 EDS system on
a Hitachi TM-3000 microscope. Approximately 15 different
spots were examined on each crystal (each measurement
encompassing a diameter of 200400 pum). An average x
based on all measurements is reported in Table I. The
standard deviations of these x values are <0.003 for all
measurements, demonstrating the homogeneity of the samples.
Itis possible there is a systematic error in these values due to the
measurement technique, and an equally valid characterization
is through the observation of anomalies in the electrical
resistivity associated with the various phase transitions, and
comparison with published phase diagrams.?’-?2>2>2° The
derivative of the resistivity is utilized to obtain Ty and Tspw in
accord with Refs. 20 and 21. The superconducting transition
temperature T, is obtained using both the 50% resistive change
(T,.509) and onset (T} onset, maximal slope method) approaches.
These values are presented in Table I, along with the sample
identification symbols utilized in this paper. In general,
these results agree with the literature and small variation
between our results and those from the literature could be
caused by differences in sample preparation** or measurement
eITOrS.

Ba(Fe;_,Co,),As, crystals grow as plates with large
facets characterized by the tetragonal [001] normal. As
such, transport measurements within the ab plane are the
easiest and most reliable ones to perform. Measurements
perpendicular to this face generally require a less accurate
two-point configuration and are prone to failure and errors
due to delamination of the crystals. Large crystals were grown
for thermal transport measurements, with thicknesses ranging
from ~0.15 to 0.45 mm, and lengths between heat source
and sink were typically ~4 mm or more. Thermal transport
measurements were performed in a Quantum Design Physical
Property measurement systems using the Thermal Transport
Option. Silver epoxy (H20E Epo-Tek) was used for electrical,
thermal, and mechanical contacts in a standard four-point
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configuration. The error on the thermal conductivity may
be approximately 10%, due primarily to geometric concerns.
Error in the absolute values obtained do not influence the trends
observed, which are primarily based on relative changes in «.
The AC Transport Option was utilized to obtain the electrical
resistivity in underdoped compositions for the determination
of Ty and Tspw from analysis of dp/d T 2021

Polycrystalline samples of nominal compositions
Ba; osFeyAs, and Baj o5(Fep.95C0o0.05)2As, were synthesized
to probe the role of anisotropy in the parent and underdoped
compositions. Elemental Ba (dendritic) was reacted with
FeAs and CoAs in alumina crucibles, which were sealed
within evacuated silica ampoules. The mixtures were heated
to 850 °C, followed by a 10 h soak prior to homogenization
and subsequent reaction at 900°C for 50 h. The products
were ground once again, pressed into pellets at approximately
40000 psi, and sintered at 900 °C for 20 h. This resulted in
~80% of the theoretical density, and the pellets were found
to be phase pure by powder x-ray diffraction. Powders were
handled in a helium glove box prior to sintering.

A single band Wiedemann-Franz relationship was used to
estimate the electronic contribution to the thermal conductivity
kele = Lo T, where the Lorenz number L is taken as the degen-
erate limit (2.44 x 108 W Q K~2). The lattice contribution
was calculated by ki = K — Kele. The assumed value of L
is reasonable considering the metallic conductivity of these
materials, though the multiband nature of these compounds
reduces the validity of this simplified approach (particularly at
the lower doping levels).

III. RESULTS

The coupled structural and magnetic transitions in
BaFe;As, near 137 K are easily observed in the electrical
resistivity (p) data shown in Fig. 1(a). A corresponding feature
is also observed in the Seebeck coefficient [«, Fig. 1(b)]. As
observed, p and o change systematically with increasing cobalt
content in Ba(Fe;_,Co, ),As,, and these results are consistent
with the literature.?*

Figure 1(c) shows the measured thermal conductivity of
Ba(Fe;_,Co,),As, single crystals (in-plane «,;), as well
as the estimated electronic contribution ... As inferred
from the small values of k.., the lattice contribution is a
significant portion of the total thermal conductivity. There is
no significant change in the temperature dependence of «,;
in the parent BaFe;As; at the structural/magnetic transition.
Figure 2 compares «,, in a single crystal to « in polycrystalline
BaFe,As;, and a clear anomaly is observed in «(7T') for the
polycrystalline sample at the structural/magnetic transition.
We note that no anomalies were observed in «(7") for poly-
crystalline Ba(Fe 95Cog 0s5)2As,, which possessed Tp ~ 80 K
and T, 509, = 21.5 K (not shown).

Figure 3 emphasizes the behavior of ¥ and p near 7,. As
shown, « clearly increases upon cooling below 7, for the
nearly optimally doped sample (x = 0.075) with T, onset =
24.8 K, as well as for the slightly underdoped sample with
x =0.049 and T, opset = 21.6 K. A small increase in « is
observed for the overdoped x = 0.11 below T, onset = 14.8 K,
and there is a small change in the temperature dependence
of k below T, for the underdoped sample with x = 0.043
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FIG. 1. (Color online) The in-plane (a) electrical resistiv-
ity, (b) Seebeck coefficient, and (c) thermal conductivity of
Ba(Fe;_,Co,),As, single crystals along with the estimated electronic
contribution k... The low temperature data are highlighted in Fig. 3.

and T onset = 17.7 K. We emphasize that the underdoped
sample x = 0.049 is a special case, because this composition
undergoes the structural/magnetic transitions well above T,
but « still increases sharply below 7.

IV. DISCUSSION

We first consider the decrease in the electrical resistivity
p below Tspw in the parent BaFe,As,. This behavior is
relatively common across magnetic transitions, where spin
fluctuations above the transition temperature cause an increase
in charge carrier scattering and thus a larger electrical
resistivity. Similarly, spin fluctuations can scatter heat carriers
(electrons, phonons, spin waves, quasiparticles). For instance,
the interactions of spin fluctuations and phonons have been
nicely shown in YMnO3 and Y3Fes0,,**¢ and may explain
the anisotropic « observed in CrSb,.*’

As shown in Fig. 2, the electronic contribution k. and
the lattice thermal conductivity «j, increase upon cooling
below Tspw in polycrystalline BaFe,As,. The increase in
Kele 1S easily understood in terms of the change in p(T)
due to reduced scattering below Tspw. For ki, we observe
a much weaker temperature dependence above Tspw, which
indicates the presence of an additional scattering mechanism
above Tspw. This change in «(7T) was also observed in
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FIG. 2. (Color online) A comparison of the thermal transport
data for polycrystalline and single crystalline (x,,) BaFe,As,, with
the (a) total, (b) lattice, and (c) electronic components of the thermal
conductivity shown.
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FIG. 3. (Color online) The in-plane thermal conductivity and
electrical resistivity of Ba(Fe;_,Co,),As; single crystals at low
temperatures highlighting the behavior around 7.
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polycrystalline samples of undoped LnFeAsO (Ln = La to
Nd) at the combined magnetic/structural transition.***° These
changes in scattering can be understood in terms of a reduction
in spin or structural fluctuations below the phase transition.

The increase in « upon cooling through Tspw in polycrys-
talline BaFe,;As; but not in «,, of a single crystal reveals
an anisotropy that suggests magnetic excitations above Tspw
strongly scatter heat carriers with momentum along the ¢ axis
in BaFe,As;. In single crystalline BaFe,;As;, o./pqp 1S always
greater than unity but decreases below Tspw.>’ Together with
the current results, it seems that spin fluctuations do indeed
strongly scatter electrons/holes and phonons in BaFe,As, trav-
eling along c. These observations may be related to anisotropy
in the magnetic excitation spectrum. In the paramagnetic
state, BaFe, As; is characterized by uncorrelated out-of-plane
spins with a broad magnetic scattering intensity.'® Below
Tspw, the excitations are three dimensional but anisotropic,
with in-plane spin-wave velocities (v,, ~ 280 meV A) larger
than along the ¢ axis (v, ~ 57 meV A).'® In addition, the
spin gap is larger for in-plane excitations (19 meV) than
out-of-plane excitations (*12 meV).'? The evolution of the
magnetic excitations and inferred anisotropy with doping is
quite interesting, and highlights the sensitivity of « to changes
in the magnetic excitation spectrum in these materials.

We now focus on the behavior of «,, in single crystals
that display superconductivity. Perhaps the best way to
characterize/identify these samples is through their transition
temperatures, which are shown in Table I. Underdoped samples
possess an increase in p(7") upon cooling through the structural
transition at T, while optimal- or overdoped samples do not
experience the structural distortion.

One clear trend observed in Figs. 1 and 3 is that all
superconducting samples have suppressed « at low T relative
to the parent or the heavily overdoped composition (x = 0.20).
This is additional evidence that scattering by spin fluctuations
is important in the superconducting compositions, because
these two nonsuperconducting compositions do not possess
low-energy spin fluctuations at low 7. The lack of low-
energy spin fluctuations in BaFe,As, is due to the formation
of a ~10 meV spin gap below Tspw.'® For the heavily
overdoped x = 0.20 crystal, the magnetic excitation spectrum
is fundamentally changed due to the lack of electron/hole
nesting at this high electron concentration, which leads to a
drastic suppression of spin fluctuations.*’

As observed in Fig. 3, « clearly increases below T, in the
nearly optimally doped samples (x = 0.049 and x = 0.075).
The change in « is much less significant in underdoped x =
0.043 and overdoped x = 0.11, though slight enhancements
in « can be inferred through changes in the temperature
dependence.

To highlight the behavior below T, the data are normalized
and plotted in Fig. 4. A slight increase in « below 7, can
be observed for x =0.11 in Fig. 4(b). This behavior is
more readily observed in the plot of x/T [Fig. 4(c)], where
the relative increase in «/T can be observed for x = 0.11
below ~0.857T.. The relative increase in «/7 is smaller for
x = 0.043, though a slight increase in «/T can be observed
below approximately 0.757,. There is clearly a large difference
in the behavior of «(7T) between x = 0.049 and x = 0.043,
despite a relatively small change in 7, (or composition). In
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FIG. 4. (Color online) (a) The thermal conductivity (k,,) of
Ba(Fe,_,Co,),As, normalized to «,,(7; 50%); (b) the in-plane «/T
data are normalized to the values of this quantity at 7. 5.

summary, all samples show at least a small, relative increase
in « as observed through « /T or the temperature dependence
of . The relative increase does not trend with 7., however, as
exemplified by the smaller enhancement in x for underdoped
x = 0.043 as opposed to overdoped x = 0.11.

As shown in Fig. 2, both the lattice and electronic compo-
nents of k¥ can be influenced by spin fluctuations in BaFe;As;
materials. Righi-Leduc measurements (thermal Hall effect)
have shown that «.e increases rapidly below 7, in optimally
doped Ba(Fe;_,Co,)>As,° and K-doped Ba;_, K, Fe,As,,”>!
and similar results were shown for the high temperature super-
conductor YBa,Cu307.* These measurements also reveal a
small increase in the lattice component x,¢, though the increase
in k¢ below T, is much more signiﬁcant.7 Therefore, it would
be possible for the relative change in « to be significantly
suppressed if keje Wwere much less than k.. As such, the relative
contributions of x.. are plotted in Fig. 5. The ratio of ke /k is
similar for x = 0.049 and x = 0.043 near T, yet the crystal
with x = 0.049 has a much larger k enhancement below T,
than is observed for x = 0.043. In addition, «¢/k is larger
for x = 0.11 than for x = 0.049, though the relative increase
in « is much larger for x = 0.049 compared to x = 0.11. The
variation of the relative enhancements in «(7) below T, is
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FIG. 5. (Color online) The relative importance of the (in-plane)
electronic contribution «.. in Ba(Fe;_,Co,),As, at low 7.

therefore not an artifact induced by the relative contributions
of Kele.

The experimental data can be explained by relatively simple
scattering considerations: Low-energy magnetic excitations
scatter heat carriers, and thus the formation of a gap in the
magnetic excitation spectrum eliminates a scattering source
and results in a relative increase in «. It is important to stress
that this line of reasoning is valid regardless of whether or not
the dominant heat carriers are electrons or phonons, though
in this case the current literature suggests the enhanced «
mostly originates in k. For optimally doped and overdoped
samples, where long range magnetic order does not occur, the
formation of a superconductivity-induced spin gap results in
an increase in «(7T") below T,.. The magnitude of the spin gap
is expected to decrease with increasing cobalt concentration
above the optimal doping, as does the strength of the spin
fluctuations,’> which explains the smaller enhancement of «
for x = 0.11 relative to x = 0.075. The nature of the spin gap
is more complicated in underdoped Ba(Fe;_,Co, ),As;, which
becomes superconducting from a magnetically ordered state
and coexistence of the two states occurs for particular (x,7').

For small cobalt concentrations, the magnetic excitation
spectrum in the magnetically ordered state likely remains
similar to that in the parent composition, which is characterized
by a well-defined spin gap of ~10 meV.'® As the cobalt
concentration increases, however, the spin gap is either lost
or strongly broadened, and the magnetic spectrum evolves to
be similar to that in the paramagnetic phase.*> Tucker and
colleagues studied a crystal with x = 0.047, Tp ~ 60 K and
Tspw = 47 K and found that it did not possess a well-defined
spin gap for T, < T < Tspw.** This explains the lack of an
increase in k,p at Tspw for x = 0.043 and x = 0.049, as well
as the smooth «(7T') observed in the polycrystalline sample
with x = 0.05.

In addition to changes in the formation of a spin gap below
Tspw, the magnetic excitations become more short range and
two dimensional with cobalt doping.*>3%? For compositions
that have long-range AFM order, the resonance has a more
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dispersive behavior along ¢ similar to that of the spin waves
in the SDW state.>> The changes in the dimensionality of
the magnetic excitation spectrum are manifested in changes
in the anisotropy of «(7'), which is inferred from differences
between k,, in single crystals and « in polycrystalline samples.
In the superconducting samples, relative changes/increases
in k,4,(T) are observed at T,. This is due to the formation
(below T.) of a gap in the magnetic excitation spectrum,
which is highly two dimensional. The excitation spectrum is
known to be more three dimensional for undoped BaFe,As,,
though, and «,,(7T') is not influenced by the formation of a spin
gap. In polycrystalline BaFe,As,, however, «(T) is clearly
influenced by the SDW/structural transition. This reveals that
the transition to a more two-dimensional magnetic spectrum
upon doping leads to greater interaction with heat carriers
traveling in the ab plane. This is one reason the relative
change in k,, below T, is small for underdoped x = 0.043,
while another contributing factor is that the spin gap is not
well-defined and does not change significantly below T, for
underdoped compositions.33+?

The potential role of structural/nematic fluctuations
warrants discussion. Local magnetic fluctuations couple to
the lattice causing a local orthorhombic distortion (nematic
fluctuation).”* These fluctuations exist in all compositions
for T greater than the structural transition temperature T
or superconducting transition 7,, whichever is greater.>* The
influence of these nematic fluctuations is readily observed
through changes in the elastic constants and in-plane resistivity
anisotropy.>>>’ It may therefore seem reasonable that the
loss of nematic fluctuations leads to a relative rise in « at 7.
However, nematic fluctuations would be frozen out at Tp ~
50 K for x =0.049, but a strong increase in «(7T) is
observed below T, for this sample. Furthermore, no changes
in «x(T) were observed across the structural transition
in any underdoped sample. Therefore, scattering from
nematic/structural fluctuations is most likely not responsible
for the observed trends in « (7).

In summary, we have examined «(7') in the vicinity of the
phase transitions in Ba(Fe;_,Co,),As,. The behavior of «(T')
across the magnetic and superconducting transitions can be
understood by considering changes in scattering due to the
evolution of the magnetic excitation spectrum with composi-
tion and temperature. In nearly optimally doped or overdoped
samples, «(T) increases below 7, due to the formation of a gap
in the excitation spectrum. In underdoped compositions, only
a small change in « can be observed below T, because super-
conductivity emerges from a magnetically ordered state char-
acterized by a weak spin gap that does not change significantly
at T,.. In addition, the evolving dimensionality of the magnetic
excitation spectrum has been revealed through differences
between «,;,(T) in single crystals and «(T') for polycrystalline
materials. In BaFe,As,, the excitations are three dimensional
and «,p is not influenced by the phase transition, whereas
an increase in « for polycrystalline BaFe,As, is observed.
In the optimally doped composition, however, the excitations
are two dimensional and «,; increases rapidly below the su-
perconducting transition. This detailed understanding of «(7")
is made possible by the large amount of information already
obtained through inelastic neutron scattering studies. These
results demonstrate, though, that the behavior of «(7') near 7,
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may provide significant insight into the relative importance
and/or nature of magnetic fluctuations. As such, investigating
k near T, is potentially useful in the screening of novel
superconductors for unconventional pairing mechanisms.
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