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Signatures of quantum criticality in hole-doped and chemically pressurized EuFe,As, single crystals
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We study the effect of hole doping and chemical pressure (isovalent doping) in single crystals of K, Eu;_, Fe,As,
and EuFe,(As,_,P,),, respectively, by measuring the thermopower, S(7'), and electrical resistivity, o(T). The
evolution of S(7") upon doping indicates drastic changes in the electronic configuration at critical values x,, = 0.3

and y,, = 0.21, respectively, as the spin-density-wave transition is completely suppressed and superconductivity
(SC) emerges. For the case of chemical pressure, a comparison with published ARPES measurements indicates
a Lifshitz transition at y... The temperature dependences S(7")/T o log T and Ap o T observed in the normal
state above the SC transition suggest quantum criticality in both systems.

DOLI: 10.1103/PhysRevB.85.024511

I. INTRODUCTION

Unconventional superconductivity (SC) often occurs in
systems with multiple competing phases and fluctuations.’
In particular, it has been demonstrated for heavy-fermion
metals that SC is maximal at the point where long-range
magnetic order disappears.”? Such a quantum critical point
(QCP) leads to strong magnetic fluctuations in its vicinity
in the phase diagram, which may act as glue for uncon-
ventional SC. It is therefore very important to characterize
quantum critical behavior in the normal state of unconventional
superconductors.

In this paper, we focus on a possible QCP in the vicinity
of the SC phase of the iron pnictide EuFe,As;.> This
system belongs to the so-called “122” family of the recently
discovered iron pnictides: MFe,As, (M = divalent alkaline
earth or rare earth metal: Ca, Sr, Ba, and Eu). In order to
induce SC in this compound, the spin-density-wave (SDW)—
type antiferromagnetic (AF) ordering of FeAs layers with
Tspw = 189 K needs to be suppressed. This can generally
be achieved in two ways: application of external pressure
or chemical substitution of either K or Na to the Eu site
(hole doping) or P to the As site (isovalent substitution).>~’
The suppression of the AF order occurs continuously, thus
the system is a candidate for a potential QCP. Due to the
localized 4 f moments of the Eu atoms, the system is the only
122 compound that features a second magnetic sublattice.
The corresponding Eu?>* moments order AF around 19K.
However, the coupling between the two magnetic sublattices is
weak.5?

The 122-type iron pnictides feature a complex fermiology,
consisting of three hole-like Fermi surfaces (h-FSs) at the
center of the first Brillouin zone [I' point; k = (0,0)] and
two electron-like Fermi surfaces (e-FSs) at the corner [M
point; k = (;r,7)]. The two e-FSs and the two inner h-FSs
are basically two-dimensional (2D), while the outer /-FS has
a more three-dimensional (3D) character due to a stronger
dispersion along k_.!%"'2 The SDW ordering takes place along
the nesting vector Q,, in the I'-M direction. Upon hole doping,
the h-FSs expand, while the e-FSs shrink along the k.k,
plane. This leads to a weakening of the nesting condition
and hence to a suppression of the SDW ordering. On the
other hand, the isovalent substitution of As with the smaller
P leads to a substantial reduction in the unit-cell volume.
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Recent angle-resolved photoemission spectroscopy (ARPES)
measurements on EuFe, (As;_, P, ), showed that the e-FSs stay
almost unchanged, while the 4-FSs become more 3D, because
P substitution leads to a drastic reduction in the c¢/a ratio,!?
enhancing the dispersion along k..'* The stronger warping of
the A#-FSs breaks the nesting condition and eventually leads
to SC.1°

In the case of iron pnictides, a possible QCP is hidden
by SC and therefore indications of quantum critical behavior
are limited to temperatures above 7. ~ 35 K. Since the
specific heat at this temperatures is highly dominated by the
phonon contribution and (in our case) the contribution of
Eu?* moments, it is not possible to analyze non-Fermi-liquid
(NFL) behavior in this property. Instead, we focus on the
thermoelectric power, S(7), which has recently been shown
to be a very sensitive probe of quantum criticality.'® While
thermopower divided by temperature, S(7)/T, is constant
for a Landau Fermi liquid, a logarithmic divergence, S/T
log T, is expected in the quantum critical regime for a 2D
SDW QCP.'® Note that these temperature dependences are
similar to those expected for the specific heat coefficient C/T.
Furthermore, we analyze the temperature dependence of the
electrical resistivity, for which the same model predicts a linear
temperature dependence,'” in sharp contrast to the 72 behavior
characteristic for Landau Fermi liquids.

The paper is organized as follows: Sec. II provides
information on the single-crystal synthesis and characteri-
zation, while thermopower and electrical resistivity results
on K Eu;_,Fe;As, and EuFe;(As;_,P,), are discussed in
Sec. Il A and III B, respectively. This is the first study on
single crystals of a former hole-doped system, while the phase
diagram for isovalent P substitution has been determined on
single crystals previously.!>!8

II. METHODS

A series of K, Eu;_,Fe,As; single crystals was synthesized
using the self-flux method, in which the crystals grow out of an
FeAs flux. In the first step, precursors of FeAs and KAs were
synthesized using simple solid-state reactions. Stoichiometric
amounts of the respective starting elements (Fe, 99.998%;
As, 99.999%; K, 99.95%) were placed in an Al,O3 crucible,
which was then sealed in a Ta crucible under an argon
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atmosphere. The FeAs batch was heated to 600°C at the rate
of 100°C/h for 10 h, followed by heating to a temperature of
700°C at the rate of 50°C/h for 20 h, and was then quickly
(250°C/h) cooled to room temperature. The KAs batch was
slowly heated to 700°C at the rate of 25°C/h and kept there
for 6 h, after which it was also cooled to room temperature
quickly.

Stoichiometric amounts (as for a 1:4:4 compound) of FeAs,
KAs, and Fe powder were thoroughly mixed with small
pieces of Eu (99.99%) and then sealed as described above.
All steps had to be carried out under an argon atmosphere
to prevent the highly reactive materials KAs and Eu from
reacting with the air. Single crystals of K,Eu;_,Fe,As, were
then grown by heating the batches under various temperature
profiles. The most successful one regarding the composition
and size of the crystals was as follows: heating at a rate of
50°C/h to 1100°C, maintenance of this temperature for a
total of approximately 4 h, followed by actual growth, caused
by decreasing the temperature at a rate of 3°C/h down to
900°C. Afterward the temperature was quickly reduced to
room temperature. Using this method we were able to grow
large plate-like single crystals with a typical dimension of
4 x 3 mm? in the ab plane. Single crystals of EuFe,As,
and EuFe;(As;_,P,), were grown using a Bridgman
method %13

Structural characterization of the obtained single crystals
was done by Laue diffraction and powder x-ray diffraction.
The Laue method confirmed the single-crystalline character
of the samples. The diffraction patterns of all investigated
crystals could be indexed using the ThCr,Si, tetragonal-type
structure (space group: I4/mmm). Some samples exhibited
a small amount of Fe,As impurity phase. This amount was
estimated to be less than 4%. Chemically the crystals were
characterized with a scanning electron microscope equipped
with energy-dispersive x-ray analysis on the freshly cleaved
surfaces. The inhomogeneity within the ab plane was found to
be around 1%. However, we found interlayer inhomogeneities
along the ¢ axis which could become substantial (<15%).
Therefore, the crystals were chosen very carefully and cleaved
as thin as possible in order to reduce the error due to
these interlayer inhomogeneities. Further characterization was
performed by measuring the specific heat and the magnetic
susceptibility of the specimens.

In general, we found that doping the Eu site with K was
very difficult, probably due to the very different chemical
properties of Eu and K. The potassium tends to leave
the Al,O5; crucible and reacts with the tantalum. Even
an excess of 2 times the nominal value had almost no
effect on the concentration of measured crystals. There-
fore, the measured doping concentrations did not exceed
x = 0.52.

Electrical resistivity, specific heat, magnetic susceptibil-
ity, and thermoelectric power were measured by standard
Quantum Design PPMS and MPMS systems. The contacts
for thermopower measurements were made with ordinary
copper wires and a two-component epoxy, which was cured
at a temperature of 150°C for 10 min in an open furnace.
The contact resistance was usually found to be less than
1 Q. Samples were then mounted on the measurement
puck in a standard four-probe configuration, as described
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in the Thermal Transport Option User’s Manual of the
PPMS."

III. RESULTS
A. Kx Elll_Jr Fe2A52

Figure 1 displays the phase diagram of K,Eu,_,Fe,As; as
obtained from electrical resistivity and magnetic susceptibility
measurements on various different single crystals. Both Tspw,
due to Fe magnetic ordering, and Ty, due to Eu magnetic order-
ing, lead to changes in the slope of p(T') [cf. Fig. 3(a)], similar
to the previous findings with polycrystalline samples.> As in
other iron pnictides, the SDW transition is accompanied by a
structural lattice distortion, which changes the crystal structure
from tetragonal to orthorhombic (space group: Cmma). We
could not resolve any splitting of these transitions in our
experiments. With doping, the SDW order is continuously
suppressed down to approximately Tspw ~ 160 K, where it
eventually vanishes, suggesting that the SDW state might
be limited to the Eu-rich region of the phase diagram. For
x > 0.3, the SDW transition is completely suppressed and SC
develops with a maximal 7, &~ 34 K near x = 0.5. Magnetic
susceptibility data shown in Fig. 2 provide evidence for bulk
SC in this concentration regime. We note that the broad
resistive transition at x = 0.22 (cf. Fig. 3) is probably not
due to bulk SC but, rather, due to a minor volume fraction
of higher x (see Sec. II), which has a negligible influence on
the normal state properties. The data in Fig. 2 also indicate at
least a partial AF ordering of diluted Eu>* moments within the
SC state. When the optimal doping is exceeded, 7 seems to
decrease again. It is probable that SC is not fully suppressed
with further doping, since the end member of this doping
series KFe,As, shows SC, with a transition temperature of
T,=34K2>*
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FIG. 1. (Color online) Phase diagram for K,Eu;_,Fe,As; as a
function of x. Filled (black) circles represent phase transition tem-
peratures obtained from resistivity measurements, while transition
temperatures [open (blue) circles] are derived from susceptibility
measurements. Solid lines act as guides for the eye, and dashed lines
are extrapolations using the available experimental data.
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FIG. 2. Magnetic susceptibility of K,Eu,_,Fe,As, with x =
0.51 vs temperature. Filled and open circles represent data obtained
in a field of 50 Oe during field-cooled (FC) and zero-field-cooled
(ZFC) measurements. Inset: FC data at low temperatures. Upward-
and downward-pointing arrows mark 7, and Ty, respectively.

1. Analysis of electrical resistivity

The power-law behavior of the resistivity data for various
compositions was analyzed systematically, using a three-
parameter fit function, p(T) = po + AT", to extract the
effective exponent, n. Figure 3(a) shows the resistivity data
for some selected compositions. The validity of the fit is
shown by the dashed lines. The resistivity exponent as a
function of doping is shown in Fig. 3(b). With increasing
K doping, n decreases linearly until it reaches a minimum
value of 1 at x = 0.51. The exponent then starts to increases
again with further doping. Such NFL behavior with exponent
n = 1 would be compatible with a 2D SDW QCP. Very similar
behavior has previously been found in K-doped SrFe;As;
polycrystals.?!
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FIG. 3. (Color online) (a) Electrical resistivity po(T")/p(290 K)
vs temperature for various K,Eu,_,Fe,As, single crystals. Note,
that the data are offset by 0.3, respectively. Dashed lines indicate
p(T) = po + AT" dependence. (b) Derived evolution of the exponent
n VS X.
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2. Thermoelectric power

The thermoelectric power S is usually the sum of the drift
thermopower Sgir—Wwhich is caused by charge separation due
to a thermal gradient—and the phonon drag thermopower
Sarag—Wwhich has its origin in the electron-phonon interaction.
Sarag Ccan be either a positive or a negative contribution to
the total thermopower, depending on various factors such
as the fermiology, distance of the FS to the Brillouin zone
boundary, dominating scattering process (normal process,
Umklapp process), etc.?>?3

Figure 4 depicts the thermopower measurements as a
function of temperature for several doping compositions. At
high temperatures the thermoelectric power of the parent
compound EuFe,As; exhibits a roughly constant positive
value of approximately 7uV/K. This might indicate that the
dominant carriers are hole-like in this temperature range.
However, the investigated compound is a multiband system
which consists of three hole-like Fermi surfaces at the I point
and two electron-like FSs at the M point. The thermopower
is therefore composed of different contributions from all these
bands, making a general statement difficult. Nevertheless,
this interpretation seems to be supported by Hall effect
measurements, which show a positive Hall coefficient above
190K.>* Approaching the SDW transition S(T) exhibits a
strong increase leading to a pronounced maximum, peaking
around 150 K. A similar signature has previously been found,
e.g., in the Ca-122 system.”> At temperatures below 50 K
the thermopower crosses over to negative values and exhibits
a minimum, which is centered around the Néel temperature
of the system. However, this feature is also present in
other systems (Ba-122, Sr-122, Cs-122, K-122, and even
La-1111)?°3% and can therefore not be related to the ordering
of the Eu?* moments. Using the reported Debye temperatures
®p of the various systems, we find that the temperature at
which the minimum in S is found corresponds to ®p /6. This
value is well within the limits for a phonon drag peak (®p/5,
©p/10).222* We therefore propose that the observed feature
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FIG. 4. (Color online) Thermoelectric power S vs temperature
for various K,Eu,_,Fe,As, single crystals. The dashed line marks
S=0.
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is attributed to a negative Sgne contribution, which greatly
decreases the value of S(7') below 150 K and leads to the
observed minimum around 20 K.

The size of the thermoelectric power at room temperature
increases monotonically with increasing K doping and reaches
large values, of the order of 25 wV/K. Qualitatively, the
increase in S with increasing hole doping is expected in a
simple rigid band picture. Such behavior in the evolution of
the band structure is already known for hole-doped Ba-122
and Sr-122.15 On the other hand, band structure calculations
for the K,Ba;_,Fe;As, system have questioned the rigid
band model, indicating that the main effect of doping is a
change in the relative sizes of the FSs as a consequence of the
change in As height with doping.?! At the same time, the peak
associated with the SDW transition gets broader, confirming
observations in resistivity measurements, where the SDW
transitionin a dp/dT plot broadened with doping (not shown).
The maximum value of the thermopower, Syax(x), increases
rapidly with hole doping and peaks at the critical composition
X = 0.3, as shown in Fig. 5(a). With further doping, Spax
decreases. A similar behavior has been found in K-doped Sr-
122 polycrystals.3> The thermopower at fixed temperatures as
a function of the control parameter, S(x)|7—const, also exhibits
an anomalous behavior at the same composition [Fig. 5(b)].
Similar signatures have recently been observed in Co- and
Ru-doped BaFe,As,.>? The signatures at x., = 0.3, i.e., at the
composition where the SDW order is fully suppressed and
SC emerges (cf. Fig. 1), indicate significant changes in the
electronic structure of the system.

We now focus on the indications of quantum criticality in
the temperature dependence of the thermoelectric power. As
shown in Fig. 6, the x = 0.44 sample, which is located close
to the optimum concentration for SC, displays a logarithmic
divergence in S/ T over a substantial temperature range. Sim-
ilar behavior was observed in K-doped Sr-122 polycrystals.”!
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FIG. 5. (Color online) (a) Maximum values of the thermoelectric
power S vs K concentration derived from various K,Eu,_,Fe,As,
single crystals. (b) S vs K concentration for several temperatures.
The dashed line in (a) acts as a guide for the eye, while in (b) it shows
the critical composition x., = 0.3.
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FIG. 6. (Color online) Thermoelectric power divided by temper-
ature S/ T vs temperature (on a logarithmic scale) for various single
crystals of K,Eu,_,Fe,As,. The dashed line acts as a guide for the
eye.

B. EuFe;(As;_,P,),

The phase diagram of EuFe;(As;_,P,), has previously
been determined by resistivity, magnetic susceptibility, and
specific heat measurements.'?> Remarkably, SC is confined
to a very narrow regime (0.16 < y < 0.22), beyond which
a ferromagnetic Eu>* ordering acts detrimentally. Below, we
focus on thermoelectric power measurements on similar single
crystals. As shown in Fig. 7, the evolution of S(T) is distinctly
different from that found for K, Eu;_,Fe,As,.

At room temperature, S decreases with increasing P
substitution and changes sign at y = 0.21. In an oversimplified
picture this would indicate a shift from holes to electrons as the
dominant carrier type. Samples with y > 0.21 show a negative
thermopower over the whole temperature range below 300 K,
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FIG. 7. (Color online) Thermoelectric power S vs temperature
for various EuFe,(As;_,Py), single crystals. The dashed line marks
S = 0, while the arrow indicates the increase in P concentration.
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FIG. 8. (Color online) Thermoelectric power S vs P concentration
derived from various single crystals of EuFe,(As;_,P,),. The dashed
line indicates the critical composition y., = 0.21.

with a broad minimum at lower temperatures. The crossover
from positive to negative values leads to distinct sign changes
in the y = 0.055 crystal, for which Tspw is reduced to about
150 K.

The evolution of the thermopower with P substitution, plot-
ted in Fig. 8, indicates a distinct signature at y., = 0.21. This is
close to the concentration at which SC is suppressed.'? At this
composition, ARPES measurements from Thirupathaiah et al.
also revealed a Lifshitz transition related to the vanishing of
the inner /-FS at the T point.'* Recently, Liu et al. proposed
that a necessary condition for SC in Co-doped Ba-122 is a
nonreconstructed central hole pocket, rather than a perfect
nesting condition between the central and the corner pockets.>*
Our data seem to be in agreement with this proposal.

Finally, we address signatures of NFL behavior in the
thermopower and electrical resistivity. Similar to the case of
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FIG. 9. (Color online) Thermoelectric power divided by temper-
ature S/ T vs temperature (on a logarithmic scale) for various single
crystals of EuFe;(As;_,P,),. Dashed lines act as a guide for the eye,
while the arrow indicates the increase in P concentration.
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FIG. 10. Electrical resistivity p(7T)/p(300 K) vs temperature for
two single crystals of EuFe,(As;_,P,), (data from Ref. 13). Lines
indicate p(T) = po + AT" dependence. Inset: Evolution of the
exponent n(y) for various EuFe,(As;_,P,), single crystals.

the hole-doped system, the temperature dependence of S/ T
also indicates a substantial regime (approximately one decade
in T) for which a logarithmic divergence is observed (cf.
dashed lines in Fig. 9). Most singular behavior (even weak
power-law divergence) is found at low P concentrations, while
with increasing y, the increase in —S/T upon cooling is
weaker, suggesting that the QCP is located close to y., = 0.21.

Similarly to the hole-doped system, the electrical resistivity
data on P-substituted single crystals from Ref. 13 could also
be described by a power-law function, o(T) = pg + AT",
at temperatures between 30 and 120 K (cf. Fig. 10), with
exponent n < 2 indicative of NFL behavior. The evolution
of n(y) displays a clear minimum at y =~ (0.2, providing
additional evidence for a QCP close to y.,. Interestingly, the
minimal value of the resistivity exponent is about 1.25, which
is significantly higher than the n = 1 found for the case of
hole-doped Kg sEug sFe;As,. This may suggest that the critical
magnetic fluctuations likely responsible for these NFL effects
are less 2D (more isotropic) in the P-substituted case.

IV. CONCLUSION

‘We have grown, for the first time, single crystals of the series
K.Eu;_,Fe;As; and investigated their bulk properties, with
particular emphasis on changes in the electronic structure and
possible indications for quantum criticality. With increasing
hole doping, the thermopower at room temperature increases
monotonically toward very large values. The electrical re-
sistivity data suggest NFL behavior near x = (0.5. This is
supported by the observation of a logarithmic divergence in
the thermoelectric power coefficient S/ 7. Similar indications
are also found in single crystals of EuFe,(As;_,P,),. Here,
the P substitution acts as chemical pressure and suppresses
the nesting properties of the FS by pushing the dimension-
ality of the band structure toward 3D. With increasing y,
the thermoelectric power becomes negative and displays a
pronounced minimum at low temperatures. We associate this
minimum, which is also present in other iron pnictide systems
at the respective Debye temperatures, with a large phonon drag
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contribution. Furthermore, we observe a distinct signature in
the thermopower evolution at y.,, = 0.21. A comparison with
previous ARPES measurements'# indicates that this signature
is related to a Lifshitz transition, due to the disappearance of
the inner hole FS at the I' point. This change occurs at the
same concentration at which SC is suppressed. Therefore, our
findings seem to be in agreement with the proposal by Liu et al.
that a necessary condition for SC might be a nonreconstructed
central hole pocket, rather than a perfect nesting between

PHYSICAL REVIEW B 85, 024511 (2012)

the central and the corner pockets.>* In order to draw a
similar conclusion for the K-doped system, further investi-
gations of its electronic structure are necessary; accordingly,
ARPES measurements on our single crystals are already in
progress.
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