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Single crystals of Ba,_,Eu,Fe,As, were studied by magnetic susceptibility, heat capacity, resistivity, and
electron spin resonance (ESR) measurements. Spin-density wave (at Tspw) and antiferromagnetic (at Ty ) phase
transitions were mapped as a function of x. For x > 0.2, we found a single Eu?>* ESR Dysonian line that presents
an isotropic linear increase (Korringa) of its linewidth (A H) above Tspw which systematically decreases with
decreasing x. In contrast, for a critical concentration x. (0.10 < x. < 0.20), AH decreases with increasing
T, suggesting a distinct relaxation process that we associate with a Eu>* Kondo single impurity regime. The
Korringa rate suppression towards the Ba-rich compounds is claimed to be due to the reduction of the ¢g-dependent
exchange interaction between the Eu?* f electrons and the conduction electrons, which is likely associated with
an increasing of localization of Fe d electrons. This result may help the understanding of the SDW phase
suppression (that can lead to superconductivity) in this class of materials.

DOLI: 10.1103/PhysRevB.86.165131

I. INTRODUCTION

The Fe-based superconductors RFeAsO (R = La-Gd) and
AFe;As; (A = Ba,Sr,Ca,Eu) have been a topic of intense
scientific investigation since their discovery."” Particularly
interesting is the fact that superconductivity (SC) can be
found in both FeAs-based systems with comparable critical
temperatures despite the fact that one class is an oxide family
and the other is an intermetallic system.? The latter crystallizes
in the tetragonal ThCr,Si,-type structure (I 4/mmm) and
exhibits a structural distortion accompanied by a spin-density
wave (SDW) phase transition (100 K < Tspw < 200 K). It is
remarkable that this SDW phase can be tuned towards a SC
state by doping and applied pressure. However, a microscopic
understanding of the interplay between SDW and SC is still
an open question that strongly motivates further research on
these materials. In this regard, microscopic spin probes that
can directly study the spin dynamics of SDW and SC phases
are highly desirable.

Electron spin resonance (ESR) is a powerful spin probe
that has been used to study the spin dynamics in these
compounds. However, up to date, the ESR experiments have
been focused on Eu-based samples far from the diluted regime.
For instance, Eu** ESR data in EuFe,As, single crystals
indicate a spatial confinement of the conduction electrons
(ce) to the FeAs layers below Tspw due to the change in
the ESR linewidth from a typical metallic behavior (i.e., a
linear Korringa-type increase*) above TTspw to a magnetic
insulating behavior, where dipolar and crystalline electrical
field effects dominate.’ In hole doped Eug 5K sFe, As,, where
the SDW phase is completely suppressed and SC arises for
T < 32 K, a Korringa increase also occurs for T> T..° For
the electron doped EuFe,_,Co, As,, the Korringa rate (KR),
Tspw, and T, scale with x.” A recent report on polycrystalline
EuFe,_,Co,As; also shows a KR decreasing with Co doping.8
However, in the Eu-concentrated compounds, the Eu>*-Eu?*+
spin interaction always represents an important contribution to
the ESR data and to the global properties of the compounds.
Therefore, it is crucial to extrapolate such studies to a Eu?t
diluted regime in a host compound of great interest. BaFe,As,
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is an obvious choice since it presents Tspw = 140 K and SC
can be tuned by pressure and doping. In fact, the highest
SC T, within the AFe,As, series is found in (Ba,K)Fe,As,
(38 K).210

II. EXPERIMENTAL DETAILS

We report a systematic study of flux grown
Ba;_,Eu,FesAsy;  (Xnomina = 0.01,0.1,0.2,0.3,0.5,0.7,0.9,
1.0) by means of magnetic susceptibility, heat capacity,
resistivity, and ESR experiments. To increase signal to noise
ratio, mainly larger Sn-flux crystals were used in the ESR
experiments.'! Selected concentrations were also grown from
In and self(FeAs)-fluxes.'*!® The crystals were checked by
x-ray powder diffraction and submitted to elemental analysis
using a commercial energy dispersive spectroscopy (EDS)
microprobe. As previously reported, the Sn-flux crystals were
found to have a small amount of Sn incorporation varying
from 0.1 to 1.0 at. % along the series.'* No In incorporation
was detected in the In-flux crystals. From the EDS analysis
we also extracted the actual Eu-x that are used throughout the
text. The in-plane resistivity was measured using a four-probe
method. Specific heat data were taken in a commercial
small-mass calorimeter and the magnetization data was
collected using a superconducting quantum interference
device (SQUID) magnetometer. X-band (v = 9.34 GHz) ESR
measurements were performed in a commercial spectrometer
with a continuous He gas-flow cryostat.

III. RESULTS AND DISCUSSION

To better illustrate the evolution of the physical properties
along the series, we present the data of four representative Eu
concentrations. Figure 1(a) displays the 7' dependence of the
specific heat per mole divided by temperature. For x = 0.95,
two sharp peaks indicate both SDW and AFM transitions at 187
and 18 K, respectively, which are slightly down-shifted when
compared to 189 and 19 K in EuFe,As,. As x decreases, Ty
is further suppressed and the lowest detectable 7y = 0.5 K is
obtained for x = 0.55 (inset). Interestingly, even for x < 0.5,
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FIG. 1. (Color online) Physical properties of Ba;_,Eu,Fe,As, .
The inset shows (a) low-T data for x = 0.55, (b) high-T data and
Tspw for x = 0.01, and (c) low-T data upturn for x = 0.10.

where the AFM is no longer present, we observed a rise in
C/T at low-T which is not found for x = 0, indicating that
the Eu?" ions are responsible for it.

Figure 1(b) shows the magnetic susceptibility as a function
of temperature for H = 1 kOe parallel to the ab plane. For
all samples, x(7T') can be fitted to a Curie-Weiss law plus a
T -independent Pauli term, x(7) = xo + C/(T — Ocw) (solid
lines). We obtained xo = 2(1) x 10~3 emu/mol Oe [upper
inset of Fig. 1(b)] and an effective moment p. ~ 8up for
Eu?* ions for all x values. The SDW transition is nearly
undistinguishable in the Eu-rich samples due to the Eu?* large
magnetic contribution but it can be seen as a kink in x (T') for
samples in the Eu-diluted regime [bottom inset of Fig. 1(b)].
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FIG. 2. (Color online) X-band spectra at T = 300 K for H ||ab.

The T dependence of the normalized electrical resistivity is
shown in Fig. 1(c). The room-T value of p(7T") and RRR ration
varies in the range 0.2-0.8 m$2 cm and 0.02-2.8, respectively.
For x > 0.5, a metallic behavior is observed down to Tspw
where a sudden drop can be identified in the curves. For
x < 0.5, p(T) increases at Tspw as typically found for doped
samples in the BaFe,As, systems.’

Figure 2 shows the X-band ESR spectra at T = 300 K
and H ||ab for Ba;_,Eu,Fe,As, single crystals. A single Eu>*
ESR resonance is observed for all x values. The ESR lines for
x > 0.2 have an asymmetric Dysonian character (skin depth
smaller than the sample size'>). However, for x < 0.2, the
spectra clearly becomes more symmetric, consistent with the
fact that BaFe,As; has smaller conductivity than EuFe,As;.
In addition, it is evident that the ESR linewidth (AH) is
much smaller in the Eu-diluted regime, consistent with the
decreasing of the Eu>*- Eu”* spin interaction contribution to
the ESR AH.

From fitting to the resonances using the appropriate admix-
ture of absorption and dispersion (solid lines), we obtained
both AH and g-value T dependence, shown in Fig. 3. In the
Eu-rich extreme, we observe an isotropic linear (Korringa-
type) increase of the AH with increasing-T for T > Tspw.
From linear fits to the AH(T) for T > Tspw and x > 0.2 we
extracted the values of the KR b = AH/AT. It is evident
that b systematically decreases with decreasing x along the
series for x > 0.2. Consistently, the b = 6.3(5) Oe/K found
for the x = 0.95 sample is slightly smaller than the reported
b = 6.5-8.0 Oe/K values for EuFe,As,.>’

However, for x < 0.2 we observe no Korringa behavior.
Instead, AH(T) decreases with increasing T, suggesting a
nontrivial regime clearly distinct from a Fermi liquid. For
x = 0.01 we show in Fig. 3(a) that this intriguing behavior
was found for crystals grown from different fluxes.

Figure 3(b) displays the 7 dependence of the Eu** ESR
g-valuefor T > 200K and H ||ab. As the crystals are very thin
platelets, we use the data for H||ab that allow us to neglect
the demagnetization factors to determine the g-values.'®
As previously reported for EuFe,As,, Eug Ko sFe,As;, and
EuFe,_,Co,As,, we found a T-independent g =~ 2 for the
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FIG. 3. (Coloronline) T dependence of the (a) linewidth A H and
(b) g-value. The data for x = 0.01 (In) and x = 0.01 (FeAs) were
taken in powderized crystals and several small crystals, respectively.

Eu?* ESR lines in Ba;_,Eu,Fe,As, for T > Tspw. In fact,
the high-T Eu?>* g-values are also independent of x. For
the samples with narrower ESR AH (x < 0.20) we were
able to determine with higher precision a g-value of 2.04(2).
This is a more accurate g-value than those published for the
concentrated compounds, which possess a much broader AH.
As it can be seen in Fig. 3(b), the g-value of 2.04(2) is a
reasonable mean g-value for all x in this 7" range. However,
although this is a reasonable approximation it must be taken
cautiously due to the limitations in our analysis for the broader
lines.

From the data in Figs. 1-3, we extracted the phase diagram
in Fig. 4. Both Tspw and Ty decrease with 1 —x and for
x < 0.5 the Eu>* AFM transition in no longer observable.
Interestingly, the decreasing KR follows qualitatively the
suppression of Tspw before it disappears at 0.10 < x. < 0.20.

To gain a microscopic understanding of this evolution, a
detailed analysis of the ESR data is needed. We consider
the simplest scenario for the treatment of the exchange
interaction, Jy,S-s, between a localized Eu?t 4 f electron
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FIG. 4. (Color online) Ba,_,Eu,Fe,As, phase diagram.
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spin (S) and the free ce spins (s) of the host metal, where
“bottleneck”, “dynamic”, electron-electron correlation effects,
g-dependence exchange, and multiple bands effects are not
present.!” Those are reasonable assumptions because when
“dynamic” effects are present the g-values are usually strongly
T dependent and when the bottleneck effect is relevant the
KR decreases with the increasing of the concentration of the
magnetic ions.!” None of these effects are observable in our
ESR data of Fig. 3 in the studied T range.

Therefore, in this simple case, the ESR g-shift (Knight
shift)'® and the Korringa rate'” can be written as

Ag = Jysn(EF) (O
and
d(AH) 7k , ,
:—J E , 2
aT 2 71" (EF) (2)

where J ¢, is the effective exchange interaction between the
Eu”* local moment and the ce in the absence of ce momentum
transfer,”’ n(Er) the “bare” density of states (DOS) for one
spin direction at the Fermi surface (FS), k the Boltzman
constant, u 5 the Bohr magneton, and g the Eu?t g-value. When

Egs. (1) and (2) are applicable, the relation d(dATH ) = ;T];(Ag)z

holds. Using the g-value of Eu?* in insulators as 1.993(2),
(k/gup) = 2.34 x 10* Oe/K and replacing Ag ~ 0.05(2),
we found a b &~ 150(50) Oe/K for the Eu** resonance.”!

That value is much larger than the measured values of b for
x 2 0.20 (see Figs. 3 and 4). Therefore, the approximations
made in Egs. (1) and (2) are not valid for these compounds
and we have to consider a q-dependent exchange interac-
tion, Jy4(q), and perhaps conduction electron-electron (e-e)
correlations.?>?* J ;(q) is the Fourier transform of the spatially
varying exchange.

Considering only the wave-vector dependence of the
exchange interaction, Jr,(q), the exchange parameters in
Eqgs. (1) and (2) become J;,(0) and (Jj%s(q)), respectively. At
the Eu?* site the g shift probes the ce polarization (q = 0) and
the Korringa rate the ce momentum transfer (0 < q < 2kp)
averaged over the FS.?

To evaluate the possible contribution of e-e correlations
in our ESR data, we need to estimate the Pauli magnetic
susceptibility.’>?* The electronic contribution to the heat
capacity for the BaFe;As, compound is reported to be
y =16 mJ/mol K?.> Assuming a free ce gas model for
BaFe,Asy, v = (2/3)mk*n(EF), we calculate a DOS at the
Fermi level (EF), n(Er) = 3.34 states/eV mol spin. Then,
one finds an electronic spin susceptibility, x. = 2ug’n(EF),
of ~ 3 x 107* emu/FU. That is one order smaller than the
xo = 2(1) x 1073 emu/mol Oe measured for all compounds
(Fig. 1). This suggests that an e-e exchange enhancement
contributes to the ce spin susceptibility in Ba;_,Eu,Fe,As;.
It is known that, in the presence of such an enhancement,
the host metal ce spin susceptibility can be approximated

by xo = ZM% "l(f;), where o accounts for the e-e interaction,

(1 —a)~! is the Stoner enhancement factor, and 7 (Er) the
“bare” DOS for one spin direction at Er.>>?3 An « value of
~0.85(5) is estimated assuming that the enhancement in ¥ is
only due to the e-e interaction.
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In the presence of e-e exchange enhancement and a q
dependence of the exchange interaction, Jr,(q), the g shift
[Eq. (1)] and the thermal broadening of the linewidth [Eq. (2)]
may be rewritten as

E
Ag = JfS(O)”l(_ : ) 3)
and
d(AH) 7k, , ) K(a)
o7 ——gﬂB(J_ﬁ(q))n ED) o 4)

where K («) is the Korringa exchange enhancement factor.”*?
From Ref. 25, o &~ 0.85(5) corresponds to K(a) = 0.2(1).
Then, using n(Er) = 3.34 states/eV mol spin, Ag = 0.05(2),
a~x~09, K(x)=0.2(1), and b values, we extracted
Jrs(0) =2(1) meV for all x values and [(J%S(q))l/z] =
2.0(8),1.5(8),1.0(8) for x = 0.95,0.55,0.20, respectively.

It is evident that the relative value of (Jjgs(q)) 172 is clearly
diminishing with decreasing x for Ba;_,Eu,Fe,As, for x >
0.20 even though we have a large uncertainty in its exact
numerical value. J ¢,(g) is the Fourier transform of the spatially
varying exchange and therefore its decreasing value suggests
that the electron bands with appreciable overlap with the Eu?*
4 f states are becoming more anisotropic (less s-like) and are,
in average, further away from the Eu?* sites in real space.
We speculate that this behavior may be associated to a partial
localization of the itinerant Fe d at the Fe sites.

This scenario is consistent with the decrease of Tspw in
Ba;_,Eu,Fe,As,. The SDW state in these materials is believed
to be associated with itinerant Fe d bands.>?6?7 As such, the
increase in the d-band localized character may suppress the
itinerant SDW state. Similar effects may also be expected
in the case of other dopings in the 122 compounds where
the SDW suppression leads to SC. Interestingly, data on
the concentrated regime have shown a slower KR when K
or Co are introduced in EuFe,As,.8 Also, band structure
calculations and angle resolved photoemission spectroscopy
(ARPES) experiments for BaFe;As, and EuFe,As, have
shown that there are differences in the FS topology be-
tween the two compounds even though the Fe 3d DOS are
nearly the same close to E.?%? ARPES experiments show
that the size of the hole pockets near I' in EuFe,As; is
2-3 times larger than in BaFe,As,, in agreement with the
fact that the hole carrier mobility dominates in EuFe,As; as
compared to BaFe,As, in the paramagnetic phase.’” Besides,
local-density approximation (LDA) calculations show that
for slightly smaller Fe-As distances there is a down-shift of
the Fe 3d,>_,» band near I" leading to a suppression of the
Fe magnetism. These FS changes may be reflected in the
evolution of J,(q) with x. Ongoing experiments on Eu-diluted
Ba;_,Eu,Fe,_,M,As, (M = Co, Ru, Cu, and Mn) may help
confirm such a scenario. Recent ESR experiments in Euln; As;
report no Korringa behavior, confirming that the Eu’* KR
observed in the FeAs-based compounds is due to the coupling
between Eu>* 4 f and Fe 3d states.?!
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It is important to mention that, as Eu** and Ba’>* have
the same valence, this evolution of the electronic structure
is presumably caused by the subtle changes in the tetragonal
crystal structures (and in the Fe-As bonds) of EuFe,As, (c¢/a =
3.1006) and BaFe,As; (c/a = 3.2849).> Recent EXAFS
experiments reported that the Fe-As bonds in BaFe,As, are
slightly smaller upon hydrostatic pressure, hole, and electron
doping.®? The increasing localization of the itinerant Fe d at the
Fe sites claimed in this work for Ba;_, Eu, Fe,As, is consistent
with all previous experiments mentioned above and may help
the understanding of the SDW phase suppression by doping in
this class of materials.

Now we turn our attention to the more diluted regime (x <
0.20). The observed decreasing of (J %s(q))l/ 2 for (x > 0.20)

may suggest that the KR for the Eu>* diluted regime will be
very small and the Eu>* ESR AH would be T independent
in this T interval. However, this mechanism cannot explain
the A H broadening observed for T > Tspw in the x < 0.20
samples as T is lowered.

We seek a possible explanation for this behavior by further
analyzing the low-T p(T) and heat capacity data for the
samples in the Eu?>* low-x regime. The inset of Fig. 1(c)
shows such data for the x = 0.1 sample. We speculate that the
observed behavior is reminiscent of the Kondo single impurity
regime with a Kondo temperature Tx =~ 5-10 K. As such, this
result suggests that, for x < 0.20, any kind of intersite Eu>*-
Eu’* short range magnetic correlation disappears leading to
the emergence of intrasite only AFM coupling of the Eu**
4 f and the ce. In this Kondo-like interaction, the ce tend to
screen the localized Eu”* ions leading to faster relaxation and
AH broadening as T decreases. This effect would become
even more dramatic at lower 7T if the AH were not already
strongly enhanced by the presence of the SDW phase in all
studied samples. Interestingly, the claim for the presence of
Kondo single impurity effect interaction for the Eu>* ions in
the 122 system has also been made in the case of EuFe,P,.3*

IV. CONCLUSIONS

In summary, single crystals of Ba;_,Eu,Fe;As, were char-
acterized by transport, magnetic susceptibility, heat capacity,
and electron spin resonance experiments. We have found a
systematic decrease of the KR with decreasing x that was
claimed to be associated with the reduction of the g-dependent
exchange interaction between the Eu’>* f electrons and the ce.
This behavior is attributed to the increasing of the degree of
localization of Fe d electrons. We also found that the physical
properties of Eu?>* dilute samples are consistent with a Eu>*
Kondo single impurity regime.
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