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1 1. INTRODUCTION

Superconductivity discovered in Fe pnictides [1] in
2008 has attracted a huge interest to these materials.
There are several families of Fe pnictides that all have
a common structural element: namely the FeAs layers
that are responsible for superconductivity. These layers
are sandwiched along the crystallographic c�axis by
single�atom layers of Ba, Eu, Ca, etc. (the 122 family,
e.g., BaFe2As2), layers of Li, such as in LiFeAs (the 111
family), or by double atom RO layers in ROFeAs (the
1111 family). Here, R is a rare earth element. In this
paper, we focus on a representative of the 1111–type
family, LaO1 – xFxFeAs. Electron doping in 1111 com�
pounds is achieved by partial substitution of fluorine
for oxygen. The parent, undoped compounds are
semimetallic and exhibit a magnetic phase transition
at a temperature TSDW m the range 120–140 K
depending on the R element [2–7]. Mössbauer spec�
troscopy, μSR and neutron diffraction experiments
show that the ground state is an antiferromagnetic
commensurate spin density wave (SDW) with an
ordered Fe magnetic moment ~0.5μB [3, 7–9]. The
magnetic phase transition is always preceded by a
structural transition from the tetragonal to the ortho�
rhombic phase occurring at a temperature TST that is

1 The article is published in the original.

by 10–20 K higher than TSDW [4–7, 10]. The fluorine
doping results in a suppression of the SDW order and
gives rise to superconductivity with a maximum Tc
exceeding 55 K in SmO1 – xFxFeAs [2, 11].

Understanding the nontrivial nature of magnetism
in Fe pnictides, which evolves from a long�range static
to a slowly fluctuating short�range order type upon
charge carrier doping (see, e.g., [12] and the refer�
ences therein), calls for the use of local probe tech�
niques. In this paper, we explore the possibilities of
electron spin resonance (ESR) spectroscopy to gain
insights into the magnetic and electronic properties of
LaO1 – xFxFeAs. No intrinsic ESR signal associated
with the resonance of the Fe moments can be observed
in this compound. This is likely because d electrons
stemming from Fe are delocalized in the FeAs layers
and experience strong momentum scattering. Owing
to a substantial spin–orbit coupling, this could cause a
strong spin relaxation and, consequently, very broad
ESR linewidths. We therefore introduced a special
ESR spin probe in LaO1 – xFxFeAs by doping the sam�
ples with a few percent of Gd at a nonmagnetic La site.
The Gd3+ ion has a half�filled 4f shell, which gives rise
to the maximum possible spin value S = 7/2, whereas
the orbital moment L is completely absent. Therefore,
the well�localized magnetic moment of Gd has a pure
spin nature and is not sensitive to phonon�mediated
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relaxation processes (L = 0). This insensitivity enables
observation of the Gd ESR signal even at room and
higher temperatures, whereas the characteristics of the
ESR signal are selectively sensitive to static and
dynamic magnetism in the surrounding of the Gd ion.
For these reasons, the ESR of Gd dopants was suc�
cessfully used in the past for probing local electronic
and magnetic properties of superconducting cuprates
(see, e.g., [13–18]). Here, we establish the Gd3+ ESR
as a sensitive probe of local magnetic fields due to the
spin density wave in FeAs layers. We determine the
value of the corresponding dipolar field at a Gd site,
which amounts to ~7.8 mT and appears to have an
alternating sign. Furthermore, we observe the so�
called Korringa relaxation of Gd spins on the conduc�
tion electrons, which allows following the changes in
the density of states of conduction electrons at the
Fermi energy upon the fluorine doping.

2. EXPERIMENTAL SETUPS

The magnetization has been studied by means of a
commercial SQUID magnetometer (MPMS–XL5,
Quantum Design). In the electrical transport experi�
ments, the samples were investigated by four–probe
resistivity ρ measurements using an alternating DC
current. The ESR measurements at the frequency ν =
9.5 GHz were carried out with a standard Bruker EMX
spectrometer.

3. SAMPLE PREPARATION

The polycrystalline samples of Gd1 – yLayOFeAs
(x = 0, 0.1 and y = 0.02, 0.05 nominal content) were
prepared as described in [10] using FeAs, Gd, La,
La2O3, and LaF3 in a stoichiometric ratio. All materi�
als were homogenized in a mortar. The resulting pow�
ders were pressed into pellets in Ar atmosphere, and
subsequently annealed in an evacuated quartz tube in
a two�step synthesis.

Due to the complications in crystal growth, large
single crystalline samples are not available. To perform
ESR experiments where the magnetic field should be
applied parallel to the local symmetry axis of the Gd
ion (crystallographic c�axis of the compound), we
effected the c�axis alignment of the Gd1 – yLayOFeAs
(y = 0.02 and 0.05) samples. The sample was ground to
a fine powder, then mixed with epoxy resin, and hard�
ened while rotating in the magnetic field 1.5 T. The
X�ray diffraction data of the aligned powder samples
were collected at room temperature using a PAN�alyt�
ical X’Pert PRO system (Philips) with CoK

α
�radiation

(Fig. 1). The presence of highly intense [00l] reflec�
tions that dominate the pattern (Fig. 1, arrows) points
to a sufficiently high quality of the alignment. Reflec�
tions with Miller indices different from [00l] (Fig. 1,
asterisks) are also visible in the background, but their
intensity is strongly suppressed compared to the pure
powder pattern. In the oriented powder pattern, there
are additional reflections, marked with the symbol
“p.” They are attributed to the sample holder (plasti�
cine).

4. SAMPLE CHARACTERIZATION

The temperature dependence of the static mag�
netic susceptibility χ of 2% and 5% Gd�doped
LaOFeAs samples is shown in Figs. 2a, 2b with
squares. It can be fitted with high accuracy using the
Curie–Weiss law (solid lines). This fit enables an accu�
rate estimate of the actual Gd content in the sample,
which is shown together with the nominal content in
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Fig. 1. Powder X�ray diffraction pattern of the c�axis�
aligned Gd0.02La0.98OFeAs sample.
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Fig. 2. Magnetic susceptibility data on (a) a
La0.98Gd0.02OFeAs sample and (b) a La0.95Gd0.05OFeAs
sample. The arrows on top point to the structural transition
temperature TST = 148 K and to the magnetic phase tran�
sition temperature TSDW = 130 K.
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Table 1. As can be seen, the real content does not differ
significantly from the nominal one in all cases. To label
the samples in what follows, we use the nominal con�
tent values. By subtracting the Curie–Weiss fit from
the measured data, we extract the susceptibility of the

FeAs layers χFe = χ –  these samples. The results of
the subtraction are shown with dashed lines in
Figs. 2a, 2b for both 2 and 5% doped LaOFeAs sam�
ples. It can be clearly seen that at temperatures in the
range 120–150 K, χFe experiences characteristic
changes: the monotonic quasilinear decrease of the
susceptibility turns into a rapid downturn, after which
χFe begins to increase again. This behavior is quite

χfit
Gd

similar to the known temperature dependence of χ of
the parent LaOFeAs samples without Gd doping [19]
and is attributed to the respective structural and mag�
netic phase transitions. But because the Gd magnetic
susceptibility overwhelms the susceptibility of the
FeAs layers in our samples, it is quite difficult to obtain
accurate transition temperatures from the static mag�
netometery data.

Fortunately, the phase transition temperatures
(TST, TSDW, and Tc) of 2 and 5% Gd�doped
LaO1 ⎯ xFxFeAs samples can be determined more pre�
cisely from the electrical resistivity measurements,
which are not sensitive to Gd magnetism. In the case
of samples without fluorine (Figs. 3a, 3b), the resistiv�
ity shows a behavior qualitatively similar to that of the
LaOFeAs parent compound [7, 10]. The electrical
resistivity exhibits a clear anomaly at TST = 148 K,
which is associated with the tetragonal�to�orthorhom�
bic structural phase transition. In addition, the resis�
tivity derivative shows a peaklike anomaly at TSDW =
130 K, related to the magnetic transition. The assign�
ment of the phase transitions is described in [7, 10].
Compared to the pure LaOFeAs, our Gd�doped sam�
ples show somewhat reduced transition temperatures,
possibly due to increased disorder in the system. The
Gd1 – yLayO1 – xFxFeAs sample with 10% fluorine dop�
ing does not give any evidence of the structural and the
SDW transitions, but shows a transition to the super�
conducting state at Tc = 25 K (Fig. 3c), similar to what
is observed in the Gd�free case [6].

5. ESR MEASUREMENTS AND DISCUSSION

ESR measurements were performed at the X�band
frequency ~9.5 GHz in the temperature range 5–
300 K. The typical powder ESR spectra at T = 130 K
are shown in Fig. 4a and Fig. 4b for 2% and 5% doped
samples. To fit the spectra, we used two lines of Dyso�
nian shape, shown as dashed lines in Figs. 4a, 4b.
Below, we call them the broad and narrow compo�
nents. The Dysonian ESR line shape is a result of mix�
ing of absorption and dispersion at the instant of reso�
nance, which occurs if the microwave penetration
depth is comparable to or smaller than the sample size.
This is typical for the conducting systems like the
present samples. The peculiar line shape and the
necessity to use two lines for a fit are explained by the
powder averaging of the fine structure of the Gd ESR
signal. Because Gd3+ is a spin�only ion with S = 7/2
and L = 0, the value of its isotropic g�factor is very
close to 2. 

The 8�fold degeneracy of the spin levels in the
ground state is lifted by the crystal field (CF) only
slightly due to the small admixture of the high�energy
multiplet with L > 0 [20, 21]. In this case, the CF
potential acts only as a small perturbation to the Zee�
man energy, giving rise to a zero field splitting of the
Gd energy levels in the ground�state multiplet of the
order of 0.01–0.1 mK (see Fig. 5a). According to the

Table 1. Nominal and actual Gd contents as derived from
the magnetization analysis

Nominal y Actual y

La1 – yGdyOFeAs 0.020 0.016

La1 – yGdyOFeAs 0.050 0.048

La1 – yGdyO0.9Fe0.1As 0.050 0.049
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Fig. 3. Electric resistivity data on (a) a La0.98Gd0.02OFeAs
sample, (b) a La0.95Gd0.05OFeAs sample and (c) a
La0.95Gd0.05O0.9F0.1FeAs sample. The arrows on top
point to the structural transition temperature TST = 148 K
and to the magnetic phase transition temperature TSDW =
130 K.
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ESR selection rules (ΔSz = ±1), the ESR spectrum
consists of seven absorption lines: the central transi�
tion +1/2  –1/2 with the highest intensity and six
satellites ±3/2  ±1/2, ±5/2  ±3/2, and ±7/2 
±5/2. The resonance field of the main transition
(+1/2  –1/2) is almost independent of the angle
between the symmetry axis z and the external magnetic
field due to the g�factor isotropy (see Fig. 5b). By con�
trast, the satellites change their positions under rota�
tion of the magnetic field with respect to z from H || z
to H ⊥ z. Hence, the powder averaging of the spectra

leads to its transformation to the shape shown in
Figs. 4a, 4b (see also, e.g., [22]). 

Information on the CF splitting and the accurate
value of the magnetic field acting on the Gd ion, which
actually defines the position of the central line, can be
extracted from the two�component fit of the Gd ESR
signal. The narrow component models the main tran�
sition. Its resonance field is determined by the local
field at the Gd site. The broad component mimics the
effect of the powder averaging of the satellites. Various
contributions to the powder ESR linewidth can exist in
metals [22]. Therefore, the width of the broad compo�
nent measures the crystal field splitting, the local mag�
netic field, if there are magnetically nonequivalent Gd
sites and the Korringa relaxation process (see below).

In Figs. 6a, 6b, the temperature dependences of the
resonance field of the narrow component Hres and of
the width δH of the broad component are shown for
the 2 and 5% Gd�doped LaOFeAs samples. Compo�
nent Hres is practically constant down to the magnetic
phase transition temperature TSDW = 130 K, where it
begins to shift to lower fields. The shift amounting to
≈7mT is similar for both samples. At temperatures
above TSDW and TST, the width δH of the broad and
narrow components decreases linearly in T as the tem�
perature decreases (Fig. 6b). This kind of behavior
occurs when localized magnetic moments in a metal�
lic host interact with conduction electrons. This inter�
action causes the so�called Korringa relaxation pro�

A
bs

o
rp

ti
o

n
 d

er
iv

at
iv

e,
 a

rb
. u

n
it

s
La0.95Gd0.05OFeAsLa0.98Gd0.02OFeAs

0.2 0.3 0.4 0.5
μ0H, T

0.2 0.3 0.4
μ0H, T

0.5 0.6 0.70.1

T = 130 K T = 130 K(a) (b)

Fig. 4. Experimental ESR spectra (data points) and a two–
component fit of the spectra (dashed lines) of
(a) La0.98Gd0.02OFeAs and (b) La0.95Gd0.05OFeAs.

Δ

E

(a) (b)

H
H

90°

60°

30°

0

l 7
2
��+

l 5
2
��+ l 3

2
��+

l 1
2
��+

l 1
2
��–

l 3
2
��–

l 5
2
��–

l 7
2
��–

Fig. 5. (a) Crystal field and Zeeman splitting of the energy levels of the Gd3+ ion (top) and the corresponding ESR spectrum aris�
ing due to the ESR selection rule ΔSz = ±1 (bottom). (b) Dependence of the position of the fine structure components of the Gd
ESR spectrum on the angle θ between the magnetic field direction and the symmetry axis z; H || z corresponds to θ = 0 and H ⊥
z corresponds to θ = 90°. Dashed lines in (a) and (b) are powder�averaged spectra.



666

JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 114  No. 4  2012

ALFONSOV et al.

cess [22, 23]. The relaxation�driven part of the line�
width is given by

(1)

According to Eq. (1), the slope δH/dT is proportional
to the electronic density of states N(�F) at the Fermi
energy �F and to the coupling constant J between con�
duction and localized 4f electrons [22, 23]. The Kor�
ringa relaxation affects the linewidths of all lines in the
fine structure [22]. In our case, in the high�tempera�
ture regime T > TSDW, both components of the fit of the
powder spectrum of the parent, i.e., F�undoped com�
pounds exhibit narrowing, which is linear in T
(Fig. 6b). This suggests that the temperature�depen�
dent part of the linewidth above the SDW transition is
determined by the Korringa relaxation of Gd spins due
to the interaction with conduction electrons. Here,
the Korringa slope is δH/dT ≈ 0.045 mT/K. Our find�
ing corroborates the ESR results on EuFe2As2 single
crystals [24], where the spin relaxation of Eu2+ ions,
which are isoelectronic with Gd3+ ions, is also driven
by the Korringa mechanism. Notably, the Korringa
slope is much bigger in that case, δH/dT ≈ 0.8 mT/K,
most likely due to a smaller distance between the R

δH N �F( )J[ ]2T.∼

layers and the FeAs layers in the 122 family compared
to the interlayer distance RO–FeAs in the 1111 family.

As can be seen in Fig. 6b, as the temperature
decreases below TST = 148 K, the linewidth of the
broad component δH(T) starts to increase and reveals
a jump at TSDW = 130 K, which is more pronounced in
the case of the 5% doped sample. This anomaly, albeit
much smaller in size, is also visible in the δH(T)
dependence of the narrow component. Possibly, the
initial broadening in this temperature range is due to
the change in the fine structure of the Gd3+ ESR sig�
nal, which is related to the structural transition,
whereas the subsequent jump at TSDW can be associ�
ated with the magnetic order in the FeAs layers. At
even lower temperatures, the linewidths continue to
narrow with almost the same δH/dT slope as at T >

TSDW.
2
 This is different from the situation in EuFe2As2,

where the Korringa mechanism ceases to work below
TSDW; in [24], this was ascribed to a spacial confine�

2 A small anomaly at around 60 K visible in the data on the 5%
Gd�doped sample seems to be a sample�specific artefact, which
finds no correspondence with other physical properties of the
compound.
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ment of conduction electrons to FeAs layers at T <
TSDW. Our data suggests that this scenario is not appli�
cable to the LaOFeAs compound. Already above the
SDW transition, the conduction electron density at
the Gd site in LaOFeAs is much smaller than that at
the Eu site in EuFe2As2, as is evidenced by the differ�
ences in the Korringa slopes, but it seems to be unaf�
fected by the SDW transition.

In contrast to the parent compound, the fluorine–
doped sample does not reveal any anomalies until
reaching the superconducting transition temperature
Tc (Fig. 6c). The Korringa slope δH/dT amounts to
~0.06 mT/K in this case. This value is appreciably
higher than that in the sample without fluorine.

Because δH/dT ∝  according to Eq. (1), the
doping of 10% of fluorine implies an increase in the
electronic density of states at the Gd site by about
16%. At this point, we recall the multiband character
of the electronic states in Fe pnictides. Obviously, the
localized 4f electrons of Gd interact predominantly
with the two “out�of�plane” bands derived from the xz
and yz orbital states of Fe, whereas the xy “in�plane”
band should be much less effective in the Korringa
relaxation. The enhancement of the Korringa relax�
ation upon the fluorine doping suggests that the doped
electrons are not confined exclusively to the FeAs
planes, but indicates a 3�dimensional character of the
electronic density of states.

To resolve the Gd3+ fine structure, we have mea�
sured ESR on the c�axis�oriented 2 and 5% Gd�doped
LaOFeAs samples. At temperatures above TSDW and

TST, a single Lorentzian line
3
 without a fine structure

is observed. The fine structure is not seen most likely
because of the Korringa broadening of individual
components in the high�temperature regime, and also
because of the poor signal�to�noise ratio due to a small
susceptibility of Gd ions at high temperatures in this
strongly diluted sample. A reduction of the Korringa
relaxation together with a concomitant 1/T increase of
the Gd susceptibility upon cooling enables observa�
tion of the Gd3+ ESR fine structure below T ~ 80 K
(Fig. 7). As expected, the resolution of the fine struc�
ture depends on the concentration of Gd ions and on
the orientation of the magnetic field with respect to
the crystallographic directions. 

As can be seen in Figs. 8a, 8b, the best resolution is
achieved for the smallest Gd concentration of 2% and
for the direction of the external field parallel to the ori�

3 Because of the fine grinding of the powder and its dilution in the
epoxy resin for the purpose of orientation in the magnetic field,
the microwaves can thus fully penetrate in the interior of the ori�
ented sample. Therefore, the ESR lineshape changes from a
Dysonian to a Lorentzian.

N �F( )

entation axis of the samples (the c axis). In this case, at

least 12 absorption lines are visible in the spectrum.
4

Remarkably, the ESR spectrum of a single Gd3+ ion,
according to its spin value S = 7/2, should comprise at
most 7 lines. We note that no additional forbidden
transitions (ΔSz = ±2, ±3, …) are expected in this case
because the external magnetic field is parallel to the
symmetry axis [20, 21]. A straightforward explanation
for the excess number of the ESR lines is possible
assuming the presence of magnetically nonequivalent
Gd sites. Indeed, they can arise due to the antiferro�
magnetic SDW order in the FeAs layer. According to
the known alignment of Fe spins in the SDW, which is
similar in the entire 1111 family of Fe�based super�
conductors (see, e.g., [3, 9]), there are two magneti�
cally nonequivalent positions of the R ion, which
experience a local internal field of alternating sign
induced by the ordered Fe moments. The arrangement
of Fe spins in the FeAs layers and of local fields at the
R site are sketched in Fig. 9.

To prove this conjecture, we have performed a sim�
ulation of the low–temperature Gd3+ ESR spectrum
assuming two magnetically nonequivalent Gd sites.
According to the local crystal field symmetry [25, 26],
the energy levels of the Gd3+ ion can be described using
the effective spin Hamiltonian of the form [20, 21]

(2)

The first term in (2) accounts for the Zeeman interac�
tion. Here, g is a g�factor, μB is the Bohr magneton, H

4 On the ESR spectra measured at T = 4 K, shown in Figs. 8a, 8b,
we see that in contrast to other lines, the ESR line at the field
1.5 T does not exhibit any changes upon changing the angle θ
between the magnetic field and the c axis of the sample. This
suggests that this line is not a part of the Gd spectrum and, most
probably, is an artefact signal due to a small amount of uncon�
trollable Fe impurity.
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is the sum of the applied magnetic field H0 and the
internal field Hint, and S is the spin. In the next terms

in (2),  are Stevens operators describing the sym�

metry of the crystal field and  are phenomenologi�
cal crystal field parameters (CFP).

On
m

Bn
m

The best modeling of the experimental ESR spec�
tra, taking two magnetically nonequivalent positions
into account, is shown in Fig. 10a. The set of CFP
used for this simulation is presented in Table 2. The
g�factor obtained from the fit is equal to 1.99, which is
the usual value for the Gd3+ ion [20–22]. The internal
magnetic field obtained from this simulation is Hint ~
7.8 mT. It is interesting to compare this value with the
expected strength of the dipolar field Hd at the R site
due to the antiferromagnetically ordered Fe moments.
With the known positions of the atoms in the unit cell
of LaOFeAs and the magnitude of the ordered Fe
moment, it is possible to calculate Hd using the for�
mula

(3)

where Hi (i = x, y, z) is the component of the magnetic
field Hd created by the magnetic dipole moment in the
Cartesian coordinate system, r is the vector connect�
ing the position of the dipole and the point where the
magnetic field is calculated, and m is the vector of the
magnetic moment. Under the assumption that Fe
moments are pointlike dipoles of the strength 0.5/μB

located just at the crystallographic position of Fe, the
dipolar calculation according to Eq. (3) yields the
value of the internal dipole field 38 mT. This value is
much larger than that obtained from the modeling of
the ESR spectrum. This is not surprising because in
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Fig. 8. Angular dependence of the ESR spectra at low temperature of (a) the 2% and (b) 5% Gd�doped c�axic�oriented LaOFeAs
sample. θ is the angle between the magnetic field direction and the c axic.
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Fig. 9. ROFeAs crystallographic structure with two mag�
netically nonequivalent R sites (R = La, Gd). Arrows at the
R site show the dipolar field produced by the SDW in the
FeAs layer. The SDW is schematically shown by the arrows
at the Fe sites.



JOURNAL OF EXPERIMENTAL AND THEORETICAL PHYSICS  Vol. 114  No. 4  2012

Gd3+ ELECTRON SPIN RESONANCE SPECTROSCOPY ON LaO1 – xFxFeAs 669

the antiferromagnetically ordered FeAs layers, the
spin density is largely delocalized in the form of the
SDW, which reduces the dipolar field acting on the Gd
ions compared to the pointlike dipole approximation.
To obtain the agreement with the measured value, the
substantially reduced value 0.1μB of the Fe magnetic
moment must be used in Eq. (3).

The model Gd ESR spectrum shown in Fig. 10a
reproduces the main features of the experimental
spectrum rather well. But it lacks the left and right out�
ermost lines at 0.2 T and 0.48 T, respectively. To
account for them, we have to assume the occurrence of
an additional Gd site with a distinct crystal field, also
subjected to an alternating internal field. This assump�
tion allows reproducing all lines in the experimental
spectrum (Fig. 10b). The best agreement is achieved
with the sets of the crystal field parameters CFP1 and
CFP2 listed in Table 2. The spectral weight of the
additional crystallographic site with CFP2 is about
30% of the main site with CFP1. We note that the sec�
ond site is characterized by a much larger uniaxial sec�

ond�order and fourth�order CF parameters  and

, compared to the main site (Table 2). Because a
unique crystallographic R site is expected in the regu�
lar structure, it is feasible that these additional sites are
located at (or close to) the surface of the fine powder
particles of the oriented samples. Such sites could have
a substantial weight in the micron�size particles owing
to the enhanced surface�to�volume ratio.

6. SUMMARY

The ESR measurements of lightly Gd�doped sam�
ples of the LaO1 – xFxFeAs compound, which is a rep�
resentative of the 1111 family of Fe pnictide supercon�
ductors, establish Gd3+ ions as a sensitive ESR probe
of magnetic, structural and electronic properties of
this compound. In the parent, i.e., not fluorine�
doped, samples, the change of the extent of the Gd3+

ESR fine structure reflects the occurrence of the struc�
tural phase transition. In addition, the antiferromag�
netic SDW order manifests itself in the shift and
broadening of the powder spectra and in the additional
splitting of the fine structure of the ESR spectrum of
the c�axis�oriented sample. The analysis of these spec�
tra yields two magnetically nonequivalent R sites at
low temperatures due to the SDW order in the FeAs
layer. The spin density wave creates a dipolar field
alternating in space, of the order of ~7.8 mT on the Gd
ions. Additional features in the spectra could be
assigned to the occurrence of Gd sites with distinct
crystal field parameters, which are possibly located at
the surface of the fine powder particles of the oriented
samples. The coupling of the localized 4f electrons of
Gd to the conduction electrons is manifested by an
increase in the linewidths linear in T due to the Kor�
ringa relaxation mechanism. The data give evidence
that the electronic density of states at the R site in

B2
0

B4
0

LaOFeAs is significantly reduced compared to the
122�family representative EuFe2As2. The ESR mea�
surements on the fluorine�doped sample reveal an
enhancement of the Koringa slope of the δH(T)
dependence, implying an increased density of elec�
tronic states at the Fermi energy with respect to the
parent samples. Taking a multi�band character of the
electronic structure of Fe pnictides into account, this
finding implies that the electrons doped due to the F
substitution contribute to the density of states of the
“out�of�plane” bands stemming from the xz and yz
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Fig. 10. Simulation of the low�temperature ESR spectrum
of the c�axis�oriented 2% Gd�doped LaOFeAs sample
with (a) two nonequivalent Gd sites with the alternating
internal magnetic field ±Hint and (b) four nonequivalent
Gd sites described by two sets of crystal field parameters
(CFP1 and CFP2) and the alternating internal magnetic
field ±Hint at each site.

Table 2. Fitting parameters 

, MHz , MHz , MHz

CFP –84.0 –0.185 –0.0055

CFP1 –84.0 –0.185 –0.0055

CFP2 –171.0 –0.40 –0.0045

Bn
m

B2
0

B4
0

B6
0
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orbital states of Fe to which the localized 4f electrons
are mostly coupled.

ASKNOWLEDGMENTS

We thank S. Muller�Litvanyi, R. Müller, J. Werner,
M. Deutschmann, and S. Pichl for the support in sam�
ple preparation. We thank U. Stockert and
J.E. Hamann–Borrero for the assistance in sample
characterization. The work at the IFW Dresden was
supported by the Deutsche Forschungsgemeinschaft
through grants no. BE1749/12, the Research Unit
FOR538 (grant no. BU887/4) and the Priority Pro�
gramme SPP1458 (grant no. GR3330/2, BE1749/13).
Work at the ETH was supported by the Swiss National
Science Foundation through the National Center of
Competence in Research MaNEP (Materials with
Novel Electronic Properties).

REFERENCES

1. Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono,
J. Am. Chem. Soc. 130, 3296 (2008).

2. X. H. Chen, T. Wu, G. Wu, R. H. Liu, H. Chen, and
D. F. Fang, Nature (London) 453, 761 (2008).

3. C. de la Cruz, Q. Huang, J. W. Lynn, J. Li, W. Ratcliff
II, J. L. Zarestky, H. A. Mook, G. F. Chen, J. L. Luo,
N. L. Wang, and P. Dai, Nature (London) 453, 899
(2008).

4. J. Zhao, Q. Huang, C. de la Cruz, S. Li, J. W. Lynn,
Y. Chen, M. A. Green, G. F. Chen, G. Li, Z. Li,
J. L. Luo, N. L. Wang, and P. Dai, Nat. Mater. 7, 953
(2008).

5. M. A. McGuire, A. D. Christianson, A. S. Sefat,
B. C. Sales, M. D. Lumsden, R. Jin, E. A. Payzant,
D. Mandrus, Y. Luan, V. Keppens, V. Varadarajan,
J. W. Brill, R. P. Hermann, M. T. Sougrati, F. Grand�
jean, and G. J. Long, Phys. Rev. B: Condens. Matter
78, 094517 (2008).

6. H. Luetkens, H.�H. Klauss, M. Kraken, F. J. Litterst,
T. Dellmann, R. Klingeler, C. Hess, R. Khasanov,
A. Amato, C. Baines, M. Kosmala, O. J. Schumann,
M. Braden, J. Hamann�Borrero, N. Leps, A. Kondrat,
G. Behr, J. Werner, and B. Büchner, Nat. Mater. 8, 305
(2009).

7. H.�H. Klauss, H. Luetkens, R. Klingeler, C. Hess,
F. J. Litterst, M. Kraken, M. M. Korshunov, I. Eremin,
S.�L. Drechsler, R. Khasanov, A. Amato, J. Hamann�
Borrero, N. Leps, A. Kondrat, G. Behr, J. Werner, and
B. Büchner, Phys. Rev. Lett. 101, 077005 (2008).

8. N. Qureshi, Y. Dress, J. Werner, S. Wurmehl, C. Hess,
R. Klingeler, B. Büchner, M. T. Fernández�Díaz, and
M. Braden, Phys. Rev. B: Condens. Matter 82, 184521
(2010).

9. H. Maeter, H. Luetkens, Y. G. Pashkevich, A. Kwadrin,
R. Khasanov, A. Amato, A. A. Gusev, K. V. Lamonova,
D. A. Chervinskii, R. Klingeler, C. Hess, G. Behr,

B. Büchner, and H.�H. Klauss, Phys. Rev. B: Condens.
Matter 80, 094524 (2009).

10. A. Kondrat, J. E. Hamann�Borrero, N. Leps, M. Kos�
mala, O. Schumann, A. Köhler, J. Werner, G. Behr,
M. Braden, R. Klingeler, B. Büchner, and C. Hess, Eur.
Phys. J. B 70, 461 (2009).

11. A. J. Drew, C. Niedermayer, P. J. Baker, F. L. Pratt,
S. J. Blundell, T. Lancaster, R. H. Liu, G. Wu,
X. H. Chen, I. Watanabe, V. K. Malik, A. Dubroka,
M. Rössle, K. W. Kim, C. Baines, and C. Bernhard,
Nat. Mater. 8, 310 (2009).

12. A. Alfonsov, F. Murányi, V. Kataev, G. Lang, N. Leps,
L. Wang, R. Klingeler, A. Kondrat, C. Hess, S. Wur�
mehl, A. Köhler, G. Behr, S. Hampel, M. Deut�
schmann, S. Katrych, N. D. Zhigadlo, Z. Bukowski,
J. Karpinski, and B. Büchner, Phys. Rev. B: Condens.
Matter 83, 094526 (2011).

13. V. E. Kataev, Y. S. Greznev, E. F. Kukovitskii, G. B. Tei�
tel’baum, M. Brener, and N. Knauf, JETP Lett. 56 (8),
385 (1992).

14. V. Kataev, Y. S. Greznev, G. Teitel’baum, M. Breuer,
and N. Knauf, Phys. Rev. B: Condens. Matter 48,
13042 (1993).

15. V. Kataev, B. Rameev, B. Büchner, M. Hücker, and
R. Borowski, Phys. Rev. B: Condens. Matter 55, R3394
(1997).

16. V. Kataev, B. Rameev, A. Validov, B. Büchner,
M. Hücker, and R. Borowski, Phys. Rev. B: Condens.
Matter 58, R11876 (1998).

17. A. Jànossy, L.�C. Brunel, and J. R. Cooper, Phys. Rev.
B: Condens. Matter 54, 10186 (1996).

18. A. Jànossy, F. Simon, T. Fehér, A. Rockenbauer,
L. Korecz, C. Chen, A. J. S. Chowdhury, and
J. W. Hodby, Phys. Rev. B: Condens. Matter 59, 1176
(1999).

19. R. Klingeler, N. Leps, I. Hellmann, A. Popa, U. Stock�
ert, C. Hess, V. Kataev, H.�J. Grafe, F. Hammerath,
G. Lang, S. Wurmehl, G. Behr, L. Harnagea, S. Singh,
and B. Büchner, Phys. Rev. B: Condens. Matter 81,
024506 (2010).

20. S. A. Altshuler and B. M. Kozyrev, Electron Paramag�
netic Resonance in Compounds of Transition Elements,
2nd ed. (Wiley, New York, 1974).

21. A. Abragam and B. Bleaney, Electron Paramagnetic
Resonance of Transition Ions (Clarendon, Oxford,
1970).

22. S. E. Barnes, Adv. Phys. 30, 801 (1981).

23. J. Korringa, Physica (Amsterdam) 16, 601 (1950).

24. E. Dengler, J. Deisenhofer, H.�A. Krug von Nidda,
S. Khim, J. S. Kim, K. H. Kim, F. Casper, C. Felser,
and A. Loidl, Phys. Rev. B: Condens. Matter 81,
024406 (2010).

25. T. Nomura, S. W. Kim, Y. Kamihara, M. Hirano,
P. V. Sushko, K. Kato, M. Takata, A. L. Shluger, and
H. Hosono, Supercond. Sci. Technol. 21, 125028
(2008).

26. C. Hess, A. Kondrat, A. Narduzzo, J. E. Hamann�Bor�
rero, R. Klingeler, J. Werner, G. Behr, and B. Büchner,
Europhys. Lett. 87, 17005 (2009). 


