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Electron spin resonance measurements in EuFe2As2 single crystals revealed an absorption spectrum of a
single resonance with Dysonian line shape. Above the spin-density wave �SDW� transition at TSDW=190 K the
spectra are isotropic and the Eu spins relax via the conduction electrons resulting in a Korringa-type increase
in the linewidth. Below TSDW, a distinct anisotropy develops and the relaxation behavior of the Eu spins
changes drastically into one with characteristic properties of a magnetic insulating system, where dipolar and
crystal-field interactions dominate. This indicates a spatial confinement of the conduction electrons to the FeAs
layers in the SDW state.
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I. INTRODUCTION

The discovery of superconductivity in Fe-based pnictides
and chalcogenides has released an avalanche of scientific
studies in condensed-matter physics and chemistry. Three
main material classes are currently spurring the field: the
RFeAsO compounds with R=La-Gd �1111 systems�,1,2 the
ternary AFe2As2 class with A=Ba,Sr,Ca,Eu �122
systems�,3,4 and the binary chalcogenide systems such as
Fe1+xSe.5–7 The parent compounds of the 1111 and 122 sys-
tems exhibit a spin-density wave �SDW� anomaly which is
accompanied by a structural distortion.8–11 Upon doping the
divalent A-site ions in the 122 compounds by monovalent
ions such as K the SDW anomaly becomes suppressed and a
superconducting ground state appears.

Here we focus on EuFe2As2 which exhibits a SDW
anomaly at TSDW=190 K.12–14 The Eu2+ ions with spin S
=7 /2 order antiferromagnetically at TN=19 K.13–15 The sys-
tem reportedly becomes superconducting upon substituting
Eu by K,4 As by P,16 or applying external pressure of about
26 kbar.17,18 In contrast to the other 122 systems, where the
substitution of Fe by Co also leads to superconductivity,19,20

the Eu compounds exhibit the onset of a superconducting
transition but seem to be hindered to reach zero resistivity.21

It has been suggested that there is a strong coupling between
the localized Eu spins and the conduction electrons �CEs�
from the two-dimensional �2D� FeAs layers as evidenced by
magnetization and magnetoresistance measurements in the
parent compound.22

To elucidate this coupling we investigated single-
crystalline EuFe2As2 by electron spin resonance �ESR� spec-
troscopy. ESR has been shown to be a highly sensitive tool to
study the spin fluctuations and magnetic interactions in cu-
prate superconductors and their parent compounds �see, e.g.,
Ref. 23, and references therein�. Moreover, the ESR response
of localized magnetic moments of 4f ions in metallic sys-
tems is complementary to the nuclear magnetic resonance

�NMR� with regard to the spin relaxation via delocalized
charge carriers, and a Korringa law can be expected.24–26

Indeed, in the metallic state above TSDW the relaxation time
of the Eu spins is dominated by the interaction with the
itinerant d electrons and exhibits a Korringa-type linear in-
crease in temperature. This behavior changes drastically at
the spin-density wave transition, below which the Eu system
can be described by a relaxation behavior reminiscent of a
magnetic insulator.

II. EXPERIMENTAL DETAILS

Polycrystalline EuFe2As2 was prepared following the pro-
cedure described in Ref. 27 and characterized by x-ray pow-
der diffraction using Mo K� radiation ��=0.7093165 nm;
Bruker, AXS D8�. High-quality EuFe2As2 single crystals
were grown using flux technique with starting composition
of Eu:Fe:As:Sn=1:2 :2 :19, where Sn was removed by cen-
trifugation after crystal growth. The good quality of the
single crystals was confirmed by Laue x-ray diffraction as
well as scanning electron microscopy equipped with energy-
dispersive x-ray analysis. The in-plane resistivity was mea-
sured using a standard four-probe method. For magnetization
measurements we used a superconducting quantum interfer-
ence device �SQUID� magnetometer MPMS5 �Quantum De-
sign�. ESR measurements were performed in a Bruker EL-
EXSYS E500 CW spectrometer at X-band frequencies
���9.36 GHz� equipped with a continuous He gas-flow
cryostat in the temperature region 4.2�T�300 K. ESR de-
tects the power P absorbed by the sample from the transverse
magnetic microwave field as a function of the static magnetic
field H. The signal-to-noise ratio of the spectra is improved
by recording the derivative dP /dH using lock-in technique
with field modulation.

III. EXPERIMENTAL RESULTS

Figure 1 shows ESR spectra of EuFe2As2 for different
temperatures and orientations of the single crystal. In all
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cases one observes a single exchange-narrowed resonance
line which is well described by a Dyson shape,28

P�H� �
�H + ��H − Hres�
�H − Hres�2 + �H2 , �1�

i.e., a Lorentz line at resonance field Hres with half width at
half maximum �H and a contribution 0���1 of dispersion
to the absorption resulting in a characteristic asymmetry.
This is typical for metals where the skin effect drives electric
and magnetic components of the microwave field out of
phase. The dispersion to absorption �D /A� ratio � depends
on sample size, geometry, and skin depth. If the skin depth is
small compared to the sample size, � approaches 1. As �H is
of the same order of magnitude as Hres, the counter reso-
nance at −Hres was included in the fitting process as well.29

The T dependence of the inverse double-integrated signal
intensity IESR is illustrated in Fig. 2 for both prominent ori-
entations of the single crystal as well as for a powder sample.
Below 50 K and above 200 K, the inverse intensity 1 / IESR
follows a Curie-Weiss �CW�-type behavior with a CW tem-
perature 	�19 K in agreement with the static susceptibil-
ity. In the intermediate range one observes distinct deviations
from linearity, which is related to the changes in the D /A
ratio and the electrical resistivity shown in the inset of Fig. 2.
The skin depth 
��� /� and, hence, the partial volume of the
sample probed by the microwave field decreases with de-
creasing temperature. These deviations are apparently re-
duced in the powder sample because the microwave field
penetrates nearly all sample volume due to the small grain
size. After correction of the single-crystal data with respect
to the skin depth, we recover the CW law in the entire tem-
perature range �solid line in Fig. 2�.

The T dependences of Hres and �H are depicted in Fig. 3
for H �c and H �ab and compared to the corresponding data
obtained in a powder sample. At high temperatures the ESR
spectra are approximately isotropic at a resonance field Hres
�3.41�3� kOe corresponding to a g value of 1.96�2�, the
linewidth increases linearly with temperature with a slope of
approximately 8 Oe/K. Below TSDW a pronounced anisotropy
shows up in Hres and �H, which is illustrated in detail in the
inset of Fig. 3. While a strong angular dependence with 180°
periodicity appears, when rotating the field from the c axis
into the ab plane, only a weak 90° modulation is observed,
when rotating the field within the ab plane. The former can
be ascribed to the dominant uniaxial crystal-electric field
�CF� contribution, which will be determined below. The lat-
ter indicates the higher-order CF terms visible in the ab
plane, which will not be further discussed here. On decreas-
ing temperature the anisotropy first tends to a kind of satu-
ration �see Fig. 4� but below 50 K it further diverges accom-
panied by a strong inhomogeneous broadening toward TN
due to the onset of magnetic fluctuations. In the following we
will restrict the discussion to temperatures T�TN.

IV. DISCUSSION

A. Metallic regime for T�TSDW

The coupling of the local moments and the conduction
electrons in metals manifests itself by a shift of the g value,

FIG. 1. �Color online� ESR spectra of an EuFe2As2 single crys-
tal taken at different temperatures for the magnetic field applied
parallel �left� and perpendicular �right� to the c axis. FIG. 2. �Color online� T dependence of the inverse static sus-

ceptibility �left ordinate� of an EuFe2As2 single crystal measured
with H=1000 Oe aligned in the ab plane, the inverse ESR intensity
1 / IESR �right ordinate� for a single crystal and a powdered sample,
and the skin-depth-corrected values for the single-crystal data. In-
set: Temperature dependence of the D /A ratio and the in-plane re-
sistivity of the single crystal.
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�g = JCE-Eu�0�N�EF� �2�

from its value in insulators and a linear increase in the line-
width

�H � �JCE-Eu
2 �q��N2�EF�T �3�

which both depend only on the conduction-electron density
of states N�EF� at the Fermi energy EF and the exchange
coupling JCE-Eu between the Eu spins and the conduction

electrons. The g shift results from the homogenous polariza-
tion of the CEs in the external field �Pauli susceptibility�,
thus JCE-Eu is taken at zero wave vector. The linewidth is
determined by the spin-flip scattering of CEs at the local
moments �Korringa relaxation� and, therefore, JCE-Eu is aver-
aged over all possible scattering vectors q. Above TSDW the
observed increase in the linewidth by 8 Oe/K is a typical
value for S-state 4f7 local moments in metals28,30,31 and,
therefore, is ascribed to a pure Korringa relaxation in a three-
dimensional �3D� environment. This behavior is in agree-
ment with NMR results reported in the related system
BaFe2As2.32

The negative g shift �g�−0.04 is unusual but its order of
magnitude is typical for metals. The negative sign indicates
peculiarities of the 4f-3d coupling which has been reported
early in Gd-doped Laves phases.31 It is remarkable that in
spite of the tetragonal symmetry of the crystal structure of
EuFe2As2 resonance field and linewidth are isotropic within
experimental accuracy, i.e., the CEs completely screen the
ligand fields at the Eu site.

B. SDW state for T�TSDW

Below TSDW the Korringa relaxation immediately disap-
pears, although the resistivity even decreases more strongly
with decreasing temperature. Concomitantly, the shift of the
g value due to the polarization of the CEs diminishes and the
averaged g value, g=gc /3+2gab /3 below TSDW corresponds
to the typical value g=2.0 for Eu2+ in an insulating system.
Looking at Eqs. �2� and �3� we can state that both products
JCE-Eu�0�N�EF� and �JCE-Eu

2 �q��N2�EF� must be significantly
reduced in the SDW state. This is a first indication that the
formation of the SDW leads to a spatial confinement of the
CEs to the FeAs layers.

Moreover, a pronounced anisotropy shows up in the SDW
state which reflects the symmetry of the ligand fields. In this
temperature regime, if not too close to TN, the T dependence
of the linewidth can be well described in terms of Eu spin-
spin relaxation typical for magnetic insulators. As pointed
out by Huber et al., in exchange-coupled spin systems the
linewidth

�H�T� =
0

�T�
�H� �4�

is determined by the ratio of single-ion susceptibility 0
�1 /T and the experimental susceptibility �T� of interacting
spins multiplied by the high-temperature limit of the line-
width �H�.33,34 This high-temperature limit can be estimated
following the theory of exchange narrowing of Anderson and
Weiss35 as

�H� =
h

g�B

��an
2 �

�ex
, �5�

where ��an
2 � denotes the second moment of the resonance-

frequency distribution due to any anisotropic interaction such
as dipolar, hyperfine, or crystal-electric field and �ex is the
exchange frequency between the Eu spins.

The dipolar contribution to the second moment reads

FIG. 3. �Color online� Temperature dependence of the resonance
field Hres �upper frame� and linewidth �H �lower frame� of the ESR
line in EuFe2As2 obtained for single crystal and powder sample.
The insets illustrate the anisotropies of Hres and �H for rotation of
the magnetic field within the ab plane as well as from the ab plane
to the c direction. Solid lines �cos2 � , sin2 � are guide to the eyes,
the dotted line is linear fit, and the dashed line is a fit using Eq. �4�.

FIG. 4. �Color online� Temperature dependence of the relative
anisotropy of the resonance linewidth �Hc /�Hab �left ordinate,
closed symbols� and the averaged g value �open symbols, right
ordinate� of an EuFe2As2 single crystal.
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��DD
2 � = g4�B

4 3S�S + 1�
2h2 �

j�i

1 + cos2 	ij

rij
6 , �6�

where rij and 	ij denote the distance between spin i and j
and the polar angle of the external magnetic field with re-
spect to the direction of rij. The above relation is valid when
the exchange coupling between the spins is larger than the
Zeeman energy and has been derived, e.g., in Ref. 36. This
condition is certainly fulfilled in the present concentrated Eu
system.

The main contribution results from the four nearest Eu
neighbors at rij =a=3.907 Å.13 With g=2 and S=7 /2 one
obtains

��DD
2 ��	� = 36 GHz2�2 + sin2 	� . �7�

Here the polar angle 	 is measured between the direction of
the external field and the crystallographic c axis. The ex-
change coupling JEu between the Eu2+ ions is determined
from the CW temperature 	CW=19 K using the Weiss
molecular-field equations 3kB	CW=JEuzS�S+1� with z=4
exchange-coupled nearest neighbors in the ab plane as
JEu /kB�0.9 K. Then the exchange frequency can be ap-
proximately estimated by �h�ex�2�zS�S+1�JEu

2 resulting in
�ex�150 GHz. Thus the linewidth due to dipolar broaden-
ing is determined as �H��0.085 kOe �2+sin2 	�. This ex-
plains about 25% of the experimental linewidth but exhibits
an opposite anisotropy in comparison with the experimental
data. The hyperfine interaction in 151Eu �151A=103 MHz�
and 153Eu �153A=46 MHz� �Ref. 37� is at least one order of
magnitude smaller than the dipolar interaction and hence can
be neglected for the line broadening. Therefore, only the te-
tragonal CF can account for the observed anisotropy and
magnitude of the linewidth.

The second moment of the leading uniaxial zero-field
splitting �ZFS� parameter induced by the CF is given by

��ZFS
2 ��	� =

4S�S + 1� − 3

10
D2�1 + cos2 	� �8�

with the polar angle 	 measured between external field and
crystallographic c axis.34 This provides the proper aniso-
tropy. The uniaxial ZFS parameter D can be estimated from
the experimentally observed asymptotic anisotropy of the

linewidth at intermediate temperatures �dashed line in Fig. 4�

�Hc

�Hab
=

��ZFS
2 ��0°� + ��DD

2 ��0°�
��ZFS

2 ��90°� + ��DD
2 ��90°�

� 1.5, �9�

where ��an
2 �= ��DD

2 �+ ��ZFS
2 � was assumed. Inserting Eqs. �7�

and �8� yields D�5.5 GHz, which represents a reasonable
order of magnitude.24 With the obtained estimates for dipolar
interaction, the ZFS parameter and exchange frequency one
obtains �H��0°��1.1 kOe in good agreement with experi-
ment.

V. SUMMARY

In summary, the ESR properties in EuFe2As2 show dis-
tinct differences between the high-temperature phase and the
SDW state below 190 K. Although the system remains me-
tallic for all temperatures, the ESR linewidth and g value of
the Eu2+ ions change from a typical behavior in a metallic
environment with, e.g., a pure Korringa relaxation to charac-
teristic anisotropic features as usually observed in insulators
�e.g., spin-spin relaxation via dipolar fields and zero-field
splitting�. We ascribe this abrupt change to a local reduction
of the 3D spin scattering due to a reduced concentration of
the conduction electrons at the Eu site and their spatial con-
finement to the 2D FeAs layers in the SDW state.

Note added in proof. While finalizing this paper we be-
came aware of an ESR study of Co doped EuFe2As2 for
temperatures above 110 K, which shows a Korringa relax-
ation in agreement with our measurements.38 Also, a strong
reduction and a break up of the Fermi surface in the SDW
regime have been reported by quantum oscillation and
ARPES experiments �e.g. Refs. 39 and 40�. This suggests
that the drastic reduction of the ESR Korringa relaxation
originates from a strong decrease of the density of states at
the Fermi level.

ACKNOWLEDGMENTS

We thank S. Graser, M. Sing, and E. van heumen for
fruitful discussions and A. Pimenova for experimental sup-
port. The work at SNU was supported by NRL �Grant No.
M10600000238� program.

*joachim.deisenhofer@physik.uni-augsburg.de
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 M. Rotter, M. Tegel, and D. Johrendt, Phys. Rev. Lett. 101,

107006 �2008�.
4 H. S. Jeevan, Z. Hossain, D. Kasinathan, H. Rosner, C. Geibel,

and P. Gegenwart, Phys. Rev. B 78, 092406 �2008�.
5 F.-C. Hsu, J.-Y. Luo, K.-W. Yeh, T.-K. Chen, T.-W. Huang, P. M.

Wu, Y.-C. Lee, Y.-L. Huang, Y.-Y. Chu, D.-C. Yan, and M.-K.
Wu, Proc. Natl. Acad. Sci. U.S.A. 105, 14263 �2008�.

6 Y. Mizuguchi, F. Tomioka, S. Tsuda, T. Yamaguchi, and Y. Ta-
kano, Appl. Phys. Lett. 93, 152505 �2008�.

7 S. Medvedev, T. M. McQueen, I. A. Troyan, T. Palasyuk, M. I.
Eremets, R. J. Cava, S. Naghavi, F. Casper, V. Ksenofontov, G.
Wortmann, and C. Felser, Nature Mater. 8, 630 �2009�.

8 J. Dong, H. J. Zhang, G. Xu, Z. Li, G. Li, W. Z. Hu, D. Wu, G.
F. Chen, X. Dai, J. L. Luo, Z. Fang, and N. L. Wang, EPL 83,
27006 �2008�.

9 M. Rotter, M. Tegel, D. Johrendt, I. Schellenberg, W. Hermes
and R. Pöttgen, Phys. Rev. B 78 020503�R� �2008�.

10 M. Rotter, M. Tegel, I. Schellenberg, F. M. Schappacher, R. Pöt-
tgen, J. Deisenhofer, A. Günther, F. Schrettle, A. Loidl, and D.

DENGLER et al. PHYSICAL REVIEW B 81, 024406 �2010�

024406-4



Johrendt, New J. Phys. 11, 025014 �2009�.
11 Ch. Kant, J. Deisenhofer, A. Günther, F. Schrettle, A. Loidl, M.

Rotter, and D. Johrendt, arXiv:0910.0389 �unpublished�.
12 H. Raffius, M. Morsen, B. D. Mosel, W. Müller-Warmuth, W.

Jeitschko, L. Terbüchte, and T. Vomhof, J. Phys. Chem. Solids
54, 135 �1993�.

13 H. S. Jeevan, Z. Hossain, D. Kasinathan, H. Rosner, C. Geibel,
and P. Gegenwart, Phys. Rev. B 78, 052502 �2008�.

14 D. Wu, N. Barisic, N. Drichko, S. Kaiser, A. Faridian, M.
Dressel, S. Jiang, Z. Ren, L. J. Li, G. H. Cao, Z. A. Xu, H. S.
Jeevan, and P. Gegenwart, Phys. Rev. B 79, 155103 �2009�.

15 Z. Ren, Z. Zhu, S. Jiang, X. Xu, Q. Tao, C. Wang, C. Feng, G.
Cao, and Z. Xu, Phys. Rev. B 78, 052501 �2008�.

16 Z. Ren, Q. Tao, S. Jiang, C. Feng, C. Wang, J. Dai, G. Cao, and
Z. Xu, Phys. Rev. Lett. 102, 137002 �2009�.

17 C. F. Miclea, M. Nicklas, H. S. Jeevan, D. Kasinathan, Z. Hos-
sain, H. Rosner, P. Gegenwart, C. Geibel, and F. Steglich, Phys.
Rev. B 79, 212509 �2009�.

18 T. Terashima, M. Kimata, H. Satsukawa, A. Harada, K. Hazama,
S. Uji, H. S. Suzuki, T. Matsumoto, and K. Murata, J. Phys. Soc.
Jpn. 78, 083701 �2009�.

19 A. S. Sefat, R. Jin, M. A. McGuire, B. C. Sales, D. J. Singh, and
D. Mandrus, Phys. Rev. Lett. 101, 117004 �2008�.

20 A. Leithe-Jasper, W. Schnelle, C. Geibel, and H. Rosner, Phys.
Rev. Lett. 101, 207004 �2008�.

21 Q. J. Zheng, Y. He, T. Wu, G. Wu, H. Chen, J. Ying, R. Liu, X.
Wang, Y. Xie, Y. Yan, Q. Li, and X. Chen, arXiv:0907.5547
�unpublished�.

22 S. Jiang, Y. K. Luo, Z. Ren, Z. W. Zhu, C. Wang, X. F. Xu, Q.
Tao, G. H. Cao, and Z.-A. Xu, New J. Phys. 11, 025007 �2009�.

23 B. Elschner and A. Loidl, in Handbook on the Physics and
Chemistry of Rare Earth, edited by K. A. Gschneidner, Jr., L.
Eyring, and M. B. Maple �Elsevier Science B. V., Amsterdam,
2000�, Vol. 30, p. 375.

24 H.-A. Krug von Nidda, A. Schütz, M. Heil, B. Elschner, and A.
Loidl, Phys. Rev. B 57, 14344 �1998�.

25 H.-A. Krug von Nidda, R. Bulla, N. Büttgen, M. Heinrich, and
A. Loidl, Eur. Phys. J. B 34, 399 �2003�.

26 J. Deisenhofer, H.-A. Krug von Nidda, A. Loidl, and E. V. Sam-
pathkumaran, Solid State Commun. 125, 327 �2003�.

27 M. Pfisterer and G. Nagorsen, Z. Naturforsch. C 38b, 811
�1983�.

28 S. E. Barnes, Adv. Phys. 30, 801 �1981�.
29 J. P. Joshi and S. V. Bhat, J. Magn. Reson. 168, 284 �2004�.
30 R. H. Taylor, Adv. Phys. 24, 681 �1975�.
31 B. Elschner and A. Loidl, in Handbook on the Physics and

Chemistry of Rare Earth, edited by K. A. Gschneidner, Jr., and
L. Eyring �Elsevier Science B. V., Amsterdam, 1997�, Vol. 24, p.
221.

32 K. Kitagawa, N. Katayama, K. Ohgushi, M. Yoshida, and M.
Takigawa, J. Phys. Soc. Jpn. 77, 114709 �2008�.

33 R. Kubo and K. Tomita, J. Phys. Soc. Jpn. 9, 888 �1954�.
34 D. L. Huber, G. Alejandro, A. Caneiro, M. T. Causa, F. Prado,

M. Tovar, and S. B. Oseroff, Phys. Rev. B 60, 12155 �1999�.
35 P. W. Anderson and P. R. Weiss, Rev. Mod. Phys. 25, 269

�1953�.
36 I. Yamada, H. Fujii, and M. Hidaka, J. Phys.: Condens. Matter 1,

3397 �1989�.
37 A. Abragam and B. Bleaney, Electron Paramagnetic Resonance

of Transition Ions �Clarendon, Oxford, 1970�.
38 J. J. Ying, T. Wu, Q. J. Zheng, Y. He, G. Wu, Q. J. Li, Y. J. Yan,

Y. L. Xie, R. H. Liu, X. F. Wang, and X. H. Chen,
arXiv:0908.0037 �unpublished�.

39 James G. Analytis, Ross D. McDonald, Jiun-Haw Chu, Scott C.
Riggs, Alimany F. Bangura, Chris Kucharczyk, Michelle Jo-
hannes, and I. R. Fisher, Phys. Rev. B 80, 064507 �2009�.

40 S. de Jong, E. van Heumen, S. Thirupathaiah, R. Huisman, F.
Massee, J. B. Goedkoop, R. Ovsyannikov, J. Fink, H. A. Duerr,
A. Gloskovskii, H. S. Jeevan, P. Gegenwart, A. Erb, L. Patthey,
M. Shi, R. Follath, A. Varykhalov, and M. S. Golden,
arXiv:0912.3434 �unpublished�.

STRONG REDUCTION OF THE KORRINGA RELAXATION… PHYSICAL REVIEW B 81, 024406 �2010�

024406-5


