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We report quantum-oscillation measurements that enable the direct observation of the Fermi surface of the
low-temperature ground state of BaFe2As2. From these measurements we characterize the low-energy excita-
tions, revealing that the Fermi surface is reconstructed in the antiferromagnetic state, but leaving itinerant
electrons in its wake. The present measurements are consistent with a conventional band folding picture of the
antiferromagnetic ground state, placing important limits on the topology and size of the Fermi surface.
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The low-energy quasiparticle dynamics are an essential
ingredient to many theories of superconductivity. The Fe-
pnictide superconductors however, show evidence for elec-
tron itineracy1–4 and local magnetism,5–8 making it difficult
to know which theoretical framework is most appropriate for
understanding these compounds.9 Establishing the nature of
the itinerancy and magnetism in the parent compounds is
therefore of fundamental importance. In the present paper we
report quantum oscillation �QO� measurements in BaFe2As2,
consistent with density-functional calculations of the antifer-
romagnetic ground state. We find that the spin-density wave
instability does not fully gap the Fermi surface �just as re-
cently predicted10� and quasiparticle coherence persists in the
magnetically ordered ground state.

In the measurements reported here on BaFe2As2 we use
two separate techniques, torque magnetometry and a radio-
frequency contactless conductivity technique using a tunnel
diode oscillator �TDO�, both of which have been used re-
cently to observe oscillations in the closely related com-
pounds LaFePO �Ref. 1� and SrFe2As2.2 We observe three
small pockets comprising 1.7%, 0.7%, and 0.3%, of the para-
magnetic Brillouin zone �that associated with the tetragonal
state� and produce band-structure calculations of a recon-
structed state which are in broad agreement. Furthermore we
map the topology of these small pockets and extract their
effective mass. The present measurements illustrate that itin-
erant electrons play a fundamental role in the ordered state of
ternary Fe pnictides and place important limits on the topol-
ogy and size of the Fermi surface in the antiferromagnetic
state.

Single crystal samples of BaFe2As2 were prepared by
slow cooling a ternary melt, as described elsewhere.11,12 The
crystals were then annealed at high temperature �900 °C in
vacuum for 24 h to allow interstitial and vacancy disorder to
relax. Sample surfaces often appeared degraded after the an-
nealing process but residual resistivity ratios increased from
4 to 10. For these crystals the absolute values of the in-plane
resistivity are around �0.7 m� cm at 300 K. Magnetic QO

measurements were performed at the National High Mag-
netic Field Laboratory �Los Alamos� in the short pulse
��10 ms rise time� 65 T and long pulse ��1 s rise time� 60
T magnets. For the torque magnetometry experiments, pi-
ezoresistive microcantilevers were used at temperatures
down to 0.4 K. The measured torque signal is dependent on
the anisotropic magnetization of the sample ���0M�H,
and can thus detect magnetic field dependent oscillations in
the magnetization, known as the Haas-van Alphen effect.
Sample A, used on the torque cantilever was 0.2�0.2
�0.08 mm3. Another sample �sample B� of dimensions 2
�2�0.3 mm3 was mounted with its tetragonal c axis par-
allel to the axis of a compensated coil that forms part of the
tunnel diode oscillator circuit. The oscillator resonates at fre-
quency �37 MHz in the absence of an applied field, drop-
ping by �300 kHz at 65 T in response to the magnetocon-
ductivity of the sample. As the skin depth changes due to the
Shubnikov-de Haas effect, the coil-resonance frequency is
correspondingly altered.

Background subtracted data taken from sample A is
shown in the inset of Fig. 1�a� �a smooth polynomial of order
3�. The Fourier content of the data is shown in Fig. 1�a�,
illustrating the predominance of a single frequency F�=80
�herein the � pocket, which appears at 95 T in Fig. 1 because
the angle between the field and the tetragonal c axis 	=27°�.
In sample B two higher frequencies F
=440 and F�

=190 T appear at 	=0° which we shall call the 
 and �
pockets, respectively. The 
, �, and � orbits comprise about
1.7%, 0.7%, and 0.3% of the paramagnetic Brillouin zone.

We extract the effective mass by fitting the temperature
dependence of the oscillation amplitude with the thermal
damping term RT=X /sinh�X� of the Lifshitz-Kosevich �LK�
formalism, where X=14.69 m�T /B and m� is the effective
mass. Presently 1 /B is the average inverse field of the Fou-
rier window, taken between 20 and 60 T.13 The suppression
of the 
, �, and � frequency amplitudes is shown in Fig.
1�b�. Data for the � pocket are shown for both techniques.
The effective mass is m�

� =0.9�0.1me in sample A and m�
�
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=0.7�0.2me in sample B which are in broad agreement. The

 pocket has a mass of m


� =1.2�0.3me and the � pocket has
a mass of m�

� =0.6�0.3me. The errors given in Fig. 2�c� are
determined by the noise floor of the Fourier spectra. Further-
more we estimate the Dingle temperature for the pockets to
be TD


 =4 K�1 and TD
� =3 K�1 though we are unable to

extract this for the � pocket. The Dingle temperature was not
accounted for in our effective-mass fitting.14

We next turn to the angle dependence of the observed
pockets. Sample B was mounted on a probe that could be
continuously rotated allowing us to collect a comprehensive
data set on all frequencies. Sample A was discretely rotated
and the QOs were only observable between �27° 	70°�
due to the loss in torque signal as the orientation of the field

approaches a crystal-symmetry direction. Even in sample B
the intensity of � QOs is lost at angles 	�80° and � for 	
�50°. The � and � pockets are highly eccentric, resembling
elongated cigar shapes. By contrast, the 
 pocket has a very
small angular dependence, suggesting that the pocket is
much more isotropic and three dimensional. This frequency
is likely not observable in the torque technique due to the
smaller signal/noise or perhaps due to this absence of aniso-
tropy. Finally, we find the orbitally averaged Fermi velocity
for each pocket using the relation vF=�2e�F /m� yielding
v�=0.8�105 ms−1, v�=1.3�105 ms−1, and v
=1.9
�105 ms−1.
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FIG. 1. �Color online� �a� Thermal evolution of the Fourier
spectrum of the torque data measured with the applied magnetic
field oriented 27° from the c axis. The corresponding temperatures
from highest to lowest intensity are 0.5, 2, 3.1, 4.0, 6.0, 8.0, and 9.0
K. The inset shows typical low-temperature �0.5 and 1.5 K� torque
data �with background subtracted�. �b� The temperature dependence
of the Fourier amplitude �a� for the 
 pocket �open squares�, the �
pocket �open triangles�, the � pocket �open circles� all measured by
the TDO technique, and the � pocket as measured by torque mag-
netometry �solid circles�. The solid lines are fits to the LK formula
yielding the following effective masses: �at 	=23°�; m


��TDO�
=1.2�0.3me, m�

��TDO�=0.6�0.3me, m�
��TDO�=0.7�0.2me, and

m�
��Torque�=0.9�0.1me.
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FIG. 2. �Color online� �a� The residual frequency shift of the
TDO circuit �once a third order background has been subtracted�
showing QOs periodic in inverse magnetic field. The upper curve is
for the magnetic field oriented parallel to the c axis 	=0° and the
lower curve for field perpendicular to the c axis. �b� The Fourier
spectrum of the TDO data at 	=0°. �c� The field orientation depen-
dence of the QO frequencies. The hollow points are extracted form
the TDO data the solid points are extracted from the torque data.
The solid lines are fits to Fermi-surface volumes with an elliptical
cross section oriented parallel to the c axis. The 
, �, and � fre-
quencies correspond to a Fermi-surface cross section comprising
1.7�0.05%, 0.7�0.05%, and 0.30�0.02% of the paramagnetic
Brillouin zone. The ellipticity for 
 is 1.1� .1, � is 5�1, and � is
5.6� .1.
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The � and � frequencies observed here do not correspond
to any of the Fermi-surface pockets calculated for the non-
magnetic state of BaFe2As2.15 The 
 pocket is comparable in
size to a calculated pocket centered at � but the angle depen-
dence reveals that the pocket is much more isotropic than
that predicted in a nonmagnetic calculation. In agreement
with the results in SrFe2As2 we conclude that a dramatic
Fermi-surface reconstruction has occurred in this compound.
The Fermi-surface pockets we observe are consistently larger
than those in SrFe2As2, but the effective masses are smaller,
keeping the orbitally average velocities about the same.2 In
order to gain further insight into our data we perform band-
structure calculations including magnetic ordering which
reconstruct the Fermi surface.16 Our local-density
approximation/generalized gradient approximation �LDA/
GGA� calculations produce magnetic moments �1.67 and
1.97�B, respectively� that are higher than the experimentally
measured moment of about 0.9�B �Ref. 17� Because the
Fermi surfaces have a dependence on the magnitude of the
moment, we suppressed it to the experimental value using
the well-known LDA+U methodology18 but with a negative
value for U. Whereas LDA+U with U�0 generally in-
creases the magnetic tendencies of a system, the negative U
has the opposite effect and with a value of U=−0.54, we
achieve a calculated magnetic moment of 1.0�B. The band
structure with and without this technique is shown in Fig. 3.
To check the validity of our methodology, we also increased
the magnitude of the negative U until the magnetic moment
was suppressed entirely and then compared the band struc-
ture and Fermi surfaces to their nonspin-polarized counter-
parts. The agreement between Fermi surfaces was very good
though shifts of more than 100 meV could be found else-
where in the energy spectrum. Nonetheless, this partially
suppressed moment calculation provides the best possible
comparison to experiment. The results are summarized in
Table I.

Four separate extremal orbits occur based on the calcu-
lated Fermi surfaces. These are labeled in Fig. 3 as 1 �hole�,
2 �electron�, 3 �hole�, and 4 �electron�. For the suppressed
moment calculation, pocket 2 has an area consistent with the
measured F�. The other calculated frequencies are either
higher, 3 and 4, or much lower, 1, than any observed fre-
quencies. However, it is common that calculations require an
energy shift to achieve good agreement with experiment. The
slightly oblate topology of 4 is inconsistent with the ob-
served angle dependence of any of the pockets, so we believe
it unlikely that this is associated with the present QOs. To
find an orbit area similar to the 
 pocket we find that a
upward shift in EF of 60 meV would shrink pocket 3 to a
similar size with an effective mass of 0.7me, exhibiting a
similar angle dependence to that observed. Both 1 and 2 have
a topology consistent with the angle dependence of � and �
and the sharp pinching of the pockets at their extremities
may explain the rapid loss of signal at large angles due to the
phase smearing associated with a higher Fermi-surface cur-
vature. Similarly if 2 is shifted upward by 33 meV it comes
into agreement with the � orbit with an effective mass of
0.55me. Finally 1 is shifted by 38 meV downward it comes
into agreement with the � orbit with an effective mass of
0.47me. We thus settle on identifying � with 1 � with 2 and


 with 3 which is the same identification scheme than the
one used for SrFe2As2.2 With our assignment, the effective
mass of 
 is renormalized by a factor of 1.7, � by 1.1, and �
is renormalized by 2 compared to density functional theory
�DFT�. All of the shifts are well within the �100 meV error
incurred in suppressing the magnetic moment to zero, though
the margin of error is expected to be somewhat less for the
smaller shift to �=1.0�b.

The Sommerfeld coefficient has been extracted from heat
capacity measured on these samples11 and found to be �S
=6.1 mJ /mol K2, consistent with Ref. 19. The Sommerfeld
coefficient calculated for the reconstructed Fermi surface is
2.83 mJ /mol K2, as shown in Table I. This corresponds to a
moderate renormalization of �=1.1. This is consistent with
the effective-mass renormalization necessary to reconcile our
QOs with DFT, which implies that the present calculations
account for the observed Fermi surface.

On the other hand, if we assume that the observed pockets
occur only once in the Brillouin zone, we estimate a contri-
bution of 1.73 mJ /mol K2. It is possible that the large Fermi
cylinders observed by a number of ARPES measurements,
centered at the � point of the Brillouin zone4,5,20–22 may ac-

FIG. 3. �Color online� �Top� Band structure for the reconstructed
state of BaFe2As2 calculated for a magnetic moment of �=1.6
�black� and �=1.0 �green/gray�. Most of the pockets shown in Fig.
3 are made up of multiple bands. The Fermi surfaces of BaFe2As2

in the magnetic phase. �Bottom� High symmetry directions corre-
sponding to the band structure of Fig. 3 are shown in black. The
primitive Brillouin zone is shown in light �orange/light gray� non-
orthogonal lines. Extremal orbits 1, 2, 3, and 4 for �001� magnetic
field are indicated.
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count for the remainder. However, given that each two-
dimensional cylinder contributes �1.5 mJ /mol K2 per me,
regardless of radius, the maximum effective mass available to
each cylinder is �1.4me, in contradiction to the ARPES re-
sults of Ref. 22. Furthermore, in order to reconcile the exis-
tence of the large pockets with the antiferromagentic ground
state of BaFe2As2, an exotic nesting mechanism needs to be
invoked.21 In contrast, only small pockets are observed in the
present measurements, consistent with DFT calculations for
an antiferromagnetic ground state. This could arise due to
conventional Fermi surface nesting, as in elemental Cr.

In summary, we have measured QOs in BaFe2As2 and
found small pockets which are in broad agreement with

band-structure calculations for an antiferromagnetic state.
Our observations are consistent with a conventional spin-
density wave picture which folds the bands of the nonmag-
netic state.
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