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The recent of superconductivity in ferro­
oxypnictides, which have a maximum transition 

intermediate between the two other known 
temperature superconductors MgBz and the 

family, has generated huge interest and excitement. 
most critical issue is the origin of the pairing mechanism. 
Whereas in MgBz has been shown to 
arise from strong electron-phonon couplinff, the pairing 

ill cuprate is thought by many to have 
. tides are highly 

to magnetic analogies with 
cuprate . Progress on the 
correct theory of superconductivity in these materials will 
be greatly aided by a detailed knowledge of the Fermi 
surface parameters. Here we report for the first time 
extensive measurements of quantum oscillations in a Fe­
based superconductor, LaFePO, that provide a 
calliper of the size shape of the Fermi surface and the 
effective masses of the relevant charge carriers. Our results 

that the Fermi surface is composed of nearly-nested 
electron and hole pockets in broad agreement with the 
band-structure but with 
enhancement of the masses. The 

Fermi 
'lrl}Vilies firm evidence that LaFePO, 

wbilst unreconstructed, lies extremely close to a spin­
lIenslty-'W~lve installillty, thus favouring models that invoke 

for high-temperature 

LaFePO was the I1rst of the ferrooxypnictide superconductors 
to be discovered and has a transition temperature of 'l~ 7 Kl. 
Substituting the pnictogen P for As results in the isostructural 
compound LaFeAsO, which is in its undoped state 
supcrconducting and a wave 
With a small amount of electron doping it becomes 
high-Tc superconductor (Tc- Of the other COIJ1POUllds 

series the Tc found so far is 55 K for 
2). Calculations5 suggest that the conventional electron­

phonon coupling mechanism is too weak to stabilize such a 
high- Tc state in these materials; instead several authors have 
suggesting a fluetuation mediated mechanism. 
Theoretical models of unconventional panng mechanisms 
on a detailed of the Fermi surface and the 
strength of the of the to excitations; of 
particular importance for is the degree to 
which the Fenni surface is nested 

For several decades the study of quantum oscillations has 
proved to be a powerful probe of Fermi surface parameters. 
For example, the recent observation of quantum oscillations in 
both underdoped and overdoped high temperature cuprate 
superconductors has a marked change in our 
understanding of these I It usefulness stems from 
the fact that it is a three-dimensional bulk probe which is 
extremely precise; the size of the Fe rnl i surface cross-sections 
can typically be measured to an accuracy of 0,05 % of the area 
of the first Brillouin zone. Furthermore, this is not 
affected by surface effects whlch can sometimes considerably 

the of other relevant such 
spectroscopy (ARPES), 

main experimental difficulties with observing quantum 
oscillations are that the samples must be extremely clean and 
the upper critical field must be low enough for the normal state 
to be accessed; LaFePO is a material which fulfils both these 
requirements. We have succeeded to grow crystals with 
residual resistance ratios of up to 90, which show bulk 
superconductivity (Tc - 6.3 K) and have an upper critical field 
0[0.68 T for B II c (7.2 T for B..L c). 

I a shows raw torque measurements versus 
at low temperatures (T 0.35 K ) measured on 
crystal sample. At low fields the torque signature of a bulk 
anisotropic superconductor is observed (a nn'mp-"nHnl~(l 
featllre with a kink at Hc2)' This is almost reversible, 
indicating weak of vortices. A superconducting 
transition is seen at jJ(1 He} = 5,6 T in the data, where the 
magnetic field is almost parallel to the ab plane, This feature 
moves to lower field as the sample is rotated towards B [I c, For 
magnetic field above 9 T oscillations, 
inverse field, are clearly visible. These arise from 
van Alphen (dHvA) effect and become more pronounced after 
subtraction a monotonic background (Figs. Ib). similar 
periodic oscillation in the resistance of another sample 
arising from the related Shubnikov-de Haas effect shown in 
Fig I c. As the are comprised of a of 
several oscillatory components the data are most easily 
understood by the fast Fourier transform (FFT) as shown 
in Figs. I d and I c. The in these spectra to the 
dHvA frequencies F are related to the extremal cross-
sectional areas A" of the Fermi surface via the relation, 

F = Ak. The evolution of the dHvA as the 
magnetic field rotated from being parallel to c (e 0°) 
towards the ab (e = 90°), allows us to construct a 
detailed three dimensional picture of the shape and of the 
Fermi surface. Four frequencies have 



than the others; we name the first, closely spilt, pair 
of lTequencies al and az (F~ I kT, & F 40 T for 0=0) and the 
two higher lTequencies, 13, and 132 (1.9 kT and 2.4 kT 0). 

these intense features their harmonics), we also 
see several other lTequencies of smaller which we 
label y, 0, <; and Tj. The observed represent a 
lTaction between 2.8% to 9 % plane area of the 
Brillouin zone. They are significantly larger than those 
observed in the double-layer Fe-As compound, SrFe2As212, 
which is non-superconducting, and is to have a 
reconstmeted Fermi surface at low temperatures due to the 
spin-density-wave ground state. 

Fig. I e and 2a show the strong angular dependence of the main 
frequencies as well as a significant variation of their amplitudes. 
For a purely two-dimensional Fermi surface the dHvA 

should vary like IIcos e. All of the observed 
lTequencies observed near Bile follow this 
behaviour. Deviations from this, indicating the degree of 

of the quasi-two-dimensional are shown 
F cos e as in 2c. It can seen that the p orbits 
1T0m a section FS which has warping 

whereas for the a orbit FS sheet the warping is much smaller. 
The detailed angle dependence of the orbits is well described 
by Yamaji's model of warping of a two-
dimensional cylinderU As we observe a large 
increase in the amplihlde of the p oscillations at e ~ 45°, where 
the two lTequencies cross. 

The cyclotron effective mass of the on the 
various orbits were determined by temperature 

amplitude of the oscillations to the conventional 
Lifshllz-Kosevich formula,'4 as shown in 2e. These 
measurements were made with the field close to the c-axis and 
the value for (j= 0° was inferred the usual 

masses range between me and 2.1 me, where me is the mass 
of a free electron (see Table I). 

We now compare our experimental observations with 
1T0m density functional theory band stmcture 

Our calculated Fermi surface, based on 
lattice parameters and atomic positions, is in 

excellent agreement with that reported by , the bands 
crossing the Fermi level are derived mainly 1T0m the Fe 

It comprises ofsmall, warped tubular sections 
surface running along the crystallographic c direction. 

There are two hole sheets centred on the Brillouin zone centre 
r and two electron sheets centred zone corner M (see Fig. 

In addition, there is a small three-dimensional hole pocket 
centred on Z. 

The dHvA extremal orbit 
surface are shown alongside the data in Fig. 

3a. The calculation predicts that there should be 9 frequencies 
for e close to zero (h\'o for each tube plus one for the 3D hole 

in the range 1-3 kT. As shown in Fig. 3a, this is 
similar to what is observed experimentally. In 
orbits p, and ~2 closely resemble those expected 

2 

from the larger electron cylinder in both frequency and 
curvature. The shape and splitting of orbits al and a2 closely 
match the smaller clectron cylinder. This assignment is further 

the much amplitude of these 
which indicate thaI they suffer less (we 
estimate a mean lTee of - for the u orbits and 800A 
for the orbits). This is a natural consequence of the fact that 
both these orbits originate 1T0m the same piece of Fermi 
surface in the larger unfolded Brillouin zone 
the n1e three 
then correspond to hole orbits, although their exact 
is less clear. As the dHvA torque is proportional to dFlde, the 

weak valiation of F (ilJ for e - 0 for the maximum 
of band 2 and 3, could make these frequencies 

difficult to observe experimentally leaving only the two 
minimum areas lTom these sheets plus the pocket. Note that 
the 11 orbit was only observed in one sample up to 
18 T) and we cannot rule out the this weak 
originates from a small misaligned 

In order to the data with the 
calculated orbits it is necessary to shift the of each 
band Agreement with the electron orbits 
aI, a2, PI and ~2 is improved with band shifts of -20 and +83 
meV respectively. Applying a uniform shift of +50meV to the 
other bands results in good agreement for the milllma of band 2 
with the y orbit and the frequencies expected 1T0m band 3 are 
within 20-30% of orbits ° and E. The FermI surface produced 
by this procedure is shown in Figs. 3c-g, 

As in the other ferroxypnictides, in LaFePO the band structure 
is very sensitive to the position of the P atom6 The calculations 

that the ofP is around 0.05 A away 
1T0m its , perhaps because the effect of 

fluctuations have not been A calculation 
bandstructure with the P atom in this relaxed stmcture 

results in hole orbits which are much too small to 
data and much larger band energy shifts are needed 
into even agreement. In 
ARPES study of the Fermi surface of 
bands which are consistent with the bandstmcture calculated 
with the relaxed structure with all bands shifted up 55 meV 
and renormalizcd by a factor of2. Although this shift is similar 
In to that applied here, the use of the relaxed 
stmcture means that the Fermi surface cross-sections are 
considerably different to those we measure. For example, the 
APRES results indicate a hole sheet which has a crosssection 

to a dHvA lTequency of ~12kT which is -7 times 
larger than we find from our results. It is expected that for 
undoped LaFePO the volume of the electron and hole sheets 
should equaL For our shifted bands the Imbalance is 0.08 
electrons per unit cell whereas the ARPES results imply an 
imbalance of around I electron unit cell, suggesting 

of the surface 

The band stmcture calculation allows us to estimate the many 
body (electron-phonon and electron-electron) enhancements of 
the masses over their band values. Note that for 
the observed orbits the band masses do not on 
the shift The renormalized factor (I +),) 



the various orbits are listed in Table I, For the electron bands a 
substantia! renonnalisation is found, with (I + 1) lying in the 
range 2-3, For the electron orbits a calculation of A is difficult 
as the calculated do not correspond exactly to the 
experimental ones - as the band masses are all in the 
range 0,5-1 me and the measured m* values are ~ 2 me it is 
reasonable to deduce a similar level of enhancement. Estimates 
of the measured electronic heat coefficient (y) vary 
between 7-12 mJfmol K2 whereas the value obtained from 
our calculations is 5,6 mJimoi K2, Hence, our orbit-specific 
renonnalisations are consistent with the global renormalisation 
estimated from heat data as well as ARPES 
measurements 16 

A two-dimensional cut of our calculated Fenni surface at kz=O 
and kz=rrJc is shown in Figs, 3f and 3g, It can be seen that hole 

at the corner of the Brillouin zone (BZ) are almost 
in shape and size to the electron pockets at the centre 

of the zone, equivalent to a inter-band nesting vector Q~[1r, 
1r ,0] In fact, the similarity in areas of the electron and hole 
pockets can be inferred from the correspondence 
between the dHvA for the electron and hole 

Such near (but not perfect) 
to theories of the 

ferrooxypnictide 
fluctuations, 

methods 

Single crystals of LaFePO, with dimensions up to 0,2 x 0,2 
0,04 mmJ

, were grown from a lin flux using modif1ed 
conditions from those described Zimmer et aL 23 Structural 
refinements based on x-ray diffraction (on 

from the same batch) indicate full occupancy for all 
sites (to an accuracy of for the oxygen), The lattice 
parameters and La!? positions were found to be a 3,941 A, c 

and the ZI~'=O, 1489, zl'=0,63477 in agreement with 
previous results, I Torque measurements were performed with a 
piezoresistive microcantilever down to 0.3 K on different single 
crystals from the same batch, one in Bristol (sample B) up to 18 
T and at another crystal at the NHMFL, Tallahassee, (sample 
A) up to 45 T. lnterplane electrical transport has been measured 
on a third sample (sample C). Measurements were perfonned in 
He' liquid with an error 111 the temperature <0.1 K in Bristol or 
in He3 liquid/vapour with an error of <0,2K in Tallahassee. A 
rotating sample holder allowed the angle () between the 
magnetic field direction and the axis to be varied. For sample 
B the platfonn angle was measured with a pick-up coil (using a 
small modulated magnetic f1eld collinear with the main field) 
with an uncertainty of <1°, For sample A changes of 
angle are inferred from the mechanism of rotator 
with an accuracy of :t2°. In both cases the relative orientation of 
the crystal was deduced the symmetry of the torque signal 
(using the dHvA or Hc2), The variation of the 

of the cantilever is measured with a Wheatstone 
with an ac excitation at a of 72 Hz. At 40 T, 

the oscillatory part is 
torque, The of cantilevers of this type is 

0.1 degree per Ohm, At certain angles and at the 

3 

highest fields, the det1ection ofthe cantilever is large enough to 
generate harnlOnics of the main dHvA which are 
indicated where present. We exclude the possibility of 

any signal from tin inclusions as the 
expected masses for tin are much lower « 0,7 me) than we 
observe . In addition, the symmetry of the dHvA signal is also 
found to be identical with that due to superconductivity. 
Bandstructure calculations we perfolmed the WJEN2K 
code, using 104 k points (in the full Brillouin zone) for 
convergence and k points for the Fenni surface calculations 
IS 
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Orbit F(6=0) Sample A 
(kT) 

m 

U , 0.985(7) 1.9(2) 

Uz 1.025(7) 1.9(2) 

p, 1.91(1) 1.7(2) 

pz 2.41(1 ) 1.8(2) 

/) 1.36(2) 1.8(3) 

y 0.73(2) 1.7(3) 

E 1.69(2) 2.1(3) 

fin ancia l intere sts. Correspondence and 
be addrc<scd to Amali a Co ldea 
Antony Carrington (a.carrington@ 

Sample B Calc 

( I+~,) m* (1+),) m,,/l1I, 

2.5(2) 1.8(1 ) 2.4(2) 0.76 

2.4(2) 18(1) 2.3(2) 0.80 

2.6(3) 1.8(1) 2.6(2) 0.67 

2.1(3) 1.9(1) 2. 1(2) 0.89 

2.1(4) 

3.0(4) 

1.8(3) 

Table I: Band masses and measured effect ive masses for the observed 
orbits for LaFePO. mb is the band-mass estimated from the 
bandstructure calculati ons, and (l+,i) ~m'/mb is the calcula ted mass 
enhancement. 
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Figure 1. Quantum oscillations in LaFePO. a. Torque 
measurements on LaFePO measured at T = 0.35 K and in 
magnetic fields up to 18 T for different orientations () (angle 
between the magnetic field and the c axis) for sample B. Units 
are of lever resistance (10. corresponds to a lever deflection of 
-0.1°). The enlarged region shows )JOHc2=0 7 T. b. dHvA in 
sample A obtained by measuring torque in magnetic fields up to 
45 T. A 5th order polynomial has been subtracted to remove the 
non-OScillatory background and the curves are offset for clarity. 
c. Resistance oscillations (SdH) at high field in sample C 
(background subtracted as above). d . Fourier transform spectra 
using a field window between 15-45 T for two different 
orientations in magnetic field (sample A). e The angle 
dependence of the Fourier transform using a field window 
between 10-18 T showing the angle dependence of the 
frequency and amplitude of the osci llations (sample B). The 
large peak near 45° is due to the enhancement of the dHvA at 
the 'Yamaji Angle' (see text). 



I I.-.l , _ 
-45 0 45 90 

/I (degrees) 

EI Not Shifted 

6 band 

! j 
~ - ' J 
>-3~' . ' ~ (J -_-
c , • 
Q) 
::J 
g 2 
u: 

l \J 
07 

-45 o 45 
(I ( cgrccs) 

I!l Not Sh ifted 

·A ·z 

·1 

II 

90 

T (K) 
1 1.5 

2 

'J 1:; 
l~_ A 0 7 
o 45 90 

1/ [degrees) 

(;J Shifted 

band 

o 45 
I) degrees) 

D Shifted 

·A 

·M 

Figure 2. Fenni surface parameters. a Angular dependence 
of all observed frequencies found experimentally . Sample A is 
represented by open symbols, sample B by closed symbols and 
diamond symbols correspond to sample C. Solid lines are fits to 
1 Icos( e) behaviour expected for a two-dimensional Fermi 
surface cylinder. Suspected harmonics are shown with triangles . 
Dashed lines represent expected location of harmonics of 0.1, 0.2, 

~, and P2. Very good agreement between crystals is found for 
the main branches a. and p. The branches 8, € and y were only 
clearly seen in sample A, probably because this was measured 
in a significant higher magnetic field (up to 45 T), which 
overcomes the damping produced by impurity scattering. An 
eighth branch 11 was seen for sample A only, when the field was 
aligned close to the ab plane. c A plot of F cos (e ) reveals 
deviations from the two-dimensional angle dependence due to 
corrugation of the quasi-2D tubes, which is more pronounced for 
orbits p, and P2. Solid lines show the behaviour expected from a 
simple warping. b Variation with temperature of the Fourier 
amplitude along with a fit to the standard Lifshitz-Kosevich 
formula used to extract the effective mass. Representative data 
from sample B at an angle of 8=32° is shown for an FFT over 
the range 10-17.9 T for a orbits and 15-17.9 T for p orbits. Data 
are offset for clarity. Mass values are reported in Table 1. 
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Figure 3. Comparison of the experimental and calculated Fermi surface of LaFePO. a, Angle dependence of the 
dHva frequencies predicted by bandstructure calculations using experimental lattice parameters and atomic positions 
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(the experimental points from figure 2a are shown in grey - harmonics and uncertain points have been omitted). b, As 
in a) but with the band energies adjusted as described in the text c, A three-dimensional representation of the 
calculated Fermi surface of LaFePO (after band shifts have been The solid black lines indicate the first 
Brillouin zone. d, dimensional (110) cut of the Fermi surface with the non-shifted bands showing the c-
axis of the Fermi surface. The symmetry labels of the BZ are shown. e, as for d) but with the shifted bands. f, 
Two dimension (001) cut of the Fermi surface at the centre of the BZ (rXM showing the degree of nesting 
between the electron and hole pockets (indicated by the grey arrow). as f) but for a cut at the top of the BZ (ZAR 
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The recent discovery of superconductivity in ferro-oxypnictides, which have a maximum transition 
temperature intermediate between the two other known high temperature superconductors MgB_2 
and the cuprate family, has generated huge interest and excitement. The most critical issue is the origin 
of the pairing mechanism. Whereas superconductivity in MgB_2 has been shown to arise from strong 
electron-phonon coupling, the pairing glue in cuprate superconductors is thought by many to have a 
magnetic origin. The oxypnictides are highly susceptible to magnetic instabilities, prompting analogies 
with cuprate superconductivity. Progress on formulating the correct theory of superconductivity in 
these materials wi ll be greatly aided by a detailed knowledge of the Fermi surface parameters. Here we 
report for the first t ime extensive measurements of quantum oscillations in a Fe-based 
superconductor, LaFePO, that provide a precise calliper of the size and shape of the Fermi surface and 
the effective masses of the relevant charge carriers. Our results show that the Fermi surface is 
composed of nearly-nested electron and hole pockets in broad agreement with the band-structure 
predictions but with significant enhancement of the quasiparticle masses. The correspondence in the 
electron and hole Fermi surface areas provides firm experimental evidence that LaFePO, whilst 
un reconstructed, lies extremely close to a spin-density-wave instability, thus favouring models that 
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