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OUTLINE

• Doped LaOFeAs: an „extraordinary“ Fe based SC

• Magnetic & nematic transitions in LaOFeAs

• Phase diagram of Co-doped LaOFeAs

• Nematic fluctuations in (doped) LaOFeAs

Nematic fluctuatons in doped La1111 crystals 

(Development of) methods for strain dependent …

• Strain dependent NMR on BaFe2As2; strain up to (-0.86%;0.42%)

• Elasto-Seebeck effect on Fe based superconductors

• Elasto-Nernst effect on Fe based superconductors

• ARPES@13 beamline under strain (ongoing)
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Solid state single crystal growth of LaOFeAs

• Subsequent sintering of LaFeAsO polycrystals
leads to the formation of crystals

• Optimization of process à large faceted crystals
(Solid State Crystal Growth (SSCG))

R. Kappenberger, BB.  et al., J. Cryst. Growth 2017



LaOFeAs crystals
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24 h @ 1080° C: 200 h @ 1080° C:

R. Kappenberger, BB.  et al., J. Cryst. Growth 2017



LaOFeAs crystals
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24 h @ 1080° C: 200 h @ 1080° C:

R. Kappenberger, BB.  et al., J. Cryst. Growth 2017



H. Luetkens, BB et al., Nat. Mat. (2009)

Phase diagram of F doped La 1111: Revisited

• Rapid suppression of TN

• Clear separation between Ts and TN

• No coexistence of SC and AFM for La1111

à non-magnetic underdoped phase
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old x = 0.035 sample, and xNQR = 0.39 for the
new x = 0.03 sample.

• x = 0.04: According to NQR, this sample has much
less F than the nominal x = 0.04. In (T1T )�1,
this is the only sample which shows two relax-
ation times close to TS , possible phase separation?
There is another x = 0.04 sample included in Lang
PRB2016, which is not magnetic but superconduct-
ing: Tc = 12 K.

• x = 0.05 and x = 0.075: Both samples have a
slightly smaller F content than the nominal whereas
the x = 0.1 sample has a slightly higher F content
leading to a large gap in the phase diagram around
optimal doping.

• x = 0.08: This is the sample of Giacomo Prando
PRL2015. It has nominally x = 0.08, but in the
paper the EDX value is given which is x = 0.13.
According to NQR, this sample is close to the nom-
inal x = 0.08, and this could explain the results in
Prando PRL2015 in a simple way: The underdoped
samples which still have a small low frequency spec-
tral weight in the NQR spectra do have the maxi-
mal Tc. Applying pressure leads to an increase in
the superfluid density, but not to an increase in
Tc. The additional superfluid density comes from
the ”‘low frequency spectral weight”’ regions in the
sample, but does not lead to an increase in Tc.
Then if one would measure NQR under pressure,
the low frequency spectral weight should vanish. In
a similar way, the Uemura plot could be restored in
Lang PRB2016. Also (T1T )�1 nicely agrees to an
underdoped sample.

• x = 0.1 ”‘As deficient sample”’: The NQR spectra
of the As deficient sample (Hammerath PRB2010,
Grinenko PRB2011) also looks like a slightly un-
derdoped sample. Unfortunately, in Grinenko
PRB2011 we explained the NQR spectrum by As
neighboring sites to As deficiencies, but compared
to the new slightly underdoped samples it rather
looks like a slightly underdoped sample. Also
(T1T )�1 nicely agrees to an underdoped sample.

From the NQR spectra one can extract the doping
level which is basically proportional to the weight of the
high frequency peak for underdoped samples, and pro-
portional to the NQR frequency for optimally and over-
doped samples, see Lang PRB2016. The such determined

doping level xNQR can combine all samples in one phase
diagram, Fig. 9.

The temperature dependence of (T1T )�1 of the old
samples fits to the new samples if the NQR doping is
taken. Samples like the ”‘As deficient”’ x = 0.1 and
the Prando sample xEDX = 0.13 show the same (T1T )�1

temperature dependence as slightly underdoped samples.
The x = 0.035 sample has a TN = 65 K in between the
new x = 0.02 TN = 79 K and x = 0.03 TN = 26 K.
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FIG. 9. (Color online) The phase diagram of LaO1�xFxFeAs
versus the doping level determined by NQR, xNQR. The
closed symbols are samples from this work, the open symbols
are samples from Luetkens Nat Mat 2009, and the crossed
open symbols are samples which were investigated over the
years. When the doping level is determined by NQR, all sam-
ples fit into this phase diagram within error bars.

Also the NQR determined doping level is in between:
x = 0.02 = xNQR = 0.292, x = 0.035 = xNQR = 0.31,
and x = 0.03 = xNQR = 0.393. The same is true
for underdoped samples with x = 0.045 (old and new),
x = 0.05, x = 0.075.

V. SUMMARY AND CONCLUSION

Conclusion: new F doping levels agree better with
NQR determined doping, no runaway values anymore.

We thank for insightful discussions. This work has
been supported by the Deutsche Forschungsgemeinschaft
(DFG) through SPP1458 (Grants No. GR3330/2, No.
BE1749/13, No. BU887/15, and No. WU595/3-1).
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FIG. 6. (Color online) The temperature dependence of the
tuning frequency of the sample probe, which indicates the
onset of superconductivity. (a) In 7 Tesla magnetic field. (b)
In zero external magnetic field. The crossed grey symbols
are older samples: x = 0.045 from Hammerath PRB2013 and
Lang PRB2016, x = 0.075 from Luetkens Nat Mat 2009, x =
0.08 from Prando PRL2015, and x = 0.1 the ”‘As deficient”’
sample from Hammerath PRB2010 and Grinenko PRB2011
and Fuchs PRL2008.

IV. PHASE DIAGRAM AND COMPARISON TO
OTHER SAMPLES

The NQR spectra of the old samples look similar (see
Fig. 7 and compare to Fig. 1, however the F content does
not always fit. The following samples cause problems:

• x = 0.035: According to (T1T )�1 (Hammerath
PRB2013, see Fig.10), this sample has a TN = 65
K, which is higher than the new x = 0.03 sample
TN = 26 K. Also the NQR high frequency peak is
smaller than that of the new x = 0.03 sample: the
NQR determined doping is xNQR = 0.31 for the

FIG. 7. (Color online) The NQR spectra of other
LaO1�xFxFeAs samples at room temperature. Only x = 0.1
has been taken at 50 K, but the NQR spectrum of this doping
level is not temperature dependent.
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FIG. 8. (Color online) The phase diagram of LaO1�xFxFeAs
versus the nominal doping. The closed symbols are samples
from this work, the open symbols are samples from Luetkens
Nat Mat 2009, and the crossed open symbols are samples
which were investigated over the years and which do not really
fit into the phase diagram, for example x = 0.035, x = 0.1
”‘As deficient”’, xEDX = 0.13 Prando PRL 2015.

6

old x = 0.035 sample, and xNQR = 0.39 for the
new x = 0.03 sample.

• x = 0.04: According to NQR, this sample has much
less F than the nominal x = 0.04. In (T1T )�1,
this is the only sample which shows two relax-
ation times close to TS , possible phase separation?
There is another x = 0.04 sample included in Lang
PRB2016, which is not magnetic but superconduct-
ing: Tc = 12 K.

• x = 0.05 and x = 0.075: Both samples have a
slightly smaller F content than the nominal whereas
the x = 0.1 sample has a slightly higher F content
leading to a large gap in the phase diagram around
optimal doping.

• x = 0.08: This is the sample of Giacomo Prando
PRL2015. It has nominally x = 0.08, but in the
paper the EDX value is given which is x = 0.13.
According to NQR, this sample is close to the nom-
inal x = 0.08, and this could explain the results in
Prando PRL2015 in a simple way: The underdoped
samples which still have a small low frequency spec-
tral weight in the NQR spectra do have the maxi-
mal Tc. Applying pressure leads to an increase in
the superfluid density, but not to an increase in
Tc. The additional superfluid density comes from
the ”‘low frequency spectral weight”’ regions in the
sample, but does not lead to an increase in Tc.
Then if one would measure NQR under pressure,
the low frequency spectral weight should vanish. In
a similar way, the Uemura plot could be restored in
Lang PRB2016. Also (T1T )�1 nicely agrees to an
underdoped sample.

• x = 0.1 ”‘As deficient sample”’: The NQR spectra
of the As deficient sample (Hammerath PRB2010,
Grinenko PRB2011) also looks like a slightly un-
derdoped sample. Unfortunately, in Grinenko
PRB2011 we explained the NQR spectrum by As
neighboring sites to As deficiencies, but compared
to the new slightly underdoped samples it rather
looks like a slightly underdoped sample. Also
(T1T )�1 nicely agrees to an underdoped sample.

From the NQR spectra one can extract the doping
level which is basically proportional to the weight of the
high frequency peak for underdoped samples, and pro-
portional to the NQR frequency for optimally and over-
doped samples, see Lang PRB2016. The such determined

doping level xNQR can combine all samples in one phase
diagram, Fig. 9.
The temperature dependence of (T1T )�1 of the old

samples fits to the new samples if the NQR doping is
taken. Samples like the ”‘As deficient”’ x = 0.1 and
the Prando sample xEDX = 0.13 show the same (T1T )�1

temperature dependence as slightly underdoped samples.
The x = 0.035 sample has a TN = 65 K in between the
new x = 0.02 TN = 79 K and x = 0.03 TN = 26 K.
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FIG. 9. (Color online) The phase diagram of LaO1�xFxFeAs
versus the doping level determined by NQR, xNQR. The
closed symbols are samples from this work, the open symbols
are samples from Luetkens Nat Mat 2009, and the crossed
open symbols are samples which were investigated over the
years. When the doping level is determined by NQR, all sam-
ples fit into this phase diagram within error bars.

Also the NQR determined doping level is in between:
x = 0.02 = xNQR = 0.292, x = 0.035 = xNQR = 0.31,
and x = 0.03 = xNQR = 0.393. The same is true
for underdoped samples with x = 0.045 (old and new),
x = 0.05, x = 0.075.

V. SUMMARY AND CONCLUSION

Conclusion: new F doping levels agree better with
NQR determined doping, no runaway values anymore.
We thank for insightful discussions. This work has

been supported by the Deutsche Forschungsgemeinschaft
(DFG) through SPP1458 (Grants No. GR3330/2, No.
BE1749/13, No. BU887/15, and No. WU595/3-1).
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FIG. 1. (Color online) The NQR spectra of LaO1�xFxFeAs
for di↵erent doping levels x at 300 K. The solid line is a double
Gaussian fit for underdoped samples (x < 0.1) and a single
Gaussian fit for higher doping levels (x > 0.1) (see also? ).

change in the lattice parameters alone. For example, for
BaFe2As2, the main component of the quadrupole ten-
sor in the tetragonal phase, namely ⌫c, even tilts into
the ab plane below TS , i.e. ⌘ becomes larger than 1 (⌘
is defined above). Therefore, ⌫a,b,c was one of the first
indications that the nematic transition is electronically
driven and not just by the structure or structural mis-
fits which grow with decreasing temperature. Further-
more, as seen above, the quadrupole frequency strongly
depends on doping. This doping dependence is also ob-
servable for all iron pnictides, and can be measured by
NMR as well as NQR. However, if we have a look at the
temperature dependence of the NQR frequency, there is
no change of ⌫NQR at Tnem. While this is at first glance
surprising, it helps to understand what is going on at
the nematic transition. First of all, the NQR frequency
depends on all three parameters of the EFG (see Eqn.
1). Since all three parameters ⌫a, ⌫b, and ⌫c change at
TS , but ⌫NQR does not, the change of the single compo-
nents of the quadrupole frequency is compensated so that
⌫NQR does not change. In other words, while the doping
dependence of the quadrupole frequency indicates an in-
crease of the amount of charges, the change of the single

FIG. 2. (Color online) The temperature dependence of the
NQR frequency, ⌫NQR, for LaO1�xFxFeAs with x = 0 (black
squares) and x = 0.03 (red dots).

parameters ⌫a,b,c indicates a rearrangement of charges,
i.e. an orbital order at TS .

2. Temperature dependence of the spectral weight

The spectral weight changes di↵erently for the two
NQR peaks of a sample: the intensity of the low fre-
quency peak decreases more strongly than that of the
high frequency peak. This indicates that magnetism de-
velops first in the microscopic underdoped region, and
reduces the spectral weight of the low frequency peak by
internal fields and/or fast relaxation. See Fig. 3.

C. Spin lattice relaxation rate and AC
susceptibility

1. Spin lattice relaxation rate measured by NMR (H||ab)
and NQR (corresponding to H||c)

Similar to the quadrupole parameters, the spin lat-
tice relaxation rate divided by temperature, (T1T )�1,
changes strongly at the nematic transition Tnem. This
is because of the peculiar position of the arsenic above
and below the square of iron atoms. Explain hyperfine
coupling, cite paper which confirm this.
Fig. 4 shows (T1T )�1 for the di↵erent doping levels,

thereby the upper panel (Fig. 4 (a)) shows the behavior
of those samples which order magnetically, and the lower
panel (Fig. 4 (b)) is a zoom in to the superconducting
samples, whose relaxation rate is strongly reduced. For
all samples, (T1T )�1 decreases with decreasing tempera-
ture at high temperatures T > 300 K. This decrease is
similar to the decrease of the Knight shift and the macro-
scopic susceptibility, and the origin of this decrease is



Revised phase diagram of F doped La 1111

• Rapid suppression of TN

• Clear separation between Ts and TN

• No coexistence of SC and AFM for La1111
à non-magnetic underdoped phase

5

FIG. 6. (Color online) The temperature dependence of the
tuning frequency of the sample probe, which indicates the
onset of superconductivity. (a) In 7 Tesla magnetic field. (b)
In zero external magnetic field. The crossed grey symbols
are older samples: x = 0.045 from Hammerath PRB2013 and
Lang PRB2016, x = 0.075 from Luetkens Nat Mat 2009, x =
0.08 from Prando PRL2015, and x = 0.1 the ”‘As deficient”’
sample from Hammerath PRB2010 and Grinenko PRB2011
and Fuchs PRL2008.

IV. PHASE DIAGRAM AND COMPARISON TO
OTHER SAMPLES

The NQR spectra of the old samples look similar (see
Fig. 7 and compare to Fig. 1, however the F content does
not always fit. The following samples cause problems:

• x = 0.035: According to (T1T )�1 (Hammerath
PRB2013, see Fig.10), this sample has a TN = 65
K, which is higher than the new x = 0.03 sample
TN = 26 K. Also the NQR high frequency peak is
smaller than that of the new x = 0.03 sample: the
NQR determined doping is xNQR = 0.31 for the

FIG. 7. (Color online) The NQR spectra of other
LaO1�xFxFeAs samples at room temperature. Only x = 0.1
has been taken at 50 K, but the NQR spectrum of this doping
level is not temperature dependent.
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FIG. 8. (Color online) The phase diagram of LaO1�xFxFeAs
versus the nominal doping. The closed symbols are samples
from this work, the open symbols are samples from Luetkens
Nat Mat 2009, and the crossed open symbols are samples
which were investigated over the years and which do not really
fit into the phase diagram, for example x = 0.035, x = 0.1
”‘As deficient”’, xEDX = 0.13 Prando PRL 2015.
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old x = 0.035 sample, and xNQR = 0.39 for the
new x = 0.03 sample.

• x = 0.04: According to NQR, this sample has much
less F than the nominal x = 0.04. In (T1T )�1,
this is the only sample which shows two relax-
ation times close to TS , possible phase separation?
There is another x = 0.04 sample included in Lang
PRB2016, which is not magnetic but superconduct-
ing: Tc = 12 K.

• x = 0.05 and x = 0.075: Both samples have a
slightly smaller F content than the nominal whereas
the x = 0.1 sample has a slightly higher F content
leading to a large gap in the phase diagram around
optimal doping.

• x = 0.08: This is the sample of Giacomo Prando
PRL2015. It has nominally x = 0.08, but in the
paper the EDX value is given which is x = 0.13.
According to NQR, this sample is close to the nom-
inal x = 0.08, and this could explain the results in
Prando PRL2015 in a simple way: The underdoped
samples which still have a small low frequency spec-
tral weight in the NQR spectra do have the maxi-
mal Tc. Applying pressure leads to an increase in
the superfluid density, but not to an increase in
Tc. The additional superfluid density comes from
the ”‘low frequency spectral weight”’ regions in the
sample, but does not lead to an increase in Tc.
Then if one would measure NQR under pressure,
the low frequency spectral weight should vanish. In
a similar way, the Uemura plot could be restored in
Lang PRB2016. Also (T1T )�1 nicely agrees to an
underdoped sample.

• x = 0.1 ”‘As deficient sample”’: The NQR spectra
of the As deficient sample (Hammerath PRB2010,
Grinenko PRB2011) also looks like a slightly un-
derdoped sample. Unfortunately, in Grinenko
PRB2011 we explained the NQR spectrum by As
neighboring sites to As deficiencies, but compared
to the new slightly underdoped samples it rather
looks like a slightly underdoped sample. Also
(T1T )�1 nicely agrees to an underdoped sample.

From the NQR spectra one can extract the doping
level which is basically proportional to the weight of the
high frequency peak for underdoped samples, and pro-
portional to the NQR frequency for optimally and over-
doped samples, see Lang PRB2016. The such determined

doping level xNQR can combine all samples in one phase
diagram, Fig. 9.
The temperature dependence of (T1T )�1 of the old

samples fits to the new samples if the NQR doping is
taken. Samples like the ”‘As deficient”’ x = 0.1 and
the Prando sample xEDX = 0.13 show the same (T1T )�1

temperature dependence as slightly underdoped samples.
The x = 0.035 sample has a TN = 65 K in between the
new x = 0.02 TN = 79 K and x = 0.03 TN = 26 K.
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FIG. 9. (Color online) The phase diagram of LaO1�xFxFeAs
versus the doping level determined by NQR, xNQR. The
closed symbols are samples from this work, the open symbols
are samples from Luetkens Nat Mat 2009, and the crossed
open symbols are samples which were investigated over the
years. When the doping level is determined by NQR, all sam-
ples fit into this phase diagram within error bars.

Also the NQR determined doping level is in between:
x = 0.02 = xNQR = 0.292, x = 0.035 = xNQR = 0.31,
and x = 0.03 = xNQR = 0.393. The same is true
for underdoped samples with x = 0.045 (old and new),
x = 0.05, x = 0.075.

V. SUMMARY AND CONCLUSION

Conclusion: new F doping levels agree better with
NQR determined doping, no runaway values anymore.
We thank for insightful discussions. This work has

been supported by the Deutsche Forschungsgemeinschaft
(DFG) through SPP1458 (Grants No. GR3330/2, No.
BE1749/13, No. BU887/15, and No. WU595/3-1).
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Most Fe based superconductors are “good metals“ 

Exception: 1111 (in particular doped LaOFeAs) 

F. Caglieris, M. Fujioka et al.

Fe based SC: good and/or bad metals?

LaOFeAs

O. Heyer, C. Hess, BB  et al., PRB 2011

Y. Kamihara et al., J. Am. Chem. Soc. 2008 

LiFeAs



F. Caglieris, M. Fujioka et al.

Poisoning effect of Mn doping in La 1111

M. Sato et al. , J. Phys. Soc. Jpn. 2010

Substitution of Fe by tiny amounts of Mn
à Drastic suppression of superconductivity

Mn0.002Fe0.998

Suppression is stronger
for La>(La,Y)>Sm

F. Hammerath P. Carretta, BB et al. 
Phys. Rev. B(R)  2015 



Substitution of Fe by tiny amounts of Mn

à drastic suppression of superconductivity
à localisation of electrons

20% Y series: resistivity

Tmin

Tc

Poisoning effect of Mn doping in La 1111

R. Kappenberger, P. Carretta, BB et al. 
Phys. Rev. B 2018 



OUTLINE

• Doped LaOFeAs: an „extraordinary“ Fe based SC

• Magnetic & nematic transitions in LaOFeAs

• Phase diagram of Co-doped LaOFeAs

• Nematic fluctuations in (doped) LaOFeAs



R. Fernandes, A. Chubukov, J. Schmalian
Nat. Phys. 2014

Chu et al. Science 2012

R.M. Fernandes, A.E. Böhmer, 
C. Meingast, and J. Schmalian, PRL 2013

Lattice „Electron Transport“

Fe 3d Orbitals

Magnetism

Nematic order in Fe based SC 



Nematic order in LaOFeAs: Structure, elastic constant 



Nematic susceptibility of Co doped LaOFeAs
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75As NMR

T*

TSDW
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75As NMR in LaFeAsO

The NMR signal completely disappears 
below TN  ~ 136 K due to AFM ordering 

Splitting of the NMR line below Tnem ~ 156 K only for H || a or b

b

a

c!

No clear evidence for magnetic instability above TS 

Strong (>> FeSe) enhancement of slow spin fluctuations at TS

Nematic order in LaOFeAs: NMR 

S. Baek, BB et al., Phys. Rev. B 2018



Nematic transitions of Fe based SC

Coupling between orbitals/lattice and (slow) spin fluctuations (NMR)

FeSe LaOFeAs BaFe2As2
TN=0 TN < TS TN = TS
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S. Baek, BB et al., Phys. Rev. B 2018



Crystals of Co doped LaO(Fe,Co)As

work in progress
• fluorine doping
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Figure 1: In-plane thermal expansion coe�cients ↵b vs. temperature for x = 0, 0.026, and

0.034. The insert shows ↵b of LaFeAsO at B = 0 T and 15 T.

because in this configuration the small built-in repulsion force from the dilatome-

ter springs detwins the crystal. The larger a-axis, on the other hand, is obtained

by combining a ’twinned’ measurement (along [100]T ) with the ’detwinned’ data.

3. Results and Discussion

Fig. 1 presents the thermal expansion coe�cients, ↵b(T ) = 1/Lb ·dLb(T )/dT

of LaFe1�xCoxAsO. In the parent compound LaFeAsO the structural transition

appears at TS ⇡ 155 K [17, 10] and long-range AFM order evolves at TN ⇡ 130 K

[18, 10, 19, 20]. TS is associated to a pronounced anomaly in ↵ for all doing

levels. For x = 0, the thermal expansion anomaly maxima imply TS = 147 K

and TN = 126 K which is slightly smaller than values from thermal expansion

studies on polycrystals where much broader anomalies with maxima at 157 and

137 K have been found [11]. The magnetic transition at TN is clearly visible
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FIG. 1: As-grown LaFeAsO and La(Fe0.955Co0.045AsO single
crystals.

formation of Co-substituted samples of up to 2 x 3 x 0.05
mm3. By having no slow cooling step, the formation of
NaFeAs and (Na,La)Fe2As2 is circumvented. Several
typical samples are shown on the right in Fig. 1. This
picture shows millimeter-sized crystals with a Co content
of 4.5 %. To our surprise, the crystal growth along the
c-direction has significantly improved with well formed
facets. By synthesizing the parent compound in this new
improved way, crystals with a thickness of up to 0.5 mm
were obtained as shown on the left in Fig. 1. However,
this method still has limitations. Samples with 10 % Co
were obtained in a size range of only 10 µm whereas
the synthesis completely failed for 15 % Co. Possible
remedies could include further increasing the annealing
time.

To investigate sample quality, several complimentary
methods were used for the characterization. Microstruc-
ture and composition were analyzed by scanning electron
microscopy (SEM) on freshly cleaved single crystals. We
used two di↵erent SEMs for the sample characterization:
(i) a Philips XL30 equipped with an microprobe analyzer
(energy-dispersive X-ray spectrometer, EDX) for semi-
quantitative elemental analysis, (ii) a Zeiss EVOMA15
with AzTec software. The acceleration voltage applied
was 30 kV.

EDX spectra on 15-30 points or small areas on each
sample were collected to confirm the elemental distribu-
tion. As shown in Fig. 3, the Co content could be con-
firmed using this method to be in the desired range. As
indicated with the red error bars, the standard deviation
of the Co content of each sample is remarkably smalll.
The amount of Co measured is somewhat larger than the
nominal content in all samples, but still within the sys-
tematic error of EDX (about 1 at%, indicated with the
green error bars). The overestimation might stem from
the fact that the Co K↵ line has some overlap with the
more prominent Fe K� line. An exemplary spectra on a
point on a 6 % Co sample is shown in Fig. 2. As inset, a
BSE mode picture of the mentioned crystal is included,
showing parallel facets indicating very good crystallinity

FIG. 2: BSE mode picture of a 6 % Co sample and extract
from the EDX spectra showing the Co lines. Note the parallel
facets indicating very good crystallinity.

FIG. 3: Co content estimated from EDX measurements ver-
sus nominal Co content of the samples. The red error bars
indicate the standard deviation, the black error bars indicate
the systematic error of the method.

with no additional secondary phases.
Laue di↵raction on a LaFeAsO single crystal also

showed a very nice pattern with no additional reflections
which indicates a single crystal without twinning or in-
clusions.

III. STRUCTURAL PROPERTIES

Powder x-ray di↵raction was measured on powdered
single crystals using a STOE STADI di↵ractometer in
transmission geometry with Mo-K↵1 radiation equipped
with a Germanium monochromator and a DECTRIS
MYTHEN 1K detector. The data were evaluated with
the Rietveld method with Fullprof in the WinPlotR pro-
gram package18,19. The peak shape was assumed to be
a pseudo-Voigt function and the refinement included the

Figure 3: Relative length changes �L/L vs. temperature of the orthorhombic lattice parame-

ters a and b of LaFe1�xCoxAsO with x = 0, 0.026, and 0.034 as well as (b) of the orthorhombic

distortion � inferred from the data in (a). The sketch illustrates the measurement setup (see

the text).
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formation of Co-substituted samples of up to 2 x 3 x 0.05
mm3. By having no slow cooling step, the formation of
NaFeAs and (Na,La)Fe2As2 is circumvented. Several
typical samples are shown on the right in Fig. 1. This
picture shows millimeter-sized crystals with a Co content
of 4.5 %. To our surprise, the crystal growth along the
c-direction has significantly improved with well formed
facets. By synthesizing the parent compound in this new
improved way, crystals with a thickness of up to 0.5 mm
were obtained as shown on the left in Fig. 1. However,
this method still has limitations. Samples with 10 % Co
were obtained in a size range of only 10 µm whereas
the synthesis completely failed for 15 % Co. Possible
remedies could include further increasing the annealing
time.

To investigate sample quality, several complimentary
methods were used for the characterization. Microstruc-
ture and composition were analyzed by scanning electron
microscopy (SEM) on freshly cleaved single crystals. We
used two di↵erent SEMs for the sample characterization:
(i) a Philips XL30 equipped with an microprobe analyzer
(energy-dispersive X-ray spectrometer, EDX) for semi-
quantitative elemental analysis, (ii) a Zeiss EVOMA15
with AzTec software. The acceleration voltage applied
was 30 kV.

EDX spectra on 15-30 points or small areas on each
sample were collected to confirm the elemental distribu-
tion. As shown in Fig. 3, the Co content could be con-
firmed using this method to be in the desired range. As
indicated with the red error bars, the standard deviation
of the Co content of each sample is remarkably smalll.
The amount of Co measured is somewhat larger than the
nominal content in all samples, but still within the sys-
tematic error of EDX (about 1 at%, indicated with the
green error bars). The overestimation might stem from
the fact that the Co K↵ line has some overlap with the
more prominent Fe K� line. An exemplary spectra on a
point on a 6 % Co sample is shown in Fig. 2. As inset, a
BSE mode picture of the mentioned crystal is included,
showing parallel facets indicating very good crystallinity

FIG. 2: BSE mode picture of a 6 % Co sample and extract
from the EDX spectra showing the Co lines. Note the parallel
facets indicating very good crystallinity.

FIG. 3: Co content estimated from EDX measurements ver-
sus nominal Co content of the samples. The red error bars
indicate the standard deviation, the black error bars indicate
the systematic error of the method.

with no additional secondary phases.
Laue di↵raction on a LaFeAsO single crystal also

showed a very nice pattern with no additional reflections
which indicates a single crystal without twinning or in-
clusions.

III. STRUCTURAL PROPERTIES

Powder x-ray di↵raction was measured on powdered
single crystals using a STOE STADI di↵ractometer in
transmission geometry with Mo-K↵1 radiation equipped
with a Germanium monochromator and a DECTRIS
MYTHEN 1K detector. The data were evaluated with
the Rietveld method with Fullprof in the WinPlotR pro-
gram package18,19. The peak shape was assumed to be
a pseudo-Voigt function and the refinement included the
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formation of Co-substituted samples of up to 2 x 3 x 0.05
mm3. By having no slow cooling step, the formation of
NaFeAs and (Na,La)Fe2As2 is circumvented. Several
typical samples are shown on the right in Fig. 1. This
picture shows millimeter-sized crystals with a Co content
of 4.5 %. To our surprise, the crystal growth along the
c-direction has significantly improved with well formed
facets. By synthesizing the parent compound in this new
improved way, crystals with a thickness of up to 0.5 mm
were obtained as shown on the left in Fig. 1. However,
this method still has limitations. Samples with 10 % Co
were obtained in a size range of only 10 µm whereas
the synthesis completely failed for 15 % Co. Possible
remedies could include further increasing the annealing
time.

To investigate sample quality, several complimentary
methods were used for the characterization. Microstruc-
ture and composition were analyzed by scanning electron
microscopy (SEM) on freshly cleaved single crystals. We
used two di↵erent SEMs for the sample characterization:
(i) a Philips XL30 equipped with an microprobe analyzer
(energy-dispersive X-ray spectrometer, EDX) for semi-
quantitative elemental analysis, (ii) a Zeiss EVOMA15
with AzTec software. The acceleration voltage applied
was 30 kV.

EDX spectra on 15-30 points or small areas on each
sample were collected to confirm the elemental distribu-
tion. As shown in Fig. 3, the Co content could be con-
firmed using this method to be in the desired range. As
indicated with the red error bars, the standard deviation
of the Co content of each sample is remarkably smalll.
The amount of Co measured is somewhat larger than the
nominal content in all samples, but still within the sys-
tematic error of EDX (about 1 at%, indicated with the
green error bars). The overestimation might stem from
the fact that the Co K↵ line has some overlap with the
more prominent Fe K� line. An exemplary spectra on a
point on a 6 % Co sample is shown in Fig. 2. As inset, a
BSE mode picture of the mentioned crystal is included,
showing parallel facets indicating very good crystallinity

FIG. 2: BSE mode picture of a 6 % Co sample and extract
from the EDX spectra showing the Co lines. Note the parallel
facets indicating very good crystallinity.

FIG. 3: Co content estimated from EDX measurements ver-
sus nominal Co content of the samples. The red error bars
indicate the standard deviation, the black error bars indicate
the systematic error of the method.

with no additional secondary phases.
Laue di↵raction on a LaFeAsO single crystal also

showed a very nice pattern with no additional reflections
which indicates a single crystal without twinning or in-
clusions.

III. STRUCTURAL PROPERTIES

Powder x-ray di↵raction was measured on powdered
single crystals using a STOE STADI di↵ractometer in
transmission geometry with Mo-K↵1 radiation equipped
with a Germanium monochromator and a DECTRIS
MYTHEN 1K detector. The data were evaluated with
the Rietveld method with Fullprof in the WinPlotR pro-
gram package18,19. The peak shape was assumed to be
a pseudo-Voigt function and the refinement included the
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formation of Co-substituted samples of up to 2 x 3 x 0.05
mm3. By having no slow cooling step, the formation of
NaFeAs and (Na,La)Fe2As2 is circumvented. Several
typical samples are shown on the right in Fig. 1. This
picture shows millimeter-sized crystals with a Co content
of 4.5 %. To our surprise, the crystal growth along the
c-direction has significantly improved with well formed
facets. By synthesizing the parent compound in this new
improved way, crystals with a thickness of up to 0.5 mm
were obtained as shown on the left in Fig. 1. However,
this method still has limitations. Samples with 10 % Co
were obtained in a size range of only 10 µm whereas
the synthesis completely failed for 15 % Co. Possible
remedies could include further increasing the annealing
time.

To investigate sample quality, several complimentary
methods were used for the characterization. Microstruc-
ture and composition were analyzed by scanning electron
microscopy (SEM) on freshly cleaved single crystals. We
used two di↵erent SEMs for the sample characterization:
(i) a Philips XL30 equipped with an microprobe analyzer
(energy-dispersive X-ray spectrometer, EDX) for semi-
quantitative elemental analysis, (ii) a Zeiss EVOMA15
with AzTec software. The acceleration voltage applied
was 30 kV.

EDX spectra on 15-30 points or small areas on each
sample were collected to confirm the elemental distribu-
tion. As shown in Fig. 3, the Co content could be con-
firmed using this method to be in the desired range. As
indicated with the red error bars, the standard deviation
of the Co content of each sample is remarkably smalll.
The amount of Co measured is somewhat larger than the
nominal content in all samples, but still within the sys-
tematic error of EDX (about 1 at%, indicated with the
green error bars). The overestimation might stem from
the fact that the Co K↵ line has some overlap with the
more prominent Fe K� line. An exemplary spectra on a
point on a 6 % Co sample is shown in Fig. 2. As inset, a
BSE mode picture of the mentioned crystal is included,
showing parallel facets indicating very good crystallinity

FIG. 2: BSE mode picture of a 6 % Co sample and extract
from the EDX spectra showing the Co lines. Note the parallel
facets indicating very good crystallinity.

FIG. 3: Co content estimated from EDX measurements ver-
sus nominal Co content of the samples. The red error bars
indicate the standard deviation, the black error bars indicate
the systematic error of the method.

with no additional secondary phases.
Laue di↵raction on a LaFeAsO single crystal also

showed a very nice pattern with no additional reflections
which indicates a single crystal without twinning or in-
clusions.

III. STRUCTURAL PROPERTIES

Powder x-ray di↵raction was measured on powdered
single crystals using a STOE STADI di↵ractometer in
transmission geometry with Mo-K↵1 radiation equipped
with a Germanium monochromator and a DECTRIS
MYTHEN 1K detector. The data were evaluated with
the Rietveld method with Fullprof in the WinPlotR pro-
gram package18,19. The peak shape was assumed to be
a pseudo-Voigt function and the refinement included the
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formation of Co-substituted samples of up to 2 x 3 x 0.05
mm3. By having no slow cooling step, the formation of
NaFeAs and (Na,La)Fe2As2 is circumvented. Several
typical samples are shown on the right in Fig. 1. This
picture shows millimeter-sized crystals with a Co content
of 4.5 %. To our surprise, the crystal growth along the
c-direction has significantly improved with well formed
facets. By synthesizing the parent compound in this new
improved way, crystals with a thickness of up to 0.5 mm
were obtained as shown on the left in Fig. 1. However,
this method still has limitations. Samples with 10 % Co
were obtained in a size range of only 10 µm whereas
the synthesis completely failed for 15 % Co. Possible
remedies could include further increasing the annealing
time.

To investigate sample quality, several complimentary
methods were used for the characterization. Microstruc-
ture and composition were analyzed by scanning electron
microscopy (SEM) on freshly cleaved single crystals. We
used two di↵erent SEMs for the sample characterization:
(i) a Philips XL30 equipped with an microprobe analyzer
(energy-dispersive X-ray spectrometer, EDX) for semi-
quantitative elemental analysis, (ii) a Zeiss EVOMA15
with AzTec software. The acceleration voltage applied
was 30 kV.

EDX spectra on 15-30 points or small areas on each
sample were collected to confirm the elemental distribu-
tion. As shown in Fig. 3, the Co content could be con-
firmed using this method to be in the desired range. As
indicated with the red error bars, the standard deviation
of the Co content of each sample is remarkably smalll.
The amount of Co measured is somewhat larger than the
nominal content in all samples, but still within the sys-
tematic error of EDX (about 1 at%, indicated with the
green error bars). The overestimation might stem from
the fact that the Co K↵ line has some overlap with the
more prominent Fe K� line. An exemplary spectra on a
point on a 6 % Co sample is shown in Fig. 2. As inset, a
BSE mode picture of the mentioned crystal is included,
showing parallel facets indicating very good crystallinity

FIG. 2: BSE mode picture of a 6 % Co sample and extract
from the EDX spectra showing the Co lines. Note the parallel
facets indicating very good crystallinity.

FIG. 3: Co content estimated from EDX measurements ver-
sus nominal Co content of the samples. The red error bars
indicate the standard deviation, the black error bars indicate
the systematic error of the method.

with no additional secondary phases.
Laue di↵raction on a LaFeAsO single crystal also

showed a very nice pattern with no additional reflections
which indicates a single crystal without twinning or in-
clusions.

III. STRUCTURAL PROPERTIES

Powder x-ray di↵raction was measured on powdered
single crystals using a STOE STADI di↵ractometer in
transmission geometry with Mo-K↵1 radiation equipped
with a Germanium monochromator and a DECTRIS
MYTHEN 1K detector. The data were evaluated with
the Rietveld method with Fullprof in the WinPlotR pro-
gram package18,19. The peak shape was assumed to be
a pseudo-Voigt function and the refinement included the
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FIG. 6. (Color online) The temperature dependence of the
tuning frequency of the sample probe, which indicates the
onset of superconductivity. (a) In 7 Tesla magnetic field. (b)
In zero external magnetic field. The crossed grey symbols
are older samples: x = 0.045 from Hammerath PRB2013 and
Lang PRB2016, x = 0.075 from Luetkens Nat Mat 2009, x =
0.08 from Prando PRL2015, and x = 0.1 the ”‘As deficient”’
sample from Hammerath PRB2010 and Grinenko PRB2011
and Fuchs PRL2008.

IV. PHASE DIAGRAM AND COMPARISON TO
OTHER SAMPLES

The NQR spectra of the old samples look similar (see
Fig. 7 and compare to Fig. 1, however the F content does
not always fit. The following samples cause problems:

• x = 0.035: According to (T1T )�1 (Hammerath
PRB2013, see Fig.10), this sample has a TN = 65
K, which is higher than the new x = 0.03 sample
TN = 26 K. Also the NQR high frequency peak is
smaller than that of the new x = 0.03 sample: the
NQR determined doping is xNQR = 0.31 for the

FIG. 7. (Color online) The NQR spectra of other
LaO1�xFxFeAs samples at room temperature. Only x = 0.1
has been taken at 50 K, but the NQR spectrum of this doping
level is not temperature dependent.
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FIG. 8. (Color online) The phase diagram of LaO1�xFxFeAs
versus the nominal doping. The closed symbols are samples
from this work, the open symbols are samples from Luetkens
Nat Mat 2009, and the crossed open symbols are samples
which were investigated over the years and which do not really
fit into the phase diagram, for example x = 0.035, x = 0.1
”‘As deficient”’, xEDX = 0.13 Prando PRL 2015.
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old x = 0.035 sample, and xNQR = 0.39 for the
new x = 0.03 sample.

• x = 0.04: According to NQR, this sample has much
less F than the nominal x = 0.04. In (T1T )�1,
this is the only sample which shows two relax-
ation times close to TS , possible phase separation?
There is another x = 0.04 sample included in Lang
PRB2016, which is not magnetic but superconduct-
ing: Tc = 12 K.

• x = 0.05 and x = 0.075: Both samples have a
slightly smaller F content than the nominal whereas
the x = 0.1 sample has a slightly higher F content
leading to a large gap in the phase diagram around
optimal doping.

• x = 0.08: This is the sample of Giacomo Prando
PRL2015. It has nominally x = 0.08, but in the
paper the EDX value is given which is x = 0.13.
According to NQR, this sample is close to the nom-
inal x = 0.08, and this could explain the results in
Prando PRL2015 in a simple way: The underdoped
samples which still have a small low frequency spec-
tral weight in the NQR spectra do have the maxi-
mal Tc. Applying pressure leads to an increase in
the superfluid density, but not to an increase in
Tc. The additional superfluid density comes from
the ”‘low frequency spectral weight”’ regions in the
sample, but does not lead to an increase in Tc.
Then if one would measure NQR under pressure,
the low frequency spectral weight should vanish. In
a similar way, the Uemura plot could be restored in
Lang PRB2016. Also (T1T )�1 nicely agrees to an
underdoped sample.

• x = 0.1 ”‘As deficient sample”’: The NQR spectra
of the As deficient sample (Hammerath PRB2010,
Grinenko PRB2011) also looks like a slightly un-
derdoped sample. Unfortunately, in Grinenko
PRB2011 we explained the NQR spectrum by As
neighboring sites to As deficiencies, but compared
to the new slightly underdoped samples it rather
looks like a slightly underdoped sample. Also
(T1T )�1 nicely agrees to an underdoped sample.

From the NQR spectra one can extract the doping
level which is basically proportional to the weight of the
high frequency peak for underdoped samples, and pro-
portional to the NQR frequency for optimally and over-
doped samples, see Lang PRB2016. The such determined

doping level xNQR can combine all samples in one phase
diagram, Fig. 9.
The temperature dependence of (T1T )�1 of the old

samples fits to the new samples if the NQR doping is
taken. Samples like the ”‘As deficient”’ x = 0.1 and
the Prando sample xEDX = 0.13 show the same (T1T )�1

temperature dependence as slightly underdoped samples.
The x = 0.035 sample has a TN = 65 K in between the
new x = 0.02 TN = 79 K and x = 0.03 TN = 26 K.

 TN NMR (T1T)-1

 TS NMR (T1T)-1

 Tc SQUID

FIG. 9. (Color online) The phase diagram of LaO1�xFxFeAs
versus the doping level determined by NQR, xNQR. The
closed symbols are samples from this work, the open symbols
are samples from Luetkens Nat Mat 2009, and the crossed
open symbols are samples which were investigated over the
years. When the doping level is determined by NQR, all sam-
ples fit into this phase diagram within error bars.

Also the NQR determined doping level is in between:
x = 0.02 = xNQR = 0.292, x = 0.035 = xNQR = 0.31,
and x = 0.03 = xNQR = 0.393. The same is true
for underdoped samples with x = 0.045 (old and new),
x = 0.05, x = 0.075.

V. SUMMARY AND CONCLUSION

Conclusion: new F doping levels agree better with
NQR determined doping, no runaway values anymore.
We thank for insightful discussions. This work has

been supported by the Deutsche Forschungsgemeinschaft
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Anomalous slow spin fluctuations in underdoped LaO1-xFxFeAs3

FIG. 3. (Color online) The temperature dependence of the
NQR spectra for x = 0.03. The inset shows the temperature
dependence of the high frequency spectral weight: it increases
with decreasing temperature meaning that the low frequency
spectral weight is decreasing already above the magnetic tran-
sition temperature TN determined by (T1T )

�1.

not understood. For lower temperatures T < 300 K and
magnetic samples, (T1T )�1 turns over to increase with
decreasing temperature, and then, at TS , more strongly
increases with decreasing T , even outreaching a Curie
Weiss fit to the data above TS . The temperature at
which (T1T )�1 increases more strongly than the Curie
Weiss fit is taken to be the structural phase transition
temperature. Cite all papers which do it like this, and
mention that this is similar to Baek single crystal?
For samples which do not order long range magnet-

ically, the spin fluctuations and therefore (T1T )�1 col-
lapse. For x = 0.03, (T1T )�1 reaches a maximum of
about 12 s�1K�1 at TN = 26 K, and for x = 0.04,
which does not order long range, (T1T )�1 reaches only
1.34 s�1K�1 at 4.2 K, i.e. about one magnitude smaller.
The sample with x = 0.045 shows a clear maximum in
(T1T )�1 at Tmax = 30 K, but with an even more reduced
(T1T )�1 value of only 0.5 s�1K�1. Such a maximum has
been observed already earlier and has been attributed
to a progressive slowing down of spin fluctuations down
to Tc

24. At Tmax, the frequency of the spin fluctuations
equals the Larmor frequency of the nuclei, !L, and there-
fore leading to the maximum in (T1T )�1. Note that the
temperature of the maximum is even higher than TN of
the last magnetically ordered sample. Interesting, why?
Similar to Na1�xLixFeAs? For even higher doping val-
ues, (T1T )�1 is more and more reduced, and decreases
strongly below Tc, following the typical powerlaw behav-
ior. Finally, for x = 0.11 no signature of spin fluctua-
tions can be observed anymore in (T1T )�1, and (T1T )�1

adopts the slope of the high temperature decrease of the
other doping levels, until it decreases even more strongly
in the superconducting state below Tc.
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FIG. 4. (Color online) The temperature dependence of the
spin lattice relaxation rate divided by temperature, (T1T )

�1,
for LaO1�xFxFeAswith x = 0 (open black squares), x = 0.02
(black squares), x = 0.03 (red dots), x = 0.04 (green tri-
angles), x = 0.045 (blue down triangles), x = 0.06 (cyan
diamonds), x = 0.07 (magenta left triangles), and x = 0.11
(dark yellow hexagons). The upper panel highlights the data
of the magnetic samples, whereas the lower panel is a zoom
in to the data of the superconducting samples. TN , TS , Tc,
and Tmaxare marked with arrows.

Another way to determine the structural phase tran-
sition temperature is to build the ratio of the relaxation
rates measured for H||ab and H||c, i.e. R = T

�1
1ab/T

�1
1c .

Since we did not measure T�1
1c in a magnetic field, we took

the relaxation rate measured by NQR which is equiva-
lent to T

�1
1c . The ratio, R, is shown in Fig. 5. Due to

the peculiar hyperfine coupling of the 75As, R is about
1.5 at higher temperatures, and increases strongly at the
structural phase transition temperature. Cite relevant
paper which did so. The so determined transition tem-
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F. Hammerath, P. Caretta, BB et al., PRB 2013

Bloembergen-Purcell-Pound (BPP) model

Peak in 1/T1 if correlation time of spin fluctuation tc
equals the inverse (H dep.) Larmor frequency, i.e. for

tc ~  1/wL

NMR on underdoped 1111:
No long range

magnetic order

Anomalous slow spin fluctuations in underdoped LaOFeAs



OUTLINE

• Doped LaOFeAs: an „extraordinary“ Fe based SC

• Magnetic & nematic transitions in LaOFeAs

• Phase diagram of Co-doped LaOFeAs

• Nematic fluctuations in (doped) LaOFeAs

Nematic fluctuatons in doped La1111 crystals 

(Development of) methods for strain dependent …

• Strain dependent NMR on BaFe2As2; strain up to (-0.86%;0.42%)

• Elasto-Seebeck effect on Fe based superconductors

• Elasto-Nernst effect on Fe based superconductors

• ARPES@13 beamline under strain (ongoing)



A. P. Dioguardi, H. Grafe. C. Hicks et al.  |  Uniaxial pressure NMR in BaFe2As2

• Extract EFG from NMR spectral measurements vs strain

• EFG, dh/de ~ cnem; As p- and Fe d-orbitals hybridize

à Quadrupolar NMR = Local probe of nematic susceptibility

Chu et al., Science, 337(6095), 710 (2012)

Electric Field Gradient (EFG) vs strain

BaFe2As2

See also N. Curro et al. 

In-situ strain control 
Measure same sample 
for H || a,b & H || c

Min = -0.86 % strain
Max = 0.42 % strain



Strain-derivative of thermoelectric coefficients

Federico Caglieris

The experimental setup
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The strain-derivative of S and N
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Large effect with tiny strain 
ΔS =S(ε)−S0

ΔN =N(ε)−N0



S = Ex
∇xT

Seebeck coefficient of the free electron gas 

In the Boltzmann picture thermopower is linked to electric conductivity 

[the Mott formula]: 

This yields: 

transport Thermodynamic 

For a free electron gas, with τ =τ0
ξ, this becomes: 

TSTNTSTN
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Seebeck effect S(T) in LaFe1-xCoxAsO

• S changes sign: multi-band, electron & holes
• e-doping: increase of S with negative sign 

Mott formula

Energy derivatives of 
density and mobility
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Strain dependent Seebeck

TS
TS

• Anomaly of dS/de at TS and not at TN

• Curie-Weiss like behaviour in the 
tetragonal phase, T* ≈ T* (r)

• dS/de Independent on the sign of S

δ(ΔS /T )
δε

=k + C
T −T *

Band selectivity of nematic fluctuations?
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Band selectivity of nematic fluctuations?
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Nernst effect in LaFe1-xCoxAsO

• x=0: Strong increase below Ts

• X= 3.5 % : Decrease at low T (below TN?)
• T > Ts: similar behaviour of N for x = 0 and 3.5%

Sonheimer formula
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Nernst and Seebeck effect under strain in LaOFeAs

• Nematic fluctuations/strain derivative of transport related to TS and not to TN

• Strain dependence of transport band selective (different signs of S)
• Universal Curie-Weiss behaviour of strain derivative for all transport properties
• Elasto-thermoelctric transport and elasto-resistivity not equivalently

representative for nematic susceptibility!!  
(scattering, Fermi surface, different pockets ...)
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FIG. 3. a) and d) Strain derivatives of the Seebeck coe�cient �(�S/T )/�✏ of the LaFe1�xCoxAsO compounds with x=0
and the x=0.035, respectively. b) and e) Strain derivatives of the Nernst coe�cient �(�⌫/T )/�✏ of the x=0 and the x=0.035
compounds respectively. c) and f) Strain derivatives of the normalised Nernst coe�cient �(�⌫/⌫)/�✏ of the x=0 and the
x=0.035 compounds respectively. The red solid lines represent the Curie-Weiss fit for T > TS , while the blue dotted lines are
guides for the eye. See caption of Figure 2 for the meaning of the coloured areas. Inset a) Strain-dependence of the Seebeck
anisotropy �S = S(✏)�S(✏ = 0) for a single crystal of LaFeAsO at T=155 K and T=200 K. Inset c) Strain-dependence of the
Nernst anisotropy �⌫ = ⌫(✏)� ⌫(✏ = 0) for a single crystal of LaFeAsO at T=157 K and B = ±14 T.

This indicates that the observed phenomenology of S is
likely caused by the multi-band nature of this material
[24]. Hence, the observed mismatch in the temperature
dependence of �(�S)/�✏ and S suggests that the See-
beck coe�cient anisotropy in the low-strain limit does
not regard equally the whole band structure, but must
be referred only to some particular bands whereas others
remain isotropic.

Let’s now analyse the amplitude of �(�⌫/⌫)/�✏ by a
direct comparison to the amplitude �(�⇢/⇢)/�✏ [36], usu-
ally representing the nematic order parameter. Despite
showing a diverging Curie-Weiss behavior with almost
the same T ⇤ [36], �(�⇢/⇢)/�✏ increases with electronic
doping by Co-substitution, while �(�⌫/⌫)/�✏ diminishes
of about a factor four from the x=0 to the x=0.035 com-
pound (taking the respective maxima). This opposite
behavior suggests that �(�⇢/⇢) and �(�⌫/⌫) are not
equivalently representative of the nematic susceptibility.
Generally, the anisotropy in transport properties can be
caused by either an anisotropy in the in-plane scattering
time or an anisotropy of the Fermi surface. Interestingly,
among the possible pictures to explain the transport ne-
matic phonemenology, the orbital-selective spin-nematic
model predicts that, once the orbital character of the
spin-fluctuations is taken into account, both the scatter-
ing rate and the band parameter (i.e. the Fermi veloci-
ties) must play a role [16–18]. In the contest of cuprate
superconductors, it was also explicitly predicted that the

Nernst e↵ect anisotropy is a very sensitive probe of Fermi
surface distortions caused by electron-nematic order [39].
Hence, we could conjecture that, while both �(�⌫/⌫) and
�(�⇢/⇢)/�✏ are similarly sensitive to an anisotropic scat-
tering time, Fermi surface anisotropies a↵ect much more
the the Nernst coe�cient, causing a possible mismatch
in the doping-dependece.
The strong sensitivity of thermoelectric transport to the
Fermi surface properties can be intuitively understood,
by deriving the expression for the thermoelectric coe�-
cients in the simple case of a single band material. The
Nernst coe�cient is generally ⌫ / d(tan✓H)/dE|E=EF ,
where E is the energy and tan✓H is the tangent of
the Hall angle, directly linked to the carrier mobility
µ through the magnetic field B, reading tan✓H=µB.
The Seebeck coe�cient is instead S / d(ln�)/dE|E=EF ,
where � is the electric conductivity. Hence, assuming
that the carrier mass is energy independent and drop-
ping some constants, one can obtain ⌫ / d⌧/dE|E=EF

and S / [(1/⌧)d⌧/dE + (1/n)dn/dE)]|E=EF , where ⌧ is
the scattering time and n the carrier density. In case
of a smooth variation of ⌧ with E at the Fermi energy,
one can assume d⌧/dE|E=EF⇡⌧/EF [19], resulting in a
⌧ -independent Seebeck e↵ect and in a Nernst coe�cient
directly proportional to ⌧ . Naturally, this simple argu-
ment must face the complexity of the band structure of
iron-based superconductors, but it intuitively points out
that S should be the transport quantity less sensitive

F. Caglieris et al., arxiv



Nernst effect of LaFe1-xCoxAsO



• Huge Nernst effect in nematic/magnetic phase of parent compounds
• Strinkingly similar behaviour in LaOFeAs and BaFe2As2
• Peculiar “electronic state” independent on defects, dimensionality, …

but drastic suppression as a function of doping

Nernst effect of
LaFe1-xCoxAsO and Ba(Fe1-xRhx)2As2



Nernst effect of
LaFe1-xCoxAsO and Ba(Fe1-xRhx)2As2



Nernst effect of
LaFe1-xCoxAsO and Ba(Fe1-xRhx)2As2

• Does the Nernst effect for T>Ts measure nematic flucfuations? 



work in progress
• fluorine doping
• Sm 1111 
• Ce 1111
• ...  

TS (NMR)AFM

tetragonal

orth.
LaOFe1-xCoxAs
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FIG. 3. a) and d) Strain derivatives of the Seebeck coe�cient �(�S/T )/�✏ of the LaFe1�xCoxAsO compounds with x=0
and the x=0.035, respectively. b) and e) Strain derivatives of the Nernst coe�cient �(�⌫/T )/�✏ of the x=0 and the x=0.035
compounds respectively. c) and f) Strain derivatives of the normalised Nernst coe�cient �(�⌫/⌫)/�✏ of the x=0 and the
x=0.035 compounds respectively. The red solid lines represent the Curie-Weiss fit for T > TS , while the blue dotted lines are
guides for the eye. See caption of Figure 2 for the meaning of the coloured areas. Inset a) Strain-dependence of the Seebeck
anisotropy �S = S(✏)�S(✏ = 0) for a single crystal of LaFeAsO at T=155 K and T=200 K. Inset c) Strain-dependence of the
Nernst anisotropy �⌫ = ⌫(✏)� ⌫(✏ = 0) for a single crystal of LaFeAsO at T=157 K and B = ±14 T.

This indicates that the observed phenomenology of S is
likely caused by the multi-band nature of this material
[24]. Hence, the observed mismatch in the temperature
dependence of �(�S)/�✏ and S suggests that the See-
beck coe�cient anisotropy in the low-strain limit does
not regard equally the whole band structure, but must
be referred only to some particular bands whereas others
remain isotropic.

Let’s now analyse the amplitude of �(�⌫/⌫)/�✏ by a
direct comparison to the amplitude �(�⇢/⇢)/�✏ [36], usu-
ally representing the nematic order parameter. Despite
showing a diverging Curie-Weiss behavior with almost
the same T ⇤ [36], �(�⇢/⇢)/�✏ increases with electronic
doping by Co-substitution, while �(�⌫/⌫)/�✏ diminishes
of about a factor four from the x=0 to the x=0.035 com-
pound (taking the respective maxima). This opposite
behavior suggests that �(�⇢/⇢) and �(�⌫/⌫) are not
equivalently representative of the nematic susceptibility.
Generally, the anisotropy in transport properties can be
caused by either an anisotropy in the in-plane scattering
time or an anisotropy of the Fermi surface. Interestingly,
among the possible pictures to explain the transport ne-
matic phonemenology, the orbital-selective spin-nematic
model predicts that, once the orbital character of the
spin-fluctuations is taken into account, both the scatter-
ing rate and the band parameter (i.e. the Fermi veloci-
ties) must play a role [16–18]. In the contest of cuprate
superconductors, it was also explicitly predicted that the

Nernst e↵ect anisotropy is a very sensitive probe of Fermi
surface distortions caused by electron-nematic order [39].
Hence, we could conjecture that, while both �(�⌫/⌫) and
�(�⇢/⇢)/�✏ are similarly sensitive to an anisotropic scat-
tering time, Fermi surface anisotropies a↵ect much more
the the Nernst coe�cient, causing a possible mismatch
in the doping-dependece.
The strong sensitivity of thermoelectric transport to the
Fermi surface properties can be intuitively understood,
by deriving the expression for the thermoelectric coe�-
cients in the simple case of a single band material. The
Nernst coe�cient is generally ⌫ / d(tan✓H)/dE|E=EF ,
where E is the energy and tan✓H is the tangent of
the Hall angle, directly linked to the carrier mobility
µ through the magnetic field B, reading tan✓H=µB.
The Seebeck coe�cient is instead S / d(ln�)/dE|E=EF ,
where � is the electric conductivity. Hence, assuming
that the carrier mass is energy independent and drop-
ping some constants, one can obtain ⌫ / d⌧/dE|E=EF

and S / [(1/⌧)d⌧/dE + (1/n)dn/dE)]|E=EF , where ⌧ is
the scattering time and n the carrier density. In case
of a smooth variation of ⌧ with E at the Fermi energy,
one can assume d⌧/dE|E=EF⇡⌧/EF [19], resulting in a
⌧ -independent Seebeck e↵ect and in a Nernst coe�cient
directly proportional to ⌧ . Naturally, this simple argu-
ment must face the complexity of the band structure of
iron-based superconductors, but it intuitively points out
that S should be the transport quantity less sensitive

Nernst
effect
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This indicates that the observed phenomenology of S is
likely caused by the multi-band nature of this material
[24]. Hence, the observed mismatch in the temperature
dependence of �(�S)/�✏ and S suggests that the See-
beck coe�cient anisotropy in the low-strain limit does
not regard equally the whole band structure, but must
be referred only to some particular bands whereas others
remain isotropic.

Let’s now analyse the amplitude of �(�⌫/⌫)/�✏ by a
direct comparison to the amplitude �(�⇢/⇢)/�✏ [36], usu-
ally representing the nematic order parameter. Despite
showing a diverging Curie-Weiss behavior with almost
the same T ⇤ [36], �(�⇢/⇢)/�✏ increases with electronic
doping by Co-substitution, while �(�⌫/⌫)/�✏ diminishes
of about a factor four from the x=0 to the x=0.035 com-
pound (taking the respective maxima). This opposite
behavior suggests that �(�⇢/⇢) and �(�⌫/⌫) are not
equivalently representative of the nematic susceptibility.
Generally, the anisotropy in transport properties can be
caused by either an anisotropy in the in-plane scattering
time or an anisotropy of the Fermi surface. Interestingly,
among the possible pictures to explain the transport ne-
matic phonemenology, the orbital-selective spin-nematic
model predicts that, once the orbital character of the
spin-fluctuations is taken into account, both the scatter-
ing rate and the band parameter (i.e. the Fermi veloci-
ties) must play a role [16–18]. In the contest of cuprate
superconductors, it was also explicitly predicted that the

Nernst e↵ect anisotropy is a very sensitive probe of Fermi
surface distortions caused by electron-nematic order [39].
Hence, we could conjecture that, while both �(�⌫/⌫) and
�(�⇢/⇢)/�✏ are similarly sensitive to an anisotropic scat-
tering time, Fermi surface anisotropies a↵ect much more
the the Nernst coe�cient, causing a possible mismatch
in the doping-dependece.
The strong sensitivity of thermoelectric transport to the
Fermi surface properties can be intuitively understood,
by deriving the expression for the thermoelectric coe�-
cients in the simple case of a single band material. The
Nernst coe�cient is generally ⌫ / d(tan✓H)/dE|E=EF ,
where E is the energy and tan✓H is the tangent of
the Hall angle, directly linked to the carrier mobility
µ through the magnetic field B, reading tan✓H=µB.
The Seebeck coe�cient is instead S / d(ln�)/dE|E=EF ,
where � is the electric conductivity. Hence, assuming
that the carrier mass is energy independent and drop-
ping some constants, one can obtain ⌫ / d⌧/dE|E=EF

and S / [(1/⌧)d⌧/dE + (1/n)dn/dE)]|E=EF , where ⌧ is
the scattering time and n the carrier density. In case
of a smooth variation of ⌧ with E at the Fermi energy,
one can assume d⌧/dE|E=EF⇡⌧/EF [19], resulting in a
⌧ -independent Seebeck e↵ect and in a Nernst coe�cient
directly proportional to ⌧ . Naturally, this simple argu-
ment must face the complexity of the band structure of
iron-based superconductors, but it intuitively points out
that S should be the transport quantity less sensitive
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