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The extent of the vortex-liquid state in underdoped single crystals of the oxypnictide superconductors
NdFeAs(O,F) and (Ba,K)Fe,As, is investigated using specific heat (C,) and Hall-probe magnetization experi-
ments. In both materials, the vortex liquid lies entirely in the regime where the three-dimensional lowest
Landau-level (3D-LLL) approximation is valid and both systems present a very small shift in the specific heat
anomaly with increasing field. The irreversibility line, defined as the onset of diamagnetic response, is very
rapidly shifted toward lower temperatures in NdFeAs(O,F) but remains close to the C, anomaly in
(Ba,K)Fe,As,. These measurements strongly suggest that a vortex-liquid phase occupies a large portion of the
mixed-state phase diagram of NdFeAs(O,F) but not in (Ba,K)Fe,As,. This difference can be attributed to
different Ginzburg numbers Gi, the latter being about 100 times larger in NdFeAs(O,F) than in (Ba,K)Fe,As,.
The angular dependence of the upper critical field, derived from 3D-LLL scaling of the irreversibility lines,
presents deviations from the standard 3D effective-mass model in both materials with an anisotropy being

about three times smaller in (Ba,K)Fe,As, (y~2.5) than in Nd(F,O)FeAs (y~7.5).
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I. INTRODUCTION

The recent discovery of superconductivity at un-
usually high temperature (up to 56 K) in rare-
earth iron oxypnictides,'> REFeAs(O,_,,F,), with RE
=La,Sm,Ce,Nd,Pr,Gd, Tb,Dy (the so-called 1111 phase),
has been the focus of a tremendous number of theoretical and
experimental work in the past few months. Superconductiv-
ity has also been observed in (Ba,_,,K,)Fe,As, (the so-
called 122 phase) with T,’s of up to ~38 K for x~0.4.3
Both groups of materials share the particularity of having a
parent composition (x=0) that undergoes a structural/
magnetic phase transition to an orthorhombic and antiferro-
magnetic state. The proximity to this magnetic phase may
result in large spin fluctuations and hence to the existence of
an unconventional coupling mechanism.* Moreover, multi-
gap phenomena associated to the presence of both electron
and hole pockets are also expected; angle-resolved photo-
emission spectroscopy’ as well as point-contact spectroscopy
measurements have indeed suggested the presence of several
gaps in both the (Ba;_,,K,)Fe,As, (Ref. 6) and the
LaFeAs(F,0) (Ref. 7) compounds. Finally, transport mea-
surements have rapidly indicated the existence of very large
H_, values, confirmed by specific-heat measurements in both
the 1111 (Refs. 8 and 9) and 122 (Ref. 10) compounds. How-
ever, the influence of thermal fluctuations on the H,, line
remains quite unclear;'! in particular, the origin of the up-
ward curvature in the H,, line deduced from transport mea-
surements still has to be clarified.'?

We have performed Hall-probe magnetization and
specific-heat (C,) measurements on F-doped Nd-1111 and
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K-doped 122 single crystals. Superconducting anomalies
were clearly observable in the heat capacity of both systems,
around 34 and 26 K for NdFeAs(O,F) and (Ba,K)Fe,As,,
respectively. Those anomalies are only very slightly shifted
by a magnetic field, confirming the very high values of
the upper critical fields reported in both compounds.®~
However, a striking difference between the two systems
becomes apparent when the position of the specific-heat
anomaly is compared to that of the irreversibility line,
defined as the onset of diamagnetic response due to flux
pinning. The irreversibility line is very rapidly shifted in
relatively small magnetic fields toward low temperature in
NdFeAs(O,F) (see also Ref. 8), suggesting the existence
of a wide vortex-liquid phase. In striking contrast, in
(Ba,K)Fe,As, crystals the irreversibility line tracks the C,
anomaly. This difference can be attributed to very different
Ginzburg numbers Gi= %[kBTC/s(O)gc(O)]Z: it turns out that
Gi is about 100 times larger in Nd(O,Fe)FeAs than in
(Ba,K)Fe,As,. In the above, gy=(®,/4m\,,)* the vortex
line energy, §.=&,,/v and §,, are the c-axis and ab-plane
coherence lengths, vy is the anisotropy constant, and A,
is the in-plane penetration depth. We note that the presence
of a narrow reversible regime lying close to the H,., line
can, however, not be excluded in the latter system, in
agreement with recent magnetization measurements in
Ba(Fe( ¢7Cop 03),As,."?

II. SAMPLE PREPARATION AND EXPERIMENTS

Single crystals of (Ba,_,,K,)Fe,As, were grown from a
Sn flux using conventional high-temperature solution growth

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.014515

KACMARCIK et al.

techniques'* while NdFeAs(O,F) samples have been synthe-
sized at high pressure in a cubic, multianvil apparatus.'
Both Hall-probe magnetization and C, measurements have
been performed on the same plateletlike single crystals. In
the case of Nd(F,O)FeAs, these were extracted from the
polycrystalline batch and have typical widths w ranging be-
tween 100 and 200 um, and thicknesses 7~30 to 50 um.
As for (Ba,K)Fe,As,, the measurements were performed
on small pieces [w~ 100 to 300 wm and #~20 to 30 wm]
cut from a larger single crystal. Magneto-optical observa-
tions of the flux penetration have been performed on the
NdFeAs(O,F) crystals. For this, a ferrimagnetic garnet indi-
cator with in-plane anisotropy, and covered by an Al mirror
layer, is placed on the superconducting crystal. Direct
magneto-optical images of the magnetic-flux distribution are
obtained by observing the intensity of reflected linearly po-
larized light using a polarized light microscope. Differential
magneto-optical images are acquired by subtracting an image
taken with an external applied field H from a second ob-
tained at H+AH; in order to improve the signal-to-noise ra-
tio, this process is repeated 103 times.

The irreversibility lines (IRL) have been determined from
Hall-probe magnetization measurements. For this, the
samples are placed on an array of 11 miniature GaAs-
based quantum-well Hall Sensors (of dimension 8 X 8 um?).
One records the ac response of the probes in presence
of a small (on the order of 1 Oe) ac field (f~213 Hz),
whence the local ac transmittivity T, =[B,.(7)
-B,.(42 K)]/[B, (42 K)=B,(T>T,] (Ref. 16) is ob-
tained by subtracting the response at 4.2 K and renormaliz-
ing to 1 using the data in the normal state. Full diamagnetism
then corresponds to 7,,=0 and the irreversibility line is
reached at the temperature 77,(B), where 7, =1. In order to
obtain a detailed description of the temperature and angular
dependence of the irreversibility line, 7" has been measured
for several values of the externally applied magnetic field H,,
for both H,llc and H,llab, and various intermediate field di-
rections. The magnitude of the applied fields was H,=2 T
and H,=6.5 T for (Ba,K)Fe,As,, and H,=1.5 T and H,
=3.5 T for NdFeAs(O,F). As previously reported in Ref. 8, a
small paramagnetic bump preceding the main diamagnetic
jump could be observed on the probes located close to center
of the sample.

Magneto-optical imaging'” of the underdoped NdFeA-
s(O,F) sample used for further measurements show that the
specimen actually consists of two crystals joined by a grain
boundary, see Fig. 1(b). Differential magneto-optical imag-
ing [Fig. 1(a)] reveals that the crystallite in the upper right-
hand corner has a sharp transition to the superconducting
state at 7,=36.5 K with a transition width AT.=~1 K. Simi-
larly, the center of the larger crystallite also displays a sharp
transition with a screening onset around 34 K (and complete
diamagnetic screening for temperatures below 33 K, in
agreement with the transmittivity measurements) but in this
case superconductivity remains present in the outer ringlike
shape of the crystallite up to ~36 K. This inhomogeneity
and corresponding spread of critical temperatures (AT,
~3 K) leads to the anomalies in the transmittivity at the
onset of screening. Indeed, the paramagnetic bump observed
in Fig. 2(a) is due to the ringlike shape of the area of the
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FIG. 1. (a) Polarized light image of the NdFeAs(O,F) sample
used for the C, and transmittivity measurements and five differen-
tial magneto-optical images showing the onset of diamagnetic
screening of a external field of 1 Oe by this sample. The first signs
of screening are observed in the upper right-hand corner at T
=36.5 K, diamagnetic screening is complete for 7=33.0 K. This
corresponds to a transition width AT,.=3.5 K. The ring-shaped
outer area with higher 7. leads to flux concentration in the inner
region and the paramagnetic peak in Fig. 2. (b) Direct magneto-
optical images of flux penetration at 7=9.3 K, for H,=206 Oe at
500 Oe, and the trapped flux at 26 Oe, after the application of 500
Oe. The sample consists of two crystals joined by a grain boundary.
At temperatures below 32 K, the flux distributions in both crystal-
lites are in conformity with what is expected for the Bean critical
state (Refs. 18 and 19).

sample with higher T.. Flux exclusion from that region be-
low 36 K, together with the demagnetizating effect, first
leads to a flux concentration in the central area which only
becomes superconducting below 33 K. Similar effects have
been observed in the (Ba,K)Fe,As, platelets [see Fig. 2(b)].
Specific-heat anomalies could, however, be observed in all
samples so that their quality can be qualified as reasonable.
However, it would be premature to associate any broadening
of the zero-field C,, transition with fluctuation effects; rather,
it is the chemical inhomogeneity that leads to differences
of doping in different parts of the superconducting sample.
At temperatures below 32 K, the flux distribution in the
NdFeAs(O,F) samples [Fig. 1(b)] conforms to the Bean criti-
cal state'®!? with a homogeneous critical current density j..
This means that any flux exclusion measured by the Hall-
probe technique below the IRL is due to the presence of a
nonzero j. and that the IRL is the locus of vanishing critical
current.

The C, measurements have been performed using an
ac high-sensitivity technique (typically one part in 10%).
Heat was supplied to the sample by a light-emitting diode
via an optical fiber and the corresponding temperature os-
cillations were recorded with a thermocouple which has
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FIG. 2. (a) Temperature dependence of the ac transmittivity and
specific heat for the indicated field values (H,llc) in a NdFeAs(O,F)
crystallite emphasizing the large difference between the position of
the irreversibility line (onset of diamagnetic response at 213 Hz:
vertical lines) and the specific-heat jump. (b) Similar data for
(Ba,K)Fe,As,, showing that the specific heat and the susceptibility
data both present only a minor downward shift with applied field.
The paramagnetic bump observed in both systems [although larger
in (Ba,K)Fe,As, than in NdFeAs(O,F)] reflects the presence of T
inhomogeneities in the platelets [see Fig. 1 for magneto-optical im-
ages of the NdFeAs(O,F) sample]. However the reduced shift is
observed on all probe positions, open symbols corresponding to the
center of the sample, and closed symbols to the sample edge (with
a slightly higher T, value). Inset: temperature dependence of the
specific heat of a (Ba,K)Fe,As, crystal for H,llc=3 T (closed
symbols) and H,llab=7 T (open symbols).

been calibrated from measurements on ultrapure silicon. In
NdFeAs(O,F) [respectively, (Ba,K)Fe,As,], the supercon-
ducting contribution to the specific heat (AC,) has been ob-
tained by subtracting the curve at uoH,=7 T (for H,llc) (re-
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spectively, 14 T) from the curves obtained for lower fields. In
the case of NdFeAs(O,F), we have also subtracted a (H,/T)?
contribution accounting for the presence of a magnetic
background.®

II1. IRREVERSIBILITY LINE AND UPPER
CRITICAL FIELD

Figure 1 shows that, in zero applied magnetic field, the
onset of diamagnetism (when measured in the center of the
sample) is close to the inflexion point of the C, anomaly.
On the other hand, the onset of the specific-heat peak well
coincides with the onset of diamagnetism measured on the
edge of the sample [see closed symbols in Fig. 1(b) for
(Ba,K)Fe,As,].

A clear difference between the two compounds appears in
nonzero magnetic field. In NdFeAs(O,F), the IRL is pushed
toward substantially lower temperature when compared to
the evolution of the C, maximum: ~4 K lower for wuyH,
=1 T and even ~9 K for uoH,=3 T. Thus, in this system
the IRL lies well below the superconducting transition, ex-
pected in the vicinity of the C, anomaly.?® The situation is
strikingly different in the case of (Ba,K)Fe,As,, for which
both C, and T, present a very small shift as a function of the
magnetic field [see Fig. 2(b)]. As pointed out above, inho-
mogeneities of the critical temperature 7, were clearly ob-
served in the crystals, leading, e.g., to the paramagnetic
bump in the ac response of the center of the sample. Never-
theless, the same very small shift in the irreversibility line
with magnetic field was observed on all parts of the sample.
This is illustrated in Fig. 2, where open symbols show the
response of the center and closed symbols that of the sample
edges. We therefore conclude that, regardless of the precise
composition, the irreversibility and superconducting transi-
tion lines remain close together in (Ba,K)Fe,As,.

We now turn to the field dependence of the irreversibility
temperature, T;(B). While the IRL does correspond to the
appearance of flux pinning and a bulk critical current when
cooling the sample, a quantitative description of the Ti,(B)
dependence requires detailed knowledge of the flux-pin-
ning mechanism and the summation of the elementary
pinning forces acting on the vortex lattice. However, at
fields exceeding the field-dependent Ginzburg criterion, B
>%T (B! dT)Gi(T/ TC)~%Bcz(T), and in the presence of
only pointlike disorder,22?? it can be shown that all thermo-
dynamic and transport properties should in principle depend
only on the parameter

(1 —b)(l _ l2)1/3
R W
as this emerges from the representation of the Ginzburg-
Landau free-energy functional in terms of lowest Landau-
level eigenfunctions.?>2® Here, t=T/T,,, with T, the mean-
field critical temperature, and b=B/B.(T). Likewise, at
fields sufficiently close to B,,(T), characteristic lines in the
vortex phase diagram are described by the condition

Q=C. (2)
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FIG. 3. (a) Position in the (B,T) plane of the maximum of the
C, anomaly. (b) Position in the (B,T) plane of the irreversibility
line Ty, (B), measured as the onset of diamagnetic response, at the
center of the sample. In both panels, the circles indicate H,|lc while
squares correspond to H,llab. Closed symbols are data for NdFeA-
$(O,F) and open symbols correspond to (Ba,K)Fe,As,. The crosses
in Fig. 3(b) correspond to the following intermediate field direc-
tions: #=35° (left) and 65° (right) for (Ba,K)Fe,As, and #=30°,
50°, 70°, and 80° (from left to right) in Nd(F,0)FeAs. Solid lines in
Fig. 3(b) are loci of constant Q, Egs. (1) and (2), where we have
used the linear slope of the solid lines in Fig. 3(a) to approximate
B 51 d.

Examples are the vortex lattice melting line in clean su-
perconductors which is given by the equation Fiy(Q)
=F,(Q), an equality that is satisfied for Q ~8.5.26-28 In dis-
ordered superconductors such as the NdFeAs(O,F) and
(Ba,K)Fe,As, crystals under study, the IRL is the locus of
minimal observable screening current due to vortex pinning.
However, since all quantities related to flux pinning by un-
correlated pointlike disorder also depend on temperature and
magnetic field through Q,%*%} the IRL itself should also be
given by the criterion [Eq. (2)], be it with a different C value
than the melting line.

Figure 3(b) (solid lines) shows that the IRL in both
compounds can be satisfactorily described in this manner
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for all field orientations. The fit to Eq. (2) for H,llc
yields CGi'*=2.8+0.2 for NdFeAs(O,F) and 0.9+0.1 for
(Ba,K)Fe,As,, assuming that dBS,/dT~-2.5+0.3 T/K
and ~-6.5+0.5 T/K in NdFeAs(O,F) and (Ba,K)Fe,As,,
respectively. Those values have been deduced from the field
line corresponding to the temperature at which C,, is maxi-
mum [see circles and corresponding solid lines in Fig. 3(a)].
The value obtained in (Ba,K)Fe,As, is in excellent agree-
ment with the C, measurements performed by Welp e al.'?
which yielded a clear linear temperature dependence of the
B_»(T) line for both H,llc and H,llab. It is important to note
that Eq. (2) can then be used to describe the IRL for all
angles (other than strict alignment with the FeAs planes®)
using the same C, adjusting only the upper critical field to its
value for oblique applied fields (solid lines). The correspond-
ing value for BZ'ZJ has been reported in Fig. 3(a) (dotted lines)
together with the values deduced from the C, measurements
for H,llab [open and closed squares for (Ba,K)Fe,As, and
NdFeAs(O,F), respectively], as shown a very reasonable
agreement is obtained between the B, line deduced from the
analysis of the irreversibility line and its direct determination
from specific heat.

From Fig. 3(b), it is clear that the irreversibility lines for
the two systems present rather different anisotropies. For in-
stance, in the case of (Ba,K)Fe,As,, Hfr'r’ can be rescaled
onto Hj_ by introducing y~2.5. This anisotropy value is
confirmed by the specific-heat data. Indeed, the global shape
of the C, anomaly taken at H,llab=7 T well coincides with
the one at H,llc=3 T [see inset of Fig. 2(b)]. Hence, we
have (= ych) ~7/3~2.3 in good agreement with the value
reported recently by Welp et al.'® and Wang et al.’* On the
other hand, the irreversibility line of NdFeAs(O,F) presents a
much stronger anisotropy 7y~ 7.5, in reasonable agreement
with the value deduced from the specific-heat data:® Yh,,
=5.5*1.5. This value is considerably larger than the one
extracted from H,, measurements yy ~4.28 1t is worth not-
ing that deviations from the theoretical lines [Eq. (2)] are
visible close to T, for H,llab [see Fig. 3(b)] suggesting a
decrease in Vi, close to T..

In order to obtain a more detailed description of Vi,

we turn to the position of the irreversibility line for various

field directions, B;(T,0). These can be superposed
on the irreversibility line for H, along the c¢ axis,
B, by simply rescaling the field axis: B;(T,6)

— B (T, 0)(9B,/dT) /[ 0B.(6)/ IT]. The temperature deriva-
tives dB,(6)/JT thus obtained are shown in Fig. 4. Assum-
ing a standard three dimensional (3D) effective-mass model
for anisotropic superconductors, the angular dependence of
the upper critical field should read

c B¢
Bc2(9) = -2 = tt)

= : 3)
€ \/sin2 0+y§,20052 0

The thick solid lines in Fig. 4 show the corresponding angu-
lar dependence using yy =7.5 for NdFeAs(O,F) and yy
=2.5 for (Ba,K)Fe,As,. As pointed out by Welp et al.,'° the
experimental data show a systematic deviation from this
standard behavior supporting the existence of multigap su-
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FIG. 4. Angular dependence of the upper critical field. This was
extracted from fits of the IRL to Eq. (2) with a freely scaled upper
critical field, for both single-crystalline NdFeAs(O,F) (@) and
(Ba,K)Fe,As,. The data for the latter compound were taken near
the sample edge ((J) and near the sample center (O). The crosses
correspond to the values deduced from specific-heat measurements
in Ref. 10. Thick solid lines correspond to the 3D effective-mass
model for the indicated anisotropy factors 7.

perconductivity as previously observed in MgB,.3' A similar
effect has also been reported by Jaroszynski et al.'?> from
transport measurements. These authors, however, introduced
different y values to describe the behavior at different R/R,,
values.

IV. GINZBURG NUMBER

The first penetration field H, has been deduced by mea-
suring the remanent field (B,.,) in the sample after applying
an external field H, and sweeping the field back to zero.
From there, H,; was estimated introducing a demagnetiza-

tion factor of the form B, = uyH,/tanh(\ad/2w) in order to
take the edge effects associated to the nonelliptical shape of
the crystallites into account.> Taking an average « value
~0.5 (a~0.36 in strips and ~0.67 in disks®}) we obtained
B$,(0)~120%£30 G in NdFeAs(O,F);® similar measure-
ments lead to B,(0)~400=100 G in (Ba,K)Fe,As,.

The lower critical field is related to the penetration
depth through the relation Bil=(D0/(47T)\Zb)[]n(K)+C(K)],
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where k=\,,/&,, and ¢(k) a k-dependent function tending
toward ~0.5 for large « values. Taking H.,(0)~55 T for
NdFeAs(O,F) and ~120 T and (Ba,K)Fe,As,, one gets
A(0) ~270+40 nm in the first material, which is slightly
larger than the value of ~200 nm obtained by muon spin-
relaxation data on samples with higher 7. values,> and \,
~140=20 nm in (Ba,K)Fe,As,. The latter value agrees
with those previously reported for this system, which range
from A, ~ 110 nm (Ref. 35) to ~170 nm (Ref. 10).

The value of the Ginzburg number and other parameters
deduced from our measurements are reported in Table I.
They are compared with those obtained on optimally doped
YBaCuO (Ref. 21) as well as with (Ba,K)BiO; (Ref. 36) or
MgB, (Ref. 37) with similar 7, values. The Ginzburg num-
ber is clearly about two orders of magnitude larger in Nd-
FeAs(O,F) than in (Ba,K)Fe,As,. By consequence, the
vortex-liquid phase should occupy a much larger portion of
the (B,T) phasediagram, in agreement with our measure-
ments which clearly a much larger separation between the
irreversibility line and the superconducting-to-normal transi-
tion in the former system. The smaller effects of thermal
fluctuations in (Ba, K)Fe,As, have also been emphasized by
Welp et al.,'” who pointed out that those effects are further
reduced in field due to the very large values of B.,. However,
our measurements suggest that a small liquid phase is still
present in (Ba,K)Fe,As,. This is in contrast with the cubic
(K,Ba)BiO; compound that has a similar Gi value?® and
therefore emphasizes the importance of even a “modest” an-
isotropy in the vortex depinning process—this is because the
tilt modulus of the vortex lattice scales as 1/92.38

It is worth noting that introducing the Gi values in the
CGi'? constants used to fit the irreversibility lines leads to
very similar C values for the two materials, i.e., C=11%3
and 15+ 5 in Nd(F,0)FeAs and (Ba,K)Fe,As,, respectively.
Those values, larger than the locus of vortex lattice melting
in clean superconductors, which occurs at Q=C~8.5, indi-
cate that disorder plays an significant role in the physical
properties of the vortex system in both materials [especially
in (Ba,K)Fe,As,]. Indeed, the presence of quenched disorder
is expected to lead to a downward shift of the melting line?
which corresponds to an increase in C in Eq. (3).

V. CONCLUSION

Both the (Ba,K)Fe,As, and Nd(F,O)FeAs systems
present a very small shift of the specific-heat anomaly with

TABLE I. London penetration depth (\,;, in nm), Coherence length (&,, in nm), anisotropy (7), critical
temperature (7, in K), line energy (g0, in K), and Ginzburg number (Gi) in NdFeAs(O,F) and
(Ba,K)Fe,As, crystals in comparison with the high 7. cuprate YBa,Cu;04, (Ba,K)BiOs, and MgB,.

Compound Nab & Y T. goé, Gi
YBaCuO ~120 ~1.4 7 92 220 2Xx 1073
NdFeAs(O,F) 270+ 40 ~2.4 75 35 100+ 30 8.1073-4.1072
(Ba,K)Fe,As, 140 +20 ~1.6 2.5 28 600 =200 1-5x107*
(Ba,K)BiO5 ~280 ~3 32 800 3X10™
MgB, ~50 ~10 5 39 16 000 1076
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increasing field, confirming the very high H,, values re-
ported previously. However, whereas the irreversibility line
is very rapidly shifted in magnetic field toward low tempera-
ture in NdFeAs(O,F), this line remains close to the C,
anomaly in (Ba,K)Fe,As,. Our measurements therefore
strongly suggest the existence of a much wider vortex-liquid
phase in NdFeAs(O,F) than in (Ba,K)Fe,As,. This differ-
ence can be attributed to very different values of the
Ginzburg parameter, Gi being about 100 times larger in
NdFeAs(O,F) (Gi~107%) than in (Ba,K)Fe,As, (Gi
~107%). Nevertheless, the depinning mechanism leading to
the irreversibility line is similar in both compounds, as at-
tested by the similar loci of the lowest Landau-level param-
eter Q at which the IRL occurs. It is worth mentioning that,
in contrast to (Ba,K)Fe,As,, NdFeAs(O,F) also has a
magnetic-moment bearing rare-earth atom in its structure.

PHYSICAL REVIEW B 80, 014515 (2009)

The influence of this local moment on the magnetic proper-
ties of the mixed state still has to be clarified.
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