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Upper critical field and fluctuation conductivity in the critical regime of doped SmFeAsO
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We measure magnetotransport of F-doped SmFeAsO samples up to 28 T and we extract the upper critical
fields, using different criteria. In order to circumvent the problem of criterion-dependent H., values, we
suggest a thermodynamic estimation of the upper critical field slope dH,/dT based on the analysis of con-
ductivity fluctuations in the critical regime. A high field slope as large as —12 T/K is thus extracted for the
optimally doped sample. We find evidence of a two-dimensional lowest Landau level (LLL) scaling for applied
fields larger than wyH;; ~8 T. Finally, we estimate the coherence length values and we observe that they
progressively increase with decreasing 7. In all cases, the coherence length values along the ¢ axis are smaller
than the interplanar distance, confirming the two-dimensional nature of superconductivity in this compound.
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I. INTRODUCTION

Since the recent discovery of superconductivity with 7,
=26 K in doped LaFeAsO,! the class of these iron-based
oxypnictides has been object of intensive research, which
have led to the current record of 7,=56 K.? In compounds
with  general chemical formula REFeAsO (RE
=La,Sm,Nd,Ce,...), it is believed that doped REO layers
act as charge reservoirs for high-mobility FeAs planes, mak-
ing oxypnictides very similar to the layered structure of
high-T, cuprates. Beyond the theoretical challenge of under-
standing the unconventional pairing mechanism responsible
for superconductivity, many studies have been devoted to
superconductive properties of applicative appeal, such as the
huge values of the upper critical field and its dependence on
the particular rare earth RE.3 Slopes of H.,(T) as large as
about —9.3 T/K have been measured in compounds with
Sm.? Such high H,,(T) implies a short coherence length that,
together with the high T, the layered structure and the rather
anisotropic Fermi surface make these compounds candidate
to present enhanced thermal fluctuations. In the case of the
RE=Nd compound, coherence lengths along the ¢ axis, &
varying from 0.26 to 0.9 nm have been evaluated*® which
are lower or comparable to the distance between the FeAs
layers. The occurrence of remarkable thermal fluctuations,
indeed, has been observed by specific heat’ and
magnetization’ analyses.

The investigation of thermal fluctuation effects may offer
several hints for the comprehension of these compounds. The
identification of three-dimensional (3D) rather than two-
dimensional (2D) thermal fluctuations is a crucial point be-
cause the latter could imply the occurrence of pronounced
dissipation in the mixed state, detrimental for applications, as
observed in cuprates.

Among the oxypnictides, SmFeAs(O,_,F,) presents high
T.[~54 K (Refs. 3, 8, and 9)], the largest slope of H.,(T)
(Ref. 3) and high anisotropy,'®!! which make this compound
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the most suitable for investigating fluctuation effects. In
turns, however, due to the expected fluctuation contribution
just above T, there is not univocal consensus about the cri-
terion for the extraction of the upper critical field from trans-
port experimental data. Alternatively, a thermodynamic de-
termination of the transition temperature at different
magnetic fields has been proposed,” which is thought to re-
flect an intrinsic behavior of the material; in this analysis,
lower H,, slopes and consequently larger coherence lengths
have been evaluated.

The same problem has been met with cuprates and the
analyses of fluctuation effects of conductivity, specific heat,
magnetization, Ettinghausen, Hall, and Nernst effects have
been suggested to provide a reliable tool for this aim, pro-
vided that fluctuation effects are significant in an appreciable
temperature range around 7.(H). Fluctuation effects are
quantified by the Ginzburg number, which can be expressed
for a 3D superconductor by® Gisp=(mk>EK 5T e/ 2P7)?
and, in presence of a magnetic field, by its magnetic-field-
dependent counterpart'? Gisp(H)=(2HGi3,/H,,)*?, where
k=N\g/ &y is the Ginzburg-Landau parameter, A\, is the Lon-
don penetration depth, & is the coherence length, H,, is the
zero temperature limit of the upper critical field, K is the
Boltzmann constant, H the applied magnetic field, and ®, is
the flux quantum. In conventional superconductors Gisp
~1X107°, while in high-T,. cuprates it is ~1X 1071
% 1072, making fluctuations significant in an experimentally
accessible temperature window ~Gisp-7,; experimental re-
sults indicate that the actual temperature window of fluctua-
tions is even larger than this estimate. In the RE=Sm com-
pound, assuming T,=~54 K, A=~190 nm,'>* and &
~(.6 nm, which is an average value for the RE=Nd com-
pound, we estimate Giyp~8 X 1073, so that a similar situa-
tion to the case of high-T,. cuprates occurs. For a 2D super-
conductor, that could be more appropriate for the case of
SmFeAs(O,_,F,), the Ginzburg number can be expressed as
Giyp=KpT/ Er."> From Hall effect and effective mass data
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of Ref. 3, this yields approximately Gi,,~0.01, a remark-
ably high value.

In this paper, we measure magnetotransport
SmFeAs(O,_,F,) samples with different doping x, in mag-
netic fields up to 28 T. From the analysis of conductivity
fluctuations in high fields, in the critical regime close to and
below the transition temperature, we find evidence of 2D
behavior and we extract the high field linear slope of the
upper critical field H,,(T), which is as large as dH,/dT=~
—12 T/K in the most doped sample and progressively de-
creases with decreasing 7. Consequently the coherence
lengths values increase, still remaining smaller than the in-
terplanar distance, which confirms the 2D nature of super-
conductivity in these compounds.

II. FLUCTUATION CONDUCTIVITY
IN THE CRITICAL REGIME

The classical theory of fluctuations near 7, (hereafter,
throughout the treatment of fluctuation effects, the transition
temperature 7, must be intended as the mean field transition
temperature) predicts that the fluctuation conductivity Ao
due to finite Cooper pair formation above 7. is described in
the 3D and 2D cases by'®!7 Acypxe™"? and Ao,poxe”!
laws, respectively, where e=In(T/T,)~(T-T,)/T,. In the
Lawrence-Doniach picture for layered systems, '8 a crossover
from 2D to 3D behavior is expected to occur approaching 7,
due to the divergence of the coherence length. Within this
Gaussian approximation, the fluctuation conductivity is
therefore predicted to diverge close to the transition tempera-
ture. This nonanalyticy is removed if interactions between
fluctuations are taken into consideration, which is necessary
in the so-called critical regime, that is in a region of the 7T.-H
phase diagram close to T.(H). The temperature range in
which critical fluctuations should be observed is proportional
to §56 in the 3D case, that is an experimentally accessible
range of the order of 1 K for high-T, superconductors.'® In a
magnetic field this range is expected to increase further as
~H??3 or ~H"? in 3D and 2D, respectively.?’

In the critical regime, in the limit of strong magnetic
fields, a scaling form for thermodynamic functions is ex-
pected. If quasiparticles are confined in the lowest Landau
level (LLL), transport becomes of one-dimensional (1D)
character along the direction of the applied field. Fluctuation
effects close to the superconducting transition are further en-
hanced by the lower effective dimensionality of the system.
Ullah and Dorsey?"?? calculated the fluctuation conductivity
Ao including the free energy quartic term within the Hartree
approximation and obtained a scaling law for Ao in mag-
netic fields, in terms of unspecified scaling functions F,p and
F3p, valid for 2D and 3D superconductors, respectively,

12 3
Aa(H)2D=<;T,) FZD(A%ZH)), (1a)
T2 1/3 T—T.(H
AO'(H)SD:(E) F3D(B(TTC§/3)>, (1b)

where A and B are characteristic constants of the material.
Such functional dependence still holds even if more than one
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FIG. 1. (Color online) Resistivity versus temperature curves of
the three SmFeAs(O,_,F,) samples in zero magnetic field (left-hand
panel) and in magnetic fields up to 28 T (right-hand panels). Due to
an unknown geometric factor related to the sample density, resistiv-
ity absolute values suffer of an uncontrolled uncertainty and they
have been normalized to their 7=300 K values.

(but only a few) higher Landau levels are involved, as long
as the inter-LL interaction is negligible.”>** However the
scaling cannot account for the shape of the resistive transi-
tion in case the broadening is due to the dissipative flux line
motion rather than to fluctuation effects. The field Hj;;
above which the LLL approximation should hold fulfils the
condition that the Landau level spacing is larger than the
Landau level interaction energy. According to TeSanovic et
al.,”®  this  condition is  translated as = Hpyp
~(Gi/16)(T/T.o)H.(0), with T.,=T.(H=0). More practi-
cally, the same authors suggest the thumb rule Hy;
~H 62/ 3

The LLL scaling has been successfully applied to high-T,
cuprates. Polycrystalline samples®>? display similar behav-
ior as single crystals. A 3D behavior has been observed in the
case of YBa,Cu;0,,>?"?% and a 2D one in the case of
Tl,Ba,CaCu,0, (Ref. 26) and Bi,Sr,CaCu,0y4. (BSCCO)?>
MoHy 1 values are found to range from 1 T (Refs. 25-27 and
30) to ~10 T (Refs. 28 and 31) for high-T, cuprates.

III. EXPERIMENTAL MAGNETOTRANSPORT RESULTS

We prepare polycrystalline SmFeAs(O,_,F,) samples with
nominal doping x=0.07, 0.1, and 0.15 following the steps
described in Ref. 32: once SmAs is synthesized from pure
elements, it is reacted with stoichiometric amounts of Fe,
Fe,03, and FeF, at high temperature. Single phase formation
is checked in all the samples by x-rays analysis.

Resistivity measurements from 4 to 300 K are carried out
in magnetic fields up to 9 T in a PPMS Quantum Design
system and up to 28 T at Grenoble High Magnetic Field
Laboratory.

In the left-hand panel of Fig. 1, we present resistivity
curves normalized at p(300 K) of the three SmFeAs(O,_,F,)
samples analyzed in this paper. It can be seen that the resis-
tivity curves exhibit metallic behavior, with a tendency to
saturate above ~160 K. Below this temperature p decreases
linearly with temperature and its slope progressively de-
creases with decreasing 7. of the sample, with a monotonic

104515-2



UPPER CRITICAL FIELD AND FLUCTUATION...

TABLE 1. Properties of the SmFeAs(O,_,F,) samples: nominal
doping x; transition temperature 7., defined as the temperature at
which the resistivity drops to 50% of its extrapolated normal state
value and transition width AT,, defined as the temperature interval
between 90% and 10% resistivity drops with respect to its extrapo-
lated normal state value.

T.+AT,/2
Sample X (K)
S1 0.07 33.0x1.5
S2 0.10 415+1
S3 0.15 51.5+1

tendency to a weaker metallicity from the optimally doped to
the underdoped sample.

The superconducting transitions are quite rounded, mak-
ing it difficult to univocally determine the transition tempera-
tures and width. In Table I the values of 7. obtained by the
criterion of 50% resistivity drop and of AT, obtained as the
temperature interval between 90% and 10% resistivity drops
are listed. The x=0.15 sample presents 7,=51.5 K, the x
=0.1 sample 7,=41.5 K and the least doped sample T,
=33 K.

In the three right-hand panels of Fig. 1, the zoomed tran-
sition regions in magnetic fields from zero to 28 T for the
three samples are shown. The typical fan-shaped broadenings
of the transitions are well visible for all the samples, indicat-
ing an important contribution of fluctuations.

From these magnetotransport data, we extract the charac-
teristic critical fields, using different criteria. The criterion
proposed in Ref. 7 consists in finding the intersection p*(T%)
between linear extrapolations of the p(T) curves above and
below T,.. Hence, the temperatures at which the resistivity is
90% and 10% of p* allow to trace Hgyq,(T) and Hjoq,(T),
respectively. Another common criterion consists on extrapo-
lating linearly the normal state resistivity, then trace the par-
allel straight lines at 90% and 10% of the normal state ex-
trapolation and find the respective intercepts with the p(7)
curves; this procedure identifies Hoyo,(T) and H e, (T), re-
spectively. In Fig. 2, we plot all the above critical fields for
the three samples. In Table II we report the values of the high
field (=8 T) linear slopes of such critical fields. Those ex-
tracted from the tails are believed to represent the irrevers-
ibility fields, and have similar values for all the samples,
around -2 T/K=+-3 T/K, depending on the used criterion.
The critical fields extracted from the onsets of the transitions
represent the upper critical fields H.,. As transport always
follows the less resistive path, in polycrystalline samples
with randomly oriented grains, the measured upper critical
fields are the largest ones, that is those of the grains whose ¢
axis is perpendicular to the applied field (usually labeled
H_.a). These upper critical field slopes vary from
-5 T/K+-20 T/K, depending on the criterion. However,
by inspecting Table II it is clear that the variations due to
different criteria are comparable to the variations from
sample to sample. This sensitivity to the used criterion makes
it also difficult to compare different values in literature. In
Sec. IV, we propose a criterion to extract a thermodynamic
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FIG. 2. (Color online) Critical fields extracted from the in-field
resistivity curves of the three samples, using different criteria (see
text).

H,, that is based on conductivity fluctuations in the critical
regime.

IV. EXPERIMENTAL FLUCTUATION
CONDUCTIVITY RESULTS

We extract the fluctuation conductivity Ao as the differ-
ence between the normal state conductivity o, and the mea-
sured conductivity o. The former, o,, is obtained from ex-
trapolation of the resistivity measured in a temperature
interval suitably chosen for each sample, roughly 30 K
around 27, where fluctuation contribution is assumed to be
negligible. For the three samples, Ao in zero field as a func-
tion of € are plotted in the insets of Fig. 3; therein, the solid
lines indicate the 2D asymptotic behavior Ac,p*e~!. In the
Gaussian regime, not too close to the transition (0.01<eg
<0.1), Ao exhibits a well-defined asymptotic 2D behavior
og”!, delimited at either sides by sharp crossovers to the
critical regime for £ <0.01 and the high-temperature short-
wavelength regime for £ >0.1.3% It can be also seen that the
2D behavior Ao,pxe! is extended up to e~0.1, which
means 3 to 5 K above T, (it is worth noting that T, values
extracted by this fluctuation analysis fall very close to the
50% resistivity drop values reported in Table I). This interval
is larger than the transition width indicating that the presence
of some inhomogeneity, which may yield a distribution of T,
does not mask the characteristic behavior of Gaussian fluc-
tuations. However, to avoid possible ambiguities yielded by
any T, distribution, in the following of the paper we focus on
the shape of the critical fluctuation conductivity at high
fields; in this regime, the LLL scaling is not affected by a
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TABLE II. Linear slopes of the critical fields above 8 T, extracted using different criteria, as explained in
the text. In the last column are the slopes extracted from the LLL fitting of the fluctuation conductivity.

/'LOdHTO%/dT ,LbodHlo%/dT /.LodH(;()%/dT Mongo%/dT ,lLodHﬂm/dT
Sample (T/K) (T/K) (T/K) (T/K) (T/K)
S1 -2.8 2.4 -5.8 =53 -7.0%1
S2 -3.7 =23 -7.3 -7.1 -75%1
S3 -3.6 -1.7 -20.7 -11.3 -12+1

relatively small-7, distribution, but rather accounts for the
in-field broadening of the transition, which is huge in our
samples. For example, in the sample S3, AT.(H=0)~2 K
becomes as large as 7 K at 8§ T and 17 K at 28 T.

In order to verify the 2D nature of fluctuations, in the
main panels of Fig. 3, we plot Ao(H/T)"? versus [T
—~T.(H)]/(TH)"?, expected for the 2D LLL scaling, for the
three samples. It is apparent that the 2D scaling succeeds in
making the curves collapse in an extended temperature range
and for fields above uyH;; ;. ~8 T. To compare the 2D with
the 3D scaling in Fig. 4, according to Egs. (1a) and (1b), we
plot the Ao(H/T)"? versus [T-T.(H)]/(TH)"?, expected for
the 2D LLL case (left-hand panel) and AcH'3/T?3 versus
[T-T.(H)]/(TH)*? expected for the 3D LLL case (right-
hand panel) for the one of the samples as representative of
all, S2, in linear (main panels) and semilogarithmic (insets)
scales. The maximum and minimum values of the horizontal
axes for the 2D and 3D cases are chosen so that they corre-
spond to the same temperature interval. The 2D relationship
provides a better scaling of data both below and above T,;
indeed, in the 3D case, the curves at different fields open like
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FIG. 3. (Color online) In the main panels, the plots of the quan-
tity Ac(H/T)"? versus [T-T.(H)]/(TH)"? for the three samples
demonstrate the success of the 2D LLL scaling; in the insets, the
curves of fluctuation conductivity Ao versus e=In(7/T,) in the
Gaussian regime and zero magnetic field are shown, together with
the asymptotic 2D behavior Ao,p* e~ indicated by continuous
lines.

a fan above T, and tend to depart from each other also below
T,. On the contrary, in the 2D case, the curves above 6 T
overlap almost in the whole range, being the broadening sim-
ply due to random scattering of experimental data. 2D char-
acter means that the relevant coherence length §&. is smaller
than the interplane spacing, or, equivalently, that the Joseph-
son coupling between adjacent superconducting planes is
smaller than intraplane condensation energy. The success of
the scaling also indicates that the fan-shaped transitions dis-
played in Fig. 1 are primarily due to thermodynamic fluctua-
tions of the superconducting order parameter, rather than to
dissipative motion of flux lines. The latter effect may indeed
come into play at low negative values of the variable in the
horizontal axes [T—-T.(H)]/(TH)"?, where the fluctuation
conductivity curves start to depart from one another. This
occurs several degrees K below T,, just at the tail of the
transitions.

The crossover value uoHy;; ~8 T is worth some consid-
erations. In YBa,Cu3O,, lower values are generally
found.?>?730 The criterion proposed by Te$anovi¢?® Hy;
~H_./3 suggests that the higher upper critical fields of
SmFeAsO,_F,_, as compared to those of YBa,Cu;O, may
account for the difference in the Hy; values.

We can use the validity of the 2D LLL scaling to extract
T.(H), treated as fitting parameter. The so obtained thermo-
dynamic H,, curves are reported in Table II and shown as a
function of temperature in Fig. 2, together with the H,
curves extracted from other criteria. Remarkable values of
the thermodynamic uyH., linear slope at high fields are
found, namely —-12 T/K for S3, -7.5 T/K for S2 and
—7 T/K for S1. The value of —12 T/K obtained in the most
doped sample is the largest reported for oxypnicides. With
such dH_.,/dT value, the single band Werthamer-Helfand-
Hohenberg (WHH) formula** yields in the zero temperature
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FIG. 4. (Color online) In the main panels, the plots of the quan-
tity Ac(H/T)'? versus [T-T.(H)]/(TH)"?> (left-hand) and
Ac(H/TH'? versus [T-T.(H)]/(TH)*? (right-hand) expected for
the 2D LLL and 3D LLL cases, respectively, are shown for the
sample S2. In the insets, the same plots are displayed in semiloga-
rithmic scale.
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TABLE III. Values of the coherence length parallel and perpen-
dicular to the superconducting planes &, and & in A calculated
from the WHH formula; the variability ranges are related to the
range of literature values found for the anisotropy y=§&,/§.
~5+9.

fgb é;c
Sample (A) (A)
S1 31+42 6.3+4.7
S2 27+37 5.4+4.1
S3 19+26 3.9+29

limit woH.,~0.693 T.uo|dH,,/dT|;,~400 T. This huge
upper critical field is well above the paramagnetic limit and
suggests that a Pauli limiting behavior should be evident in
these compounds at high fields.*

With decreasing T, the slope values progressively de-
crease; this is in disagreement with what was observed in
LaFeAsOF where H,., evaluated with the 80% criterion has
been found to follow a nonmonotonic trend with 7,.3¢ In
conventional superconductors such as A-15 and MgB,,’’
dH ,/dT increases with decreasing T, because the T, reduc-
tion is often accompanied by an increase of disorder that
carries the superconductor into the dirty limit. In short co-
herence length superconductors like high-7,. cuprates, the
dirty limit is not likely achieved and effects related to the
doping prevail.® This might be the case of oxypnictides,
even if disorder effects on H., have been suggested for
LaFeAsO,oF, . However, lower H,, values of RE=La as
respect to the RE=Sm compounds® indicate that the latter
should present lower intrinsic coherence length, more un-
likely affected by disorder. If we neglect disorder effects, the
simultaneous reduction of dH_,/dT and T, can be explained
by a reduction of the coupling that suppresses both the prop-
erties.

From H_, slope values, taking into account that in poly-
crystals H,, parallel to the ab planes is actually probed and
assuming an anisotropy factor y=§,,/ &, ranging from 5 to 9
(Refs. 10 and 11) the coherence lengths can be evaluated by
means of the upper critical field obtained from the WHH
formula. In Table III, the values for all the samples are cal-
culated. Despite the large uncertainty on the anisotropy fac-
tor y which includes also a possible dependence of y on
doping, we notice that the average values of &, increase
remarkably from ~23 A to ~37 A and those of &, increase
from ~3.4 A to 5.5 A from sample S3 to SI. This suggests
that moving from optimal to underdoped regimes a crossover

PHYSICAL REVIEW B 79, 104515 (2009)

from 2D to 3D regime could occur, even if in our case &,
remains always smaller than the interplanar spacing s=8 A,
confirming the 2D nature of superconductivity in the mea-
sured samples.

An opposite behavior was observed in YBa,Cu;0, where
thermal fluctuations change from 2D to 3D nature moving
from the underdoped to the optimally doped regime.3%-40
This opposite trend implies an important difference between
oxypnictides and high-7, cuprates. In the latter ones, the
doping changes substantially the transport properties from
insulating to metallic and increases the coupling between the
conducting planes. As a consequence, with increasing dop-
ing, the anisotropy progressively decreases and when its
value is such that §.=§&,,/y becomes comparable to the in-
terlayer spacing a crossover from 2D to 3D fluctuation re-
gime occurs. Oxypnictides are metallic compounds: fluorine
doping determines the occurrence of superconductivity by
breaking symmetries of the Fermi surface, but it does not
change substantially the transport properties*' and anisotropy
is not expected to change substantially either. Thus, a pos-
sible crossover from 2D to 3D fluctuation regime with dop-
ing could only be driven by the progressive increase of the
coherence length with decreasing 7.

V. CONCLUSIONS

We study fluctuation conductivity in F doped SmFeAsO
polycrystalline samples, in the critical regime close and be-
low T.(H). At fields above uoH ;. ~8 T, the conductivity
curves obey the 2D LLL scaling, similarly to the BSCCO
superconductor family. Such scaling allows to extract a ther-
modynamic estimation of the upper critical field, whose high
field slope is as large as —12 T/K in the most doped sample,
in fair agreement with the values extracted with the criterion
of 90% drop of the resistivity from its normal state value.
The corresponding coherence lengths along the ¢ axis turn
out to be from 3 A to 6 A, always smaller than the inter-
planar spacing s=8 A, consistently with the 2D nature of
superconductivity in these compounds.
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