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We investigated the temperature dependence of the upper critical field [H(7)] of fluorine-free
SmFeAsO, g5 and fluorine-doped SmFeAsO gFj, single crystals by measuring the resistive transition in low
static magnetic fields and in pulsed fields up to 60 T. Both crystals show that H.,(7)’s along the ¢ axis [H.,(7)]
and in an ab-planar direction [H*5(T)] exhibit a linear and a sublinear increase, respectively, with decreasing
temperature below the superconducting transition. H,,(7)’s in both directions deviate from the conventional

one-gap Werthamer-Helfand-Hohenberg theoretical prediction at low temperatures. A two-gap nature and the
paramagnetic pair-breaking effect are shown to be responsible for the temperature-dependent behavior of Hy,

and H?, respectively.
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I. INTRODUCTION

The upper critical field, H,,, is one of the most important
superconducting parameters, providing a valuable insight
into the pairing mechanism and information on fundamental
superconducting properties such as coherence length scales.
The temperature dependence of the upper critical field
H,,(T) and its anisotropy are sensitive to the details of the
underlying electronic structures and reflect the dimensional-
ity of superconductivity. Furthermore, H,, is related to the
critical current density, which is an important material pa-
rameter for application purposes.

After  the discovery of  iron-pnictides-based
superconductors,! REFeAsO,_,F, (RE=rare-earth elements),
with relatively high-superconducting transition temperature
(T,), many efforts have been made to investigate their
H,,(T). REFeAsO,_/F, has a layered structure with alternat-
ing stacks of insulating REO and conducting FeAs layers.
Despite the presence of the two-dimensional nature in the
materials, most of studies on H.,(T) of REFeAsO,_,F, have
been limited to polycrystals®? because of the difficulty with
growing REFeAsO,_,F, single crystals. Therefore, recent in-
vestigations of single crystals have been more focused on
AEFe,As, (AE=alkaline-earth elements) (Refs. 4-6) single
crystals, which can be grown with relative ease in the ambi-
ent conditions. High-field measurements on electron- and
hole-doped AEFe,As, single crystals and films”!" showed
that H,(T) in a c-axis field [HS,(T)] and in an ab-planar field
[H?é’(T)] increases almost linearly and sublinearly with de-
creasing temperature below 7., respectively, regardless of the
doping level and the degree of disorder. The resultant H%(T)
approaches the value of H.,(7) at T far below T, leading to
the almost isotropic superconductivity in the zero-
temperature limit. Such a quasi-isotropic property of H,(7)
in a layered structure is quite intriguing and has been attrib-
uted to the multiband effect.”~!!

Recently single crystalline REFeAsO,_F, (RE=Sm, Nd,
and Pr) (Refs. 12-15) were successfully grown by using the
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flux-growth technique or the high-pressure high-temperature
technique. There is, however, a single report on the H.,(T) of
REFeAsO,_,F, single crystals for NdFeAsO,,F,; at tem-
peratures far below T,, where H,,(T) was traced by high-
field resistivity measurements using pulsed magnetic field up
to 60 T.'® HS,(T) in the study exhibited a pronounced upturn
curvature at low temperatures.'® By contrast, H*2(T) showed
a downturn curvature in the low-temperature range.'® Appar-
ently, the temperature dependence of H¢, for NdFeAsO,_/F,,
despite being common iron-arsenic compounds, appears to
be quite different from that of AEFe,As,. Thus, it is highly
required to examine any common or dissimilar H,,(T) be-
havior of different compounds of REFeAsO,_F,, both in
c-axis and in ab-planar fields, by adopting high-quality
single crystals.

In this paper, we present H,,(T) for the magnetic fields
along the ¢ axis (H),) and in the ab plane (H,,;,) for single
crystals of oxygen-deficient SmFeAsQ, g5 and fluorine-doped
SmFeAsOg gF,. H.o(T) were determined from the resistive
transition in pulsed (static) magnetic fields up to 60 T (6.9
T). The sublinear increase in HZ;’(T) with decreasing tem-
perature below T, as previously seen in a NdFeAsOy -F 3
single crystal'® and in AEFe,As, compounds,’”'' was also
observed in our crystals. On the other hand, H.,(T)’s of our
SmFeAsOgg; and SmFeAsO,gF,, crystals linearly increase
with decreasing temperature near 7. but tend to be saturated
far below 7. This temperature dependence of H¢, is in con-
trast to the linear temperature dependence found in
AEFe,As, in all the temperature range below T (Refs. 7-11)
and to the significant upturn behavior in NdFeAsO-F 3
single crystals below T,.'® A deviation of H,(7) from the
conventional one-gap Werthamer-Helfand-Hohenberg
(WHH) prediction is found in our crystals. This feature,
along with the reduction in its anisotropy with lowering tem-
peratures, turns out to be common to iron-pnictides super-
conductors. Its detailed temperature dependence and the an-
isotropy, however, can be quite different depending on the
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compounds, which indicates the complex interplay of a
multiband nature and the paramagnetic effect.

II. EXPERIMENT

Single crystals of SmFeAsO, g5 and SmFeAsO, gF,, with
nominal compositions were grown using the self-flux method
under high-temperature and high-pressure condition. Stoichi-
ometric starting compounds of SmAs, Fe,O3, and Fe for
SmFeAsQg g5 single crystals and SmAs, FeAs, Fe,0;, Fe,
and SmF; for SmFeAsO,gF, single crystals were used. A
pellet sealed in a boron-nitride container was placed in a
cubic pyrophyllite cell equipped with a carbon heater. A 14
mm cubic multianvil-type press was used to pressurize the
whole assembly. Heat treatment at 1350—1450 °C was done
for 8—10 h under a constant pressure of 3.3 GPa, which was
then followed by rapid cooling to room temperature. Details
of the single-crystal growth are described elsewhere.!” After
the pressure was released, the final bulk was mechanically
crushed to separate the single crystals from the flux.

Thus-grown crystals have platelike shapes. X-ray
diffraction reveals that the crystal surface is normal to
the ¢ axis with the plate-shaped surface along the ab plane.
In-plane resistive transition of SmFeAsOygs and
SmFeAsO gF , single crystals was measured using the stan-
dard four-probe technique. Contact leads were prepared by
using photolithography on the platelike sample surface. The
upper insets of Figs. 1(a) and 1(b) show optical microscopic
images of the four-probe patterned SmFeAsQO,ss (dimen-
sions: ~80X 50X 10 um?) and SmFeAsO,gF,, (dimen-
sions: ~60X 50X 10 um?) single-crystal specimens, re-
spectively. The contact resistance of each lead was ~1 ().
The resistive transition [R(7)] was measured in low applied
magnetic fields up to 6.9 T. Resistance as a function of fields
[R(H)] up to 60 T was also measured at different tempera-
tures in pulsed-field facilities at Hochfeld-Magnetlabor Dres-
den. During the measurements, magnetic fields were applied
along the ¢ axis and in the ab plane while maintaining the
current flow of 1 mA normal to the magnetic field, for which
the heating due to the contact and the sample resistance was
negligible.

III. RESULTS

As shown in the lower insets of Figs. 1(a) and 1(b), the
superconducting transitions in zero field are very sharp for
both SmFeAsOgs and SmFeAsO,gF, crystals. The onset
of the superconducting transition, defined by the deviation
from the linear R(7) above T, occurs at about
T, pnser=50.5 K for SmFeAsOygs and about 42 K for
SmFeAsOggF,. The transition width AT,, determined by
adopting the criterion of 10-90 % of the normal-state resis-
tance R,, is ~0.5 K for SmFeAsOyg; and ~0.8 K for
SmFeAsOg gF(,. AT.’s for both crystals are much narrower
than the reported values of 2—4 K for single crystalline
REFeAsO,_,F, (RE=Sm and Nd),'*!>!® indicating good
quality of our samples. As Figs. 1(a) and 1(b) show, the
residual resistivity ratio (RRR), RRR=p(300 K)/p(T, ,se:)
of ~4.5 for SmFeAsQy g5 is larger than the value of 2.5 seen
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FIG. 1. (Color online) Temperature dependence of the resistance
R(T) of (a) SmFeAsO g5 and (b) SmFeAsO, gF , single crystals in
zero magnetic field. The upper insets of (a) and (b) show the mi-
croscopic images of the four-probe patterned crystals used for the
transport measurements. The lower insets of (a) and (b) show a
magnified view near the superconducting transition. The onset of
superconducting transition, T, ., defined by the deviation from
the linearity of R(7), is indicated in the lower insets.

previously for NdFeAsO,¢,F, s single crystals,'*!® while
RRR of SmFeAsOg gF, is ~2.2, which is somewhat smaller
but still comparable to that of the previous report. This indi-
cates that the impurity scattering effect in our fluorine-free
SmFeAsQ g5 single crystal is less than the fluorine-doped
REFeAsO,_,F, single crystal. According to the recent
report,'® fluorine does not fully substitute for oxygen and,
thus, some oxygen vacancies remain in the crystal. The re-
sulting additional scattering centers in REFeAsO;_.,F, may
have enhanced the impurity scattering and led to a smaller
RRR value than in SmFeAsO,_,.

Figures 2(a) and 2(b) present temperature dependence of
resistance [R(T)] of SmFeAsQygs single crystal in low mag-
netic fields from 0 to 6.9 T for H,. and H,,,, respectively. The
corresponding R(T) of SmFeAsOgF,, single crystal is dis-
played in Figs. 3(a) and 3(b). Upon increasing magnetic
fields, the resistive transition in H;. becomes broader and the
onset of superconductivity shifts to lower temperatures. The
trend is more conspicuous in Hj. than in H,,,. These behav-
iors of R(T) in low magnetic fields of H). and H),, in both
crystals are similar to what was previously reported for
SmFeASOO"]FO'zs (Ref 15) and NdFeASOO.SZFO.IS (RefS. 14
and 16) single crystals. However, details of the magnetic-
field dependence are notably different from the previous ob-
servation. In our crystals, the resistive tail is more clearly
observed for H|., in particular, with a gradual extension to
lower temperatures with increasing fields [see Fig. 2(a) for
SmFeAsQy g5 and Fig. 3(a) for SmFeAsO, gF,»]. The tail of
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FIG. 2. Temperature dependence of the resistance R(T) of
SmFeAsQg g5 single crystal measured at the various static fields
from 0 to 6.9 T for (a) H. (0, 0.2, 0.4, 0.6, 0.8, 1, 1.5, 2,3,4, 5, 6,
and 6.9 T) and (b) Hy,, (0, 0.5, 1, 2, 3, 4, 5, 6, and 6.9 T). Field
dependence of the resistance R(H) of SmFeAsQ, g5 single crystal
measured at various temperatures in pulsed magnetic fields up to 60
T for (c) Hy. and (d) Hq.

R(T) was also observed in high H,. in cuprates’**?* and in

YNi,B,C,** where both have layered structure with CuO,
and Ni,B, conducting planes, respectively. It has been
known that such a resistive tail can be explained in terms of
the vortex-glass phase.> Therefore, the observation of the
R(T) tail in our crystals indicates the possible formation of
the vortex-glass phase for H>2 T. In the same magnetic-
field region of H|,, the formation of vortex-liquid phase was
also confirmed in NdFeAsO,_,F, single crystals.?® Oxygen
vacancies in both of our SmFeAsQgs and SmFeAsO,gF
crystals may have acted as random intrinsic point defects and
induced the vortex-glass state. Detailed analysis on the vor-
tex dynamics in our crystals will be presented separately.?’
The magnetic-field dependence of resistance [R(H)] of
our SmFeAsQ g5 [Figs. 2(c) and 2(d)] and SmFeAsO ¢F,,»
[Figs. 3(c) and 3(d)] crystals was measured in pulsed mag-
netic fields (both H). and H,,) up to 60 T at various tem-
peratures. The upper critical fields, H:, for H. and H% for
H,,,, were obtained by adopting different criteria; 90%, 50%,
and 10% of R,. The normal-state resistance R, was deter-
mined by linearly extrapolating the normal-state behavior
above the onset of superconductivity in R(T) and R(H)
curves separately. Thus-determined values of H¢, and H
are shown in Figs. 4(a) and 4(b) for SmFeAsOg s [in Figs.
4(c) and 4(d) for SmFeAsO,sF,,]. In both crystals, H.,(T)
obtained from R(7) (in Figs. 2 and 3) at low static magnetic
fields (open symbols) is inline with those from R(H) curves
(in Figs. 2 and 3) at high pulsed magnetic fields (solid sym-

PHYSICAL REVIEW B 80, 144512 (2009)

_F (b) Hifab

SmFeAsO F

0.8 0.2

10 20 30 40 50 60
H(T)

0 10 20 30 40 50 60
H (T)

FIG. 3. Temperature dependence of the resistance R(T) of
SmFeAsO, gF, , single crystal measured in the various static fields
from 0 to 6.9 T for (a) H. (0, 0.2, 0.4, 0.7, 1, 1.5, 2, 3, 4, 5, 6, and
6.9 T) and (b) Hy, (0, 0.5, 1, 2, 3, 4, 5, 6, and 6.9 T). Field
dependence of the resistance R(H) of SmFeAsO, gF, , single crystal
measured at various temperatures in pulsed magnetic fields up to 60
T for (¢) Hy. and (d) Hyp.
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FIG. 4. (Color online) Temperature dependence of the upper
critical fields H.,(T) of SmFeAsQy g5 for (a) H. and (b) H),;, and of
SmFeAsOggF(, for (c) Hj. and (d) H,,,. H.(T) values are ex-
tracted from 10%, 50%, and 90% of the normal-state resistance R,
determined by the linear extrapolation above the onset of supercon-
ductivity of R(T) (open symbols) and of R(H) (closed symbols)
curves.
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FIG. 5. H,(T) for H,. (circles) and Hy,, (triangles) of (a)
SmFeAsQgs and (b) SmFeAsO,sF, extracted from 50% of R,
shown in Figs. 4(a)-4(d). The open and closed symbols indicate the
values of H,,(T) obtained from R(T) and R(H) curves, respectively.
The experimental data were analyzed in terms of the WHH theory,
which is exhibited by solid lines without the spin-paramagnetic ef-
fect (a=0).

bols). With lowering temperature, H.,(7T) exhibits a slight
upturn variation for the 10% criteria but it turns gradually
into a slight downturn curvature as one moves to 90% crite-
ria, in particular, for SmFeAsQO, gF,, sample. Similar behav-
ior has also been observed in cuprates.”®32 The criteria-
dependent discrepancy arises from the fact that the region
near 10% of R, is related to the vortex-liquid phase while the
region near 90% of R, is affected by the superconducting
fluctuation.?®=3% Thus, we adopt the 50%-R,, criterion to de-
termine H (7). The resultant H,,(7T) for H,. and H,;, is sum-
marized in Fig. 5(a) for SmFeAsOggs [in Fig. 5(b) for
SmFeAsOggF,,]. The values of H.(T) for H,. and H,,, of
our SmFeAsO, g5 and SmFeAsO, gF, single crystals are in
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the same range as reported for the corresponding polycrys-
tals, with the similar value of 7.~50 and ~40 K, respec-
tively, for the two crystals.>3

According to a recent report on high-field resistivity mea-
surements in a NdFeAsO,,F, 5 single crystal up to 60 T,'¢
H_,(T) for H). exhibits a pronounced upturn in the entire
ranges of magnetic field 60 T and temperature below
T.~45 K. This result is similar to the earlier report for poly-
crystalline samples,>* where the upturn shape of HS,(7) was
suggested to be an intrinsic property of iron pnictides and
was explained in terms of the two-band model.>*'® How-
ever, our SmFeAsOgg; and SmFeAsOgF,, single crystals
show linear increase in H;,(7) with decreasing temperature
near T, but tend to be saturated far below T, [see Figs. 5(a)
and 5(b)]. This temperature dependence of H¢, is in contrast
to the linear and upturn temperature dependences in
AEFe,As, (Refs. 7-11) and in NdFeAsO,,F,; single
crystals,'® respectively, below T..

IV. DISCUSSION

First, we compare the H,,(T) data of our crystals with the
conventional WHH theory,>* which is based on the orbital
effect arising from the Lorentz force acting on paired elec-
trons with opposite momenta as the main cause of pair
breaking. In addition, the theory is extended to include the
effects of spin paramagnetism (a) and spin-orbit scattering
(Ny,). Here, we assume that the spin-orbit scattering due to
impurities is negligible (\,,=0).>> As shown in the Fig. 5,
the data points of H,,(7) for H;. and H,,;, in both crystals do
not well follow the WHH model for a=0 (solid lines).
HS,(T)’s for both crystals are enhanced compared to the
WHH prediction while H%(T)’s are suppressed below the
WHH curve with a flattening behavior.

Using the WHH theory for a=0 and \,,=0, we estimate
the H., value at T=0 [Hywuu(0)] Hg)wyu(0)=84 T
(47 T) and H‘jg’WHH(O)z378 T (280 T) for SmFeAsOgs
[SmFeAsO,sFy,] are obtained using the relation,
H o win(0)=0.69T|dH 5 /dT|; . The values of |dH,/dT|;.
are presented in Table I. It is noteworthy to compare
these H.,wun(0) values with the paramagnetic limiting
field due to Zeeman paramagnetic pair breaking, H,(T=0)
=(1+\,,)H)(T=0). Here, H,“(I=0)=1.84T (H=0)
(Ref. 36) is the Pauli or Clongston-Chandrasekhar-limit field

TABLE 1. Superconducting parameters of SmFeAsQgs and SmFeAsOgF, single crystals obtained
from the analysis of H.,(T). The ¢ axis and the ab-plane coherence length, &.(0) and &,,(0), respectively, are
estimated with the Ginzburg-Landau relations for the upper critical field of HS,=®/27¢,(0) and H

=(D0/27T§ab(0) gc(o)
‘ dH., ’ dH.,
Tc,anset dr Tl dr T llab sz(o) é Hfg(o) b fab"(o) gcgo)
(K) (T/K) (T/K) (T) (T) (A) (A)
SmFeAsOy g5 50.5 25 110 150 17 3.6
SmFeAsO, sFo » ) 1.7 9.9 50 100 26 3.6

aHE:%(O) is determined from the analysis with two-band model.
°H(0) = H?, yyu(T=0) is estimated with the WHH theory including paramagnetism.
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for isotropic s-wave pairing in the absence of spin—orbit scat-
tering in weakly coupled superconductors. A, is introduced
to take into account the strong electron-boson (i.e., phonon)
coupling in the system. If we take!'®*>37 \, =0.6, H,(0)’s for
SmFeAsQ g5 and SmFeAsO ¢F, are estimated to be about
145 and 120 T, respectively. In both crystals, the values of
H{, win(0) are much smaller than the corresponding values
of H,(0). This indicates that the H, is determined domi-
nantly by the orbital effect rather than the paramagnetic ef-
fect. By contrast, H 2WHH(O) is much larger than H,(0). In
fact, the H2(T)’s of both crystals have a tendency to be
suppressed below the WHH curve for a=0 and thus the ac-
tual H(0) is expected to be much smaller than H* o b win(0)
estimated based on the paramagnetic effect. For HS,(T)
where the orbital effect is dominant, on the other hand, its
enhancement compared to the WHH curve with =0 cannot
be explained in terms of the conventional one-gap WHH
theory.

In order to understand the detailed temperature depen-
dence of HS,(T), we consider the multiband nature of iron
pnictides. It has been well known that there are two different
coexisting groups of Fermi surfaces: one with electron and
the other with hole character.3®*> Using the two-gap
dirty-limit model of H,(T) (Ref. 43) we can fit the
experimental data as shown in Figs. 6(a) and 6(b). The equa-
tion of H,,(T) for Hj,. considering orbital pair breaking is
given by  ag[ln t+U(h)][In t+ U(nh)]+a,[In t+U(nh)]
+a,[In t+U(h)]=0, where t=T/T,, U(x)=W(1/2+x)-V¥(x),
W(x) is the Euler digamma function, »=D,/D,, D, , are dif-
fusivities of the bands 1 and 2, and h=H,D/(2¢yT). ag 1
are constants described with intraband- and interband-
coupling constants Ny, and Ny, in the bands 1 and 2,
respectively. Precise definitions of ay;, can be found in
Ref. 43. The equation of H,(T) can be generalized
to the case of a field inclined by angle 6 with respect
to the ab plane by adopting angle- dependent diffusivities,
D, 5(0)=[(D{%)*cos? 0+D“”2D”2 sin? 4]12.43 Therefore,
Dy, are given by D1 ), for H). and [D‘l’sz 12 for Hy,,
where D{’ (DS ,) are the in-plane (out-of-plane) electron dif-
fusivities of the bands 1 and 2. We discuss two different
cases; (1) dominant intraband coupling w>0 and (2) domi-
nant interband coupling w<<0, where w=XA[Aypn—NpN\y .
Here, we take three sets of N for w>0 [(1) \;,;=0.8,
)\22=O.3, and )\]2,21=0.18, (2) )\11’22:0.5 and )\]2,21=0.25, (3)
N122=0.7 and \j,,;=0.5] and two sets of \ for w<<0 [(4)
)\11’22=0.49 and )\12’21=O.5, (5) )\11’22=0.5 and )\12’21=0.55].
Due to the lack of microscopic theory of pairing mechanism,
we choose the values of \ close to the ones adopted in earlier
reports.>%-16

First, we consider the case of H.. As shown in Fig. 6(a)
for SmFeAsQy gs, the H,,(T) predicted by the two-gap theory
can reproduce nicely the experimental data taken up to 60 T
for all cases. Depending on the sign of w, however, the the-
oretical curves have different curvatures beyond the field
range of measurements. Near 7=0, the H, curves saturate to
the values of H:,(0)~110 T for (1) and ~135-142 T for
(2) and (3) in w>0, but still rapidly increase with upturn
curvatures toward H(,(0)~220- 300 T for (4) and (5) in
w<0. In these cases, 7,.= D“ /D is in the range of ~5-9
for w>0 and ~19-36 for w<0. In contrast, for
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FIG. 6. Analysis of H.,(T) for H. and H,,;, of (a) SmFeAsOy g5
and (b) SmFeAsO gF , single crystals using the two-gap theory in
different pairing scenario: for w>0, (1) \;;=0.8, \»,=0.3, and
N2.21=0.18, (2) Nj1.2,=0.5 and N1, 5;=0.25, and (3) \j;5,=0.7 and
N2.21=0.5, and for w<0, (4) Nj;2,=0.49 and \j,,;=0.5, and (5)
)\1122:0.5 and )\]221=0.55, where W=)\1|}\22—7\12)\21. The best fit
is obtained for different values of 7,.=D5"/D{’ in the inset and an
identical value of 7,,,=[D5"D5/ D" DS]"?=1.

SmFeAsOggF,, the different sets of fitting parameters
lead to almost identical curves, well fitting the H,,(7) data
[Fig. 6(b)] withH ,(0)~50 T, H%(0)~208 T, and
M.~ 2.2—3.7. This indeterminacy of the sign of w for a bet-
ter fit to the H;, of SmFeAsO,3F,, may stem from the
higher inhomogeneity of the crystal.

If we take into account the difference in the average
Fermi velocities** of hole and electron sheets, the difference
in the intraband diffusivities D$”~ (19-36)D" for w<0
looks too high. In addition, since H,(0)~145 T was esti-
mated for SmFeAsQ gs, the parameter set of (1) for w>0,
which gives HS,(0)~ 110 T, is more reasonable to explain
the experimental data. Thus, in the reasonable range of 7,
the H,(T) curves of both crystals do not show the pro-
nounced upturn behavior in the whole field and temperature
range. This is somewhat different from the result'® of
NdFeAsQ ;F 5 single crystal, showing the significant upturn
of H,(T) at the field up to 60 T. In Ref. 16, such a pro-
nounced upturn of H.,(7) is explained in terms of a two-
band model, assuming a large difference in D‘Z”’ and D“b with
e~ 10-100. It is not clear yet whether such a huge dlffer-
ence in D4” and D{” is intrinsic. As pointed out in Ref. 16 the
strong upturn in H.,(7T) can be due to scatterings at magnetic
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FIG. 7. Analysis of H(T) for H,,, by using the WHH theory
including spin-paramagnetic effect (a# 0). The flattening of H.,(T)
for Hy,;, of SmFeAsOy g5 and SmFeAsOy gF , single crystals, which
can be clearly observed by a deviation from the dotted lines of the
WHH theory for @=0, is well explained by the WHH theory for
a=2.3 and 2.7 (solid lines), respectively, rather than by the two-
band model (dash-dotted lines).

impurities. In any case, the strong deviation from the WHH
model is a common feature of iron pnictides, which reflects
the multigap nature of the materials.

Next, we consider the case of Hj,,. In both crystals, the
various sets of fitting parameters using the two-gap model
lead to an identical curve of H?S(T). As shown in Figs. 6(a)
and 6(b), the fitting curves of two-band model cannot capture
the flattening behavior with decreasing temperatures in both
crystals. As discussed above, for H,,, we expect that the
paramagnetic limiting® plays an essential role for determin-
ing H3(T). In the framework of the WHH theory, such a
spin-paramagnetic effect can be taken into account by intro-
ducing the so-called Maki parameter, e. With «=2.3 and 2.7,
the H(T) data of SmFeAsO, 35 and SmFeAsO, F, , crystals
are nicely fitted by the WHH model (see Fig. 7). It has been
known that the Maki parameter o becomes larger as the sys-
tem is disordered.’® A slightly larger value of a for
SmFeAsOg gF,, than for SmFeAsQ g5 is consistent with its
smaller RRR value. The values of H?) y4(0) obtained by
considering the Pauli paramagnetism with & # 0 in the WHH
theory are estimated to be =150 T for SmFeAsO,gs and
~100 T for SmFeAsOgF,. Since H?, yy(0) =H,(0) in
our crystals, the data of H%(T) are strongly affected by the
spin paramagnetic effect rather than by the two-band nature.

Due to the quasi-two-dimensional Fermi-surface topol-
ogy, for a H|, the cross section of the Fermi surface pro-
duces closed current loops that form vortices.*~*? Thus, for
H,., the orbital pair-breaking mechanism plays a dominant
role in destroying the superconductivity in high magnetic
fields. Thus, the two-gap theory, taking into account the or-
bital pair-breaking effect, well describes our H;,(7) data. For
a Hy,, however, closed loops cannot be easily formed be-
cause the cross-sectional area of the Fermi surface is almost
fully open®® with negligible orbital effect, thus resulting in a
rapid increase in H.(T) near T,. Therefore, the spin-
paramagnetic effect is a more dominant factor in reducing
the increase rate of H(T) with decreasing temperature in
our crystals.

In Fig. 8, the anisotropy of H,,, y=H"5/ H.,, is plotted as
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FIG. 8. Anisotropy ratio of H,,, y=H"/H,, as a function of
reduced temperature r=T/T, for SmFeAsOggs (circles) and
SmFeAsQ, gF(, (diamonds) single crystals.

a function of reduced temperature t=7/T,. for SmFeAsOgs
(circles) and SmFeAsOggF,, (diamonds). The value of
v for SmFeAsO g5 (SmFeAsO,gF,,) crystal is in the range
of about 3-6 (4-7), at the temperature region of
T=(0.75-1)T,.. SmFeAsO,sF,, has a somewhat larger y
than SmFeAsQ gs. These values are similar in magnitude to
the ones reported in other REFeAsO,_,F, (RE=Sm and Nd)
single crystals.'4-16:1851.52 The +y has temperature depen-
dence, which is distinct from that of the conventional single-
band superconductivity. The decreasing y with decreasing
temperature in both crystals results from the enhanced
H,(T) and the suppressed Hﬁé’ (T) compared to the WHH for
a=0 as shown in Figs. 5(a) and 5(b).>3 Therefore, the tem-
perature dependence of y originates from the combined ef-
fect of two-band nature and spin paramagnetism.

V. SUMMARY

This study reports on H.,(T) and Hif’z’(T) of fluorine-free
SmFeAsOg,gs and fluorine-doped SmFeAsO(gF,, single
crystals investigated by measuring the resistive transition at
high magnetic fields up to 60 T. In contrast to the strong
upturn curvature of H.,(7) reported earlier in NdFeAsO,_F,
single crystal, H.,(7)’s in both of our crystals increase lin-
early with decreasing temperature near 7. and tends to be
saturated at low-enough temperatures. We confirm that the
temperature dependences of H(,(T)’s well follow the two-
gap dirty-limit prediction while they deviate from the one-
gap WHH prediction, regardless of inclusion of the spin-
paramagnetic effect. On the other hand, H‘(T) of our
crystals show the downturn curvature, consistent with the
earlier observation in NdFeAsO,_/F, single crystal and
AEFe,As, compounds. The importance of paramagnetic ef-
fect on the downturn curvature in H°5(T) has already been
pointed out for NdFeAsO,_,F, single crystal and AEFe,As,
compounds but H3(T) data were analyzed only within the
two-gap model.”'116 In this study, the temperature depen-
dences of H(T)’s are analyzed in terms of two-gap model
and the WHH theory including the paramagnetic effect. Our
analysis clearly indicates that the flattening of H'5(T) is gov-
erned mainly by the paramagnetic pair-breaking effect rather
than the two-gap effect. This study shows that the upper
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critical field in Sm-based iron pnictides is determined by the
complex interplay of a two-band nature and the paramag-
netic effect depending on the direction of magnetic field ap-
plication with respect to the crystal axes. We believe this is
the generic characteristics of different families of iron-
pnictide compounds.
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