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In-plane resistivity measurements as a function of temperature and magnetic field up to 35 T
with precise orientation within the crystallographic ac—plane were used to study the upper criti-
cal field, H.2, of the hole-doped iron-based superconductor Ba;_,K,FeaAss. Compositions of the
samples studied were spanning from underdoped z =0.17 (T.=12 K) and =0.22 (T.=20 K), both
in the coexistence range of stripe magnetism and superconductivity, though optimal doping x=0.39
(T.=38.4 K), 2=0.47 (T.=37.2 K), to overdoped z=0.65 (T.=22 K), z=0.83 (T.=10 K). We find
notable doping asymmetry of the shapes of the anisotropic He2(T) suggesting important role of
paramagnetic limiting effects in H | a configuration in overdoped compositions and multi-band

effects in underdoped compositions.

PACS numbers: 74.70.Xa,74.25.Dw, 72.15.-v

INTRODUCTION

Distinctive features of the iron-based high transition
temperature, T, superconductors [1] are very high val-
ues of the upper critical fields, H., [2] and their low
anisotropy with respect to the Fe-As layer (tetrago-
nal or orthorhombic ab-plane), vy = HY/HS, [3, 4].
Anisotropy of the upper critical field in the orbital lim-
iting scenario [5] is determined by the anisotropy of the
effective mass/Fermi velocity, and thus is linked with re-
sistivity anisotropy v, = p./pa With v, ~ 7% [6, 7). In
uniaxial (tetragonal and hexagonal) crystals, the depen-
dence of the orbital H.s on angle 6§ with respect to the
ab-plane can be written as :

my
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Notable deviations from this angular dependence were
found in electron over-doped Ba(Fe;_;Ni;)2Ass and dis-
cussed in multi-band scenario [8]. Deviations can be
particularly pronounced when magnetic field is aligned
parallel to the conducting plane, so that orbital up-
per critical fields can become higher than paramagnetic
limit [9]. Crossover between the orbital and paramag-
netic limiting mechanisms leads to a difference in the
shape of the H.o(T) line, which was noted in KFesAss
[7, 10] and nearby hole-overdoped Ba;_,K,FesAsy com-
positions [11, 12]. The importance of the paramag-
netic limiting effects was also suggested by the obser-
vation of the first order transition at H%(T) line at low
temperatures in thermal expansion and magnetostriction
measurements in KFeyAsy [13] and anomalous hystere-
sis in field-sweep resistivity measurements [11]. Thus
far low-temperature measurements in the under-doped
Ba;_ K, FesAsy compositions were performed only in

H(0) =

(1)

H || ¢ configuration [14]. To the best of our knowledge
there were no studies of the anisotropy of H.o in the con-
ducting plane of any of the iron-based superconductors,
which is usually neglected as being small compared to
ac-plane anisotropy in line with experimental studies in
some compounds [15, 16].

In hole doped materials Baj_,K,FesAss the slope of
the HS(T) curves close to zero-field T, over a broad com-
position range 0.22< x < 1 scales well with T, while the
~g anisotropy somewhat increases for z > 0.83 close to
x=1 [7, 17]. Interestingly this is the composition range
where the superconducting gap also becomes nodal [18—
24]. In the end hole-doped composition KFezAssy, the
upper critical field H, strongly changes upon pressure-
induced transition [25] between two different supercon-
ducting states [26-28]. It was argued that the trans-
formation is consistent with the transformation of the
superconducting gap structure, namely development of
horizontal nodes in the superconducting gap [25].

The dependence of the upper critical field on the su-
perconducting gap structure, on proximity to magnetism
and on the topology of the Fermi surface makes dop-
ing evolution of the upper critical field in hole-doped
Ba;_ K, FesAsy non-trivial. The superconducting state
of Ba;_ K, FesAsy (see doping phase diagram in the bot-
tom panel of Fig. 1) has ranges of coexistence with two
different types of magnetism (stripe antiferromagnetic
(5 phase [29] and tetragonal antiferromagnetic Cy phase
[30-32]). The anisotropy of the superconducting gap
notably increases in the C3AF - SC coexistence range
[14, 33], similar to overdoped compositions. In addi-
tion Fermi surface topology changes at = ~0.5 [35] and
x ~0.7-0.8 [36], the latter also being accompanied by the
superconducting gap anisotropy change [24].

In this article we report comparative study of the pre-
cision alignment anisotropic H.o(T') for underdoped and



overdoped compositions of hole-doped Ba;_ K, FesAssy
using DC magnetic field up to 35 T in National High
Magnetic Field Laboratory in Tallahassee. The composi-
tions were selected with close values of T, in 10 K range
(z =0.17, T,=12 K and 2=0.83, T.=10 K), in 20 K range
(z=0.22, T,=20 K and z=0.65, T.=22 K), and in 38 K
range close to optimal doping (z=0.39, T.=38.4 K and
2=0.47, T,=37.2 K). The whole H — T phase diagram
could be explored in 10 K class samples, large part of
it in 20 K class samples and only a small range in the
optimally doped samples. Our main findings are clear
tendency for paramagnetic limiting effects on the over-
doped side of the phase diagram and notable difference
in the shape of HZ(T) lines in samples of similar 7, in
the over-doped and under-doped range.

EXPERIMENTAL

Single crystals of Ba;_,K FesAss were grown using
self-flux method [17, 37]. Samples used for four-probe
electrical resistivity measurements were cleaved from in-
ner parts of large single crystals (with surface area up
to 1 cm? and 0.3 mm thickness) and had dimensions of
typically (2-3)x0.5x0.1 mm? with longer side along [100]
tetragonal direction. Silver wires were soldered using Sn
to the fresh-cleaved surface of the samples [38, 39] to
make electrical contacts with several p(? resistance. Sam-
ple resistivity at room temperature was within statistical
error doping independent, consistent with previous mea-
surements [17] p(300K)=300 pf2cm, the value which was
used for all samples to avoid ~10% uncertainty of ge-
ometric factor determination in individual crystals [6].
Temperature dependent electrical resistivity, p(T), mea-
surements were performed down to 1.8 K in Quantum
Design PPMS for sample screening. Measurements were
performed in zero magnetic field. Sharpness of zero-field
resistive transition was used as criterion for sample selec-
tion. Composition of samples was determined for selected
crystals using electron probe microanalysis with wave-
length dispersive spectroscopy (WDS). In Fig. 1 we show
low-temperature part of temperature-dependent resistiv-
ity of selected samples. Their position on doping phase
diagram is indicated with triangles in the lower panel of
Fig. 1.

Selected samples were glued with GE-varnish to a plas-
tic platform, fitting single axis rotator of the 35 T DC
magnet in National High Magnetic Field Laboratory in
Tallahassee, Florida. Sample resistance was checked af-
ter mounting and found to be identical to the initial
value. Sample long axis (current direction) was aligned
by eye parallel to rotation axis (with accuracy of about
5°). High-field measurements were made in He-cryostat
with variable temperature control insert (VTI) allowing
for temperatures down to 1.5 K. The stepping motor
driven rotator enabled in situ rotation with ~0.1° res-
olution around a horizontal axis in a single axis rotation
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FIG. 1. (Color Online) (Top panel) Temperature-dependent
electrical resistivity of selected representative samples of
Baji_.KyFesAse with £=0.17, 0.22, 0.39, 0.47, 0.65 and 0.83.
Compositions were chosen so that to have T. of about 10 K
on overdoped (x=0.83) and underdoped (z=0.17) sides, 20 K
(z=0.65 and 0.22) and above 35 K (=0.39 and 0.47), respec-
tively. Lower panel shows doping phase diagram with position
of the samples studied. C2AF corresponds to a range of stripe
antiferromagnet, C4AF corresponds to a range of tetragonal
Cy antiferromagnetic phase, C4PM corresponds to tetragonal
paramagnetic state, SC is domain of superconductivity.

system of vertical 35 T magnetic field. In an ideal case,
during this rotation the direction of magnetic field with
respect to the crystal traverses in the tetragonal (100)
plane (ac-plane) always remaining perpendicular to the
current. However, field-rotation plane may be somewhat
inclined from (100) plane due to potential misalignment
of sample and rotator axes, see [8] for details. This mis-
alignment does not affect precision alignment in H || ab
plane configuration (#=0), which was achieved by mea-
suring angle dependent resistivity in a field slightly below
the end of the resistive transition in field close to parallel
to the plane configuration (see inset in the left top panel
of Fig. 2).
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FIG. 2. (Left column of panels) Magnetic field-dependent re-
sistivity of underdoped sample Baj_.K,FeaAss £=0.17 taken
in isothermal conditions in magnetic fields oriented along
tetragonal c-axis (H || ¢, top panel, temperatures 16 K, 14 K,
12K, 10K, 8K, 7K, 6 K, 5 K, 4K, 3K and 2 K left to right)
and perpendicular to it (H || a, mid panel, temperatures from
left to right 15 K, 13 K, 11 K, 9K, 8K, 7K, 6 K, 5 K, 4 K,
3 K, 2 K, 1.8 K). Bottom panel shows H — T phase dia-
grams for two field orientations determined using mid-point
criterion between up- and down- field sweeps. The inset to
the top panel shows sample alignment procedure. Resistivity
measurements were taken in field H slightly lower than Hg,
in which sample resistance shows strong angular dependence,
black line in the top panel. The curve was measured in one-
direction motion of the rotator to avoid backlash, with deep
minimum corresponding to H || ab. (Right column of pan-
els.) Magnetic field-dependent resistivity of underdoped sam-
ple Ba;_, K, FesAss =0.22 taken in isothermal conditions in
magnetic fields oriented along tetragonal c-axis (H || ¢, top
panel, temperatures 16 K, 14 K, 12 K, 10 K, 8 K, 7 K, and
6 K left to right) and perpendicular to it (H || a, mid panel,
temperatures from left to right 20 K, 18 K, 17 K, 16 K, 15 K,
14 K, 13 K, and 11 K). Bottom panel shows H — T phase di-
agrams for two field orientations determined using mid-point
criterion between up- and down- field sweeps.

RESULTS

In Fig. 2 we show isothermal magnetic field sweep re-
sistivity data, p(H), taken at different temperatures in
magnetic fields aligned along c-axis (6=90°, top panel)
and precisely along the conducting plane (=0°, middle

panel), for under-doped composition of Ba;_,K,FesAsy
with £=0.17 (left column of panels). Inset in the top-left
panel shows angular dependent resistivity in magnetic
field slightly below Hg, used for field alignment parallel
to the conducting plane. Bottom-left panel summarizes
H — T phase diagrams as determined using transition
mid-point criterion (symbols in top and middle panels).
The use of this criterion is justified by small variation
of the resistive transition width on application of mag-
netic field, and its independence on the extrapolation,
typical problem for onset and offset criteria. Low value
of T,=12 K in the sample enables complete suppression
of superconductivity at base temperature in H || ¢ con-
figuration and essential suppression in H || a configura-
tion. The data in H || ¢ configuration are in reasonable
agreement with previous measurements in smaller field-
temperature range [14], finding nearly T-linear HS(T)
without any sign of saturation on 7' —0, contrary to
WHH theory expectations [5]. A clear tendency for sat-
uration is found in H%(T) curve.

In the right column top and middle panels of Fig. 2
we show raw resistivity field-sweep data in sample with
x=0.22, the phase diagram is presented in the bottom
panel. Magnetic field of 35 T H || ¢ is sufficient to sup-
press superconductivity down to T=6 K (T/T. ~ 0.3),
while in H || a superconductivity can be suppressed only
down to 10 K (T'/T, =~ 0.5). Despite limited range of
magnetic field, the temperature-dependent anisotropic
H5(T) reveal the same trend as found in x=0.17 sample,
with close to linear dependence in H || ¢ and a tendency
for saturation in H || a.

In Fig.3 we show raw resistivity data (top panels in
H || ¢, middle panels in H || a configurations) and H —T
phase diagrams (bottom panels) in samples close to op-
timal doping, £=0.39 (left column of panels) and z=0.47
(right column of panels). Very narrow part of the phase
diagram can be explored with 35 T magnetic field, how-
ever, even in this limited range the difference between
close to T-linear H¢, and saturating H¢, is visible. Note
strong variation of the normal state resistivity with tem-
perature in both samples, which makes impossible deter-
mination of H.o using same resistivity criterion. Transi-
tion midpoint is also ill-defined criterion for the sample,
because of rounding of p(H) curves in the normal state,
presumably due to filamentary superconductivity in the
normal state.

In Fig. 4 we show resistivity vs. field curves in config-
urations H || ¢ (top panels) and H || a (middle panels)
for overdoped samples z =0.65 (left column of panels)
and £=0.83 (right column of panels). Smaller value of T,
enables characterization of the whole phase diagram for
10 K class sample £=0.83. Note decrease of the normal
state resistivity on cooling in both compositions, the ten-
dency for HS(T') saturation on cooling and pronounced
tendency for saturation at temperatures close to zero-
field T, in H || a configuration.



(2=
/‘///7/%

3
c _/
= / //7
) /

° ‘ ‘ 00 10 2‘0 3‘0 -

0 10 20 30 0

o

o HM H M
o,
2\,
N ]
.
= 20f 1
N
S10
I
oL . <% . S
28 30 32 34 36 3828 30 32 34 36 38

T (K) T (K)

FIG. 3. (Left column of panels.) Magnetic field-dependent re-
sistivity of sample Baj_,K;FesAsy £=0.39 taken in isother-
mal conditions in magnetic fields oriented along tetragonal
c-axis (H || ¢, top panel, temperatures 38 K, 37 K, 36 K,
35 K, 34 K, 33 K, 32 K,31 K, 30 K, and 29 K left to right)
and perpendicular to it (H || a, mid panel, temperatures from
left to right 38 K, 37 K, 36 K, 35 K, and 34 K). Bottom panel
shows H — T phase diagrams for two field orientations deter-
mined using mid-point criterion between up- and down- field
sweeps. (Right column of panels.) Magnetic field-dependent
resistivity of sample Ba;_, K, FesAsy £=0.47 taken in isother-
mal conditions in magnetic fields oriented along tetragonal c-
axis (H || ¢, top panel, temperatures 38 K, 37 K, 36 K, 35 K,
34 K, 33 K, 32 K,31 K, 30 K, and 29 K left to right) and
perpendicular to it (H || a, mid panel, temperatures from left
to right 38 K, 37 K, 36 K, 35 K, and 34 K). Bottom panel
shows H — T phase diagrams for two field orientations deter-
mined using mid-point criterion between up- and down- field
sweeps.

Experimental summary

In Fig. 5 we make direct comparison of the H —T phase
diagrams of 10 K class samples (under-doped xz=0.17
and over-doped x=0.83) (top panel), 20 K class sam-
ples (under-doped £=0.22 and over-doped £=0.65) (mid-
dle panel) and of optimally doped 38 K samples, 2=0.39
and £=0.47 (bottom panel). This comparison highlights
the difference between two doping regimes. The H(T)
shows small upward curvature in underdoped composi-
tions, somewhat reminiscent of the dependence in lay-
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FIG. 4. (Left column of panels.) Magnetic field-dependent re-
sistivity of sample Baj;_,K;FeaAss x=0.65 taken in isother-
mal conditions in magnetic fields oriented along tetragonal
c-axis (H || ¢, top panel, temperatures 16 K, 14 K, 12 K,
10K, 8K, 7K, 6 K, 5K, 4K, and 2 K left to right) and
parallel to the plane (H || a, mid panel, temperatures from
left to right 24 K, 22 K, 20 K, 19 K, 18 K, 17 K, 16 K, 15 K,
14 K, 13 K, and 11 K). Bottom panel shows H — T phase di-
agrams for two field orientations determined using mid-point
criterion between up- and down- field sweeps. (Right col-
umn of panels.) Magnetic field-dependent resistivity of sam-
ple Ba;_, K, FesAsy =0.83 taken in isothermal conditions in
magnetic fields oriented along tetragonal c-axis (H || ¢, top
panel, temperatures 12 K, 10 K, 8 K, 6 K, 5 K, 4 K, 3 K,and
2 K left to right) and perpendicular to it (H || a, mid panel,
temperatures from left to right 11 K, 9 K, 8 K, 7K, 6 K, 5 K,
4 K, 3 K and 2 K). Bottom panel shows H — T phase dia-
grams for two field orientations determined using mid-point
criterion between up- and down- field sweeps.

ered superconductors [40], and in multi-band supercon-
ductors [41]. Slight tendency for saturation of HS(T)
may be found in overdoped compositions. A tendency
for H.o(T) saturation for orbital limiting is expected to
become visible below T'/T,. <0.3 [5], see Fig. 7 below. De-
viation from this prediction in iron-based superconduc-
tors was discussed in multi-band scenario [8, 41]. Indeed
heat capacity [42] and London penetration depth stud-
ies [24] suggest pronounced multi-band effects, with the
gap magnitude on different sheets of the Fermi surface
varying by a factor of approximately two.

The dependence in parallel to the plane magnetic field
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FIG. 5. (Color Online) Left panel. Comparison of the

H —T phase diagrams of 710 K” pair of underdoped (x=0.17)
and overdoped (z=0.83) samples. Middle panel shows sim-
ilar comparison for a 720 K” pair of samples, underdoped
(z=0.22) and overdoped (z=0.65), right panel is data for sam-
ples close to optimum doping £=0.39 and x=0.47. Note clear
tendency to saturation in both overdoped compositions for
magnetic field configuration H || a.

40—
[ 0.22 ]
[ 017 O ]
Ke)} ]
30 9 - N
L O \ i
e, |
L O ] i
') L o) \E]\ i
b 20 \O\ \D.\ 0.65 047|\ ]
W[ vey Q i ]
I [ 083 @ \ Om ]
0 6o b ]
I ® |- ]
I \ - ]
o, ., 0O, , Om , 1
0 10 20 30 40
T (K)
FIG. 6. (Color Online) Comparison of the H — T phase

diagrams in parallel magnetic field H&(T) for samples
of Baj_yK;FezAse, for compositions (left to right) with
2=0.83(solid circles), £=0.17 (open circles), £=0.22 (open
squares), ©=0.65 (solid squares), £=0.39 (open up-triangles)
and £=0.47 (solid up-triangles).

configuration is even more intriguing. In Fig. 6 we make
comparison of the data for all compositions in precision
aligned H || a conditions. Note much more pronounced
curvature of H%(T) close to zero field T, in the overdoped
compositions.

DISCUSSION

There are two mechanisms that determine the upper
critical field of superconductors. The first one, deter-
mined by the supercurrent flow to screen the magnetic
field, is referred to as orbital limiting and described by
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FIG. 7. (Color Online) Comparison of the H — T' phase di-
agrams of Baj_,K;FezAss in magnetic field precisely paral-
lel to the plane H(T') using normalized temperature T'/Two
and magnetic field H/(TcodH:2(T)/dT) scales. For refer-
ence we show expectations for orbital limiting mechanism in
WHH theory [5] (black solid line), experimentally determined
H 2 line for conventional isotropic superconductor NbTi with
dominant orbital limiting (dashed brown line), layered or-
ganic superconductor k-(BEDT-TTF),Cu[N(CN;]Br in mag-
netic field parallel to conducting plane in which paramagnetic
limiting starts in the very vicinity of T, [46] (blue line) and
paramagnetically limited CeColns [47] (magenta line). We
also plot data for KFeaAss as determined from magnetostric-
tion and thermal expansion measurements in x=1 by Zocco
et al. [13] (green crosses and line) and from resistivity mea-
surements in pulsed field for sample with 7. ~28 K corre-
sponding roughly to =0.25 from Yuan et al. (red line with
open stars) [3]. Solid symbols represent overdoped compo-
sitions with £=0.83(circles), £=0.65 (squares) and , ©=0.47
(up-triangles). Open symbols are used for under-doped com-
positions =0.17 (circles), =0.22 (squares) and for optimally
doped z=0.39 (up-triangles).

WHH theory [5]. The upper critical field at T — 0
limit, H.(0), in WHH theory is determined by the
slope of the H.o(T) curve close to T., and as T goes
to zero the curve shows downward deviation from linear
dependence and eventual saturation towards the value
H(0) = 0.7T, dfﬁ in isotropic case. In Fig. 7 we show
the temperature dependent H.o(T') as expected in WHH
theory, and the data for isotropic NbTi, as a typical ex-
perimental observation.

Rather rare exceptions, when the upper critical field is
not determined by the orbital motion, are found in the



materials in which orbital motion of electrons is ham-
pered by either short mean free path, heavy mass of
conduction electrons in heavy fermion materials or weak
links between the conducting layers in Josephson struc-
tures or in naturally highly electronically anisotropic lay-
ered materials [43], provided that the magnetic field is
aligned precisely parallel to the conducting layer. In this
situation the upper critical field H.s is determined by
Zeeman splitting of electron levels, known as Clogston-
Chandrasekhar [9] paramagnetic limit. This field is de-
termined by a decrease of paramagnetic energy becoming
equal to condensation energy of superconductor. In weak
coupling BCS superconductors the paramagnetic limiting
field is determined in 7" — 0 limit as H,=1.84T,, where
H,, is field in Tesla and T is in Kelvin. Note, however,
that even in materials with dominant paramagnetic ef-
fects, the behavior of H.o(T") line close to zero field T is
always determined by the orbital limiting mechanism, so
that the slope of Hs lines at T is reflecting anisotropy of
the electronic structure. The width of the temperature
range in which orbital limiting mechanism is dominant
depends on the ratio of orbital and paramagnetic limiting
fields (Maki parameter) [45]. In strongly anisotropic ma-
terials, like k-(BEDT-TTF)2[Cu[N(CN)3]Br (7T.=12.8 K,
v, ~10%), this range is confined to the very vicinity of
T, [46] and the experimentally determined H.o(T') curve
makes a good experimental example for the shape of the
upper critical field in paramagnetically limited supercon-
ductors [43]. This dependence is shown in Fig. 7 with
blue line. For all the curves in the figure the slope of
lines near T, was adjusted to match orbital limiting ex-
pectations.

In Fig. 7 we plot the data for the 10 K and 20 K
class samples of Ba;_,K,FesAsy in H || a configura-
tion in comparison with curves for orbital and param-
agnetic limiting cases. Note that the curve for =0.83
is closely following expectations for paramagnetic limit-
ing, with negligible orbital contribution. Interestingly,
even the value of the upper critical field for this sam-
ple is close to expectations for weak coupling supercon-
ductor), H,=1.8%10=18 T (see Fig. 6). The curves for
other overdoped composition £=0.65 still is very close
to expectations for paramagnetic limiting, and closely
follows experimental data for CeColn; (magenta line)
strongly paramagnetically limited superconductor [47].
The curves for optimally doped samples =0.39 (open
up-triangles in Fig. 7) and x=0.47 (solid up-triangles)
are defined in a too narrow range to distinguish between
orbital and paramagnetic limits clearly. The data for un-
derdoped compositions £=0.17 (open circles) and x=0.22
(open squares) are close to orbital limiting. For reference
we also plot literature data for the sample =1 [13] and
for the underdoped sample with T, ~28 K (z ~0.25) [3].
The curve for the latter sample is very close to the de-
pendence for x=0.22 in our measurements, the curve for
x=1 is somewhat more deviating from the closest data for
2=0.83 in our measurements, revealing somewhat higher

saturation value of H%.

The findings of our study are somewhat unexpected.
Paramagnetic effects in H.o(T') are usually found is quite
anisotropic materials, like layered organic x-(BEDT-
TTF),Cu[N(CN)s]Br, with v, ~ 10 — 10*.  The
anisotropy of the resistivity and upper critical fields
near T, in Baj_,K,FesAs, is significantly lower [7], in
KFeyAsy for example, vy ~5 to 7 [7, 10, 13] and ~, ~30
[20]. This observation might suggest that increased ef-
fective masses, as found in heat capacity [13, 42, 48]
and transport [19, 25] studies, are pushing orbital up-
per critical fields up for both in-plane and out-of-plane
field orientations, similar to the heavy fermion materials.
In situation like this, asymmetry of the doping evolu-
tion of H.o® may be a reflection of increasing effective
mass, as reflected in increasing electronic heat capacity
coefficient vy = C¢;/T on approaching quantum critical
point in the overdoped compositions, rather than elec-
tronic anisotropy. This would suggest that H% /T, ratio
should be increased on the overdoped side, which is not
the case.

On the other hand, the upper critical field in H || ab
configuration in the underdoped compositions is inter-
mediate between paramagnetic and orbital limiting, de-
spite similar anisotropy values of gy and significantly
lower normal state electronic heat capacity vy [42]. No-
table asymmetry may be related to asymmetry found in
the shape of HS(T) with upward deviations from lin-
ear dependence in the under-doped z=0.17 compared to
down-ward in overdoped z=0.83 and x=0.65. In multi-
band scenario upward deviation may suggest notable in-
crease in effective gap magnitude in x=0.17 on cooling,
which can lead to upward deviation even in paramag-
netic limiting regime. It is known that multi-band ef-
fects are needed to account for heat capacity [42] and
London penetration depth [24] for all compositions of
Ba;_ K, FesAsy. Our observation may be suggestive of
a stronger multi-band effects on the under-doped side.

Another possible source of asymmetry may be coexis-
tence with magnetism in the compositions x=0.17 and
£=0.22 on under-doped side of the phase diagram, but
not in x=0.65 and =0.83 on the over-doped side. Mag-
netism is known to affect the nodal structure of the super-
conducting gap, as suggested theoretically [49] and ob-
served experimentally in London penetration depth [33]
and thermal conductivity [14] measurements. To the best
of the author knowledge, the effect of the coexisting mag-
netism on the upper critical field H.o was not discussed
for iron-based superconductors.

CONCLUSIONS

By performing study of the anisotropic upper critical
fields in Ba;_ K, FesAss series of compounds for a range
of compositions spanning from underdoped (z=0.17) to
overdoped (z=0.83) in precision alignment magnetic field



orientation conditions, we find strong paramagnetic lim-
iting of HY in the overdoped compositions, but not in
the underdoped compositions. We speculate that much
more pronounced multi-band effects on the under-doped
side may be responsible for the asymmetry, as suggested
by the difference in the shapes of HS(7') dependences.
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