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Temperature-dependent inter-plane resistivity, p.(T), was measured in iso-valent substituted iron-
arsenide compound Ba(Fei1_;Ruz)2As2 over a substitution range from parent compound to slightly
below optimal doping, £=0.29. The feature of interest in the p.(T"), a broad resistivity cross-
over maximum found in parent compound at Timer =~ 200 K, shifts to higher temperatures with
Ru substitution, ~340 K for =0.161 and goes out of the 400 K range for £=0.29. Nearly T-
linear dependence of inter-plane resistivity is found at the highest substitution level =0.29. This
temperature-dependent p. and its evolution with substitution bear close similarity to another type

of iso-valent substituted system, BaFes(Asi_.P,)2.

Similarly to the iso-valent substitutions, the

measurements of inter-plane resistivity in the parent BaFes Ass compound under pressures up to 20

kbar also revealed a rapid rise in Thqz-

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

I. INTRODUCTION

Magnetically mediated mechanism of superconductiv-
ity in iron-based materials is discussed in relation to the
observation of a quantum critical point in the phase di-
agram. In BaFesAs, based superconductors, in which
superconductivity can be induced by different types of
substitutions and pressure, in all cases the maximum 7
is not far from a point where magnetism vanishes as a
function of the tuning parameter! . The existence of
a quantum critical point governs systematic evolution of
all electronic properties, in particular of the electrical re-
sistivity.

The most clear evolution is found in the iso-valent sub-
stituted material, BaFeo(As;_,P,)2%. Here resistivity
for both in-plane, p,, and inter-plane, p., current di-
rections reveals extended range of T-linear dependence
at optimal doping®”, and signatures of the quantum
critical point are found in both normal and supercon-
ducting state properties®®9. Much more complex evolu-
tions of in-plane and inter-plane resistivity are found in
electron- doped Ba(Fe;_,Co,)2As21%712 and hole-doped
Ba;_,K,FesAsy'3. Here dominant feature of p.(7) is a
broad cross-over maximum, which in the BaFeyAsy par-
ent compound takes place at T,,q: = 200 K. This max-
imum shifts to lower temperatures with Co-doping and
does not change position with K-doping up to =0.34'3.
The maximum in p.(T) for the hole-doped materials cor-
relates well with a slope-change feature in the in-plane
transport!314,

We correlated the maximum in p.(7") with an anomaly
in the temperature dependent magnetic susceptibility!'!,
as found most clearly in the temperature-dependent
NMR Knight shift measurements'®'6. This interpreta-
tion suggests that the maximum is caused by the onset of
activation of carriers over a minimum of the pseudogap,
while the pseudogap maximum and restoration of nor-

mal metallic properties correspond to significantly higher
temperatures and becomes visible only at very high elec-
tron dopings x >0.16''. The existence of pseudogap
in iron based superconductors was later confirmed with
spectroscopic!™1? and ARPES?%:2! techniques. Some
recent advanced dynamical mean-field theory (DMFT)
band structure calculations??>?* also predict the exis-
tence of the pseudogap with strong orbital selectivity.
The prediction is that the effect would be the strongest
in the d,» orbital??, which would naturally lead to a much
stronger effect in the inter-plane transport.

This interpretation of the resistivity maximum is not
unique though. The characteristic energy scale Ty,uz
is significantly smaller than the energies found in band
structure calculations?? 2. An alternative interpretation
is the loss of spin-disorder scattering at low tempera-
tures, though this effect alone cannot explain resistivity
decrease with temperature above T},,,. Clearly, addi-
tional studies are required to get a new insight into an
anomalous resistivity behavior at high temperatures. It
is of particular interest, if the unique evolution of resis-
tivity observed in the phosphorus doped materials can be
found in other systems. Iso-valent substitution of Fe by
Ru in BaFesAs, also suppresses magnetism and brings
about superconductivity. Importantly, Ru substitution
does not lead to changes of the Fermi surface beyond
the suppression of the folding effects of the magnetic
wavevector?®. Ru substitution was also shown to act sim-
ilar to application of pressure?6-28. Study of the inter-
plane resistivity using pressure as a tuning parameter
provides an additional possibility to tune system without
introducing substitution disorder, inevitable for all types
of dopings and particularly strong when substitutions
are made in Fe site. With this motivation in mind here
we perform systematic study of the inter-plane transport
in BaFeyAsy; compound using iso-valent Ru substitution
and pressure as tuning parameters. We find that the evo-
lution of the resistivity in samples with Ru-substitution



is similar with that observed on iso-valent substitution
of As with P. A broad range of T-linear dependence is
observed in both in-plane and inter-plane transport in
samples with close to optimal substitution level. The
general trend of shifting the maximum in p.(T) for par-
ent BaFeyAsy to higher temperatures with pressure, is
similar to the effects of two iso-valent substitutions, P
for As and Ru for Fe.

However, using the temperature of the struc-
tural/magnetic transition as a reference, the rate at
which T}, increases is notably higher for pressure than
for the iso-electron substitutions.

II. EXPERIMENTAL
A. Sample preparation

Single crystals of Ba(Fe;_,Ru;)2Asy (BaRul22) were
grown using high temperature FeAs flux technique?®.
The samples from the same batches have some distri-
bution of T,. As a first step of sample selection for our
study, we cleaved thin slabs typically of 20 pm thickness
with two clean cleavage surfaces from the inner part of
the crystals. Numerous smaller pieces with sides along
(100) directions for resistivity measurements were fur-
ther cleaved using a razor blade. The samples for inter-
plane resistivity measurements typically had dimensions
of 0.5x0.5x0.02 mm? size (a x b x c¢). Elongated sam-
ples for in-plane resistivity measurements typically were
of 1x0.2x0.02 mm? size. All samples were prescreened
using magnetooptical imaging?®3! and dipper version of
the tunnel diode resonator (TDR) technique®?33. These
measurements allowed us to exclude samples with macro-
scopic inhomogeneity and possible inclusions with lower
T..

Both in-plane and inter-plane resistivity were mea-
sured on big sets of crystals coming from the same slab.
Conventional four-probe measurements were performed
on samples with ultra-low contact resistance (typically
10 p) soldered contacts®!:34. For inter-plane resistivity
measurements we relied on negligible contact resistance
and used two-probe technique. Top and bottom surfaces
of the samples were covered with Sn solder and 50 pm
diameter silver wires were attached to enable measure-
ments in four-probe configuration, which was used down
to the sample to measure series connected sample, Ry,
and contact, R, resistance. Taking into account that
typical sample resistance R, is 1 m{), and contact re-
sistance R. ~10 pf), the contact resistance represents
a minor correction of the order of 1 to 5%. The valid-
ity of the assumption R > R, can be directly seen for
our samples for temperatures below the superconducting
T., where Ry =0 and the measured resistance represents
R,10:29:31 " The details of the measurement procedure can
be found in Refs. 10, 11, and 35. Measurements on sam-
ples with ¢ < a are very sensitive to any inhomogeneity
in the contact resistance or internal sample connectiv-

ity, which tend to mix the in-plane component p, due to
redistribution of the current. Measurements on a large
number of samples are necessary in order to select the
ones with minimal intra-plane meandering. Typically
this screening process involved at least 5 samples from
each batch yielding the same dipper TDR T¢. In all cases
we obtained qualitatively similar temperature dependen-
cies of the electrical resistivity. The resistivity value at
room temperature, p.(300K) was approximately in the
range 1000 to 1500 p ©Q cm. The resistivity value for in-
plane resistivity, p,(300K), was in 300+50 p Qcm range
and did not reveal any evolution with x beyond error
bars, contrary to previous reports suggesting significant
decrease36-37

The measurements of electrical resistivity under pres-
sure were carried out with a piston-cylinder Be-Cu pres-
sure cell, with a core of tungsten carbide. The sam-
ple, manganin, and Pb manometers were mounted on
a feed-through, which was inserted into a Teflon capsule
filled with a 60:40 mixture of n-pentane: light mineral
oil, which served as the pressure transmitting medium.
Pressure was generated at ambient temperature with a
hydraulic press, using manganin as a reference manome-
ter. The pressure was locked in, and the cell was then
loaded into a Quantum Design Physical Property Mea-
surement System (PPMS-9), which provided the temper-
ature environment for the measurements, as well as the
dc measurements of resistance for the sample, manome-
ters, and a Cernox temperature sensor attached to the
body of the cell. The pressure at low temperatures was
determined from the superconducting transition temper-
ature of the Pb manometer. The cooling and warming
rates were kept below 0.35 K/min, which maintained the
T-lag between the Cernox sensor and the sample well
bellow 0.5 K throughout the whole temperature range.
In light of the approximately linear variation of pressure
from ambient temperature to ~90 K in piston-cylinder
cells®®, the pressure values at temperatures between these
limits were estimated from linear interpolation.

III. RESULTS

A. Inter-plane resistivity in samples with
iso-valent Ru substitution

Figure 1 shows the evolution of the in-plane (top panel)
and inter-plane resistivity (bottom panel) of samples of
iso-valent substituted Ba(Fe;_,Ru,)2Ass. The in-plane
resistivity data are very similar to previous reports on
the same material?636:37.  The main feature of p,(7T')
is gradual drop of the temperature of coinciding struc-
tural/magnetic transition Ty,,2%3%40  which goes away
at x ~0.29. For all x <0.24 we still see the presence
of slight po(T) up-turn on cooling above T, which is
completely suppressed for £=0.29. The data for sample
x=0.29 reveal very close to T-liner dependence over a
broad range from above T, to almost 400 K, with only
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FIG. 1. (Color online) (Top panel) Doping evolu-
tion of the temperature-dependent in-plane resistivity of
Ba(Fei_zRusz)2As2. The curves are presented using nor-
malized p/p(300K) plots and offset for clarity. Top to
bottom z=0, 0.073, 0.126, 0.21, 0.24 and 0.29. (Bot-
tom panel) Temperature dependent inter-plane resistivity of
Ba(Fei_zRug)2As2, top to bottom =0, 0.073, 0.126, 0.161,
0.21, 0.24 and 0.29. Down triangles show positions of the
coupled structural/magnetic transition, open circles show po-
sitions of Tinqee- For the highest substitutions x=0.24 and 0.29
no maximum is observed in the range, but a slope change
crossover is still clearly visible, as indicated by the square
symbols.

a mild slope change at around 200 K. The temperature
of the slope change in p,(7T) is reminiscent of the much
more pronounced feature in the p,(7") of hole-doped ma-
terials, (Baj_,K,)FeaAsy!31441 A previous study on
a higher doped materials®” suggested that eventually, at
x ~0.35, po(T') becomes T-linear over the whole temper-
ature range from 7T, to 300 K.

300

~ 200
[

100

Ru-P-x

FIG. 2. (Color online) Left panel shows the compositional
phase diagram of Ba(Fei_;Rug)2Ase as determined from
inter-plane resistivity measurements in this study (down tri-
angles, circles and open squares, see Fig. 1 for definition) in
comparison with magnetization measurements (up-triangles
and pentagons) of Thaler et al., Ref. 26. Right panel com-
pares temperature - composition diagrams for two iso-valent
substitutions, of Fe with Ru (blue lines and symbols) and of
As with P (red lines and symbols)®7.

Evolution of the inter-plane transport in iso-valent
substituted Ba(Fe;_,Ruy)2Asy is distinctly different
from both electron-doped BaCo122!! and hole- doped
BaK122'3 materials. The inter-plane resistivity p.(T) re-
veals a broad cross-over maximum at T},4., which, with
Ru-substitution, moves from approximately 200 K to
above 300 K in samples with 2=0.21. The p.(T) data for
x >0.24 suggest that the substitution drives T),,, past
400 K, the highest temperature of our measurements.
However, the leftover of the maximum can be found in a
mild slope change in samples with x=0.24 and x=0.29,
marked with squares in the bottom panel of Fig. 1. This
evolution trend suggests that in samples with higher sub-
stitution level both in-plane and inter-plane resistivity
would become T-linear, similar to BaP122 materials.

The left panel of Fiig. 2 summarizes the evolution of the
main features of the temperature-dependent inter-plane
resistivity with Ru substitution. For reference we show
the temperatures of the coupled magnetic/structural
transition and bulk superconducting 7T, as determined
from magnetization measurements?®. The temperature
of the inter-plane resistivity maximum 7,,,, moves up
very rapidly with z, similar to the behavior in iso-valent
substituted BaFes(As1_,P,)2. In the right panel we di-
rectly compare the phase diagrams of the two iso-valent
substitutions in BaFesAso, which indeed reveal clear sim-
ilarity. Keeping in mind the uncertainties in composi-
tional determination xz, the potential effect of disorder
on the phase diagram,*? and the uncertainty in the de-
termination of the maximum position due to possible ad-
mixture of the p,(T") component, the similarity of the two
phase diagrams is just remarkable.
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FIG. 3. (Color online) Comparison of the temperature-
dependent inter-plane resistivity of under-doped sam-

ples of BaFezAss based superconductors, for the com-
positions selected to have comparable Ts, of about
100 K. Top left panel (a) shows pc(T") for hole-doped
(Bai—.K.)FeaAsy'® top right panel (b) for electron doped
Ba(F€1szOz)2A5211, bottom left panel (c) for iso-valent sub-
stituted BaFez(Aslfo,;)gn bottom right panel (d) for iso-
valent substituted Ba(Fei_;Ruz)2Ass (this study). Note the
very different evolution of the position of maximum of inter-
plane resistivity Tymae, shown with open circles.

B. Comparison of different types of substitutions

To put our findings in a broader perspective, in Fig. 3
we directly compare the temperature dependent inter-
plane resistivity of BaFeyAs2 derived compositions with
four different types of substitutions in the “under-doped”
regime. For the sake of comparison we selected composi-
tions with similar T,, ~100 K. This selection criterion in
fact does not correlate well with the superconductivity;
samples with T, in this range have significantly different
T., and reveal just traces of superconductivity in BaP122
and BaRul22. Nevertheless, this comparison reveals in-
teresting features. Samples with substitutions into the
Fe site, Co and Ru, have significantly higher normalized
residual resistivity, p(0)/p(300K)=1.1 and 0.8, respec-
tively, as compared to approximately 0.3 in BaP122 and
BaK122. The values of p.(300K) in all cases are the same
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FIG. 4. (Color online) Comparison of the temperature-

dependent in-plane (blue lines) and inter-plane (red lines)
resistivity of close to optimally doped samples of BaFesAso
based superconductors. Top left panel (a) shows data for
hole-doped (Balfsz)FegAsf?’, top right panel (b)for elec-
tron doped Ba(Fe;_,Co,)2As2'!, bottom left panel (c) for iso-
valent substituted BaF€2(A8171PI)26’7, bottom right panel
(d) for iso-valent substituted Ba(Fei_;Ruz)2Ass (this study).
Note that Ru-doped samples are actually under-doped, which
is the most likely reason that the evolution towards T-linear
dependence is incomplete.

within error bars and are in the range 1000 to 1500 u2cm,
so that the difference is in fact observed between actual
resistivity values. This finding is a natural consequence
of the substitution disorder introduced right into orbitals
forming the states at the Fermi energy. Secondly, there is
a robust upturn in p.(7T) just below Tj,, in samples with
more disorder, while the increase is not as pronounced in
samples with substitution away from Fe-site.

In Fig. 4 we compare temperature-dependent in-plane
(blue lines) and inter-plane (red lines) resistivity of sam-
ples of BaFeyAss derived superconductors with four dif-
ferent types of substitutions at close to optimal level. As
suggested by the T'— z phase diagrams, Fig. 2, two dif-
ferent types of iso-valent substitutions yield quite simi-
lar temperature-dependent resistivity, as indicated in the
two bottom panels in Fig. 4. Neither p,(T") nor p.(T)
in BaP122 and BaRul22 show any evident slope-change
features for optimal substitution level, which is in stark



contrast with hole-doped BaK122 revealing maximum in
pe(T) and slop-change in p,(T) at around 200 K314,
and with electron-doped BaCo122'%12 showing cross-
over only in the inter-plane transport.

C. Evolution of the temperature-dependent
inter-plane resistivity with pressure
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FIG. 5. (Color online) Evolution of the temperature-

dependent in-plane (top panel) and inter-plane (bottom
panel) resistivity with pressure in the parent compound of
122 iron-based superconductors, BaFesAss. Pressure values
are changing on cooling, as shown for temperatures of 300 K
and 4.2 K. The inset in the top panel shows pressure de-
pendence of T as determined from p, (solid down-triangles)
and from p. (open down-triangles) measurements. Inset in
the bottom panel shows evolution of 75 (down triangles) and
of Thhae (circles) with pressure. Symbols in the main panel
show the respective temperatures vs. actual temperature-
dependent resistivity curves.

It is remarkable that two different types of iso-valent

substitution give rise to similar effects on both the in-
plane and inter-plane temperature-dependent electrical
resistivity. It was shown previously that the effects of
pressure and of the iso-valent Ru substitution on in-plane
resistivity are very similar?”2®. In a way, pressure pro-
vides an independent tuning parameter for quantum crit-
icality, which has a significant advantage: it does not in-
troduce substitutional disorder. At the simplest approx-
imation, pressure tunes the system by changing lattice
parameters which in turn tune the bandwidth, so its ef-
fect can be significantly different from doping. Here we
study evolution of the in-plane and inter-plane resistivity
of parent BaFe,;Asy with pressure.

In Fig. 5 we show evolution of in-plane (top panel) and
inter-plane (bottom panel) resistivity of parent BaFes Asg
with pressure. Use of the piston-cylinder cell allowed us
to reach pressures of about 20 kbar (at 4.2 K), which is
not nearly sufficient to suppress magnetism of the par-
ent compound?®?, but acceptable to suppress T, to close
to 100 K, as was the case for samples shown in Fig. 3.
As can be seen from inset in top panel of Fig. 5, the
structural/magnetic transition shifts from 134 K to about
115 K at the maximum pressure of our experiment. Very
similar shift of T, is observed from p.(T") measurements,
shown for comparison in inset with solid symbols. This
comparison suggests that the c-axis resistivity measure-
ments performed on samples with Sn soldered contacts
covering the whole sample surface and which are strong
enough to prevent samples from detwinning**, do not sig-
nificantly affect resistivity studies as a function of pres-
sure.
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FIG. 6. (Color online) Evolution of the position of the max-
imum of the temperature-dependent inter-plane resistivity,
Tmaz as a function of the structural transition temperature Ts
for cases of iso-valent Ru (blue circles) and P (red diamonds)
substitutions and of application of pressure (black right tri-
angles). Note the significantly faster increase of Timae under
pressure.

Despite the limited pressure range, the maximum in
the inter-plane resistivity at Tj,q: shows quite signifi-



cant shift to higher temperatures. It moves up from
Timaz ~200 K to almost 300 K in the pressure range
studied. In Fig. 6 we compare the behavior of T},,, and
T for parent Bal22 under pressure with their evolution
upon Ru and P iso-valent substitutions. As T, —0 as
the system approaches putative quantum critical point,
this dependence reveals evolution of the features on its
approach. Note that for BaP122 the structural and mag-
netic transitions are split with doping, while they remain
coincident on Ru substitution3>4°. As can be seen from
Fig. 6, pressure is moving maximum much faster than
iso-valent substitution.

As can be seen from Fig. 5, the residual resistivity of
BaFe;Ass; does not change much with pressure. This re-
flects the fact that pressure does not change the degree
of disorder in the samples. Simultaneously, this feature
suggests that the electronic structure in the antiferro-
magnetic phase below Ty, does not change with pres-
sure. Application of pressure reduces both in-plane and
inter-plane resistivity in the metallic phase above Tg,,,
suggestive of weakening electronic correlations. The re-
sistivity in the antiferromagnetic phase below Ty, shows
an increase, indicating an increase of spin scattering be-
low the transition, consistent with increase of spin dis-
order with pressure. The overall pressure evolution of
the temperature-dependent resistivity is suggesting that
the T-linear dependence of inter-plane resistivity can be
eventually found at higher pressures corresponding to
pressure-tuned QCP. Additional studies at higher pres-
sures will be necessary in order to test this trend experi-
mentally.

IV. DISCUSSION

The pseudogap or partial gap on the Fermi surface*®
in the cuprates is well established by a number of spec-
troscopic techniques*%47, however, its microscopic origin
is still debated*®. Main theories and experiments link
it to either two neighboring phases, an antiferromag-
netic Mott-insulator, with pseudogap arising due to ex-
otic magnetism*®, and superconductivity, as an effect of
the preformed superconducting pairs®®, or to a compet-
ing charge order phase®'. The pseudogap is universally
observed in both hole and electron®® doped cuprates,
though it is much more pronounced in the former.

Our previous study of electron-doped BaCo122 found a
clear correlation between the maximum in the interplane
resistivity and anomalies in the temperature-dependent
Knight shift and spin relaxation time!''6. This corre-
lation between the pseudogap features in resistivity and
NMR measurements is also known in the cuprates®®. Fur-
ther similarity between the two families is strong asym-
metry of the pseudogap features on electron- and hole-
doped sides*>®2. There are, however, some significant
differences. In the cuprates the pseudogap vanishes close
to optimum doping®”, while in electron- doped iron-based
materials the superconducting dome is completely imbed-

ded into the pseudogap range!'1°.

Because of the correlation between features in mag-
netic and resistive measurements, it is natural to consider
magnetic origin of the pseudogap. Long range magnetic
order, developing in the parent BaFe; Asy below T, , leads
to two effects. Reconstruction of the Fermi surface®?%
opens a gap on part of the Fermi surface, which is ex-
pected to give rise to resistivity increase. Simultaneously
long-range magnetic ordering is accompanied by a loss of
inelastic spin disorder scattering®®-°®, which leads to an
increase of the mean-free-path, giving rise to resistivity
decrease. The increase of the mean-free path is limited at
low temperatures by elastic scattering on residual impuri-
ties. In the parent compound the loss of the spin-disorder
scattering dominates and the resistivity decreases grad-
ually below T, particularly strongly in the cleanest an-
nealed samples®”. The partial gapping is responsible for
an increase of the resistivity below T, in Ru- and Co-
substituted materials, see Fig. 3, in which contribution
of spin-disorder scattering is small compared to impurity
scattering, as evidenced by high residual resistivity value.
The increase is mild in BaP122 and is virtually absent in
BaK122 with significantly smaller residual resistivity.

Study of the in-plane resistivity anisotropy in strain-
detwinned samples*#°%5 found that actually resistivity
increase starts at a structural transition at a tempera-
ture T, which is always higher than 7},°°. Based on
this observation, it was suggested that the tetragonal-
to-orthorhombic transition is also of magnetic origin and
reflects directional nematic correlations between spins,
without static long range magnetic order® 64 These
correlations lead to dramatically different effects for two
directions in the plane, with resistivity increase for one
direction of the current and the decrease for another®49°,
Interestingly, strained samples reveal in-plane resistivity
anisotropy at temperatures even significantly higher than
T, showing that magnetic correlations (and thus nematic
susceptibility) start significantly higher than actual long
range ordering below T, 56768,

Following the same line of argument, it is natural
to assign pseudogap features in the inter-plane resis-
tivity to a build-up of magnetic correlations, reflected
in NMR measurements!>16:69  Significant difference,
though, is that the directional inter-plane transport
would be most sensitive to the inter-plane magnetic cor-
relations, which should be quite strong in proximity
to three-dimensional magnetism, as found in BaFesAss.
Our observations of the different doping-dependence of
the pseudo-gap features for three types of substitutions
may be suggestive that evolution of magnetic correlations
proceeds significantly different in these cases. This dif-
ference may be also responsible for a difference between
doping-evolution of the pseudogap features in magneti-
cally two-dimensional cuprates and magnetically three-
dimensional iron-based materials.



V. CONCLUSIONS

Iso-valent Ru substitution in Ba(Fe;_,Ru,)2As, leads
to a systematic evolution of the temperature-dependent
inter-plane resistivity towards a T-linear dependence at
the optimal doping, in line with expectations for the sce-
nario invoking existence of the quantum critical point in
the substitutional phase diagram. The dominant high-
temperature feature of the temperature-dependent inter-
plane resistivity, a maximum at a temperature T},
shifts rapidly to higher temperatures with z, revealing
a trend similar to another type of iso-valent substitu-
tion in BaFes(As;_,P,)>7. Because the two substitution
series show different evolution of the Fermi surface? 70,
this similarity suggests that the maximum is not related
to evolution of the electronic structure.

Our observations suggest that despite very different
evolution of T,., feature for four different types of

dopings into parent BaFesAsy, there exists a similar-
ity within each doping type irrespective of the chem-
ical nature of substitution, a trend revealed in our
previous studies of transition-metal substitutions in
Ba(Fe;_,T;)2Asy, T= Co, Ni, Rh, Pd,'1"12. The faster
rise of Ty,q, With application of hydrostatic pressure is
suggestive that electronic bandwidth/correlations play
important role in the appearance of the maximum.

VI. ACKNOWLEDGEMENTS

This work was supported by the U.S. Department of
Energy (DOE), Office of Science, Basic Energy Sciences,
Materials Science and Engineering Division. The re-
search was performed at the Ames Laboratory, which
is operated for the U.S. DOE by Iowa State University
under contract DE-AC02-07CH11358. MST gratefully
acknowledges support from the National Science Foun-
dation under Grant No. DMR-0805335.

Corresponding author: tanatar@ameslab.gov

J. Paglione and R. L. Greene, Nature Phys. 6, 645 (2010).

D. C. Johnston, Adv. Physics. 59, 803 (2010).

P. C. Canfield and S. L. Bud’ko, Ann. Rev. Cond. Mat.

Phys. 1, 27 (2010).

G. R. Stewart, Rev. Mod. Phys. 83, 1589 (2011).

5 Louis Taillefer, Ann. Rev. Cond. Matter Physics 1, 51
(2010).

6 S. Kasahara, T. Shibauchi, K. Hashimoto, K. Ikada, S.
Tonegawa, R. Okazaki, H. Shishido, H. Ikeda, H. Takeya,
K. Hirata, T. Terashima, and Y. Matsuda, Phys. Rev. B
81, 184519 (2010).

7 M. A. Tanatar, K. Hashimoto, S. Kasahara, T. Shibauchi,
Y. Matsuda, and R. Prozorov, Phys. Rev. B 87, 104506
(2013).

8 Y. Nakai, T. Iye, S. Kitagawa, K. Ishida, H. Ikeda, S.
Kasahara, H. Shishido, T. Shibauchi, Y. Matsuda, and T.
Terashima, Phys. Rev. Lett. 105, 107003 (2010)

9 K. Hashimoto, K. Cho, T. Shibauchi, S. Kasahara, Y.
Mizukami, R. Katsumata, Y. Tsuruhara, T. Terashima,
H. Tkeda, M. A. Tanatar, H. Kitano, N. Salovich, R. W.
Giannetta, P. Walmsley, A. Carrington, R. Prozorov, Y.
Matsuda, Science 336, 1554 (2012).

10 M. A. Tanatar, N. Ni, C. Martin, R. T. Gordon, H. Kim, V.
G. Kogan, G. D. Samolyuk, S. L. Bud’ko, P. C. Canfield,
and R. Prozorov, Phys. Rev. B 79, 094507 (2009).

11 M. A. Tanatar, N. Ni, A. Thaler, S. L. Bud’ko, P. C. Can-
field, and R. Prozorov, Phys. Rev. B 82, 134528 (2010).

12 M. A. Tanatar, N. Ni, A. Thaler, S. L. Budko, P. C. Can-
field, and R. Prozorov, Phys. Rev. B 84, 014519 (2011).

13 M. A. Tanatar, W. E. Straszheim, Hyunsoo Kim, J. Mur-
phy, N. Spyrison, E. C. Blomberg, K. Cho, J.-Ph. Reid,
Bing Shen, Louis Taillefer, Hai-Hu Wen, and R. Prozorov,
Phys. Rev. B 89, 144515 (2014).

4 Yong Liu, M. A. Tanatar, W. E. Straszheim, B. Jensen, K.

W. Dennis, R. W. McCallum, V. G. Kogan, R. Prozorov,

and T. A. Lograsso,, Phys. Rev. B 89, 134504 (2014).

W N =¥

N

15 F.L. Ning, K. Ahilan, T. Imai, A. S. Sefat, R. Jin, M. A.
McGuire, B. C. Sales, and D. Mandrus, J. Phys. Soc. Jpn.
77, 103705 (2008).

16 . L. Ning, K. Ahilan, T. Imai, A. S. Sefat, M. A. McGuire,
B. C. Sales, D. Mandrus, P. Cheng, B. Shen, and H.-H
Wen, Phys. Rev. Lett. 104, 037001 (2010).

17°S. J. Moon, A. A. Schafgans, S. Kasahara, T. Shibauchi,
T. Terashima, Y. Matsuda, M. A. Tanatar, R. Prozorov,
A. Thaler, P. C. Canfield, A. S. Sefat, D. Mandrus, and D.
N. Basov, Phys. Rev. Lett. 109, 027006 (2012).

18 9. J. Moon, A. A. Schafgans, M. A. Tanatar, R. Prozorov,
A. Thaler, P. C. Canfield, A. S. Sefat, D. Mandrus, and D.
N. Basov, Phys. Rev. Lett. 110, 097003 (2013).

19°9. J. Moon, Y. S. Lee, A. A. Schafgans, A. V. Chubukov,
S. Kasahara, T. Shibauchi, T. Terashima, Y. Matsuda, M.
A. Tanatar, R. Prozorov, A. Thaler, P. C. Canfield, S. L.
Bud’ko, A. S. Sefat, D. Mandrus, K. Segawa, Y. Ando, and
D. N. Basov, Phys. Rev. B 90, 014503 (2014).

20 y-M. Xu, P. Richard,K. Nakayama,T. Kawahara,Y.
Sekiba,T. Qian, M. Neupane,S. Souma,T. Sato,T.
Takahashi,H.-Q. Luo,H.-H. Wen,G.-F. Chen,N.-L. Wang,
Z. Wang, Z. Fang, X. Dai and H. Ding, Nature Comm. 2,
392 (2011).

21 T. Shimojima et al., Phys. Rev. B 89, 045101 (2014).

22 7. P. Yin, K. Haule, and G. Kotliar, Nat. Mater. 10, 932
(2011).

23 M. Aichhorn, S. Biermann, T. Miyake, A. Georges, and M.
Imada, Phys. Rev. B 82, 064504 (2010).

24 Ph. Werner, M. Casula, T. Miyake, F. Aryasetiawan, A. J.
Millis, and S. Biermann, Nature Physics 8, 331 (2012)

25 R. S. Dhaka, Chang Liu, R. M. Fernandes, Rui Jiang, C.
P. Strehlow, Takeshi Kondo, A. Thaler, Jrg Schmalian, S.
L. Budko, P. C. Canfield, and Adam Kaminski, Phys. Rev.
Lett. 107, 267002 (2011).

26 A. Thaler, N. Ni, A. Kracher, J. Q. Yan, S. L. Budko, and
P. C. Canfield, Phys. Rev. B 82, 014534 (2010).



27

28

29

30

31

32

33

34

35

36

37

38
39

40

41

42

43

44

45
46

47

48

S. K. Kim, M. S. Torikachvili, E. Colombier, A. Thaler, S.
L. Bud’ko, and P. C. Canfield, Phys. Rev. B 84, 134525
(2011).

Stella Kwi Kim, Doctor of Philosophy thesis, lowa State
University, 2013.

R. Prozorov, N. Ni;, M. A. Tanatar, V. G. Kogan, R. T.
Gordon, C. Martin, E. C. Blomberg, P. Prommapan, J. Q.
Yan, S. L. Bud’ko, and P. C. Canfield, Phys. Rev. B 78,
224506 (2008).

R. Prozorov, M. A. Tanatar, B. Roy, N. Ni, S. L. Bud’ko,
P. C. Canfield, J. Hua, U. Welp, and W. K. Kwok, Phys.
Rev. B 81, 094509 (2010).

M. A. Tanatar, N. Ni, S. L. Bud’ko, P. C. Canfield, and R.
Prozorov, Supercond. Sci. Technol. 23, 054002 (2010).

M. A. Tanatar, N. Spyrison, Kyuil Cho, E. C. Blomberg,
Guotai Tan, Pengcheng Dai, Chenglin Zhang, and R. Pro-
zorov, Phys. Rev. B 85, 014510 (2012).

N. Spyrison, M. A. Tanatar, Kyuil Cho, Y. Song,
Pengcheng Dai, Chenglin Zhang, and R. Prozorov, Phys.
Rev. B 86, 144528 (2012).

M. A.Tanatar, R. Prozorov, N. Ni, S. L. Bud’ko, P. C.
Canfield, U.S. Patent 8,450,246 (Sept.1, 2011).

M. A. Tanatar, N. Ni, G. D. Samolyuk, S. L. Bud’ko, P.
C. Canfield, and R. Prozorov, Phys. Rev. B 79, 134528
(2009)

F. Rullier-Albenque, D. Colson, A. Forget, P. Thury, and
S. Poissonnet, Phys. Rev. B 81, 224503 (2010).

M. J. Eom, S. W. Na, C. Hoch, R. K. Kremer, and J. S.
Kim, Phys. Rev. B 85, 024536 (2012).

J. D. Thompson, Rev. Sci. Instr. 55, 231 (1984).

M. G. Kim, D. K. Pratt, G. E. Rustan, W. Tian, J. L.
Zarestky, A. Thaler, S. L. Budko, P. C. Canfield, R. J.
McQueeney, A. Kreyssig, and A. I. Goldman, Phys. Rev.
B 83, 054514 (2011).

M. G. Kim, J. Soh, J. Lang, M. P. M. Dean, A. Thaler,
S. L. Budko, P. C. Canfield, E. Bourret-Courchesne,
A. Kreyssig, A. I. Goldman, and R. J. Birgeneau, Phys.
Rev. B 88, 014424 (2013).

Bing Shen, Huan Yang, Zhao-Sheng Wang, Fei Han, Bin
Zeng, Lei Shan, Cong Ren, and Hai-Hu Wen, Phys. Rev.
B 84, 184512 (2011).

R. Prozorov, M. A. Tanatar, et al., in preparation, electron
irradiation

E. Colombier, S. L. Budko, N. Ni, and P. C. Canfield, Phys.
Rev. B 79, 224518 (2009).

M. A. Tanatar, E. C. Blomberg, A. Kreyssig, M. G. Kim,
N. Ni, A. Thaler, S. L. Bud’ko, P. C. Canfield, A. I. Gold-
man, I. [. Mazin, and R. Prozorov, Phys. Rev. B 81, 184508
(2010).

T. Timusk, and B. Statt, Rep. Prog. Phys. 62, 61 (1999).
T. Kondo, R. Khasanov, T. Takeuchi, J. Schmalian, and
A. Kaminski , Nature 457, 296 (2009).

I. M. Vishik, W. S. Lee, R.-H. He, M. Hashimoto, Z. Hus-
sain, T. P. Devereaux, and Z.-X. Shen, New J. Phys. 12,
105008 (2010).

M. R. Norman, D. Pines, and C. Kallin, Adv. Phys. 54,
715 (2005).

49

50

51
52

53

54

55
56

57

58

59

60

61

62

63

64

65

66

67

68

69

V. Hinkov, P. Bourges, S. Pailhes, Y. Sidis, A. Ivanov,
C. D. Frost, T. G. Perring, C. T. Lin, D. P. Chen, and
B. Keimer, Nature Phys. 3, 780 (2007).

K. K. Gomes, A. N. Pasupathy, A. Pushp, S. Ono,
Y. Ando, and A. Yazdani, Nature 447, 569 (2007).

See for example, M. Vojta, Adv. Phys. 58, 699 (2009).
N.P. Armitage, P. Fournier, and R.L. Greene, Rev. Mod.
Phys. 82, 2421 (2010).

James G. Analytis, Ross D. McDonald, Jiun-Haw Chu,
Scott C. Riggs, Alimamy F. Bangura, Chris Kucharczyk,
Michelle Johannes, and I. R. Fisher, Phys. Rev. B 80,
064507 (2009).

Taichi Terashima, Nobuyuki Kurita, Megumi Tomita, Ku-
nihiro Kihou, Chul-Ho Lee, Yasuhide Tomioka, Toshim-
itsu Ito, Akira Iyo, Hiroshi Eisaki, Tian Liang, Masamichi
Nakajima, Shigeyuki Ishida, Shin-ichi Uchida, Hisatomo
Harima, and Shinya Uji, Phys. Rev. Lett. 107, 176402
(2011).

I. I. Mazin and M. D. Johannes, Nat. Phys. 5, 141 (2009).
E. C. Blomberg, M. A. Tanatar, R. M. Fernandes, I. I.
Mazin, B. Shen, H.-H. Wen, M. D. Johannes, J. Schmalian,
and R. Prozorov, Nat. Commun. 4, 1914 (2013).

S. Ishida, M. Nakajima, T. Liang, K. Kihou, C. H. Lee, A.
Iyo, H. Eisaki, T. Kakeshita, Y. Tomioka, T. Ito, and S.
Uchida, Phys. Rev. Lett. 110, 207001 (2013).

Jiun-Haw Chu, J. G. Analytis, K. De Greve, P. L. McMa-
hon, Z. Islam, Y. Yamamoto, and I. R. Fisher, Science
329, 824 (2010).

I. R. Fisher, L. Degiorgi, and Z. X. Shen, Rep. Progr. Phys.
74, 124506 (2010).

R.M.Fernandes, A. V. Chubukov, J. Knolle, I. Eremin, and
J. Schmalian, Phys. Rev. B 85, 024534 (2012).

C. Xu, M. Muller, and S. Sachdev, Phys. Rev. B 78,
020501(R) (2008). superconductors.

Chen Fang, Hong Yao, Wei-Feng Tsai, JiangPing Hu, and
Steven A. Kivelson, Phys. Rev. B 77, 224509 (2008).

B. Valenzuela, E. Bascones, and M. J. Caldern, Phys. Rev.
Lett. 105, 207202 (2010).

R. M. Fernandes, A. V. Chubukov, J. Schmalian, Nature
Phys. 10, 97 (2014).

E. C. Blomberg, M. A. Tanatar, A. Kreyssig, N. Ni, A.
Thaler, Rongwei Hu, S. L. Budko, P. C. Canfield, A.
I. Goldman, and R. Prozorov, Phys. Rev. B 83, 134505
(2011).

E. C. Blomberg, A. Kreyssig, M. A. Tanatar, R. M. Fer-
nandes, M. G. Kim, A. Thaler, J. Schmalian, S. L. Bud’ko,
P. C. Canfield, A. I. Goldman, and R. Prozorov, Phys. Rev.
B 85, 144509 (2012).

Y.-X. Yang, Y. Gallais, R. M Fernandes, I. Paul, L. Chau-
vire, M.-A. Masson, M. Cazayous, A. Sacuto, D. Colson,
A. Forget, JPS Conf. Proc. 3, 015001 (2014).

Jiun-Haw Chu, Hsueh-Hui Kuo, James G. Analytis, and
Ian R. Fisher, Science 337, 710 (2012).

S.-H. Baek, H.-J. Grafe, L. Harnagea, S. Singh, S.
Wurmehl, and B. Biichner, Phys. Rev. B 84, 094510
(2011).

A. Carrington, Rep. Prog. Phys. 74, 124508 (2011).



