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Superconductivity and magnetism in platinum-substituted SrFe,As, single crystals
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Single crystals of SrFe,_Pt,As, (0=x=0.36) were grown using the self-flux solution method and charac-
terized using x-ray crystallography, electrical transport, magnetic susceptibility, and specific heat measure-
ments. The magnetic/structural transition is suppressed with increasing Pt concentration, with superconductiv-
ity seen over the range 0.08 =x=0.36 with a maximum transition temperature 7. of 16 K at x=0.16. The shape
of the phase diagram and the changes to the lattice parameters are similar to the effects of other group VIII
elements Ni and Pd, however the higher transition temperature and extended range of superconductivity
suggest some complexity beyond the simple electron counting picture that has been discussed thus far.
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I. INTRODUCTION

The discovery of superconductivity in iron-based com-
pounds has led to a renewed interest in the field of supercon-
ducting materials research.! This distinct class of supercon-
ductors offers a distinct perspective from which the
phenomenon of superconductivity can be studied.> The simi-
larities between the phase diagrams of these systems, as well
as their likeness to those found in cuprate and heavy-fermion
systems,’ makes the study of these phase diagrams not only
interesting in the context of pnictide superconductors but
even more generally to the study of unconventional super-
conductivity.

The family of iron-based superconductors is now quite
large. After the initial discovery of superconductivity in
LaFeAsO,_,F, there have been several other classes discov-
ered, colloquially named after the stoichiometry of the parent
compounds, such as “111” for LiFeAs,* “11” for FeSe and
FeTe,” and the largest so far “22426” for Fe,As,Sr,V,04.°
Of the different families of pnictide superconductors discov-
ered, the largest single crystals have been grown in the
AFe,As, phase (A=alkaline earth), known as the “122”
phase, which has the ThCr,Si, crystal structure. In this phase
alkali substitution on the alkaline-earth site professes the
highest superconducting transition temperatures with 38 K
in Ba;_,K ,Fe,As, (Ref. 7) and 37 K in Sr,_ K ,Fe,As,.?’
It has also been found that substituting Co, Ni, Pd, Ru,
Rh, and Ir in SrFe,As, suppresses the magnetic (structural)
transition and induces superconductivity!®'* with a maxi-
mum 7, between 10 and 20 K while Mn and Cr doping
suppress the magnetic transition without the onset of
superconductivity.”>~'® Superconductivity has also been
found in isovalent chemical substitutions, substituting Ru for
Fe, or P for As, in BaFe,As,.!"->2 However, chemical substi-
tution is not the only way to induce superconductivity in the
iron-based superconductors; the suppression of magnetic or-
der and the onset of superconductivity have also been shown
to occur in the parent compounds under pressure’*?* and
lattice strain.?

Recently superconductivity has been discovered with a
transition temperature 7. of 23 K in single-crystal samples of
BaFe,As, with 5% Fe substituted by Pt (Ref. 26), and later
shown to exist in a range of Pt substitutions in polycrystal-
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line samples of the BaFe, ,Pt,As, series.”” The transition
temperatures in BaFe,_,Pt ,As, are comparable to those of
other transition-metal-substituted BaFe,As, systems but oc-
cur over a substitution range that extends slightly beyond
that of the related group VIII substitution systems
BaFe,_,Ni As, and BaFe,_,Pd,As, (Ref. 14). Here we report
on the phase diagram of superconducting and magnetic
phases in the Pt-substituted series SrFe,_,Pt,As,. We have
investigated the progression of physical properties of single-
crystal samples of SrFe,_,Pt As, by measuring x-ray diffrac-
tion, electrical resistivity, magnetic susceptibility, and
specific-heat measurements to characterize the evolution
ground states in this system. We find a superconducting
phase that exists over an extended range of Pt concentra-
tions, with a maximum transition temperature of 16 K. The
overall properties of Pt-substituted samples evolve similar to
those of several other transition metal substitution series in
the 122 materials but with an intermediate value of the su-
perconducting transition temperature as compared to other
systems.

II. EXPERIMENTAL

Single crystals of SrFe,_ Pt ,As, were prepared using the
FeAs self-flux method described in detail elsewhere.'® Start-
ing materials [Sr (99.95% purity), Fe (99.999%), Pt
(99.99%), and As (99.99%)] were mixed and placed in alu-
mina crucibles, heated to 1150 °C and cooled at a rate of
2 °C/h to a temperature below the FeAs melting point after
which they were quenched in the furnace. Crystal specimens
were mechanically separated from the excess flux for mea-
surements and cut into bar shape with typical dimensions
(1.50% 1.500.100) mm?. The samples were characterized
with a Bruker D8 diffractometer using Cu K« Xx-rays at room
temperature.

Chemical analysis was obtained using electron probe mi-
croanalysis with wavelength dispersive spectroscopy (WDS),
the results of which gave the Pt content and showed proper
stoichiometry for each crystal shown. Resistivity measure-
ments were performed using the standard four-probe ac
method, via gold wire/silver paint contacts with typical con-
tact resistances of ~1 () at room temperature, and using
0.1 mA excitation currents at low temperatures. Magnetic
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FIG. 1. (Color online) Variation in the c-axis lattice parameters
with Pt concentration in single-crystal samples of SrFe,_ Pt As,
compared with that from powder data of SrFe,_ Ni As, from Ref.
10. The c-axis length contracts with increasing Pt content, consis-
tent with previous chemical substitution studies. Error bars were
obtained by finding the lattice constant at the positions of the half-
maximum points on the x-ray diffraction peaks for each sample.

susceptibility was measured using a commercial supercon-
ducting quantum interference device magnetometer, and spe-
cific heat was measured using the thermal relaxation method.

II1. RESULTS AND DISCUSSION
A. Chemical and structural analysis

In this study, crystals were grown with as much as 18% Pt
substituted for Fe (i.e., x=0.36). The platinum content of
single-crystal samples was measured using WDS, with
analysis performed at several points along each crystal with
spot sizes ~1 um?. While the Pt content within each single-
crystal specimen was found to be uniform, a dispersion of Pt
content was found within some of the batches. Because of
this, each sample used for measurements presented in this
work was measured individually by WDS to determine the
chemical composition, rather than the more common practice
of analyzing a few crystals from each nominal stoichiometry
and using the representative value for all samples from
the batch. The results of such analysis reveal a slight gap
in the range of Pt concentrations, approximately between
0.18=x=0.26, despite repeated attempts at crystal growth
targeted for this range. Future work will address the reason
for these difficulties.

Single-crystal x-ray diffraction was used to obtain the
c-axis lattice parameters for crystalline samples across the
series. As shown in Fig. 1, the unit cell contracts in the c-axis
direction in this system as it does for other transition-metal
substitutions in the SrFe,As, system.'®"'* Notably, the pro-
gression of the c-axis lattice parameter follows almost ex-
actly that of the Ni-doped series SrFe,_,Ni, As,. Since Pt and
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Ni have different covalent radii (1.36 A for Pt and 1.24 A
for Ni) it is surprising that within the experimental accuracy
the absolute values of lattice size in the Pt system approxi-
mate those seen in the Ni system, decreasing to 12.25 A for
x=0.28 (see Fig. 1). This is suggestive of the minimal effect
of the nature of substituent atoms on the unit-cell evolution,
likely dominated by modifications to the electronic structure
of the FeAs layers at these lower concentration levels.

B. Electronic transport

Figure 2 presents the temperature dependence of electrical
resistivity, p(7T), in SrFe,_,Pt,As, normalized to the room-
temperature value as well as the derivative of this normalized
resistivity, —d[p(T)/p(300 K)]/dT. This choice of normal-
ization is done to remove the error contribution coming from
the geometric factor due to unobservable internal cracks or
exfoliation, with data in Fig. 2 shifted vertically for clarity.
At high temperatures, the resistivity is fairly linear in tem-
perature and with the same slope for all concentrations of Pt,
indicating that the scattering at high temperatures has very
little electronic dependence and is likely dominated by
phonons or some other mechanism that is independent of Pt
substitution. In the parent compound SrFe,As,, an onset of
antiferromagnetic order at 7 as well as a change from te-
tragonal to orthorhombic crystal structure at 7y both occur at
a characteristic temperature of 200 K, which manifests itself
as a sharp drop in the resistivity upon decreasing tempera-
ture. With substitution of as little as 2.0% Pt in place of Fe,
this drop through the transition transforms into an upturn
below Tj. The evolution of the character of the transition in
resistivity, from downturn to upturn, can be explained in
terms of a shift in the balance between the loss of inelastic
(magnetic) scattering due to the onset of magnetic order and
the change in carrier concentration associated with the tran-
sition at T, as observed in several other FeAs-based
systems.!® Upon further Pt substitution, the transition then
appears as a broader minimum in the resistivity which be-
comes less discernible as a sharp feature.'*

The position of T, marked by arrows in part (a) of Fig. 2,
is identified with the onset of the sharp drop for x=0.035,
and the position of the minimum in resistivity for x=0.09. In
the related system BaFe,_,Co,As,, the magnetic and struc-
tural transitions that occur simultaneously at 200 K in the
parent compound have been shown to split into two separate
transition temperatures upon Co doping.?® As done in Ref.
28, we examine the derivative of resistivity, dp/dT, in order
to identify the splitting of the structural (7,)) and magnetic
(Ty) transitions upon Pt substitution. Shown in Fig. 2(b),
—dp/dT indeed exhibits a peak whose transition temperature
value differs from the minimum in p(7) used to identify T
for x=0.09. Given the resolution of our data, we are unable
to resolve two distinct features in the derivative plot as done
in the study by Chu er al.,?® and therefore define T), at the
position of the maximum in —dp/dT as indicated by arrows
in Fig. 2(b). The peak widths are used to define the uncer-
tainty in Ty values associated with this assignment (see
phase diagram in Fig. 6).

At x=0.09, superconductivity becomes visible in the re-
sistivity, where it coexists with the magnetically ordered
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FIG. 2. (Color online) (a) Electrical resistivity of single-crystal
samples of SrFe,_ Pt As, normalized to 300 K (data are shifted
vertically for clarity for all concentrations except x=0.36). The
structural transition T}, identified by the local mimina in p(7), is
suppressed with increasing Pt substitution, as indicated by the ar-
rows. (b) Negative of the temperature derivative of the normalized
resistivity data for characteristic samples from part (a). The antifer-
romagnetic transition 7 is identified at the local maxima while the
dashed line indicates the zero crossing of —dp/dT corresponding to
local minima in p(7). At optimal doping, x=0.16, T, and Ty are no
longer discernible and the maximum 7, for the system is found to
be 16 K. Neither magnetic order nor superconductivity is observ-
able at x=0.36, the highest concentration sample measured in this
study.

phase. With further substitution the magnetism is gradually
suppressed and vanishes near x=0.16 (hereafter called opti-
mal doping), where the maximum 7. of 16 K is observed.
For x=0.36 both magnetic order and superconductivity are
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FIG. 3. (Color online) Magnetic field suppression of the resis-
tive superconducting transition in optimally doped SrFe; g4Pt; 16As,
for fields up to 14 T applied parallel to the ¢ axis. The resistivity is
normalized to the room-temperature value. Inset: superconducting
upper critical field H,,(T), defined at the 50% point of the normal-
state resistivity for each field in the main panel, plotted with that in
SrFe,_,Ni As, from Ref. 29.

suppressed and normal metallic behavior appears to be re-
covered.

Figure 3 presents the evolution of the superconducting
transition in resistivity for the optimal doping x=0.16 in a
magnetic field H. With the increase in H there is a slight
broadening of the transition, with the narrowest transition
width of ~0.5 K for H=0 increasing to the broadest width
of ~2.5 K at H=14 T. The inset of Fig. 3 shows the tem-
perature dependence of the superconducting upper critical
field H,,, along with data for optimally doped SrFe,_,Ni, As,
from Ref. 10 for comparison. (The value of H,, is defined by
the field where resistivity drops to 50% of the normal-state
resistivity.) Using the Werthamer-Helfand-Hohenberg
formula,®® H.,(0) is calculated to be 34 T for
SrFe, 5Pty 16As, and was confirmed with C,(T) in-field mea-
surements (not shown). While this is much higher than that
found in the Ni system the value of the slope dH,,/dT near
T, for Pt of -3.16 T/K, is comparable to that of several
other transition metals substitutions in the 122 systems,29
indicating a similar nature of the H,(7) transition in all of
these systems.

C. Specific heat and magnetic susceptibility

To verify the bulk thermodynamic nature of the supercon-
ducting transition, specific-heat measurements were per-
formed using an optimally doped sample, SrFe; g4Ptj 1¢As,,
with resistive superconducting transition at 16 K. As shown
in Fig. 4, the superconducting transition is readily identified
as an abrupt shift in the smooth C,(T)/T curve below 15 K,
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FIG. 4. (Color online) Specific-heat capacity of optimally doped
StFe; g4Pty 16As,, With arrow indicating superconducting transition
temperature. Upper inset: zoom of C,(T)/T near the superconduct-
ing transition, with lines indicating fits to the data above and below
T, and arrows indicating the position where AC,/T, is determined.
Lower inset: volume magnetic susceptibility of SrFe; g4Pty16AS,
measured in 1 mT field applied parallel to the crystallographic basal
plane, following both ZFC and FC conditions. The sharpness of the
transition, with onset near 16 K, is identified by the complete satu-
ration of Meissner screening by 10 K. The bulk nature of the tran-
sition is shown by the achievement of nearly full screening fraction
of 4mry.

consistent with the value of T, observed in resistivity. Be-
cause the values of both T, and H,, in this system are high,
a reliable estimate of the normal-state electronic specific heat
v is difficult due to the dominant phonon contribution. For
this reason we have determined AC,/ T, rather than the more
traditional quantity AC,,/yT, as shown in the inset of Fig. 4.
An isentropic construction, as done previously,?®3! gives a
value of AC,/T,=17 mJ/mol K. Assuming the BCS weak-
coupling approximation AC,/yT,=1.43, the value of 7y is
estimated to be ~12 mJ/mol K2, comparable to that found
in other transition-metal-doped BaFe,As, superconductors.?®
In Ref. 31, the values of ACP/TC measured for K, Co, Ni, Rh,
and Pd-doped BaFe,As, superconductors have been shown
to scale with T, regardless of the value of 7, or the relative
substituent concentration (i.e., either underdoped or over-
doped) with respect to maximum 7,. Similar to
BaFe, ,Pt,As,** the corresponding value of AC,/T,
=17 mJ/mol K taken at 14.5 K for SrFe, g,Pt; 1¢As, falls in
line with this trend, expanding this interesting relation to
include another 5d-transition-metal-doped Sr analog. Al-
though the reason for this relation is unknown, it indicates
some universal effect in pnictide superconductivity.

The bulk nature of the superconducting transition is also
indicated through the observation of Meissner screening
in low-field magnetic-susceptibility measurements. Because
of the small size of available samples, normalized data are
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FIG. 5. (Color online) Change in magnetic susceptibility [Ay
= x(20 K)—x(T)] of SrFe,_,Pt,As, normalized to the susceptibility
value at 2 K. Samples were measured in 1 mT field applied parallel
to the crystallographic basal plane for ZFC and FC conditions.

presented in order to provide for a more useful comparison.
Figure 5 presents the temperature dependence of the
change in susceptibility from the normal state at 20 K
normalized to the value at 2 K, Ax(T)/x(2 K), where
Ax=x(20 K)-x(T). Data were measured in a magnetic field
of 1 mT applied parallel to the ab plane both in zero-field-
cooled (ZFC) and field-cooled (FC) conditions. In the
ZFC measurement the samples were initially cooled down to
1.8 K in zero magnetic field and then 1 mT dc magnetic field
was applied. The saturation of magnetic susceptibility indi-
cates full Meissner screening and hence a nearly full super-
conducting volume fraction. The difference between FC and
ZFC curves is due to trapped flux remaining in the sample as
it is cooled through the superconducting transition in field.

As shown, the optimally doped sample x=0.16 shows the
sharpest and highest T, consistent with the specific heat and
resistivity data, while the major drop in Ay is suppressed in
temperature for lower Pt concentrations. It is apparent that
the x=0.09 data shows two transitions, including a mild drop
in Ay at 15.5 K and a much sharper drop at 8 K, indicating
a sample with mixed phase. This is likely due to the inclu-
sion of a crystallite with higher Pt concentration in the col-
lection of several small pieces required to increase signal to
noise to a measurable level. No magnetic transition was ob-
served in SrFe, g4Pt; 6As, in the normal state above T, (not
shown), consistent with the absence of a signature of the
transition in resistivity data.

D. Phase diagram

Combining the results of transport and magnetic suscep-
tibility, we present the phase diagram of Pt substitution for
the SrFe,_,Pt As, series in Fig. 6. The values of Ty and Ty
have been explained in a previous section and 7. is defined at
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FIG. 6. (Color online) Phase diagram of the SrFe,_,Pt As, sys-
tem. Magnetic (triangles), structural (diamonds), and superconduct-
ing (circles) transition temperatures are obtained from resistivity
(solid symbols) and magnetic susceptibility (open symbols). Solid
lines are added as guides for the structural and superconducting
transitions. The error bars for the magnetic transition temperatures
(triangles) represent the width of the peak in the dp/dT data (see
text).

the onset of the resistive transition as determined by the in-
tercept of the extrapolation of the normal-state data and the
midtransition data. The values of 7, obtained from resistivity
match with those signifying the onset in susceptibility for all
samples measured (in the range 0.09=x=0.16), as well as
the transition measured in specific heat.

The phase diagram for SrFe,_,Pt As, system is similar to
other electron-doped members of the 122 family of iron-
based superconductors.” The antiferromagnetic ordering is
suppressed with increasing transition-metal substitution, and
a superconducting phase is stabilized at some finite concen-
tration. Using these definitions for 7, and T, we observe a
splitting of the magnetic and structural transitions. Though
generally referred to as a superconducting “dome,” the shape
of the superconducting region of the phase diagrams for
SrFe,_ Pt As, and SrFe, Ni As, are more steplike on the
underdoped side than they are domelike. In the case of
SrFe,_ Pt As,, T. is already close to the maximum value of
16 K at the lowest Pt concentration where superconductivity
onsets (x=0.08).

This behavior is also observed in both SrFe,_ Ni As,
(Ref. 10) and CaFe,_,Ni,As, (Ref. 32), as well as a recent
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study of single-crystalline SrFe,_,Co,As, samples grown us-
ing Sn flux (Ref. 17). The SrFe,_,Co,As, study also found
that the superconducting dome extends further into the un-
derdoped region than previous work.!? In SrFe,_ Pt As,, the
superconducting dome is similarly extended significantly be-
yond that seen in the Ni-substituted system, with a larger
range of concentrations exhibiting superconductivity. It also
appears that the superconducting dome may be better de-
scribed as a plateau. This effect does not appear to be uni-
versal throughout all 122 systems, though, as transition-
metal substitution in BaFe,As, generally shows a gradual,
less abrupt onset of the superconducting dome as a function
of doping.'#1%33 It may be particular to Sr-based 122 systems
but more work is required to properly compare high-quality
specimens grown under similar conditions and measured us-
ing similar techniques before grander conclusions can be
made.

Nevertheless, it is apparent that the antiferromagnetic and
superconducting phases share a wide range of coexistence
between the T, onset and optimal doping; future studies de-
termining the extent and nature of the coexistence of these
two phases will be useful for comparison to other 122 super-
conducting systems. Finally, it is an important question as to
why superconductivity in Sr-based 122 materials substituted
with Ni,'° Pd,'" and now Pt (this work) tend to show lower
maximum values of 7, as compared to their Ba-based
counterparts.’® Ongoing work®* suggests that pair-breaking
effects may have a role in limiting the transition temperature
of some members of the 122 family of iron-pnictide super-
conductors.

IV. SUMMARY

In conclusion, single crystals of Pt-substituted SrFe,As,
were grown and characterized with up to 18% substitution
and a phase diagram is determined. Similar to other transi-
tion metal-substituted systems, the magnetic and structural
ordering seen at 200 K in SrFe,As, is suppressed with
chemical substitution as in several other 122 iron pnictide
materials, with a superconducting phase reaching a maxi-
mum transition temperature of 7,=16 K at an optimal dop-
ing x=0.16 where the magnetic and structural transitions are
suppressed. Future work will address the reasons for varia-
tions in maximum 7. values found in SrFe,As, substituted
with group VIII transition-metal elements.
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