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The ab-plane resistivity of Ba(Fei—;Ruz)2As2 (z = 0.00, 0.09, 0.16, 0.21, and 0.28) was studied
under nearly hydrostatic pressures, up to 7.4 GPa, in order to explore the T'— P phase diagram and
to compare the combined effects of iso-electronic Ru substitution and pressure. The parent com-
pound BaFezAss exhibits a structural/magnetic phase transition near 134 K. At ambient pressure,
progressively increasing Ru concentration suppresses this phase transition to lower temperatures at
the approximate rate of ~ 5 K/% Ru and is correlated with the emergence of superconductivity.
By applying pressure to this system, a similar behavior is seen for each concentration: the struc-
tural/magnetic phase transition is further suppressed and superconductivity induced and ultimately,
for larger x Ru and P, suppressed. A detailed comparison of the 7' — P phase diagrams for all Ru
concentrations shows that 3 GPa of pressure is roughly equivalent to 10% Ru substitution. Further-
more, due to the sensitivity of Ba(Fei_;Rus)2As2 to pressure conditions, the melting of the liquid
media, 4 : 6 light mineral oil : n-pentane and 1 : 1 iso-pentane : n-pentane, used in this study could
be readily seen in the resistivity measurements. This feature was used to determine the freezing
curves for these media and to infer their room temperature, hydrostatic limits: 3.5 and 6.5 GPa,
respectively.

PACS numbers: 74.62.Fj, 74.70.Xa, 75.30.Kz, 74.10.4+v

I. INTRODUCTION

Many studies have investigated the effects of electron, hole, and isovalent substitutions in the AEFe;Ass
(AE=Alkaline Earth) system.l ! For BaFeyAsy, in some cases this substitution causes the suppression of the struc-
tural/magnetic transition temperature (Ts,,) and the emergence of superconductivity.l 7 In other cases, such as
substitution of Cr or Mn for Fe, T, is suppressed without superconductivity ever stabilizing.®? For the case of
Ba(Fe;_,Ru,)2Ass, increasing the concentration of isovalent Ru reveals behavior similar to Co substitution,® but
without introducing additional charge carriers into the system.!:12 Pressure has also been used as an isoelectronic
tuning mechanism 22! As pressure is applied to these systems, T%,, is suppressed gradually and disappears at a
critical pressure, P,..;;. The superconducting temperature (T,) reaches its maximum value and the transition width
is narrowest near P,.,.;; 122

Although Ru substitution for Fe gives rise to an increase of the unit cell volume, the c-lattice parameter and the
ratio of the c-lattice parameter to the a-lattice parameter (¢/a) both decrease with increasing Ru concentration.t!
Using pressure dependent crystallographic data for BaFeyAsy, 22 it was shown by Thaler et alt! that the ambient
pressure T'— x phase diagram for Ba(Fe;_,Ru;)2Ase and T'— P phase diagram for BaFesAsy manifest similar features
and can be scaled to each other,2! by creating a T versus ¢/a phase diagram. This scaling is not universal, though: for
BaFes(As;_»P.)2, Tsm and T, scale better with changes in ¢ than with changes in ¢/a.2! In order to better quantify
and understand the similarities between the effects of Ru substitution and pressure, we have determined the T — P
phase diagrams for multiple Ru substitution levels and explored the possibility of a universal scaling between these
isoelectronic tuning mechanisms.

In addition, it is well known that the behavior of BaFe;As, is sensitive to pressure conditions.t216 Pressure
inhomogeneities associated with non-hydrostatic conditions tend to decrease the pressure needed to suppress T,
and induce superconductivity. This sensitivity causes discrepancies in the construction of the T'— P phase diagram.
Therefore, conditions as close to hydrostatic as possible are necessary for consistent results. In this study, a piston-
cylinder cell and a modified Bridgman cell with appropriate liquid media were used to measure the resistivity of
Ba(Fe;_,Ru,;)2Ass samples under pressure. A maximum pressure of 7.4 GPa was achieved. Although parent BaFesAso
has already been measured several times under various pressure conditions, 2317 it was measured again under the same
conditions as the Ba(Fe;_,Ru,)2Ass samples in order to allow for more reliable comparisons as well as to gauge the
level of hydrostaticity of the liquid medium. We find a remarkably simple scaling between pressure and Ru substitution:
3 GPa of applied pressure affects the phase diagram in a manner similar to 10% Ru substitution for Fe.



II. EXPERIMENTAL METHODS

All Ba(Fe;—,Ru, )2 Asg single crystals measured in this study were grown out of self flux using the method described
by Thaler, et all!

Electrical resistivity measurements under pressures of up to 2.3 GPa were conducted using a piston cylinder pressure
cell. 1812 Higher pressures, up to 7.4 GPa, were achieved using a Bridgman cell that has been modified to work
with liquid pressure media.2? Both these cells were designed to fit inside a Quantum Design Physical Properties
Measurement System (PPMS) which served as a variable temperature station for the temperature range between 1.8
and 300 K.

The piston-cylinder cell has a Be-Cu body with a center core made out of tungsten carbide. The samples for this cell
were cut into rectangles with dimensions of approximately 1.5 x 0.3 x 0.1 mm?3. Four Pt wires were attached to the
sample using Epotek H20E silver epoxy. The feedthrough containing the sample, Manganin, and Pb manometers was
inserted in a polytetrafluoroethylene cup containing a 4 : 6 mixture of light mineral oil and n-pentane, which served
as the liquid pressure-transmitting medium, unless otherwise stated. Pressure was applied at ambient temperature
with a hydraulic press, using the Manganin as a reference manometer. A calibrated Cernox sensor was attached to
the body of the cell for temperature measurements. At low temperatures, the pressure was determined from the
superconducting temperature, 7., of the Pb manometer.25 The cooling and warming rates were kept below 0.5 K/min
which corresponded to a temperature lag between the sample and Cernox sensor of less than 0.5 K at high temperatures
and less than 0.1 K for temperatures less than 70 K. Further details are already described elsewhere.t? Cooling data
are shown in this work unless otherwise stated.

The modified Bridgman cell has a Be-Cu body with opposing, non-magnetic, tungsten-carbide anvils. A 1 : 1
mixture of iso-pentane : n-pentane was used as the liquid pressure-transmitting medium. Although we determine
that this liquid medium has a higher hydrostatic limit of 6.5 GPa (hydrostatic limit being defined as the pressure at
which the medium begins to solidify at ambient temperature)(see Appendix) than Fluorinert mixtures,2¢ 22 it also
has a higher compressibility which means lower maximum pressures can be achieved without changes to critical cell
dimensions. Moreover, there was a higher rate of failure for the wires within the sample chamber when using the
iso-pentane : n-pentane mixture, where a wire within the cell would break or a contact on the sample would be lost.
Despite these difficulties, the higher hydrostatic limit made it preferable over other liquid media (e.g. Fluorinert
mixtures with hydrostatic limits in the 1-2 GPa range). For the Bridgman cell, samples were cleaved and cut into
approximately 700 x 150 x 30 pm? and four 12.5 ym diameter gold wires were spot welded onto the sample to create
electrical contacts for standard four-probe measurements. The pressure within the cell was determined using the
superconducting temperature, T, of Pb.2% For these cells, the difference between the pressure at room temperature
and at low temperature was previously determined to be less than 0.1 GPa.2? For all Bridgman cell measurements,
data that were taken while warming from base temperatures. For T < 35 K data were taken after the temperature
was stabilized at each point, ensuring a minimal thermal gradient between the cell and the sample. For measurements
above 35 K, the cell was warmed at a rate of 0.5 K/min which leads to a maximum temperature lag of approximately
1.2 K.22 Only warming data are shown in this work.

Due to the small dimensions of the samples used in the Bridgman cell, resistivity values can have errors of up
to 50%. Furthermore, the micaceous nature of the crystals makes them prone to exfoliation, a tendency which is
compounded by the inevitable damage inflicted by the cleaving and cutting done to shape them into the appropriate
dimensions. Great care was taken to choose samples with as few of these defects as possible, but it is possible that
under pressure, the layers could be compressed or further distorted, leading to changes in the strains in the sample
resulting in small jumps or changes in resistivity values. So as to provide a better view of the evolution of the sample
behavior with pressure, the piston cylinder cell data were normalized so that the ambient temperature and pressure
resistivity value matched that of the corresponding Bridgman cell sample.

Figure [l shows the T — x phase diagram for Ba(Fe; _,Ru, )2As2.2 The open symbols indicate the Ru concentrations
that were chosen for this study in order to explore the low-x and optimal-z regions of the phase diagram. The criteria
for T, are shown in Fig. [2(b). The onset T, was taken as the intersection of the extrapolated lines seen in the inset
of Fig. [2(b). The temperature at which the resistivity reaches zero as seen in Fig. 2Ib) is denoted as T, ,—o.

Strain induced, granular/filamentary superconductivity is known to occur in many of the AEFesAss
systems 12213031 T gauge the impact of this effect on the superconducting phase transition, current dependent
resistivity measurements were done at various pressures. Figure [J] shows two such measurements. At 3.64 GPa
(Fig.Bl(a)) only the onset of the superconducting transition is seen and there is a definite dependence on the applied
current which suggests that granular/filamentary superconductivity is responsible for the resistance decrease. At
6.21 GPa (Fig. Bb)) this current dependent behavior is less prominent, but still seen during the superconducting
transition. The difference in the zero resistivity temperature of the superconducting transition between 0.01 mA and
1 mA of applied current is ~ 3 K. Based on the assumption that the effects of filamentary superconductivity will be
suppressed by higher current densities, a 1 mA current was used for all measurements.
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FIG. 1: (Color online) T'— z phase diagram for Ba(Felszuz)gAsz.n Open symbols indicate the Ru concentrations that were
studied under pressure.

III. RESULTS

A. BaFe>Ass

Previous pressure measurements of BaFeaAsy with a modified Bridgman cell have been reported31% using a Flu-

orinert (FC) mixture of 1 : 1 FC70 and FC77 as the liquid pressure-transmitting medium. The hydrostatic limit
for this medium is ~ 1 GPa,2® thus an additional, poorly-controlled, small, uniaxial stress component is likely at
higher pressures. Due to the sensitivity of BaFesAss to uniaxial stress, a different liquid medium, a 1 : 1 mixture of
iso-pentane : n-pentane, with a higher hydrostatic limit of 6.5 GPa (see Appendix) was used in this study.

Two samples of BaFeyAsy were measured using the Bridgman cell: one measured up to 5.32 GPa (Fig. 2 and
the other up to 6.71 GPa (not shown). The ambient pressure resistivity of BaFesAsy decreases on cooling. At
~ 134 K, the sample undergoes a structural/magnetic transition where it converts from a high temperature tetragonal,
paramagnet to a low temperature, orthorhombic, antiferromagnet. As pressure is applied, the resistivity decreases and
the structural/magnetic transition moves to lower temperatures and broadens. In addition, a small downturn arises
at low temperature as a precursor to the superconducting transition. This increasingly kink-like feature is reminiscent
of the pressure induced, granular/filamentary, superconducting behavior of SrFesAsy!? and CaFeaAse 2 A current
dependent resistivity measurement at 3.64 GPa (Fig. Bla)) suggests that superconductivity in a small fraction of the
sample, most likely due to internal strains, precedes the occurrence of a more robust superconducting state, when
p(T) is much less sensitive to the excitation current, as shown in Fig. Bl(b).

The resistive feature associated with the structural/magnetic transition is gradually suppressed with pressure but
still persists at the maximum pressure achieved (6.4 GPa) even with the emergence of a finite Tt ,—¢ at ~ 5 GPa.
The structural/magnetic transition temperatures for BaFesAss were taken as the maximum of the derivative of
the resistivity as seen in the inset of Fig. 2(a). The general form of the phase diagram is not very dependent
on the hydrostaticity of the pressure, however, the features in the phase diagram shift towards higher pressure as
hydrostaticity is improved. 2217 The resulting phase diagram for pure BaFeyAsy using the iso-pentane : n-pentane
mixture is shown in Fig. @l The phase diagrams for the two separate measurements show qualitatively similar
behavior with a quantitative shift of about 1.5 GPa in the transition temperatures at the highest pressures for
Run 2. Unfortunately, it is these last three, highest pressure, data points that are associated with manometer
inconsistencies that may be associated with over estimating the actual pressure experienced by the sample. The phase
diagram presented in Fig. M is in qualitative agreement with previous measurements of BaFes Aso under pressure in
a Bridgman cell using the Fluorinert mixture,22 but with all transition temperatures shifted to higher pressures for
the iso-pentane : n-pentane mixture.
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FIG. 2: (Color online) Temperature dependence of the resistivity of BaFezAsy for pressures up to 5.32 GPa measured using
the modified Bridgman cell. (a) Measurements are shown for temperatures up to 300 K. Inset shows criteria used for the
determination of Tsm. (b) Same measurements shown for temperatures up to 70 K with criterion used for T¢ ,—o. Inset shows
the criterion used for Tt onset-

B. Ba(Feo.01Ruo.00)2As2

As shown in Fig. @ for pure BaFesAss, superconductivity is just being stabilized in the P ~ 5 GPa range, while
the resistive signature of the structural/magnetic transition remains visible up to our highest measured pressures. For
the first Ru concentration in this study, we chose x = 0.09 which has no bulk superconductivity and an approximately
35 K suppression of Ty, (~ 98 K) from that of parent BaFesAsy (T, = 134 K).

Two samples of Ba(Feg g1Rug.g9)2Ass were measured: one with the piston cylinder cell up to 1.83 GPa and an-
other with the Bridgman cell up to 4.94 GPa (Fig. Bl). Figure Bl shows the effects of pressure on the resistivity of
Ba(FeovglRuovog)QASQ samples.

With increasing pressure, T, is gradually suppressed to lower temperatures and granular/filamentary supercon-
ductivity develops and gradually shorts out more of the sample. When zero resistivity is achieved, with 3.16 GPa of
pressure, a small feature due to the structural/magnetic transition can still be observed, suggesting that the suppres-
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FIG. 3: (Color online) Resistivity measurements of BaFez Asy; with applied currents of 0.01, 0.1, and 1 mA at (a) 3.64 GPa and
(b) 6.21 GPa.

sion of the structural /magnetic transition is not complete. Further pressure increase almost completely suppressed the
structural/magnetic transition and increased T, ,—o to a value of 25.7 K at P..;s = 4.94 GPa. The superconducting
transition width also decreased with pressure. At this critical pressure, there is no measurable current dependence of
the resistivity curve, suggesting the development of bulk superconductivity. As will be seen for higher Ru substitutions,
these features are consistent with P,..;; &~ 5 GPa for this sample.

A phase diagram constructed from these measurements can be seen in Fig. For all Ru substituted samples
that were measured, Ty, was taken as the minimum of the resistivity derivative. Error bars were taken as the full
width at half maximum where possible, typically when the structural/magnetic transition was far removed from the
superconducting transition. When T, < T, and effectively truncates the lower-temperature part of the dp/dT curve,
twice the half width at half maximum was used. An example of these criteria can be seen in Fig. Bl(c) and EXd).
As T, is suppressed, the minimum of dp/dT, which was used to determine T, becomes broader and, near P,
becomes indistinguishable from the onset of T,.. The phase diagram shows a consistent qualitative behavior with T,
decreasing with pressure and a superconducting 7T, dome arising at higher pressures; the addition of x = 0.09 Ru
simply shifts P..;+ and the superconducting dome to lower pressures.
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FIG. 4: (Color online) T — P Phase Diagram for two sets of measurements of BaFezAsy using the Bridgman cell. The
iso-pentane : n-pentane mixture was used as the liquid, pressure transmitting medium for both measurements.

C. Ba(Fe0‘84Ruo,16)2A52

Measurements of p(T, P) were carried out on three samples of Ba(Feg s4Rug.16)2As2: one with the piston cylinder
cell up to 2.30 GPa and two with the Bridgman cell with maximum pressures of 1.57 GPa and 4.97 GPa. As shown in
Fig. [0 Ba(Fep.s4Rug.16)2As2 also resides on the low-z side of the T'— x phase diagram, but with a further reduction of
the structural/magnetic phase transition and much closer proximity to the superconducting dome. Ambient pressure
resistivity measurement (Fig. [7) of Ba(Feg.g4Rug.16)2As2 shows both the structural/magnetic transition as well as the
onset of superconductivity. Added pressure decreases T, and a finite Tt ,—o is achieved with 1.57 GPa of pressure.
A maximum T¢ ,—o of 23 K is achieved with 3.57 GPa and the narrowest superconducting transition width is realized
at 4.09 GPa with a T, ,—¢ of 22.9 K and width of AT, ~ 0.4 K. At 4.09 GPa, the structural/magnetic transition has
all but disappeared. Further pressure increase causes the structural/magnetic transition to disappear completely, a
decrease in T, and a broadening of the superconducting transition.

For the low pressure, piston cylinder cell measurements, the structural/magnetic transition at 0.5 GPa is broader
than at 0.9 GPa and T onset is also higher. One possible cause of this is that the first pressurization could have
caused strains in the sample due to a small increase in pressure from constrictions and contractions of the cell from
the first cooling and warming of the cell. Of greater concern is the fact that there are noticeable differences between
measurements done in the piston cylinder and the Bridgman cell. For the 1.53 GPa and 2.30 GPa measurements
from the piston-cylinder cell and 1.57 and 2.41 GPa measurements from the Bridgman cell, the corresponding sets
of the temperature dependent resistivity data overlap well from room temperature down to ~ 150 K, below which
the resistivity of the sample in the Bridgman cell is suppressed much faster. Furthermore, in this pressure range,
the Bridgman cell measurements manifest a sharp superconducting transition whereas, for the piston cylinder cell,
the transition is wider and does not reach p = 0 even at the base temperature of 1.8 K. In addition, the T¢ onset
values are consistently lower in the piston cylinder cell than in the Bridgman cell and the rate of suppression of
T is smaller in the piston cylinder cell. These differences suggest a slight disparity in the degree of hydrostaticity
between the piston cylinder cell with the light mineral oil : n-pentane mixture and the Bridgman cell, using the
iso-pentane : n-pentane mixture. In the = 0.09 Ru measurements, these differences were also seen, although smaller.
Despite these discrepancies, the combined phase diagram shown in Fig.Bldemonstrates rather good agreement between
measurements taken with these two cells.
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FIG. 5: (Color Online) Temperature dependence of the resistivity of Ba(Feg.91 Ruo.00)2As2 up to 1.83 GPa and 4.94 GPa using
a piston cylinder cell and a Bridgman cell, respectively. (a) Shown for temperatures up to 300 K. The 0.66, 1.50, and 1.83 GPa
measurements have been shifted down by 0.035, 0.045, and 0.06 m$2 cm, respectively, for clarity. (b) Shown for temperatures
up to 35 K. (c¢) and (d) Criteria used to determine T%,, and their corresponding error bars.

D. Ba(Feo,79Ruo,21)2Asz

Ba(Feg 79Rug.21)2Ass is very close to the optimal Ru concentration (see Fig. [[). At higher Ru concentrations, the
homogeneity of the Ru substitution starts to vary within the batch of samples, as reported by Thaler, et ali! Figure
shows the results of resistivity measurements for the samples used in the piston cylinder cell and the Bridgman cell for
pressures up to 1.12 and 7.39 GPa, respectively, both using the iso-pentane : n-pentane mixture. At ambient pressure,
Ba(Feg 79Rug.21)2Ass samples show a coexistence of both the structural/magnetic transition and superconductivity.
The ambient pressure 7. for the two samples used in the cells differ by ~ 1 K. A maximum T, ,—¢ of 20.3 K was
achieved with only 2.27 GPa and also has the narrowest transition width at this pressure. Further pressure increases
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causes the suppression of T, and a widening of the transition width.

The phase diagram for Ba(Feg 79Rug 21)2As2 is shown in Fig. Tsm in the piston cylinder cell (P < 1.2 GPa)
is only weakly affected by pressure, whereas by P = 2.27 GPa (the first finite pressure in the Bridgman cell) Ty,
was significantly decreased. As with other substitution levels, T.(P) forms a dome-like region with the highest and
sharpest T, found near P..;; = 3.28 GPa.

E. Ba(FeojzRU(),Qg)QASz

Ba(Feg.72Rug.25)2As2, having optimal Ru concentration, shows no structural/magnetic transition at ambient pres-
sure and the superconducting transition is relatively sharp with 7. ~ 16 K and the transition width AT, ~ 0.7 K.
Added pressure marginally increases T; onse; and in fact widens the transition width with T, ,—¢ decreasing as shown
in Figs. [ and The superconducting onset and zero resistivity temperatures show very little scatter compared to
low pressure measurements on the other Ru substituted samples.

IV. DISCUSSION

Previous pressure studies have shown that BaFesAs, and related compounds are sensitive to the degree of non-
hydrostaticity of the pressurized environment.13 X7 Empirically, increasingly hydrostatic environments move 7%, and
T. to higher pressures on the T'— P phase diagram. Having the pressure-transmitting medium still be a liquid at room
temperature when pressure is increased reduces the degree of uniaxial stress on the sample. In such cases any non-
hydrostaticity is caused on cooling and warming by the differential thermal contractions of the various components of
the cell below the vitrification/solidification temperature (the temperature below which the liquid medium changes
into a glass or solid).

For measurements taken with the piston cylinder cell, the superconducting onsets were broader and more rounded
than those taken with the Bridgman cell. This is expected since the samples for the piston cylinder cell were typically
twice as long as those for the Bridgman cell. Longer samples are more vulnerable to pressure inhomogeneities due to
the larger region across which strain gradients can occur.

The effect of strain gradients and or internal crystallographic strain®® (associated with dislocation and other me-
chanically induced defects) on the samples can also be invoked to explain the relatively low pressure sensitivity of
the T¢ onset line in the phase diagrams. Given that 7. ,—o forms a fairly well defined, pressure dependent dome-like
region, T¢ onset can be understood in terms of an effective strain gradient over some region of the sample, equivalent

30(



Piston

Ba(Fe.. Ru As Cylind
03l (a) ( 0.84 0.16)2 2 ] Cillln er

0 GPa
0.51
10.92
1.53
2.30

— /

g 0.2 | Bridgman
Cell

% L 11.57 GPa
- 2.41
Q 3.07
0.1F 43.57
4.09
Increasing Pressure 452

14.97

00 i 1 " 1 " 1 " 1 " 1 "

0 50 100 150 200 250 300
Temperature (K)

. Ba(Fe,,,Ru, ..),As,

4 0.16

Piston
1Cylinder
0 GPa

(b)

0.51

0.92

0.2 1.53

2.30
F Bridgman
1.57 GPa

2.41

3.07

3.57
/ 4.09

4.52
14.97

H—

p (MQ cm)

Increasing
Pressure
000 1 1 1 "

5 10 15 20 25 30
Temperature (K)
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using the piston cylinder cell and the modified Bridgman cell, respectively. (a) Shown for temperatures up to 300 K. (b) Shown
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to several GPa. With such a gradient, a wide distribution of the T, values could exist leading to a fairly pressure
insensitive T¢ onset ~ T¢maz- This is precisely what is seen here as well as in SrFeyAs»30 and inferred by Nakashima,
et al.2? Based on this premise, we pay far greater attention to the 7. ,—o(P) data.

All of the T — P phase diagrams for Ba(Fe;_,Ru,)2Ase are shown together in Fig. Although the suppression
of Ty, with increasing Ru concentration and pressure is clear, as is the stabilizing of the superconducting region, this
plot does not clearly reveal any other unifying trends.

In the earlier study of Ru substitution in BaFeyAsy, 1 a comparison was made between the T — x phase diagram
and the T — P phase diagram of the parent compound. We make the same comparison here, in Fig. [[4] with
measurements taken with the iso-pentane : n-pentane mixture. Although the full superconducting dome was not
determined under pressure for pure BaFesAss, by overlapping the T, suppression curve, it is readily seen that 3 GPa
is grossly comparable to x = 0.10 Ru substitution for these pressure conditions. It should be noted that for the
Fluorinert 70 : 77 pressure medium used in the Bridgman cell used in the work by Thaler, et al. 113 this relation
was close to 2 GPa to x = 0.10 Ru. Clearly this relationship depends on multiple factors, most likely associated with
non-hydrostatic pressure components due to the freezing of the liquid medium.
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measurements using the piston cylinder cell and the modified Bridgman cell, respectively.

Using this relation from pure BaFesAss under pressure and ambient pressure Ba(Fe;—,Ru,)2As2, a more revealing,
composite phase diagram can be created by shifting the T" — P phase diagrams for the various Ru concentrations
according to the ratio 3 GPa : z = 0.10 Ru. When this is done (see Fig. [[H]), the data form a much more consistent
picture with T, and T, manifolds lying roughly on top of each other. It is important to point out that although
the pressure : Ru concentration ratio was based on T, normalization, the T, ,—o data fall onto a consistent manifold
as well. Figure demonstrates that for all Ru concentrations that were studied, only a single scaling, 3 GPa for
x = 0.10 Ru, is necessary to line up the phase diagrams. This means that the effects of pressure and Ru substitution
on BaFegAsy are additive in a simple manner across the whole phase diagram. It must be emphasized, though,
that this scaling value, 3 GPa ~ 0.1 x Ru, is associated with a specific pressure media; for the Fluorinert mixture
used by Colombier, et al., 22 the scaling is 2.2 GPa ~ 0.1 x Ru, and, using data from Yamazaki et al.A? a scaling of
5 GPa ~ 0.1 x Ru can be inferred.

Whereas both pressure and Ru substitution are nominally isoelectronic, a similar composite phase diagram can be
assembled from T'— z — P data collected on Ba(Fe;_,Co,)2Ass samples.2? In this non-isoelectronic case, a scaling of
0.8 GPa : x = 0.01 Co gives the best collapse of the data onto single T, and T, manifolds. This result implies that
the additive nature of doping and pressure may not be limited to isoelectronic substitutions.

Another way of seeing the effect of pressure on the Ba(Fe;_,Ru,)2Ass system, is to plot the maximum 7, ,—¢ on
the ambient pressure T'— x phase diagram, (Fig. [[6). Because P..;; was not reached with parent BaFesAso, with this
pressure medium, we use the maximum value reported by Colombier, et all? as an estimate. For the lower-than-
optimal Ru substituted samples, as pressure suppresses the structural/magnetic transition, 7. dramatically increases,
as was the case for Co substituted BaFesAsy.22 On the other hand, if T%,, has already been suppressed, by either Co
or Ru substitution, pressure no longer increases T,, but rather suppresses it. This is consistent with the idea that
long range structural/magnetic ordering is detrimental for superconductivity and is the primary reason T, is low or
absent in sub-optimally substituted samples.

Figures [[8] and [16] bring up an interesting question, perhaps a key one: Do Ru substitution and pressure produce
similar phase diagrams via similar or different mechanisms? At a gross level the reason for the similarity is the same:
suppression of Ty, leads to an increase in T, as has been observed for a wide range of transition metal substitutions.?
Both Ru substitution and pressure suppress Ts,,. The question becomes whether this is accomplished via similar or
different mechanisms. Whereas it is fairly certain that pressure can only change details of the band structure (such
as nesting or density of states near the fermi surface), Ru substitution may change the band structure!? or it may
suppress the magnetic transition temperature by replacing Fe with a far less magnetic ion. For example, in a simple
Stoner picture, the magnetic moment can depend on a product of density of states and on-site repulsion. Ru can
change both whereas pressure will not significantly change the on-site term for Fe. In this light, Ru substitution
would be a less dramatic example of substituting Y or Lu for R = Gd - Tm in a rare earth intermetallic compound 32
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for temperatures up to 30 K.

perhaps involving Stoner enhancement, rather than local moments. Ultimately, systematic studies, across the whole
Ru series, via ARPES will help address these questions.

V. CONCLUSION

Pressure measurements have been carried out on the Ba(Fe;_,Ru, )2Ass system. The resulting phase diagrams show
a suppression of T, and an enhancement of T, up to P,..;; where we see the narrowest superconducting transition,
T¢ maz, and the disappearance of Ty, by the addition of pressure for under-doped compounds. For the optimal
Ru concentrations, further pressure increases beyond P..;; lowers T, and broadens the superconducting transition.
Comparisons between the Ba(Fe;_,Ru,)2Ase T — x phase diagrams indicate an additive correlation between physical
pressure and Ru substitution of 3 GPa to x = 0.10 Ru concentration. A comparison between T ;4. and the T'— z
phase diagram indicate that suppression of the structural/magnetic transition is necessary for superconductivity to
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reach its maximum 7, values.
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Appendix

Given the importance of hydrostaticity for the measurements of p(7') under pressure, we opted for a pressure medium
that solidifies at relatively high pressure at ambient temperature for each pressure cell, thus reducing non-hydrostatic
components associated with the pressurization process. As a side product of this study, we were able to use the
sensitivity of Ba(Fe;_,Ru;)2Asy to pressure conditions to track the melting temperature of the two liquid media at
various pressures. We found that on warming, the resistivity data for various pressures and samples showed a small,
anomalous, kink-like feature at higher temperatures (see Fig. [[7(a)). Because this resistive anomaly consistently
appeared at similar temperatures for similar pressures, and was independent of Ru content, it was attributed to
a subtle change in the pressure conditions. For the Bridgman cell with the 1 : 1 iso-pentane : n-pentane mixture,
this feature was found to correspond to the melting temperature of the liquid medium.24 Although this feature is
essentially invisible in the p(T') plots shown in the main text and is even difficult to see in the expanded Fig. [T(a),
this feature is readily seen in the derivative of the resistivity, Fig. [7(b). The minimum of this derivative was taken
as the vitrification/solidification temperature of the liquid medium.

The T — P phase diagram inferred from these data is presented in Fig. I8 When this curve is extrapolated to
zero pressure, the melting event occurs at ~ 85 K. This is lower than the previously reported freezing temperatures
(105 K and 125 K at ambient pressure34:3%) but this discrepancy is not unexpected given the different criterion used to
determine this: Sundqvist, et al32 measured the resistivity of a Manganin wire, suspended in this liquid medium and
noted the temperature at which the resistivity dramatically diverges from the expected linear behavior, indicating the
onset of solidification. On the other hand, Klotz, et al2* used the “blocked-capillary method” where a thin capillary
inside a temperature-controlled, copper block is filled with the liquid medium. In this case, the reported values are
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for temperatures where the liquid medium attains a viscosity similar to thick molasses.

More importantly, it is useful to know the hydrostatic limit of the liquid medium at the temperature when pressure
is applied. Usually this is at room temperature (~ 300 K). Both Piermarini, et al.2” and Klotz, et al.2? placed rubies
in a diamond anvil cell filled with the iso-pentane and n-pentane mixture. At 7.4 GPa, they saw a broadening of
the spectral line of rubies that could be correlated to the solidification of the medium. The hardness of rubies makes
them less sensitive to pressure gradients, therefore 7.4 GPa can be considered a higher hydrostatic limit of the liquid
medium. A different approach was used by Nomura et al2¢ where, once again, the resistivity of a Manganin wire
was suspended in the liquid medium, but this time, inside a cubic anvil pressure cell. At 283 K, the resistivity of the
Manganin wire diverged from the expected linear behavior at 5.6 GPa.28

In our study, the the anomaly seen in the resistivity curves indicate that the melting event occurs at ~ 6.5 GPa
at 300 K which is within the range of previously reported values. In fact at ~ 283 K, the hydrostatic limit from our
study is 6.0 GPa which is only 0.4 GPa higher than the results from Nomura, et al.3%

The advantage of this study was that the freezing transition was tracked across a wide range of temperatures and
pressures. Previous reports?:22:34:36 on the vitrification/solidification of the iso-pentane : n-pentane mixture were
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FIG. 13: (Color online) Combined phase diagram for all Ru concentrations. Open and closed symbols are transitions temper-
atures from measurements using the piston cylinder cell and Bridgman cell, respectively. Lines are guides for the eyes.

typically studied only at a given temperature or pressure.

In a similar manner, the vitrification/solidification temperature of the 4 : 6 light mineral oil : n-pentane mixture
was determined at several pressures using the piston cylinder cell. The resistivity data for Ba(Feg 79Rug.21)2As2 taken
on warming with this liquid medium showed a similar anomalous kink the the derivative of the resistivity data showed
a clear feature that we took to be the vitrification/solidification event. Figure shows the T'— P phase diagram
for this liquid medium. At 300 K, this phase transition is expected to occur at a pressure of roughly 3.5 GPa, thus
quantitatively justifying the use of this liquid medium at pressures up to 3 GPa in the past.3?
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