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ABSTRACT

In this work, the superconductivity in a series of strontium platinum phosphides

was investigated. Three compounds, SrPt3P, SrPt6P2, and SrPt10P4, the latter two of

which we discovered, were synthesized and characterized. We studied SrPt3P1−xSix

resistively, magnetically, and calorimetrically, and found an apparent non-scaling

of the Tc with the density of states at the Fermi level N(EF) that can be attributed

to a significant weakening of the electron-phonon interaction strength. We found

superconductivity in the new structure type SrPt6P2 at Tc = 0.6 K and attribute the

lower value of Tc to a weak coupling strength as evidenced by our specific heat

measurement and analysis. Superconductivity at Tc = 1.4 K was found in another

new structure type compound SrPt10P4 with structural building blocks reminiscent

of those from both SrPt3P and SrPt6P2. In SrPt10P4, our specific heat and upper

critical field Hc2 measurements indicate the opening of two superconducting gaps

∆1 and ∆2 below Tc. A method of comparing the contributions to superconductivity

in different compounds by analysis of the specific heat is developed in which the

contribution from the density of states at the Fermi level N(EF) is separated from

that of the interaction strength V and is applied to gain insight into the factors

driving the superconductivity in these compounds.
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Chapter 1

Introduction

Superconductivity is one of the most heavily investigated areas of active research in

history. Since 1911, when Heike Kamerlingh Onnes made his historic discovery of

superconductivity in mercury, the field has drawn and often humbled some of the

brightest minds in science. This concentration of efforts has led to some remarkable

results, such as the 1957 BCS microscopic theory of superconductivity[1], which is

regarded as one of the greatest achievements of theoretical physics. It is easy to see

why so much effort is put into further understanding superconductivity when the

possible applications are considered. Besides some of the current applications of

superconductivity such as magnetic resonance imaging (MRI), nuclear fusion, and

particle accelerators, future applications could include long-distance magnetically

levitated transportation, ultra-high power density motors, quantum computing, and

more. Integral to the implementation of these and other future applications are new

materials.
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The discovery of new materials has driven breakthroughs in our understanding

of superconductivity. After the discovery of superconductivity in the A15 type com-

pound V3Si in 1953[2] and Nb3Sn in 1954[3], the highest transition temperature

remained at 23.2 K in Nb3Ge[4, 5] for decades. This apparant plateau in the in-

crease of Tc seemed to support a prediction made in 1968 that the upper limit of Tc

is in the 30s K[6]. During this time, the unexpected observation of superconductivity

in 1979 in CeCu2Si2 at low temperature (Tc ≈ 1K) heralded the exciting new field

of heavy-Fermion superconductivity[7]. The discovery of superconductivity in a

new class of compounds, the copper oxides, in 1986 by Bednorz and Muller[8]

and the historic discovery of superconductivity above the boiling point of liquid

nitrogen in YBa2Cu3O7−x by Chu and colleagues [9, 10, 11, 12] in 1987 revitalized

the field and provided a new framework within which to study and understand

superconductivity. Soon after this discovery, the transition temperature rapidly

advanced to 115 K in Bi2Sr2Ca2Cu3O10[13], to 125 K in Tl2Ba2Ca2Cu3O10[14, 15],

to 133.5 K in HgBa2Ca2Cu3O9[16], to the current highest confirmed Tc of 164 K

by Chu and colleagues in HgBa2Ca2Cu3O9 under pressure[17, 18]. In 2001, the

discovery of superconductivity in MgB2[19] provided a model system of a strong-

coupling phonon-mediated superconductor with a high transition temperature of

39 K. In the mid-2000’s, with the number of publications in high temperature

superconductivity decreasing, many were less optimistic about the future of the

field[20, 21]. More recently, however, the discovery of the iron-based supercon-

ductors in 2008[22, 23] reinforced the evidence for synergistic effects between

magnetism and superconductivity observed in the cuprates and further solidified

2



that the discovery and characterization of new superconducting materials is critically

important to furthering our understanding of this field.

In the search for new superconducting materials, the investigation of platinum-

based materials has yielded many new compounds with a wide variety of structural

and physical properties. These have included the heavy Fermion uranium-based

superconductor UPt3[24, 25] and the metal-hydride (at high pressure) PtH[26,

27, 28]. Specifically, superconducting compounds that include an alkali metal,

platinum, and a post-transition element (such as P, Ge, or B), have included the non-

centrosymmetric heavy Fermion CePt3Si[29], the non-centrosymmetric Li2Pt3B[30,

31, 32], the honeycomb-type SrPtAs[33], the layer compound SrPt2Ge2[34], and

the Ge-based skutterudites MPt4Ge12[35].

Recently, strong-coupling electron-phonon type superconductivity was discov-

ered in the antiperovskite SrPt3P[36]. The structure of SrPt3P is composed of

corner-shared distorted octahedra. The structure caught the attention of many due

to its similarity to the non-centrosymmetric CePt3Si. Several interesting physical

properties were found in SrPt3P such as possible multi-band superconductivity and

an observed non-scaling of the Tc with the density of states at the Fermi level

N(EF) upon total replacement of Sr with Ca and La. These observations, followed

by results from our preliminary investigations, raised several questions: Can this

observation be generalized to replacement with other elements? If the N(EF) is not

responsible for the shift of Tc, what is? Why is the Tc so sensitive to small changes

in the crystal structure? Given the interesting nature of this compound and the

questions raised, we asked ourselves if it would be possible for us to find other Sr -
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Pt - P compounds to address the above questions and more.

During the course of our search for new Pt-based materials, we indeed discovered

two new superconductors in this Sr - Pt - P material system with unique structure

types. Strikingly, the superconducting transition temperature varies by over an

order of magnitude within this material family despite their general similarities,

which include 1) all contain Pt6P polyhedra as building blocks, where a central

P atom is coordinated by 6 Pt atoms, 2) the crystal structures of these three

compounds are composed of networks of these Pt6P with Sr atoms filling in cavity

sites, and 3) the polyhedra are either octahedra or trigonal prisms, which can be

considered distortions of each other. The nature of the superconductivity in these

compounds is diverse, with weak-coupling, strong-coupling, single-gap, and multi-

gap superconductivity all occuring. In this thesis, a systematic investigation of the

chemical, structural, and physical properties of these three compounds was carried

out. A method of comparing the contributions to superconductivity in different

compounds by analysis of the specific heat is developed in which the contribution

from the density of states at the Fermi level N(0) is separated from that of the

interaction strength V and is applied to these compounds to gain insight into the

factors driving the transition temperature Tc.
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Chapter 2

Background

2.1 Basic properties of superconductors

Superconductivity, a macroscopic quantum state which emerges when electrons pair

together below a certain critical temperature, is associated with two fundamental

properties. The first of these properties is the sudden transition from a state with

finite electrical resistivity ρ above the critical temperature to a state with zero

electrical resistivity below (Figure 2.1). The second is the transition to a state

of perfect diamagnetism (4πχ = −1) and the subsequent expulsion of magnetic

fields below the critical temperature. Historically, the sudden loss of electrical

resistivity was the first property discovered in 1911 by Kamerlingh Onnes[37],

while the second property was discovered in 1933 by Walther Meissner and Robert

Ochsenfeld[38] and is known as the Meissner effect.
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Figure 2.1: (Temperature dependence of resistivity for a normal metal compared to
a superconductor (left) and temperature dependence of magnetic susceptibility for
a superconductor (right). (Adapted from [39]).

2.1.1 Perfect conductivity

While a superconductor conducts electricity perfectly and can therefore be consid-

ered a perfect conductor, a perfect conductor would not necessarily be a supercon-

ductor. In other words, perfect conductivity is not a sufficient condition for super-

conductivity. To see this, one can consider the following thought experiment[39]

(summary shown in Figure 2.2). Imagine a sample becomes a perfect conductor

below T = Tc (ρ = 0). Next, applying an external magnetic field will induce a

current to screen the applied field as required by Lenz’ law to maintain zero field

inside the sample. The field will remain zero inside the sample after the field is

turned off (let this be “State 1’)’. Now, consider a similar sequence, but beginning

with cooling down below the temperature Tc while the magnetic field is applied. If

we then remove the magnetic field, screening currents will be induced to maintain
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zero change in flux, and with zero external magnetic field there will be a persistent

field inside the sample generated by the screening currents. Call this “State 2”.

Although the thermodynamic variables are the same in both cases, the state of the

sample is very different. Regardless of whether the magnetic field is applied below

Tc or above Tc, the total expulsion of magnetic flux will occur in a superconductor.

Superconductors, therefore, are not simply perfect conductors; superconductivity is

a thermodynamic state.

(a) (b) (c)

Figure 2.2: Comparison between a superconductor (top) and normal metal (bottom)
undergoing a sequence of events: (a) T > Tc, H > 0, (b) after cooling below Tc, (c)
after setting H = 0.

2.1.2 Perfect diamagnetism

Superconductors exhibit perfect diamagnetism at low fields. This means that when

an external magnetic field is applied, screening currents are induced which produce
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a magnetic field that exactly cancels the applied magnetic field. From Maxwell’s

equations:

∇ · B = 0

B = H + 4πM

Setting the condition B = 0, we get:

4π
dM
dH

= 4πχ = −1

where χ = dM/dH is the magnetic susceptibility.

2.1.3 Type I vs. type II

Superconductors can be classified into two distinct types based on their response to

an external magnetic field. In type I superconductors, perfect diamagnetism with

4πχ = −1 continues until the critical magnetic field Hc is reached, at which point

the perfect diamagnetism is suddenly destroyed. In this type of superconductor,

the magnetic field inside the superconductor is either perfectly shielded with B =

0 in the interior of the material, or the magnetic field totally penetrates as in

a normal metal. Type II superconductors differ in that there are two different

critical fields Hc1 and Hc2. In the region below Hc1, the material behaves the same

8



as a type I superconductor. However, in between Hc1 and Hc2 there exist non-

superconducting regions where the magnetic field can penetrate with “vortices” of

shielding current around those small regions. This difference between type I and

type II superconductors is visualized in Figure 2.4.

2.2 Overview of the BCS theory

In 1956, Leon Cooper showed that even a weak attraction can bind electrons

together into a pair as a bound state[40], as shown in Figure 2.3. To do this, he

considered a simple model of two electrons added to a Fermi sea at T = 0:

ψ0(r1, r2) =
[∑
k>kF

gkcos[k(r1 − r2)]
]
(α1β2 − β1α2) (2.1)

where r1 and r2 are the positions of the two electrons, k is the momentum, and the

αi and βi are the spin states of the electrons.

εF k,

-k,

Figure 2.3: Sketch of a Cooper pair.
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Type II

Figure 2.4: Meissner effect in type I (top) and type II (bottom) superconductors
upon field-cooling through the superconducting transition above Hc1 and below
Hc2.
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Cooper introduced an important approximation: for k states out to a cutoff

energy h̄ωc away from EF, Vkk ′ = V, and beyond that Vkk ′ = 0. In making this

approximation, he was able to arrive at the result that an arbitrarily small attractive

interaction at low temperature would result in a lowering of the energy for a pair of

electrons.

Bardeen, Cooper, and Schrieffer extended this argument in 1957 in their historic

BCS theory[1] which considered the phonon mediated electron-electron interaction

and introduced the gap parameter ∆k. The BCS Hamiltonian is written in the

following way:

H =
∑
k,σ

ε(k)C†kσCkσ +
∑
k,l

VklC
†
k↑C†−k↓C−l↓Cl↑

This Hamiltonian consists of two parts. The first term is the kinetic energy of the

electrons. The second term is the phonon-mediated electron-electron interaction.

Here, C†kσ and Ckσ are the creation and annihilation operators, respectively, for

electrons with momentum k and spin σ.

The gap ∆k defined by BCS is an important parameter in superconductivity and

2∆k corresponds to the minimum energy needed to break a cooper pair and create

an electron-hole pair quasiparticle excitation. The temperature dependence of the

superconducting gap ∆(T) can be solved for numerically from the BCS result:

1

N(0)V
=

∫ h̄ωc

0

tanh 1
2
β(ξ2 + ∆2)1/2

(ξ2 + ∆2)1/2
dξ

where Ek ≡
√
ξ2k + |∆k|

2.
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It is very useful to consider two limiting cases of this result. In the case of T → Tc,

the superconducting gap ∆→ 0 and the equation can be simplified to find the BCS

formula for Tc:

1

N(0)V
= log

ωD

Tc
=⇒ Tc ≈ ωD exp (−1/N(0)V)

In the case of T → 0, tanh(βEk/2) → 1, and we can get:

1

N(0)V
≈ ln

(
2ωD

∆

)
=⇒ ∆ ≈ 2ωD exp (−1/N(0)V)

The dependence of the superconducting gap ∆ on the coupling strength λ =

N(0)V can be seen in Figure 2.5, where the relation ∆0/h̄ωD = 1/ sinh(1/N(0)V)

is plotted without the weak coupling approximation. The region where the weak-

coupling approximation is valid is shown in the inset of Figure 2.5.

The BCS theory can be visualized in the following way (Figure 2.6). Consider

an electron (call it electron 1) moving through a crystal lattice. As it moves through

the lattice, it will attract nearby ions on its path due to the Coulomb attraction. The

ions, feeling the pull of electron 1, are moved so that the lattice is slightly deformed.

Due to the heavier mass of the ions, this deformation will remain for some time after

the electron passes. As a second electron, electron 2, moves towards this region, it

will feel a pull from the ions which are still out of place. Therefore, in an indirect

way, electron 1 is attracting electron 2. The two electrons are thus experiencing an

attractive net potential which is mediated by phonons (Figure 2.7).
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Figure 2.5: Dependence of the superconducting gap on the coupling strength N(0)V
(here the dimensionless ∆/h̄ωc is plotted).

2.3 The α-model

As mentioned previously, the superconducting gap ∆ is an important parameter

in the theory of superconductivity. In the conventional superconductors which

are well-described by the BCS theory, the superconducting gap is isotropic. An

isotropic gap means that the energy required to break a Cooper pair is the same

at any point on the Fermi surface. On the other hand, there are many supercon-

ductors which are not well-described by an isotropic gap and may have gaps with

nodes (points on the Fermi surface where the superconducting gap is equal to zero).

Furthermore, a superconductor does not have to be limited to only one supercon-

ducting gap. Indeed, there are materials where more than one superconducting

gap have been observed. The most notable example of this is MgB2 which is known
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Figure 2.6: Phonon-mediated electron-electron attractive interaction.

to have two superconducting gaps based on specific heat, critical field, and other

measurements[19, 41, 42].

The specific heat is related to the superconducting gap in the following way:

Ces = 2βk
∑

f

−
∂fk

∂Ek

(
E2k +

1

2
β
d∆2

dβ2

)
In an extension of the BCS theory, Padamsee et al. [43] introduced the α-model

to fit experimental data for superconductors with stronger or weaker-coupling

than the BCS weak-coupling value of ∆/kBTc = 1.764. In this model, the zero

temperature value of the superconducting gap ∆(0) is allowed to become a variable

parameter α, while the normalized temperature dependence ∆(T)/∆(0) is the same

as that of the BCS theory. After introducing the reduced variables ∆̄ = ∆
∆(0)

, ε̄ = ε
∆(0)

,

and t = T
Tc

, along with αBCS = ∆(0)/kBTc, the specific heat can be re-written in the

following way[44]:
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Figure 2.7: Electron-phonon interaction.

Ces(t)

γNTc
=
6α3BCS
π2t

∫∞
0

f(1− f)

(
Ē2

t
−
1

2

d∆̄2

dt

)
dε̄

where:

γN =
2π2k2B
3

N(0)

is the normal-state Sommerfeld electronic specific heat coefficient. The above equa-

tion for the specific heat can be solved numerically to fit experimentally measured

data for different values of α. In the case of two superconducting gaps, one can

introduce two gap parameters, ∆1 and ∆2, and use the same procedure as above.
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Chapter 3

Experimental Methods

3.1 Sample preparation

The materials investigated in this thesis were prepared by solid-state synthetic tech-

niques. Typically, the solid-state synthetic method consists of mixing the precursors

together in the solid state, usually in powder form. In some cases, this would simply

consist of mixing powders of the elemental precurors. However, in many other cases,

the precursors, or “reactants”, may themselves be pre-reacted compounds and may

or may not be in the convenient powder form. The reactants are mixed together

using an agate mortar and pestle and are ground to fine powders. The powder is

then pressed into a pellet under pressure to facilitate reactivity at high temperature.

If metal chunks are used for one or more of the precursors, they are added into

the powder at this stage. In the case of the air-sensitive materials studied in this

dissertation, all operations are performed in an inert argon atmosphere inside of
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a glove box, and the reactants pellet is placed in an alumnia crucible and sealed

under vacuum in a quartz tube. The quartz tube is then placed into a furnace

which will heat the reactants pellet up to high temperature following a specific

temperature profile based on the particular phase which is desired. To improve the

homogeneity of the sample, especially in the case where non-powder precurors are

used (such as metal chunks), a second round of grinding, pelletizing, and heating

is performed. The whole process may take up to several weeks and care must be

taken at each step to ensure no contaminants are introduced. Though this method

is time consuming, it is preferred over faster methods such as arc melting due to the

constraints of the materials studied in this dissertation. Phosphorus is very volatile

and rapid heating such as that carried out in an arc-melting furnace would cause

much of the phosphorus to vaporize; beyond the fact that this would prevent the

compound of interest from being formed, phosphorus is dangerous and must be

handled very carefully. Another constraint in the case of the materials studied in

this thesis is the existence of multiple phases with different stoichiometries. These

different phases are thermodynamically favored at reaction temperatures which are

not dramatically different from each other. This means that temperature control is

a very important factor in the preparation of these materials. Traditional solid-state

synthetic techniques allow for the management of these constraints.

3.1.1 SrPt3P

The synthesis of SrPt3P was carried out as follows. Stoichiometric amounts of plat-

inum powder, prereacted PtP2 powder, and strontium pieces were mixed together
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in a glove box under argon atmosphere with total O2 and moisture level less than

1 ppm. The mixture was pressed into a small pellet and loaded into a clean Al2O3

crucible. The crucible together with the pellet was then sealed in a clean quartz

tube under vacuum. The whole assembly was then put inside a tube furnace for

reaction. The reaction sequence was as follows: the tube was first heated to 400

◦C for 12 hours, and then to 900 ◦C for 72 hours. A further step of regrinding the

pellet under argon atmosphere, sealing in a clean quartz tube under vacuum, and

annealing at 900 ◦C for three days was carried out to improve the homogeneity of

the sample. The sample was quenched in ice water after being cooled down to 400

◦C in order to avoid the formation of white phosphorus.

3.1.2 SrPt6P2

A pure phase of SrPt6P2 was synthesized by the high temperature reaction of Sr

pieces, Pt powder, and prereacted PtP2 from Pt and P powder within a clean Al2O3

crucible enclosed in a clean and dried fused-silica tube. Thereafter, the tube was

sealed under vacuum. The tube was placed in a furnace, heated to 900 ◦C, kept at

900 ◦C for 4 days, and then cooled down at 20 ◦C/h to 400 ◦C, and finally quenched

in ice water. To improve the homogeneity, the sample was reground, cold-pelletized,

and then sintered following the previously described temperature profile. The

resulting pellet is very dense with an approximate density of ∼ 8.6 g/cm3. The

synthesis procedures were carried out within a purified argon atmosphere glovebox

with total O2 and H2O levels of < 0.1 ppm. (Note: a small piece of Zr foil (oxygen

getter) was added at the opposite end of the fused-silica tube without contacting
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the reaction charge to ensure that oxygen did not enter the compound; the Zr foil

did not decompose and our X-ray diffraction results show that synthesis without the

Zr oxygen getter also show a pure phase).

3.1.3 SrPt10P4

The synthesis of SrPt10P4 was carried out similarly to SrPt3P and SrPt6P2, but with

a different reaction profile. Stoichiometric amounds of reactants (platinum powder,

prereacted PtP2 powder, and strontium pieces) were mixed together in a glove box

and the mixture was pressed into a pellet which was then loaded into a clean Al2O3

crucible. Together with the pellet the crucible was sealed in a clean quartz tube

under vacuum and the assembly was placed into the tube furnace for reaction. The

reaction sequence was as follows: the tube was first heated at 1 ◦C / min to 500 ◦C,

and then heated at 1 ◦C / min to ≈ 1100 ◦C. The tube was kept at 1100 ◦ C for 2

days and then slowly cooled overnight to 450 ◦C followed by quenching in air. The

sample was then reground, cold-pelletized, and the above reaction sequence was

repeated.
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3.2 Crystal structure characterization

3.2.1 Single crystal X-ray diffraction

Single crystal X-ray diffraction was used to characterize the crystal structures of

new compounds with previously unknown structures. Small crystals with sizes

on the order of hundreds of microns were grown and extracted from the bulk

polycrystalline samples and were sufficient to be used to determine the structure by

single-crystal X-ray diffraction. In order to protect the crystals from air and moisture,

the selected small crystals were covered with a layer of Paratone-N oil and were

attached to the end of narrow glass fibers. These crystals were then mounted on a

Siemens SMART CCD diffractometer with Mo Kα radiation (λ = 0.71073 Å) and

a graphite monochromater. The SHELXTL software was used to solve the crystal

structures which were then refined by least-square methods.

3.2.2 Powder X-ray diffraction

In order to identify the phase of bulk samples as well as to verify the phase purity

of bulk samples, powder X-ray diffraction was carried out on all measured samples.

To prepare the bulk samples for measurement in the powder X-ray diffractometer,

they were first ground into fine powders using a mortar and pestle and placed onto

silicon zero background flat holders. A Panalytical X’pert Diffractometer with θ− θ

geometry and a monochromatic Cu Kα (λ = 1.54178 Å) radiation source was used.

The powder patterns were matched either to those of known compounds by utilizing
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databases or to patterns calculated from data obtained from single-crystal X-ray

diffraction.

3.2.3 Electron microprobe analysis

As part of the process of identifying new phases, chemical analysis was performed

on bulk and single-crystalline samples by using a scanning electron microscope with

energy dispersive spectroscopy (EDS) capabilities (JEOL 8600 electron microprobe

at the Texas Center for Superconductivity at the University of Houston). The

chemical analysis is particularly important when multiple phases are intially present

in a single batch of bulk polycrystalline sample. By utilizing EDS on these types of

samples, we were able to determine the stoichiometries of different phases present

in bulk samples and use the information to grow pure samples of those different

phases. To prepare the samples for chemical analysis using SEM/EDS, the samples

were placed on a graphite disk with a piece of carbon tape attached to it. Because

all of the samples measured were conducting, there was no need to perform carbon

coating to avoid charge accumulation.
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3.3 Physical properties characterization

3.3.1 Magnetic susceptibility

The magnetic measurements in this work were carried out using either the Quantum

Design Magnetic Property Measurement System (MPMS) or the Physical Property

Measurement System (PPMS) with a home-made compensated-coil mutual induc-

tance setup (Figure 3.1). Measurements below 2 K down to 400 mK were performed

using the PPMS 3He insert (see Figure 3.2 for a schematic drawing of a helium-3

refrigerator). To detect superconductivity, the sample is first cooled down below

the transition temperature and then a magnetic field is applied (“zero-field cool-

ing”). When the magnetic field is applied below the transition temperature in a

superconductor, a screening current generates an opposing magnetic field such that

the magnetic field inside the superconductor is zero. The temperature is raised

above the transition temperature so that the magnetic field penetrates the mate-

rial, and then the temperature is again lowered below the transition temperature

(“field-cooling”) to examine the Meissner effect.

3.3.2 Electrical transport

Electrical transport measurements were carried out using the conventional 4-wire

measurement to reduce the influence of lead resistance on the measurements. When

measuring very small resistances, as is the case with superconductors, it is important

to employ this method. Contact resistances are often on the order of a few Ω,

22



I

V

Figure 3.1: Schematic drawing of mutual inductance coil setup. Primary coil is
shown on top, two oppositely wound secondary coils are shown on bottom (sample
is placed inside one of the secondary coils).

whereas the typical resistance of a measured sample is on the order of mΩ or less.

The typical arrangement of a 4-wire measurement is shown in Figure 3.3. Two leads

are connected to either side of the sample to push the current through, and two

leads are connected between the current leads to measure the voltage. Although

there are still contact resistances for all of these leads, the internal resistance of a

voltmeter is typically very high, which prevents any substantial amount of current

from passing through it so that it does not distrupt the circuit being measured.

Therefore, the voltage drop measured by the voltmeter is dominated by the actual
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Figure 3.2: Schematic drawing of generic helium-3 refrigerator.

voltage drop across the sample itself.

In this work, all of the electrical transport measurements were carried out

using either the Quantum Design Physical Property Measurement System (PPMS)

ACT option or using an in-house built probe along with measurement electronics.

Measurements down to 400 mK were performed using the PPMS 3He insert. The

measurment electronics used with the in-house built probe include a Linear Research
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LR-400 ac resistance bridge operated at 15.9 Hz, a Keithley 220 current source, and

a Keithley 182 nanovoltmeter. Silver paint was used to make contact between the

sample and platinum wires which were then connected to the probe being used.

Thermal paste was used to ensure proper thermal contact between the sample and

the probe.

I

V

= contact resistance

RSAMPLE

RLEAD RLEAD

RLEAD RLEAD

= contact resistance

Figure 3.3: (Top) Schematic drawing of typical 4-lead arrangement for resistivity
measurements, (bottom) schematic drawing showing lead resistances and sample
resistance in 4-wire configuration
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3.3.3 DFT calculations

In this work, density functional theory (DFT) calculations were performed to further

investigate electronic and vibrational properties of the compounds being studied.

The electronic structure calculations were primarily carried out using the Stuttgart

TB-LMTO-ASA program, while the charge density calculations were carried out

using Quantum ESPRESSO[45].

3.3.4 High-pressure measurements

The application of high physical pressure is a very useful tool in the investigation of

superconductivity and other physical properties because of the ability of pressure to

tune important parameters such as the size of the lattice, the density of states at the

Fermi level, electron-phonon coupling strength, and more, without changing the

chemical condition of the sample. Oftentimes, physical pressure can simulate the

effects of isovalent chemical doping without the impurities that chemical doping

may involve. In this dissertation, high physical pressure is applied to samples using

the piston-cylinder type pressure cell technique. Electrical resistivity and magnetic

susceptibility can both be measured under high pressure and at low temperatures

via this technique.

In this technique, the sample is immersed in a hydrostatic or quasi-hydrostatic

pressure medium and confined within a teflon “cup” which is sealed by a beryllium

copper (BeCu) “cap” which has an electrical feedthrough. The electrical feedthrough

is made using stycast, an epoxy which has excellent performance under high pressure
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and repeated thermal cycling. Care must be taken to prepare the stycast epoxy

without air bubbles or inhomogeneity to avoid a collapse under pressure. The teflon

“cup” along with the BeCu “cap” and electrical feedthrough are placed inside of

a hardened BeCu cylinder with a through-hole the same diameter as the teflon

container. Pistons are then brought from above and below the teflon container,

separated from the teflon container by small BeCu rings. The piston “above” the

teflon container (as shown in Figure 3.4 (top)) has a through-hole to allow the

electrical connections to pass through to the measurement electronics. The piston

“below” the teflon container (as shown in Figure 3.4 (top)) is “pushed” into the

teflon container by a BeCu cylinder under the applied force from a hydraulic

press. As the force is applied and the piston moves, squeezing the teflon container

and increasing the pressure, the screw cap (at the bottom of Figure 3.4 (top)) is

tightened. Therefore, when the force is released, the screw cap keeps the teflon

container from expanding and locks in the pressure. The pressure medium used

throughout this dissertation is Fluorinert77. Figure 3.4 (bottom) shows a scale

drawing of the pressure cell setup with all of the interior components assembled,

without the screw top. All of the BeCu caps, teflon cups, and BeCu rings are

machined for each pressure run using a lathe. The temperature is measured by

means of a thermocouple which is inserted near the sample in the teflon container

through the electrical feedthrough, and by means of a germanium resistor which

is embedded in the wall of the BeCu clamp cell. The thermocouple is typically

used for temperatures above 50 K, and the germanium resistor is typically used for

temperatures below 50 K.
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3.3.5 Heat capacity measurements

Heat capacity measurements in this dissertation were performed using the Quantum

Design PPMS Heat Capacity Option. Heat capacity measurements below 2 K were

made using the PPMS 3He insert. The heat capacity option measures the heat

capacity by applying a small amount of heat to the sample and measuring the

resulting temperature versus time. This measurement yields the heat capacity at

constant pressure, Cp =
(
dQ
dT

)
p
.

In order to thermally isolate the sample while being able to apply heat and

measure the temperature, a specially designed sample holder is utilized for this

purpose. A small sample platform is suspended by eight very small wires which

are connected to the body of the sample holder. These eight wires allow for some

thermal conduction to the sample holder and also serve as structural support for the

sample platform (Figure 3.5 (top)). The wires are connected to a thermometer and

heater which are mounted below the sample platform and which serve to apply heat

to the sample and accurately measure the temperature of the sample. The sample is

placed onto the sample platform with a layer of thermal grease between the sample

and platform to ensure good thermal contact. The measurement is performed under

high vacuum so that the thermal contact between the sample and the sample puck

is dominated by the thermal conduction provided by the eight wires.

In the case of good thermal contact between the sample and the platform (which

is the case for the samples studied in this work) a simple model is used to determine

the heat capacity from the measured temperature vs. time data. In this “simple
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model”, the temperature T depends on the time t in the following way:

Ctotal
dT

dt
= −Kw(T − Tb) + P(t)

where Kw is the thermal conductance of the small wires which support the platform,

Tb is the temperature of the thermal bath (the puck frame in this case), P(t) is the

power from the heater, and Ctotal is the combined heat capacity from the sample

and the sample platform. A heat pulse is applied at a time t0 and the temperature is

measured as a function of time. The data is fitted with the solutions to the above

equation which are exponential functions with time constant τ equal to Ctotal/K.
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Figure 3.4: (Top) Schematic drawing of high pressure clamp cell. Small blue spheres
with wires attached indicate sample and lead monometer; (Bottom) Scale drawing
of pressure cell with interior components assembled, shown without screw top.
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Figure 3.5: Schematic drawing of the PPMS heat capacity option puck.
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Chapter 4

Results and Discussion

In this chapter, the results of our investigations into a series of platinum-based

superconductors will be presented and discussed. We began our work in this

area investigating the recently discovered SrPt3P which exhibited many interesting

properties. In our search for new superconductors in this class of materials, we

discovered two new superconductors with new stucture types, also with Sr-Pt-P

compositions. Together, these three superconductors form a group of materials with

both shared structural features and diverse superconducting properties. All three

of these superconductors are composed of “building blocks” which are polyhedra

containing one phosphorus atom surrounded (coordinated) by 6 platinum atoms,

as shown in Figure 4.1. The exact nature of how these building blocks are arranged

and their specific geometry is different in each of these three compounds, and

the transition temperatures vary dramatically from 8.4 K down to 600 mK. In this

work, a series of systematic experiments has been carried out on these compounds
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measuring key properties such as magnetic susceptibility, electrical resistivity, and

specific heat, as well as employing techniques such as the application of high physical

pressure, in order to better understand the dramatically different superconducting

properties of each of these three compounds.

Figure 4.1: Pt6P building blocks found in (left) SrPt3P, (middle) SrPt6P2, (right)
SrPt10P4.
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4.1 SrPt3P

4.1.1 Introduction

Since the discovery of superconductivity in magnesium diboride in 2001[19], strong-

coupling electron-phonon type superconductivity has gained increasing interest due

to renewed hope for high transition temperatures in this type of superconductor[46,

47, 48, 49]. One can see, qualitatively, why superconductors with stronger electron-

phonon coupling are of interest by examining the BCS expression for the transition

temperature:

Tc = ΘD exp
[
−

1

N(0)V

]
At first glance it appears from inspecting this equation, because of the prefactor

ΘD, that decreasing the phonon frequencies would generally decrease the transition

temperature. However, this relationship is not so simple. Because the interaction

strength V also depends on the frequency of the phonons involved in superconduc-

tivity, a decrease in the frequency of phonons which are involved in electron-phonon

pairing would tend to increase the Tc, and vice-versa.

Given a particular compound, one way in which to attempt to modify the

transition temperature is through chemical doping by partial substitution of one

element with another. This type of modification may change the Tc by changing the

density of states at the Fermi level, N(EF), by chemical pressure [50], or by both.

A suitable choice of replacement element can often be chosen to favor one effect

34



over the other. For example, isovalent substitution with a smaller element would

tend to shrink the lattice while avoiding significant changes to N(EF). On the other

hand, partial replacement with an adjacent atom to the left or right on the periodic

table would be expected to have minimal influence based on size-effects and mainly

change the number of charge carriers and therefore shift the Fermi level (which

may result in a change in N(EF) depending on the density of states vs. energy).

In this section, the results of our work on the first of the strontium platinum

phosphide superconductors, SrPt3P, are presented. The strong dependence of the

strong-coupling, relatively high-Tc (≈ 8.4 K) superconductivity on certain structural

details is explored. The coupling strength and transition temperature of this com-

pound are tuned by chemical doping and by the application of physical pressure;

analysis of the Cp/T anomaly and the transport properties allow separation of the

contributions from N(EF) and V . The change in Tc is shown to be driven by a strong

sensitivity of the interaction strength V to the local rigidity. Later, in Section 4.2, the

low-Tc superconductivity of SrPt6P2 is examined in comparison and sheds further

light onto the strong-coupling in SrPt3P.

Outline The remainder of this section is as follows. First, an introduction to the

previous work on SrPt3P and a motivation for our initial study will be given. Then,

the experimental results from chemical doping of SrPt3P will be discussed. The

results of our high pressure study on SrPt3P will then be discussed, followed by a

discussion of our specific heat study of chemically doped SrPt3P. Finally, a summary

will be given.
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4.1.2 Motivation

In 2012, Takayama and coworkers discovered a new platinum-based phosphide

superconductor, SrPt3P, with a critical temperature of 8.4 K[36]. This compound

crystallizes in an anti-perovskite type structure with a tetragonal unit cell. The

crystal structure is very similar to that of the noncentrosymmetric, heavy-fermion

superconductor CePt3Si which is composed of distorted, polar octahedra which line

up in the same direction resulting in a breaking of inversion symmetry[29]. The

building blocks of SrPt3P are also distorted octahedra; however, in this case they

are aligned in an antipolar arrangement where centrosymmetry is maintained.

From measurements of the specific heat, SrPt3P was determined to be a strong-

coupling superconductor with 2∆0/kBTc ∼ 5[36]. This value is much higher than the

weak-coupling BCS ratio of 3.52[36]. Such a high value of 2∆0/kBTc is not common

and there are a limited number of examples including the A15 compounds[51],

the Chevrel-type compounds[52], the pyrochlore-osmates[53, 54], and the Pb-Bi

alloy[36]. Furthermore, deviation from linearity at low temperatures of C/T vs. T 2

was cited as possible evidence for very low-energy phonons in this compound[36].

The Hall resistivity was observed to be highly dependent on both temperature

and magnetic field which suggests the possibility of multiple Fermi surfaces in this

compound. Strontium was also replaced with both calcium and lanthanum. The

Tc for CaPt3P is 6.6 K and that of LaPt3P is 1.5 K[36]. Interestingly, in the case of

CaPt3P the electronic specific heat coefficient γ was found to be 17.4 mJ/molK2,

compared to 12.7 mJ/molK2 observed for SrPt3P, and 6.7 mJ/molK2 observed for

LaPt3P (Figure 4.5). The electronic specific heat coefficient γ is related to the density
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Table 4.1: Structural parameters for SrPt3P[36]

Atom Site x y z

Pt(1) 4e 1/4 1/4 1/2

Pt(2) 2c 0 1/2 0.1409(3)

Sr(1) 2a 0 0 0

P(1) 2c 0 1/2 0.7226(16)

Axis Length

a 5.8094(1) Å

b 5.8094(1) Å

c 5.3833(2) Å

Figure 4.2: Crystal structure of SrPt3P. (a) Perspective view, (b) view along a-axis,
(c) view along c-axis
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of states at the Fermi level by the following relation: γ =
2π2k2b
3
N(0). According to

this observation, the Tc does not scale with the density of states in SrPt3P.

Several theoretical works followed the initial discovery of SrPt3P to describe the

details of the electronic and vibrational properties of this new compound and its Ca

and La analogues. Kang et al. and Subedi et al. both carried out density functional

theory calculations of the electronic band structure and the phonon properties in

APt3P[55, 56]. They observed a peak at low frequencies in the phonon density

of states (Figure 4.4) due to the low-energy in-plane ”breathing” modes of the

Pt(I) ions which form a square-planar configuration as shown in Figure 4.2 and

in Figure 4.3. These low-energy ”breathing” phonons might be coupling with the

in-plane Pt(I)-P antibonding electronic states, resulting in the relatively high Tc for

SrPt3P[55].

Nekrasov et al. performed density functional theory band structure calculations

in the Local Density Approximation (LDA) and plotted the density of states vs.

energy for APt3P. Their calculated electronic density of states shows that the Fermi

level lies on a negative slope in the density of states (Figure 4.6). They proposed that

the suppression of Tc in LaPt3P and can be explained by possible electron doping

which may cause the shift of the Fermi level to higher energy and a decrease in the

DOS at the Fermi level[57]. This, however, does not explain the decrease in Tc of

CaPt3P, which was experimentally observed to have a higher DOS at the Fermi level.

Furthermore, Nekrasov et al. suggest that hole-doping the system would cause a

shift of the Fermi level towards lower energy and therefore increase the DOS at the

Fermi level and possible increase the Tc of the system.
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Figure 4.3: Charge density calculations on SrPt3P. (Reproduced from [55]).
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Figure 4.4: Phonon dispersion of SrPt3P with total phonon DOS and partial phonon
DOS for (a) Sr, (b) Ca, (c) La analogues. (Reproduced from [55]).
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Therefore, we were motivated to answer the following related questions: is the

apparent non-scaling of Tc with the electronic density of states in SrPt3P confined to

only replacement of Sr with La and Ca, or could it be generalized to other elements

and sites? If the electronic density of states is not responsible for the shift in Tc,

what is?
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Figure 4.6: Density of states from DFT calculations for SrPt3P [Calculated following
[57]]
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4.1.3 Chemical doping

We decided to begin investigating the properties of SrPt3P by chemically doping the

system. There are four crystallographic sites in SrPt3P, which are occupied by Sr,

P, Pt(I), and Pt(II). The Pt(I) ions, as mentioned above, are arranged in a square-

planar configuration, and occupy half of the vertices of the distorted octahedra.

The Pt(II) ions sit above and below the P atoms, and occupy the other half of the

vertices. These octahedra are corner shared at all corners and form a network in

three dimensions. This network forms cavity sites which are occupied by the Sr

ions. The phosphorus ion occupies the crystallographic position within the distorted

octahedra and is coordinated by the six surrounding platinum ions. One choice of

site to chemically dope would be the Sr site. In their work, Takayama et al. totally

replaced Sr with Ca and La[36]. Therefore, one could imagine hole doping into

the Sr site with K. However, there is a significant size difference when going from

column II to column I of the periodic table. For example, Sr has a crystal ionic radius

of 1.58 Å when 12-coordinated[58], as is the case in SrPt3P. In the same case of

12-coordination, La and Ca have crystal ionic radii of 1.5 Å and 1.48 Å, respectively,

compared to 1.78 Å for 12-coordinated K[58]. We decided to pursue a different

approach and dope into the P site. A brief examination of the nieghborhood of P on

the periodic table reveals a limited number of options. Phosphorus is 6-coordinated

by the neighboring Pt ions, and has a crystal ionic radius of 0.52 Å. Nearby elements

with one less valence electron are C, Si, and Ge. Of these three candidates, Si is

closest in size to P. Therefore, we decided to partially replace P with Si, which has a

6-coordinated crystal ionic radius very close to that of P at 0.54 Å[58].
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The parent compound SrPt3P was synthesized by standard solid-state synthetic

methods following the procedure reported by Takayama et al. The general procedure

is described in Section 3.1.1 of this thesis. The X-ray powder pattern obtained, shown

in Figure 4.7, is rather pure, as evidenced by the matching of almost all peaks to

the structure proposed by Takayama et al. The relatively good quality of the sample

was further verified by the rather sharp resistivity drop of the superconducting

transition. The width of the resistive transition at 90% of the drop is ∼ 0.31 K,

and the diamagnetic shielding is ∼ 1.3 (without demagnetization corrections) as

showin in Figure 4.8. The large difference between the field-cooled (FC) and zero-

field-cooled (ZFC) data suggests type-II superconductivity with possible strong field

pinning.

To verify whether Si successfully doped into the P site, we performed powder

X-ray diffraction measurements on both the parent compound and 20% Si-doped

compound. The XRD spectrum of these two samples are compared with each other

in Figure 4.9. That Si is actually going into the P site is indicated by the shifting of

the X-ray diffraction peaks as shown in the inset of Figure 4.9. The shifting of the

peak corresponds to a shrinking of the lattice by ∼ 0.1%. The change is not isotropic,

however, which will be discussed towards the end of this section. Higher Si doping

in SrPt3P1−xSix with x = 0.4 and 0.6 has also been carried out. A clear systematic

decrease of the transition temperature is observed through the highest doping level,

x = 0.6. At low levels of doping, the decrease of Tc is linear, and only begins to

deviate from linearity at higher doping levels. Our XRD results clearly show a phase

separation with the impurity phase increasing with x, which explains the deviation
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from linearity observed in the plot of Tc vs. x (Figure 4.11). Furthermore, this trend

can be observed from the decrease in diamagnetic shielding fraction with increasing

Si doping beyond 20% as shown in Figure 4.10. It is clear from these data that Si

can replace P up to 20% without inducing an impurity phase.

From our resistivity measurements, we observe a suppression of superconductiv-

ity with a magnetic field of 3 T to below the lowest temperature measured (Figure

4.12).

4.1.4 Heat capacity

Bulk superconductivity was established in both the parent compound SrPt3P and

the sample with 20% Si, SrPt3P0.8Si0.2, by measuring the specific heat of both the

parent compound SrPt3P and the sample with 20% Si, SrPt3P0.8Si0.2. We apply the

α-model[43, 44] to extract further information from the calorimetric data, which

extends BCS theory by introducing a variable parameter α = ∆0/kBTc. Subtracting

the normal state specific heat CN (achieved by applying 7T magnetic field) from the

superconducting state, we can arrive at a plot of ∆C/T vs. T (Figure 4.13). From

this plot (knowing that the actual value of γ = ∆C/T − Cel(T)/T must lie between

the lowest measured value of ∆C/T and the 0 K α-model value) we can estimate the

normal state γ values for both samples. For the x = 0 sample, we find γ = 6.31 ±

0.10 mJ/mol · K2, and for the x = 0.2 sample we find γ = 7.77 ± 0.73 mJ/mol · K2.

We arrive at α = 2.4 for x=0 and α = 2.2 for x=0.2. From this information we can

extract ∆0 = 1.65 meV for SrPt3P, which is agreeable with the report of ∆0 = 1.58

47



10 20 30 40 50 60 70 80 90 100
0

2000

4000

6000

8000

10000

33 34 35 36 37
0

3000

6000

9000

  

 

2

---- SrPt
3
P

---- SrPt
3
P

0.8
Si

0.2

In
te

ns
ity

 (a
rb

. u
ni

ts
)
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meV by Khasanov et al.[59]; we find ∆0 = 1.28 meV for SrPt3P0.8Si0.2.

It can be seen from the specific heat data that the Tc of the x=0.2 doped sample

is broader than that of the undoped sample. For x = 0.2, the width is roughly 1.0

K, whereas for x = 0, the width is roughly 0.5 K. To verify that the difference in

α value obtained from our fitting is not an artifact due to this difference between

the samples, we artificially broadened the data of the x = 0 sample by assuming

a 20% content with 5% lower Tc. We assume the same temperature dependence

below Tc for the lower Tc component. This assumption results in a transition with

a width that is the same as the x = 0.2 sample (1.0 K). This modified data is still

well-fitted by α = 2.4 (Figure 4.13 a inset). Comparing the scaled specific heat

Cel/γTc vs. T/Tc (Figure 4.13 c) for the x=0 data and the x=0.2 data with equal

transition temperature width, we observe a significant decrease in the specific heat

jump ∆C/γTc at Tc from ≈ 1.87 for the undoped sample to ≈ 1.36 for the x = 0.2

doped sample[60].

The apparent increase of N(εF) with Si doping is in agreement with previous

electronic structure calculations showing the Fermi level located on a negative slope

in the density of states[57]. However, our simultaneous observation of a decrease

in the transition temperature from ∼ 8.4 K in the undoped parent compound to ∼

7.8 K in the 20% Si-doped compound is opposing this trend. These observations can

be reconciled when taking into consideration the variation in the coupling strength.

Our fitting of the data with the α-model indicates that the value of α decreases

from 2.4 to 2.2, which translates to a change in 2∆0/kBTc from 4.8 to 4.4. The
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value of α gives us direct information about the magnitude of the superconducting

gap parameter, ∆, as is clear from the definition α = 2∆0/kBTc. Furthermore, we

can inspect the following BCS relation to understand the relation between the gap

parameter and the coupling strength:

∆0 =
h̄ωD

sinh( 1
N(0)V

)

From this relation, we can see that while we observe an increase in N(0),

our observed decrease of the gap parameter ∆0 signifies a significant decrease

of the interaction strength V. The significance of this result will be discussed in

the conclusion of this chapter after the high pressure results are discussed in the

following section.

4.1.5 High pressure

We observed in our chemical doping study that, while the transition temperature

decreases from ∼ 8.4 K in the undoped parent compound to ∼ 7.8 K in the 20%

Si-doped compound, the density of states at the Fermi level increased by ∼ 20%.

This raises the question of why the Tc would be so sensitive to the slight compression

of the lattice induced by partial replacement of P with Si. As is well-known, the

application of high physical pressure can allow us to learn quite a bit about the

underlying physics of a material system. For example, compressing the lattice could

lead to changes in phonon frequency, density of states at the Fermi level, electron-

phonon coupling, and may also induce structural transitions[61, 50]. These effects
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can manifest in changes in the transition temperature and can provide us with

further insights into the system.

Taking the midpoint of the transition as the superconducting transition tempera-

ture, we can clearly see an increase of the superconducting transition from 8.35 K at

ambient pressure to a maximum of 8.49 K at a pressure of 9.90 kbars (Figure 4.14).

Further application of pressure beyond 9.90 kbars appears to lower the transition

temperature, with the highest applied pressure of 17.53 kbars leading to a Tc of 8.47

K. The slope of the superconducting transition changes with increasing pressure,

which may be related to the width of the transition. A slight spread in Tc would

mean that, at a given temperature within the superconducting transition, part of

the sample is below Tc while some parts may not be below Tc. As the pressure is

increased, the higher Tc part of the material will reach the maximum Tc and begin

to decrease before the lower Tc portion does. This effect leads to the appearance

of a sharpening of the transition width near the maximum pressure. In order to

verify the reversibility of the trend that we observed, it is useful to take several

measurements during the unloading of pressure as well as the loading of pressure.

We measured several points during unloading and reversed the process multiple

times. Our results show that the observed trend is largely reversible with a minor

split (< 0.01 K) between the pressure-increasing and pressure-decreasing branches.

Upon unloading to ambient pressure, the Tc does not recover its original value and

instead is slightly higher. Irreversible defects may have been introduced to the

sample during the course of applying pressure as evidenced by our observation that,

upon unloading pressure, the resistivity above Tc is higher than that before loading
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(Figure 4.15b).

Our observation of an increase of the Tc up to a maximum value at ∼ 9.90 kbars

followed by a decrease to lower Tc upon further increase of pressure suggests that

there are several competing factors at play. Indeed, the application of physical

pressure typically changes multiple parameters simultaneously. In simple (non-

transition metal) elemental superconductors, a linear decrease in the transition

temperature is typically observed with application of pressure. When pressure is

applied, the lattice is compressed, and the bonds are typically stiffened. The result

of this stiffening of the lattice is an increase in phonon frequency. The increase in

phonon frequency has two simultaneous effects on the transition temperature. First,

it can increase the Debye temperature, which is the pre-factor in the BCS relation for

Tc. Second, the stiffening of the lattice and resulting increase in phonon frequency

can weaken the electron-phonon interaction strength. The latter of these two effects

wins out due to the exponential dependence and the Tc decreases[61, 50]. However,

there is another effect which can cause an increase in the transition temperature.

With the application of pressure, the Fermi level typically increases due to an

increase in the number of charge carriers per unit volume. If there is a peak in the

density of states near the Fermi level, the shift of the Fermi level induced by the

application of pressure will cause a change in the Tc which could be greater than

the change caused by the stiffening of the lattice.

To further understand the mechanism taking place in SrPt3P, we decided to apply

physical pressure to SrPt3P1−xSix with x = 0.2. We observed a systematic decrease

of Tc with increasing pressure up to 17.08 kbars (Figure 4.16). This decrease in
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Tc under pressure for the Si-doped sample is in good agreement with our previous

results. For the parent compound, SrPt3P, the Tc increases initially because the

Fermi level increases under pressure and, because the Fermi level originally lies

in a local valley in the density of states, the density of states at the Fermi level

increases. Beyond a certain pressure, the density of states begins to flatten again

and the stiffening of the lattice and weakening of the electron-phonon interaction

begins to dominate, and the Tc begins to decrease.

The decrease of Tc with increasing pressure in SrPt3P1−xSix with x = 0.2 can

be understood in a similar way. With Si doping, from specific heat measurements,

we have observed that the electronic specific heat coefficient γ, and therefore the

density of states at the Fermi level N(EF), increases. This is due to the hole-doping

effect which would lower the Fermi level onto the other side of the valley in the

density of states, as suggested by Nekrasov et al.[57]. Therefore, the slope in the

density of states at the Fermi level at ambient pressure is negative for SrPt3P1−xSix

with x = 0.2, as opposed to positive for x = 0.0. When pressure is applied, the Fermi

level increases, but in this case the increase in the Fermi level causes a decrease

in the density of states rather than an increase, resulting in the observed decrease

of Tc. This, however, raises another question. If the application of pressure causes

the lattice to become stiffer and therefore causes the electron-phonon interaction

strength and the Tc to decrease, why does the shrinking of the lattice with Si-doping

cause such a large change in Tc compared to the change induced by the application

of physical pressure?

This question can be answered by examining the nature of the change of the
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lattice in these two different cases. In the case of physical pressure, we have used a

hydrostatic pressure medium which would result in a relatively isotropic pressure.

This, in turn, would cause the lattice to shrink isotropically. Furthermore, when

the lattice is compressed by pressure, the amount of compression of a given axis is

distributed more or less evenly among all of the bonds in that particular direction.

Therefore, when pressure is applied, most of the bonds are shortened by a small

amount. However, with the replacement of phosphorus by silicon, the amount of

shrinking that the lattice undergoes is mostly due to a change in the length of the

Pt-P to Pt-Si bonding.

Why can this change in the Pt-P bond length, induced by the partial replacement

of P with Si, cause such a significant change in the electron-phonon coupling that

it can overcome the ∼ 20% increase in the density of states at the Fermi level and

lead to a systematic decrease in the Tc? To understand this, we need to recall the

mechanism for superconductivity in this compound. Based on previous experimental

and theoretical works[36, 56, 55], superconductivity occurs because of the coupling

of low-frequency “breathing” modes, due to the Pt-P bonding in the a-b plane, to

the in-plane Pt(I) dxy - P pxy orbitals. When we take a closer look at our powder

X-ray diffraction data, we can extract the change in d-spacing between planes

perpendicular (200) to the a-b plane and planes with components parallel to the a-b

plane (201) (Figure 4.17). We observe that the change in d-spacing between planes

perpendicular to the a-b plane is much stronger than that of other planes. To further

verify this, we performed Rietveld refinement analysis of the X-ray diffraction data

for undoped and 20% Si-doped samples. The results of the Rietveld refinement
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Table 4.2: Lattice parameters from Rietveld refinement for SrPt3P1−xSix with x=0
and x=0.2 in Angstroms

a b c

x = 0 5.8174(4) 5.8174(4) 5.3741(7)

x = 0.2 5.8050(3) 5.8050(3) 5.3821(7)

0.0 0.1 0.2 0.3 0.4

1.492

1.496

1.500

1.504

1.508

 (200)
 (201)

x

d-
sp

ac
in

g 
(Å

)

1.324

1.328

1.332

1.336

1.340

Figure 4.17: The Si-doping dependence of the d-spacing between planes along the
(201) and (200) directions
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(Table 4.2) support the above analysis and show that the a- and b-axes contract

while the c-axis slightly expands. This means that Si doping is not only reducing the

Pt-P bond length, it is selectively reducing the Pt-P bond length in bonds along the

a-b plane. This makes sense when looking at the crystal structure and examining the

octahedral building blocks. The interior of the octahedra is quite crowded, however

there is more space along the c-axis direction compared to the space along the a-b

plane. Replacing P with Si may slightly “relieve” the crowding of the interior of

these octahedra and allow for the Pt(I) ions to move closer, while the Pt(II) ions

above and below P already have enough “space”. This shrinking of the Pt-P bond

length along the a-b plane causes the low-frequency Pt(I)-P “breathing” modes to

shift to higher frequency with Si doping, resulting in the observed suppression of Tc.

4.1.6 Summary

We have investigated the superconductivity in SrPt3P resistively, magnetically,

and calorimetrically, including under the application of high physical pressure

and with the partial replacement of phosphorus with silicon. The high-pressure

investigation yielded the result that the superconducting transition temperature

increases by a maximum of approximately 0.14 K upon application of pressure

up to 9.90 kbars, with an apparent decrease in Tc beyond that pressure. High

pressure systematically decreases the Tc in Si-doped SrPt3P. Contrary to previous

predictions[57], hole-doping with Si results in a systematic decrease in Tc, despite
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an increase in γ ∝ N(EF). Our specific-heat measurements demonstrate the bulk

nature of the superconductivity in the parent compound as well as the silicon

doped sample with x=0.2; furthermore, we observe a decrese in α as well as

∆C/γTc, implying that a decreasing interaction strength V may be responsible for

the suppression of Tc. Furthermore, we observe an anisotropic change in the lattice

d-spacings with increasing Si-doping, with a much stronger decrease of the length

of the a and b axes than the c-axis. We propose that this is due to the crowding

of the distorted octahedral building blocks of SrPt3P. Because of this geometry

and the strong coupling of low-frequency Pt(I)-P phonons to Pt(I) in-plane orbitals,

the slight shrinking of the Pt-P induced by replacement of P with Si causes a

strong suppression of the electron-phonon interaction strength, as evidenced by the

decrease in Tc despite an increase in N(EF).
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4.2 SrPt6P2

4.2.1 Introduction

Oftentimes, studying related material systems or compounds with different physical

properties can lead to further insights into the nature of those materials. Sparked

by our investigation of superconductivity in SrPt3P, we became curious to find

new materials in the Sr-Pt-P ternary system with different and interesting physical

properties. During this investigation, we discovered a new ternary phase, SrPt6P2,

which crystallizes in a new cubic structure with space group number 205, contains

unique structural features, and is a weak-coupling superconductor with Tc = 600

mK.

Outline The remainder of this section is organized as follows. The crystal

structure of SrPt6P2 will be described in detail. Calculations of the bonding in-

teractions and their influence on the stability of this structure will be presented

and discussed. Then, the superconducting properties of SrPt6P2 will be discussed.

The weak-coupling superconductivity of SrPt6P2 will then be compared with the

strong-coupling superconductivity of SrPt3P. Finally, the work on this compound

will be summarized.

Part of this section is reprinted with permission from: Synthesis, Structure, and Superconductivity
in the New-Structure-Type Compound: SrPt6P2. Bing Lv, BenMaan I. Jawdat, Zheng Wu, Maurice
Sorolla, II, Melissa Gooch, Kui Zhao, Liangzi Deng, Yu-Yi Xue, Bernd Lorenz, Arnold M. Guloy, and
Ching-Wu Chu. Inorganic Chemistry 2015 54 (3), 1049-1054. DOI 10.1021/ic502377v
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4.2.2 Crystal structure

The fundamental building block in the crystal structure of SrPt6P2, as in SrPt3P,

are the Pt6P polyhedra with a phosphorus atom 6-coordinated by platinum atoms.

Whereas the polyhedra in SrPt3P are distorted octahedra, the polyhedra in SrPt6P2

are slightly distorted trigonal prisms. Figure 4.18 shows a perspective view of the

crystal structure of SrPt6P2, and Table 4.3 shows the lattice parameters and atomic

positions. The slightly distorted trigonal prisms are formed by two equilateral Pt3

triangles with P atoms at the centers. The two equilateral triangles which form

the trigonal prisms and which consist of three Pt atoms are slightly different from

each other. The Pt-Pt bond lengths of these two equilateral Pt3 triangles are slightly

different (2.822(1) Å and 2.828(1) Å), and the Pt-P bond lengths are also slightly

different (2.353(5) Å and 2.327(5) Å). Furthermore, the Pt-P-Pt bond angles are

different, at 73.7(2)◦ and 74.9(2)◦, respectively. These two parallel Pt3 triangles

do not completely overlap when projected onto each other and are offset by 16.4 ◦

(Figure 4.19). Together, they form the distorted trigonal prism Pt6P.

These slightly distorted trigonal prismatic Pt6P polyhedra are corner-shared, and

consequently, a complicated unique three-dimensional framework is constructed

in which a total of 12 corrugated Pt4P4 rings are formed around one central Pt6P

building block, which is rather similar to the octahedral arrangement observed in

the anti-ReO3 structure[62].

The neighboring Pt4P4 rings form an irregular pseudocubic cage that is composed

of a total of eight Pt6P polyhedra. The four Pt6P polyhedra on each of the six faces
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Table 4.3: Structural parameters for SrPt6P2

Atom Site x y z

Pt 24d 0.3441(1) 0.1571(1) 0.0790(1)

Sr 4a 0 0 0

P 8c 0.8063(5) 0.1937(5) 0.6937(5)

Axis Length

a 8.4740(2) Å

b 8.4740(2) Å

c 8.4740(2) Å

Figure 4.18: Crystal structure of SrPt6P2 (perspective view)
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Figure 4.19: Crystal structure of SrPt6P2. (Left) Cuboctahedron formed by corner-
shared Pt6P trigonal prisms, (Top Right) Side view of trigonal prismatic building
block, (Bottom Right) Top view of trigonal prismatic building block
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of the pseudocube are all bridged through Pt vertices and form the Pt4P4 ring.

Therefore, a cavity site, which is equivalent to the A site of the perovskite structure,

is created (Figure 4.19). Similar to the coordination number of the perovskite, the

Sr atoms sit in the cavity site with a total of 12 nearest-neighbor Pt atoms. The 12

Pt atoms constitute a highly distorted cuboctahedron with six Sr-Pt distances ar

3.2616(8) Å and another six Sr-Pt distances at 3.2742(8) Å. In the extended lattice,

each Pt6P polyhedron is shared by eight neighboring Pt4P4 rings and has a formula

of (Pt6/2P)8/8 = (Pt3P). The Sr atoms only occupy half of the cavity sites formed

by Pt4P4 rings alternately and thus have a final formula Sr0.5(Pt3P) = SrPt6P2. It is

interesting to note that there are only four crystallographic sites for the cubic space

group Pa3̄ (No. 205): 24d (occupied by Pt); 8c (occupied by P); 4a (occupied by

Sr); 4b (another half-cavity site). The cavity site formed at the 4a site has a much

larger Pt-Pt distance (∼ 6.5 Å) across the distorted cuboctahedron than the Pt-Pt

distance at the 4b cavity site (∼ 3.98 Å) (Figure 4.20). An arbitrary assignment of

Sr atom occupation at the 4b site will result in much shorter Sr-Pt (∼ 1.99 Å) and

Sr-P (∼ 2.84 Å) distances, which will destabilize the structure.

4.2.3 Bonding analysis

To understand the chemical bonding of the compound, electronic band-structure

calculations were performed using the Stuttgart TB− LMTO−ASA program. The

density of states (DOS) plots of SrPt6P2 with projected DOS (PDOS) of the Pt d

and P s and p states are shown in Figure 4.21. The calculations show that the

compound is metallic, with the Fermi level near or just below a pseudogap. A simple
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Figure 4.20: Crystal structure of SrPt6P2. Network of corner-shared Pt6P trigonal
prisms. Black spheres represent vacant cavity sites.
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formal electron-counting scheme of Sr2+ and P3− ions results in a total formal

electronic charge of [Pt6]
4+ or [Pt3]

2+ for every Pt3 triangle. This is consistent with

the calculated DOS and PDOS, which indicate that phosphorus-derived s and p states

are essentially occupied with incompletely filled d bands of the Pt atoms. Studies on

the chemical bonding of late-transition-metal polar intermetallics have shown that

late-transition metals like Pt usually exhibit negative oxidation states with filling of

the d orbitals before the p states of the main-group metalloid[63, 64, 65, 66]. In

SrPt6P2, the p orbitals of P are sufficiently lower in energy and are completely filled.

However, the incomplete filling or electron deficiency of the d states of Pt leads to

interesting results.

It is useful to further analyze the bonding interaction between individual atoms

to better understand why this particular crystal structure, with a significant differ-

ence in size between the vacant and occupied cavity sites, is stabilized. Further

information can be extracted from the band structure calculations by using a method

called crystal orbital Hamilton populations (COHP) analysis[67]. This method is

essentially an orbital-overlap weighted density of states. The resulting COHP plots

are shown as energy vs. -COHP; positive values of -COHP indicate bonding interac-

tions (orbital overlap) and negative -COHP values indicate antibonding. Integration

of the total value below the Fermi level yields the ICOHP which is an indicator

of the bonding strength between two atoms. Analysis of the chemical bonding

in SrPt6P2 using the COHP method and the ICOHP clearly indicates that the P-Pt

interatomic contacts within the [Pt6P] trigonal prisms are strongly bonding and

essentially optimized interactions (Figure 4.22). However, the COHP plots of Pt-Pt
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Table 4.4: Calculated ICOHP values [eV/bond] of relevant interatomic distances in
SrPt6P2

Atom Pair Length (Å) ICOHP

Pt-P (6x) 2.327(5) - 2.353(5) 2.77

Pt-Pt (3x) 2.822(1) - 2.828(1) 0.74

Pt-Pt (1x) 2.811(2) 0.49

Pt-Pt (3x) 3.388(1) 0.03

interactions indicate significant bonding interactions within the planar triangles of

the Pt6P trigonal prisms (ICOHP ∼ 0.74; Table 4.4). Moreover, the shortest Pt-Pt

distance between neighboring Pt6P triangular prisms also shows significant bonding

interactions (ICOHP ∼ 0.49). The structural nature of the bonding interaction

between Pt-Pt atoms of neighboring triangles is shown in Figure 4.23. The close

approach and bonds of the Pt atoms crowd into the 4e site and provide a rationale

for the vacancy of the body-centered-cubic site. COHP analysis also shows that

the Pt-Pt interactions between Pt3 triangles of a Pt6P trigonal prism [Pt-Pt distance

= 3.388(1) Å] are essentially nonbonding (ICOHP ∼ 0.03). Thus, the “electron

deficiency” of the Pt atoms (unfilled d orbitals) is compensated by the formation

of Pt-Pt bonds within the triangular planes of the trigonal prisms and Pt-Pt atoms

between neighboring trigonal prisms. The interprism Pt-Pt interactions coupled

with the vacancy at the 4e site also provide an electronic and geometric rationale

for the observed distortions of the Pt6P trigonal prisms from ideality.
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Figure 4.23: Pt-Pt bonding interactions between Pt atoms of neighboring Pt6P
trigonal prisms near vacant site indicated by red lines (some polyhedra removed for
visibility).
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4.2.4 Electrical resistivity and magnetic susceptibility

The as-synthesized powder shows a dark-gray color with a metallic luster and is

stable in air. The diffraction peaks from the powder XRD pattern were well indexed

without any noticeable impurity peaks and match well with the theoretical pattern

generated from the structure obtained from single-crystal X-ray diffraction, as shown

in Figure 4.24. The temperature dependent resistivity, ρ(T), of SrPt6P2 (Figure

4.25) at zero field, with a room temperature value of 0.85 mΩ · cm, decreases

with temperature. The resistivity flattens between 8 and 0.6 K, and the residual

resistivity is ∼ 0.015mΩ · cm. The relatively high value of the residual resistivity

ratio, ρ(290K)/ρ(5K) = 56, suggests that the sample is of high quality. The resistivity

drops sharply to zero below 0.60 K, with a transition width of less than 0.01 K

at zero field, characteristic of a superconducting transition. In the presence of a

magnetic field, the superconducting transition is systematically broadened, shifted

to lower temperatures, and suppressed below 0.4 K at 100 Oe, as shown in the lower

inset of Figure 4.25, suggesting a relatively low upper critical field. In addition,

the superconducting transition of SrPt6P2 was confirmed by the ac susceptibility

measured through a mutual inductance technique down to 0.4 K, using the Linear

Research LR 400 bridge. It displays a large and narrow diamagnetic shift at ∼ 0.6 K

with a tail nearly flat at 0.4 K, as shown in the upper inset of Figure 4.25, consistent

with the ρ(T) results and indicating the bulk superconducting nature of the material.

To the best of our knowledge, this is the first Pt-based pnictide superconductor with

trigonal-prismatic building units.
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4.2.5 Heat capacity

To learn more about the nature of the superconductivity in SrPt6P2, we performed a

detailed measurement of the specific heat. The measurement of the specific heat,

besides allowing us to verify whether or not the superconductivity in SrPt6P2 is

truly a bulk property, can tell us about the coupling strength of the superconductor

(see Chapter 1). Specifically, we can determine the ratio 2∆0/kbTc, which is equal

to 3.528 in the BCS theory. Figure 4.26 shows the results of the specific heat

measurements carried out on a pure polycrystalline sample of SrPt6P2. Judging by

the jump at Tc observed from the specific heat measurement, it is clear that the

superconductivity in SrPt6P2 is bulk. Furthermore, as observed from the resistivity

measurements, it is evident that the critical field is quite low - an applied field of

100 Oe completely suppresses the superconductivity down to the lowest measured

temperature of 0.4 K. We fitted the temperature dependence of the specific heat

below the transition temperature with the α-model, which gives a value of α =

1.6 for SrPt6P2. The value of α = 1.6 is quite low - the weak-coupling BCS value

for α = 1.764. Our observation of α < αBCS could explain the quite low transition

temperature of 600 mK observed in SrPt6P2.

4.2.6 Analogy to SrPt3P

It is interesting to note a structural analogy between SrPt6P2 and SrPt3P (Figure

4.27). If one considers doubling the unit cell of SrPt3P, the resulting formula unit

would be Sr2Pt6P2. In this case, unlike in SrPt6P2, all of the cavity sites between
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the network of corner-shared distorted octahedra are occupied. However, if one

considers removing half of the Sr atoms from SrPt3P = Sr2Pt6P2, the resulting

stoichiometry is SrPt6P2. As discussed above, our DFT calculations and COHP

analysis indicate that the SrPt6P2 structure is stabilized by bonding between Pt

atoms of neighboring Pt6P trigonal prisms near the vacant cavity. Essentially, one

could consider that removing half of the Sr atoms from SrPt3P “opens” up half of

the cavity sites. This “opening” of the cavity sites allows the other atoms to move

into these sites slightly, and causes a rearrangment or “distortion” of the structural

building blocks from octahedra into trigonal prisms. That this analogy can be made

is supported by the bonding between neighboring trigonal prisms near the cavity

sites, which stabilizes this distortion upon removal of half the Sr atoms.

Figure 4.27: (a) Two unit cells of SrPt3P, giving Sr2Pt6P2, (b) unit cell ofSrPt6P2

Given the fact that the elemental components of SrPt3P and SrPt6P2 are the same

- Sr, Pt, and P, with electronically equivalent 6-coordinated P centered polyhedral
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building blocks, and that there exists a striking analogy between these two com-

pounds, what is the reason that strong-coupling superconductivity with relatively

high Tc = 8.4 K exists in one, while weak-coupling superconductivity with quite

low Tc = 0.6 K exists in the other? In order to answer this question, we must

recall the mechanism for superconductivity in SrPt3P. As discussed in the previous

chapter, the superconductivity in SrPt3P is due to the strong coupling of low-energy

in-plane “breathing” phonon modes of Pt to the Pt-P in-plane electronic states near

the Fermi level. That the coupling strength is so high is likely due to the high

anisotropy of these states, or the degree to which they are confined in the a-b plane.

This suggestion is supported by previous calculations showing that the coupling

strength of CaPt3P and LaPt3P are weaker than that of SrPt3P, and that this can

be attributed to the larger ionic radius of Sr which forces the vibrational mode

of Pt to be more strongly localized in SrPt3P resulting in higher coupling strength

and higher Tc[55]. We decided to calculate the density of states vs. energy for

SrPt3P and SrPt6P2 to compare the degree of anisotropy of the Pt electronic states

in these compounds (Figure 4.28). From this calculation, it is clear that in SrPt3P

the d(x2−y2) in-plane states are contributing much more strongly to the DOS at EF

than the other orbitals of Pt. In contrast, the DOS of SrPt6P2 shows an almost equal

contribution at EF from the different d-orbitals of Pt. This shows that, while in

SrPt3P the square-planar arrangement of Pt-atoms allows for an anisotropic DOS at

EF, the high degree of distortion in SrPt6P2 results in a basically isotropic DOS at EF

and possibly contributes to the observed weaker coupling and lower Tc
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Figure 4.28: Density of states vs. energy (E − EF) for (top) SrPt3P and (bottom)
SrPt6P2
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4.2.7 Summary

To summarize, in this section our discovery of a new structure type superconductor,

SrPt6P2, was presented and discussed. A detailed describtion of the crystal structure

of SrPt6P2 was given, followed by calculations of the bonding interactions which

provided insight into the stability of this compound. The superconductivity was

investigated magnetically and resistively and exhibits a Tc of 600 mK. The results

of our specific heat study were discussed, which show that superconductivity in

SrPt6P2 is of weak-coupling nature, explaining the rather low value of Tc. Finally,

an analogy to SrPt3P was given, supported by DFT calculations showing a rather

isotropic density of states at the Fermi level in SrPt6P2 as a possible driving factor in

the strongly reduced coupling strength and hence Tc compared to SrPt3P.
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4.3 SrPt10P4

4.3.1 Introduction

In the previous two chapters, investigations into two ternary platinum phosphide

superconductors were presented. First, SrPt3P, a strong-coupling electron-phonon

type superconductor was introduced and a systematic study of chemical doping

and the application of high physical pressure were presented and discussed. In

the following chapter, our discovery of the new-structure-type superconductor

SrPt6P2 with weak-coupling nature was presented and discussed, as well as a

comparison between SrPt3P and SrPt6P2. The large difference in Tc was explained

as being due to the large difference in the coupling strength: in SrPt3P, 2∆/kBTc ∼

5.0, whereas in SrPt6P2, 2∆/kBTc ∼ 3.2. Furthermore, both of these two Sr-Pt-

P superconductors contain 6-coordinated P-centered Pt6P polyhedra as building

blocks: octahedral building blocks in SrPt3P, and trigonal prismatic building blocks

in SrPt6P2. Because of this large difference in superconducting properties between

these two related compounds with identical elemental components Sr, Pt, and

P, and similar building blocks, we became interested in searching for other new

superconducting compounds with Sr, Pt, and P, with unique crystal structures. In

this section, our discovery of another, new-structure type superconductor SrPt10P4

with two superconducting gaps in this family of materials is presented and discussed.

Outline The rest of this section will be organized as follows. First, the crystal

structure of SrPt10P4 will be discussed. The results of electrical transport and
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magnetic susceptibility measurements showing superconductivity in this compound

will follow. The results of the high-pressure work will be detailed. Then, the specific

heat data of SrPt10P4 will be presented and discussed, followed by a discussion of

the critical field data, and our discovery of two-gap superconductivity in SrPt10P4.

Finally a summary of the work on SrPt10P4 will be given.

4.3.2 Crystal structure

The crystal structure of SrPt10P4 is both unique and complex, with 218 atoms per

unit cell. SrPt10P4 crystallizes in a monoclinic structure type with space-group C2/c

(#15) (structural parameters shown in Table 4.5). The angle β which makes this

compound monoclinic is only slightly off from 90◦, at 90.027◦. A perspective view of

a single unit cell of SrPt10P4 can be seen in Figure 4.29. Like SrPt3P and SrPt6P2, the

basic building blocks of this compound are 6-coordinated P-centered Pt6P polyhedra.

However, unlike SrPt3P and SrPt6P2, the building blocks of SrPt10P4 come in two

different varieties: octahedral and trigonal-prismatic. The two different types of

polyhedra form two distinct types of layers which alternate with each other. This can

be seen by viewing the crystal structure along the b and a axes as is shown in Figures

4.30b and 4.30c. One type of layer contains the strontium atoms, and the other

type of layer does not. Let us first consider the type of layer that does not contain

the strontium atoms. The layer that does not contain Sr atoms is composed of a

network of highly distorted Pt6P octahedral building blocks which form edge-shared

pairs. These pairs of edge-shared octahedra are then corner shared with each other

to form a 2d network with narrow cavity sites too small for the Sr atoms to occupy
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(Figure 4.31a). The other type of layer, which contains the Sr atoms, is composed

of a network of distorted trigonal prismatic Pt6P building blocks. In this layer, the

trigonal prisms are all edge-shared with each other to form a honeycomb-like 2d

network. Looking at the c-axis view shown in Figure 4.31b, one can see that these

edge-shared trigonal prisms form hexagon-shaped vacancies which are occupied by

the Sr atoms.

4.3.3 Electrical resistivity and magnetic susceptibility

Figure 4.32 shows the results of our electrical transport measurements on SrPt10P4

from 300 K down to 500 mK. The temperature dependence of the resistivity of

SrPt10P4 indicates a metallic behavior, while the strong negative curvature in the

temperature dependence indicates possible strong electron correlations in this

material. A suppression of superconductivity down to 500 mK is observed upon

the application of a magnetic field of 1 T. The magnetic susceptibility of SrPt10P4

was also measured down to 500 mK (Figure 4.33) using a three-coil compensated

mutual inductance technique as described in the Experimental Methods chapter.

The narrow width of the superconducting transition (≈ 0.1 K at 90% drop) indicates

the very high quality of the sample.
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Table 4.5: Structural parameters for SrPt10P4

Atom Site x y z

Pt(1) 8f 0.0782 0.2746 0.0164
Pt(2) 8f 0.3247 -0.0210 0.5158
Pt(3) 8f 0.2477 -0.0144 0.3512
Pt(4) 8f 0.1212 0.1487 0.3431
Pt(5) 8f 0.1513 0.0028 0.4813
Pt(6) 8f 0.1178 0.1182 0.1438
Pt(7) 8f 0.1267 0.1085 0.6543
Pt(8) 8f 0.0016 0.2656 -0.1478
Pt(9) 8f 0.0956 0.2515 0.5156
Pt(10) 8f 0.1183 0.3654 -0.1558
Pt(11) 8f 0.2321 -0.0210 0.6514
Pt(12) 8f 0.3538 0.1168 0.3520
Pt(13) 8f 0.1925 0.2650 -0.0049
Pt(14) 8f 0.1344 0.3937 0.1549
Pt(15) 8f 0.3675 0.1309 0.6453
Pt(16) 8f 0.0356 0.0800 0.4892
Pt(17) 8f 0.0585 0.4887 -0.0014
Pt(18) 8f 0.1037 0.1359 -0.1493
Pt(19) 8f 0.2134 0.1710 0.5131
Pt(20) 8f -0.0129 0.2723 0.1508
Sr(1) 4e 0.0000 0.0089 0.2500
Sr(2) 8f 0.2495 0.2549 0.2468
Sr(3) 4e 0.0000 0.4958 -0.2500
P(1) 8f 0.3122 0.1592 0.5023
P(2) 8f 0.2337 -0.1085 0.5007
P(3) 8f 0.0620 0.0934 0.0016
P(4) 8f 0.0829 0.2629 0.2209
P(5) 8f -0.0874 0.2561 -0.2202
P(6) 8f 0.1569 0.0014 0.2791
P(7) 8f 0.3242 -0.0064 0.7227
P(8) 8f 0.0130 0.6405 0.0009
Axis Length

a 22.9151(9) Å
b 13.1664(5) Å
c 13.4131(5) Å
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Figure 4.29: Perspective view of the crystal structure of SrPt10P4
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Figure 4.30: Crystal structure of SrPt10P4 viewed along different crystallographic
axes
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Figure 4.31: Two different layers of SrPt10P4 viewed along the c-axis
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Figure 4.32: (Top) Resistivity vs. temperature from 0.5 K to 300 K for SrPt10P4,
(bottom) enlarged scale view below 10 K of the superconducting transition
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Figure 4.33: χac vs. temperature for SrPt10P4 at different applied magnetic fields
near the superconducting transition
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4.3.4 High pressure

To probe the effects of lattice compression in SrPt10P4, we applied high physical

pressure using a BeCu piston-cylinder type pressure cell as described in the Exper-

imental Methods chapter. Upon the application of pressure up to 15.29 kbar, we

observe a systematic suppression of the transition temperature Tc from ∼ 1.263 K to

∼ 1.234 K, or ∼ 2.3% (Figure 4.34). A linear fit of the plot of Tc vs. pressure yields

the pressure coefficient dTc/dp = -0.019 K / GPa (Figure 4.35), and dlnTc/dp =

-0.015 K / GPa. The systematic suppression of Tc suggests that there is no significant

peak in the density of states near the Fermi level. The relatively small change in

Tc with pressure is comparable to that of many elemental superconductors which

exhibit a linear suppression of Tc with pressure near ambient pressure[50] and is

very close to the value of dTc/dp = -0.02 K / GPa for pure niobium metal[68]. The

suppression of Tc with pressure in SrPt10P4 can therefore be explained as the result

of a stiffening of the lattice induced by the pressure, which results in a weakening

of the electron-phonon coupling and therefore the Tc.

4.3.5 Specific heat

In order to verify the bulk nature of the superconductivity in SrPt10P4 and to extract

information such as the electronic specific heat coefficient γ, we decided to measure

the specific heat of a pure, bulk, polycrystalline sample of SrPt10P4. Figure 4.36

(top) shows the results of this measurement under different applied magnetic fields

up to 600 Oe. The jump at Tc observed in the specific heat clearly demonstrates
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Figure 4.37: Theoretical Cel/γTc vs. T/Tc for different values of α.

that the superconductivity observed in SrPt10P4 is of bulk nature. Using the relation

C/T = γ + βT 2, we extract β = 2.74 mJ/mol · K4. From this, we use the relation

ΘD = (12π4NR/5β) to obtain the Debye temperature ΘD = 220 K. This Debye

temperature is comparable to that of SrPt3P (∼ 200 K). As in the case of SrPt3P and

SrPt6P2, we fit the temperature dependence of the specific heat below the transition

temperature Tc with the α-model to learn more about the coupling strength of

SrPt10P4. The fitted specific heat data for SrPt10P4 is shown in Figure 4.36 (bottom).

It is clear from this plot that the data cannot be fitted with a single-gap model.
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Specifically, at lower temperatures, the specific heat is higher than that predicted by

a single-gap model. This can be accounted for by considering a two-gap α-model.

The two-gap α-model is an extension of the one-gap α-model, allowing for two

variable parameters α1 = ∆1/kBTc and α2 = ∆2/kBTc. This model was used as

early proof of the existence of two superconducting gaps in MgB2 [41]. Figure 4.37

shows the theoretical Cel/γTc vs. T/Tc for different values of α. This illustrates why

the two-gap model can fit the specific heat data of SrPt10P4 while the single-gap

model cannot. The low-temperature specific heat, which goes to zero more slowly

than the BCS theory model, can be accounted for by including a second, smaller

superconducting gap which has a low value of α = ∆/kBTc. Specifically, from the

specific heat fitting, the values for the two superconducting gaps in SrPt10P4 are

2∆1/kBTc = 2.0 and 2∆2/kBTc = 4.2.

4.3.6 Critical field

To learn more about the superconductivity in SrPt10P4, we decided to study the

behavior of the upper critical field Hc2. The temperature dependence of the upper

critical field Hc2 can provide a substantial amount of information regarding the

nature of the superconductivity in a given material. Specifically, for a multi-band

superconductor, the temperature dependence of the upper critical field Hc2 is

expected to differ from that of a single-band superconductor. The specific heat

results show SrPt10P4 to be a two-gap superconductor; therefore, we should expect

that the temperature dependence of Hc2 can be described by a multi-band model

rather than a single-band model. Figure 4.39 shows the resistive superconducting
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transition of SrPt10P4 at different applied magnetic fields. The Tc is determined for

each applied magnetic field by drawing a horizontal line at 10% of the resistive

drop. The resulting dependence of the normalized critical field Hc2/Hc2(0) on the

normalized temperature T/Tc is shown in Figure 4.40. The expected temperature

dependence of the single-gap BCS is linear near Tc and has a negative curvature

at higher magnetic field values until levelling off near zero temperature. The

temperature dependence of a two-band superconductor can be quite different and

can exhibit significant positive curvatures at temperatures below Tc. For example,

MgB2 exhibits a very high upper critical field with an upward curvature in the

temperature dependence[42]. Gurevich and coworkers attributed this upward

curvature and high upper critical field to multi-band effects and employed a two-

gap model to fit the data[42]:

2w[ln t+ u(b/t)][ln t+ u(ηb/t)] + λb[ln t+ u(ηb/t)] + λa[ln t+ u(b/t)] = 0

where t = T/Tc, u(x) = ψ(1/2+ x) −ψ(1/2) (ψ(x) is the Euler digamma function),

b = h̄Hc2Dσ/2φ0kBTc, φ0 is the magnetic flux quantum, η = D2/D1, w = λ11λ22 −

λ12λ21, λa,b = λ0 ± λ−, λ0 = (λ2− + 4λ12λ21)
1/2, λ− = λ11 − λ22 and λmn are the BCS

superconducting coupling constants. The Dm are the diffusivities of the different

bands. For MgB2, λ11 = 0.81, λ22 = 0.28, λ12 = 0.115, λ21 = 0.09, and η = 0.12 (solid

green line in Figure 4.40). For SrPt10P4, we obtained the following values using this

model (solid blue line in Figure 4.40): λ11 = 1.3, λ22 = 1.1, λ12 = 0.2, λ21 = 0.2, and

η = 0.035.

100



N
o

rm
a

liz
e

d
 G

a
p

Temperature

Tc1 Tc2

v12 = 0
v12 > 0

Figure 4.38: Temperature dependence of superconducting gap ∆ in the case of two
gaps. Solid lines indicate two gaps in the case of zero interband coupling, dashed
line indicates smaller gap in the case of interband coupling (Figure adapted from
[69]).

If the diffusivity in the two different bands is the same (if D1 = D2), then the

temperature dependence reproduces that of the single-gap model. However, if

the diffusivities are very different between the two bands, the curvature deviates

significantly from that of the single-gap model and can present an upward curva-

ture. Furthermore, the temperature at which this strong upward curvature occurs

depends on the strength of the interband coupling constants (Figure 4.38). For

MgB2, the interband coupling is relatively weak, which could be attributed to the

orthogonality of the σ and π bands, and the upward curvature in the temperature

dependence of the critical field Hc2 can be observed at low temperature (Figure
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4.40). However, in SrPt10P4, the upward curvature occurs at a temperature closer to

Tc, and the fitting yields interband coupling constants λ12 = λ21 = 0.2. The higher

value of the interband coupling constants compared to MgB2 gives insight into the

possible origins of the two superconducting gaps in SrPt10P4. The two different

types of layers in SrPt10P4 may hold two different types of charge carriers which

would form two different Fermi surfaces. The relatively high interband coupling

suggests that these two Fermi surfaces may be parallel to each other or at least not

orthogonal as in the case of MgB2. Figure 4.42 shows the results of charge density

calculations on SrPt10P4. The charge density is shown along the two different types

of layers (top = octahedral layer, middle = trigonal prismatic layer) as well as

along the b-c plane (bottom). The very strong Pt-P bonding along the b-c plane, as

indicated by the dark violet color in the figure, suggests that the phonons produced

by these bonds are likely too energetic to participate in cooper pairing. If this is

the case, then other candidates would be Pt-P bonds in along the a-b plane in the

octahedral or trigonal prismatic layers. Then, it is possible that the two different

types of electrons coming from the two different layers would couple differently

to these phonons, resulting in two different superconducting gaps. Our magne-

toresistance measurements (Figure 4.41) show a strongly non-quadratic magnetic

field dependence of the magnetoresistance in SrPt10P4. In a metal with one type

of charge carrier, the magnetoresistance would be expected to follow a quadratic

magnetic field dependence:

σxx =
σ0

1+ω2
cτ
2
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where ωc = eB/m
∗ = cyclotron frequency. Therefore, ρ ∝ B2. However, in a case

with multiple carriers with distinct mobilities, a non-quadratic behavior could be

expected [36], as we have observed for SrPt10P4.

4.3.7 Summary

We have discovered a new structure-type Sr - Pt - P superconductor with a unique

combination of structural building blocks from both SrPt3P and SrPt6P2. We fully

characterized the crystal structure and found the basic building blocks to be Pt6P

polyhedra, with two distinct types of layers. One type of layer is composed of

a network of distorted corner-shared pairs of octahedra, while the other type of

layer is composed of a network of edge-shared trigonal prisms with Sr atoms

filling vacancies. We carried out magnetic susceptibility and electrical transport

measurements which showed superconductivity at 1.4 K. We applied high physical

pressure and found that the transition temperature is systematically suppressed,

consistent with electron-phonon type superconductivity in which the stiffening of

the lattice results in a weakening of electron-phonon coupling. We discovered the

existence of two superconducting gaps by detailed analysis of specific heat and

critical magnetic field data, and suggest a possible relation to the existence of two

different types of charge carriers participating in cooper pairing, as supported by

the non-quadratic magnetic field dependence of the magnetoresistance.
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Figure 4.42: Charge density distribution in SrPt10P4 on the (top) a-b plane (oc-
tahedral layer), (middle) a-b plane (trigonal prismatic layer), and (bottom) b-c
plane
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Chapter 5

Conclusions

In this dissertation, an investigation of the superconducting properties of a series of

strontium platinum phosphides has been carried out. Techniques such as electrical

resistivity, calorimetry, magnetometry, and the application of high physical pressure

were employed to gain insight into the nature of the superconductivity in SrPt3P,

SrPt6P2, and SrPt10P4, which have transition temperatures of 8.4 K, 0.6 K, and 1.4

K, respectively.

We found that, in SrPt3P, the non-scaling of the Tc with the density of states at

the Fermi level N(EF) can be attributed to a significant weakening of the electron-

phonon coupling strength, likely due to a change in the local rigidity induced by

a shortening of the Pt-P bond length. Our results show that, contrary to previous

theoretical predictions, an increase in the density of states induced by hole doping

leads to a decrease in the Tc as well as a decrease in the value of α = ∆0/kBTc.

We discovered two new superconductors, SrPt6P2 and SrPt10P4, which have very
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different values of Tc despite striking similarities. SrPt6P2 was found to be a weak-

coupling superconductor with Tc = 0.6 K based on α-model fitting of the specific

heat data. As in SrPt3P, the structural building blocks of SrPt6P2 are corner-shared

Pt6P polyhedra. Our DFT calculations revealed that significant inter-polyhedral

Pt-Pt bonding stabilizes this structure despite the half of the cavity sites being

unoccupied by Sr. Our DFT calculations also provide a possible rationale for

the significantly weakened electron-phonon coupling and lower Tc compared to

SrPt3P by comparing the anisotropy of the density of states at the Fermi level

N(EF). In SrPt10P4, multi-gap superconductivity with strong inter-gap coupling was

discovered by examination of the temperature dependence of the specific heat as

well as the temperature dependence of the upper critical field Hc2. In SrPt10P4, two

different types of Pt6P polyhedra form two different types of layers. Our charge

density calculations, coupled with the non-quadratic magnetic field dependence

of the magnetoresistance, suggest that charge carriers from Pt-P bonds found in

two different types of layers may couple differently to the lattice and lead to the

observed two superconducting gaps.

This series of superconductors with Sr - Pt - P composition but with very different

critical temperatures due to strongly varying coupling strengths provides a model

system in which the same fundamental building block of Pt6P polyhedra can lead

to a wide range of superconducting properties, from weak to strong coupling,

from single to multiple gaps, and from Tc = 0.6 to Tc = 8.4 K. The differences

between these compounds are found to be related to the detailed physico-chemical

structures of the compounds, as supported by our data analysis and band structure
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calculations. The present work on the effects of the physico-chemical influence on

superconductivity represents the most systematic study in a same compound system

of its type to date, although the effect has been suggested previously.
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