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Final Report for Project FA9550-14-1-0331 
The Search and Theoretical Guidance for Higher Tc Superconducting 

Materials 
M. R. Beasley, I. R. Fisher (Department of Applied Physics, Stanford University)

& G. Kotliar (Department of Physics and Astronomy, Rutgers University)
24/09/2019 

Overview 

The overarching goal of the research was to identify mechanisms for high temperature 
s-wave superconductivity based on a combination of theory and experimental
measurements of paradigmatic materials, and then to perform targeted searches for
materials exhibiting these effects based on theoretical insights. Our work primarily focused
on the inter-relation of specific types of charge ordered states and superconductivity, but
we also took the opportunity to explore a variety of other promising directions based on
opportunities that arose.

Our program comprised three components: bulk synthesis and 
transport/thermodynamic measurements (Fisher + half a post-doc); band structure / theory 
(Kotliar + half a post-doc); and MBE thin film deposition (Beasley + staff scientist, C. 
Adamo).  

Principle research directions included (1) the possibility of enhanced pairing 
interactions associated with materials that support a charge disproportionated charge 
density wave (CD-CDW) in part of their phase diagram, as distinct from CDWs arising 
from Fermi surface (FS) nesting, and/or that comprise valence skipping elements; (2) the 
relation between superconductivity, charge density wave correlations, and disorder; and 
(3) the search for and growth of higher Tc superconducting materials using molecular-beam
epitaxy.

This program built upon ideas that originated during an earlier AFOSR-supported 
MURI award, while including some new directions enabled by the acquisition of the new 
Veeco oxide MBE system purchased on an AFOSR DURIP award.  

The period of the award was from Sept 15th 2014 to Sept 14th 2019. 

We outline in bullet form some of our main program accomplishments below. 
References are to the attached publication list. A more detailed summary of each of these 
accomplishments can be found in the earlier annual reports. A list of students and post-
docs supported by the award is provided at the end of the report.  

Accomplishments 

(a) Theory:

The overarching goal of the research was to identify mechanisms for high temperature
s-wave superconductivity in mixed valent compounds close to valence and charge
instabilities, as in the paradigmatic compound BaBiO3.
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For disordered charge density wave materials (CDW) we proposed a Tc enhancement 
by elimination of the competing order via the introduction of disorder, namely 
superconducting order-by-disorder, and demonstrated its applicability in the TaSe2-xSx  
alloy [10].  

For Ba1-xKxBiO3 (BKBO) system, we showed that static correlations near a metal to 
insulator transition (captured by GW and Hybrid Functionals) increase the electronic 
bandwidth  and enhance the electron phonon interaction to the point that it can produce 
substantially higher Tc’s than the corresponding BCS estimates (Phys. Rev. X 3, 021011 
(2013)). This proposal was confirmed experimentally [15] by angle-resolved 
photoemission spectroscopy studies on Ba0.51K0.49BiO3. These measurements revealed that 
the effective mass was enhanced by a factor close to two together with the electron-phonon 
interactions which had a coupling constant λ∼ 1.3 ± 0.2. See below for further discussion 
of the role of disorder in the Tc in the bismuthates. 

 Having established the mechanism for enhanced pairing interaction in BKBO, we 
focused on finding realizations of other “parent” compounds similar to the BaBiO3 system 
which had not been synthesized previously and therefore were not listed in the ICSD 
database of known compounds. In the previous funding period of this grant, we designed 
the new compounds CsTlCl3 and CsTlFl3 (“Rational material design of mixed-valent high-
Tc superconductors”, Z. P. Yin and G. Kotliar EPL 101, 2, 27002, (2013)). It was later 
synthesized and its mixed valent nature proved experimentally [2].  Given the toxicity of 
Tl, we used this award to address the design problem of new mixed valent systems based 
on In, and indeed were successful in achieving this goal [23]. Achieving efficient ways of 
doping these compounds remains a challenge, but the research has definitely established 
the theoretical capabilities to predict new mixed valent compounds which are 
thermodynamically stable, as one of these compounds were later synthesized [24].  

(b) Experiment (synthesis and measurement): 

Our work focused on several paradigmatic materials exhibiting superconductivity and 
one or more of CD-CDW order, valence disproportionation, and/or short-range CDW 
correlations, including Ba(Bi1-xPbx)O3 (BPBO), Tl-doped PbTe and Pd-intercalated RTe3. 
We also explored a wide range of other novel materials using the new oxide MBE system 
that we acquired, this latter work being accomplished by the staff scientist Carolina Adamo 
working on this project. Some specific achievements are listed below.  

For BPBO, we discovered a previously unknown stripe-like nano-scale phase 
separation of two distinct polymorphs for superconducting compositions, and tracked its 
evolution across the phase diagram [5]. Combined with our tunneling measurements [1], 
these results point towards a clear role for disorder in reducing the maximum possible 
critical temperature in this system relative to values predicted by theory, possibly 
accounting for the startling difference in maximum Tc between BPBO and the closely 
related case of BKBO. Collaborative work based on our samples also revealed evidence 
for highly anomalous relaxation kinetics, possibly related to the interplay of disorder and 
the incipient CD-CDW state [9]. A unified theory including disorder and the GW/hybrid  
functionals is a challenging problem for the future. 

For Tl-doped PbTe, we performed a series of experiments that definitively established 
(a) the shape of the Fermi surface [8, 20]; (b) that the Fermi level is approximately pinned 
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by Tl-impurity states and that these states contribute additional incoherent carriers [18]; (c) 
that the effective mass increases in this regime [21]; (d) that the Tl impurities exist as 
distinct valence states, Tl1+ and Tl3+ based on spectroscopic measurements [19]; (e) that 
there is a strong spatial dependence in the DOS close to Tl impurities, and that this has a 
temperature dependence characteristic of the Kondo effect, suggesting the presence of 
dynamic valence fluctuations [12]; and (f) that the pairing interaction is enhanced relative 
to expectations based solely upon variations in the DOS (i.e. that the pairing interaction 
must be stronger when the Fermi level is pinned by the Tl impurities) [18]. The sum of 
these observations define a possible avenue for designing enhanced pairing interactions in 
other related materials, and possibly connect to the theory ideas introduced above.  

For Pd-intercalated RTe3 (R = rare earth), we demonstrated that disorder rapidly 
suppresses unidirectional CDW order, eventually yielding a superconducting state, but that 
short range CDW correlations persist over the entire phase diagram [22]. Moreover, these 
correlations are bi-directional, reflecting the nominally 4-fold-symmetric electronic 
susceptibility. Our work establishes the material as a potential model system to explore the 
inter-relation of CDW order, nematic order (which in principle can persist in the presence 
of disorder, even when long range CDW order is suppressed) and superconductivity.   

Undoped TiSe2 is another charge density wave material that we investigated. Doping 
with Cu lowers the CDW transition and a superconducting dome appears.  We applied our 
point contact tunneling spectroscopy to this material and observed a sizable correlation 
gap, indicating the presence of Coulomb effects in the doped materials. However, the 
degree of correlation associated with this disorder was small [3] at optimal doping.  Thus, 
Cu-doped TiSe2 appears to be more like K-doped BaPbO3 than Bi-doped BaPbO3. 

c) Novel applications MBE synthesis:

Carolina Adamo of our group is an outstanding MBE oxide thin film synthesizer. As
this program wound down, she moved to TRW Research Labs in Los Angeles. While she 
was with us, she was in high demand as a film grower, and we tried to accommodate those 
groups (principally the Cornell Group) when their interests and ours permitted seminal 
work. These include the ability to control the topology of the Fermi surface in the 
ruthenates by means of epitaxial growth on suitable substrates (notably providing lattice 
expansion) [6, 7], and, again using epitaxy, to stabilize the T’phase of La2CuO4 over a 
wide range of background oxygen pressures during growth. ARPES data was carried out 
on these samples. The results provides definitive evidence that the electron doping in this 
materials is due to oxygen vacancies [11].  The origin of the doping in this material is a 
matter of considerable debate.  Other examples of work made possible by the film growth 
by Adamo can be found in the references [16, 17].  

Finally, we note that mixtures of gold and silver-oxide particles were recently reported 
to exhibit very high temperature superconductivity. Using MBE we grew silver oxide thin 
films upon which gold was deposited. Various deposition conditions were explored. No 
interface superconductivity was observed, consistent with tests by others of the reported 
high temperature superconductivity. 
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Publications 

1) Disorder Driven Metal-Insulator Transition in BaPb1-xBixO3 and Inference of
Disorder-Free Critical Temperature
Katherine Luna, Paula Giraldo-Gallo, Theodore Geballe, Ian Fisher, and Malcolm
Beasley
Phys. Rev. Lett. 113, 177004 (2014) [4 pages] – Published 21 October 2014

2) Hole Doping and Structural Transformation in CsTl1−xHgxCl3

Maria Retuerto, Zhiping Yin, Thomas J. Emge, Peter W. Stephens, Man-Rong Li,
Tapati Sarkar, Mark C. Croft, Alexander Ignatov, Z. Yuan, S. J. Zhang, Changqing
Jin, Robert Paria Sena, Joke Hadermann, Gabriel Kotliar, and Martha Greenblatt
Inorganic Chemistry 54, 1066-1075 (2015) [10 pages] – Published online December
9, 2014

3) Point-contact tunneling spectroscopy measurement of CuxTiSe2: Disorder-enhanced
Coulomb effects
Katherine Luna, Phillip Wu, Justin S. Chen, Emilia Morosan, Malcolm Beasley,
Physical Review B 91, Article Number: 094509, (2015).

4) Synthesis and ionic liquid gating of hexagonal WO3 thin films
P.M. Wu, S Ishii, K. Tanabe, R. Hammond, K. Tokiwa, T.H. Geballe, M.R. Beasley,
Applied Physics Letters 106, Article Number: 042602, (2015).

5) Stripe-like nanoscale structural phase separation in superconducting BaPb1-xBixO3

P. Giraldo-Gallo, Y. Zhang, C. Parra1, H.C. Manoharan, M.R. Beasley, T.H.
Geballe, M.J. Kramer & I.R. Fisher,
Nature Communications DOI: 10.1038/ncomms9231 – Published October 16th 2015

6) Strain Control of Fermiology and Many-Body Interactions in Two-Dimensional
Ruthenates
B. Burganov, C. Adamo, A. Mulder, M. Uchida, P. D. C. King,J. W. Harter, D. E.
Shai, A. S. Gibbs, A. P. Mackenzie, R. Uecker, M. Bruetzam, M. R. Beasley, C. J.
Fennie, D. G. Schlom, and K. M. Shen.
Phys. Rev. Lett. 116, 197003 (2016)

7) Manipulating superconductivity in ruthenates through Fermi surface engineering
Yi-Ting Hsu, Weejee Cho, Alejandro Federico Rebola, Bulat Burganov, Carolina
Adamo, Kyle M. Shen, Darrell G. Schlom, Craig J. Fennie, and Eun-Ah Kim
Phys. Rev. B 94, 045118 – Published 15 July 2016

8) Fermi surface evolution of Na-doped PbTe studied through density functional theory
calculations and Shubnikov–de Haas measurements,
P. Giraldo-Gallo, B. Sangiorgio, P. Walmsley, H. J. Silverstein, M. Fechner, S. C.
Riggs, T. H. Geballe, N. A. Spaldin, and I. R. Fisher
Phys. Rev. B 94, 195141 (2016) (Editors Suggestion) – Published 23 November
2016
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9) Anomalous relaxation kinetics and charge-density-wave correlations in underdoped
BaPb1−xBixO3,
D. Nicolettia, E. Casandruca, D. Fua, P. Giraldo-Gallo, I. R. Fisher, and A. Cavalleri
PNAS vol. 114 no. 34, 9020 (2017), doi: 10.1073/pnas.1707079114 (published
online August 8th 2017)

10) Superconducting order from disorder in 2H-TaSe2−xSx,
L. Li, X. Deng, Z. Wang, Y. Liu, M. Abeykoon, E. Dooryhee, A. Tomic, Y. Huang,
J. B. Warren, E. S. Bozin, S. J. L. Billinge, Y. Sun, Y. Zhu, G. Kotliar, and C.
Petrovic,
Npj Quantum Materials 2, 11 (2017).

11) Electron doping of the parent cuprate La2CuO4 without cation substitution,
Haofei I. Wei*, Carolina Adamo*, Elizabeth A. Nowadnick, Edward B. Lochocki,
Shouvik Chatterjee,  Jacob P. Ruf, Malcolm R. Beasley, Darrell G. Schlom, and
Kyle M. Shen,
Phys. Rev. Lett. 117, 147002 (2016).
(Acknowledgment of this award was inadvertently omitted from this publication, but
C. Adamo was supported 100% by this program for this study.)

12) Anomalous 125Te Nuclear Spin Relaxation Coincident with Charge Kondo Behavior
in Superconducting Pb1−xTlxTe,
Hidekazu Mukuda,  Takashi Matsumura,  Shota Maki,  Mitsuharu Yashima,  Yoshio
Kitaoka,  Kazumasa Miyake,  Hironaru Murakami,  Paula Giraldo-Gallo,  Theodore
H. Geballe, and
Ian R. Fisher
J. Phys. Soc. Jpn. 87, 023706 (2018) [4 Pages] – Published 24 January 2018

13)  Bursting at the Seams: Rippled Monolayer Bismuth on NbSe2,
Alan Fang, Carolina Adamo, Shuang Jia, Robert J. Cava, Shu-Chun Wu, Claudia
Felser, and Aharon Kapitulnik,
Science Advances  4, eaaq0330 (2018).

14) Modulated Susceptibility in Thin Film LBCO,
Samantha Davis, Rahim Ullah, Carolina Adamo, John Kirtley, Malcolm Beasley, 
Steven Kivelson, Kathryn Moler, 
Phys Rev. B 98, 014506 (2018 ). 

15) Unveiling the superconducting mechanism of Ba0.51K0.49BiO3 ,
C. H. P. Wen, H. C. Xu, Q. Yao, R. Peng, X. H. Niu, Q. Y. Chen, Z. T. Liu, D. W.
Shen, Q. Song, X. Lou, Y. F. Fang, X. S. Liu, Y. H. Song, Y. J. Jiao, T. F. Duan, H.
H. Wen, P. Dudin, G. Kotliar, Z. P. Yin, and D. L. Feng,
Phys. Rev. Lett. 121, 117002 (2018).
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16)  Strain-engineering Mott-insulating La2CuO4,  
O. Ivashko, M. Horio, W. Wan, N. B. Christensen, D. E. McNally, E. Paris, Y. Tseng, 
N. E. Shaik, H. M. Rønnow, H. I. Wei, C. Adamo, C. Lichtensteiger, M. Gibert, M. 
R. Beasley, K. M. Shen, J. M. Tomczak, T. Schmitt & J. Chang  
Nature Communications Volume  10, Article number: 786 (2019). 
 

17)  Non-collinear charge correlations with 8a0 periodicity in the prototypical electron-
doped cuprate Sr1−xLaxCuO2,  
Haofei I. Wei, Chiara Sacco, Alice Galdi, Christopher McMahon, Jacob P. Ruf, 
Tianyu Shi, Cissy T. Suen, Carolina Adamo, John W. Harter, Ronny Sutarto, Feizhou 
He, Luigi Maritato, Darrell G. Schlom, David G. Hawthorn, and Kyle M. Shen  
(submitted to PRL). 

 
18)  Evidence of Incoherent Carriers Associated with Resonant Impurity Levels and Their 

Influence on Superconductivity in the Anomalous Superconductor Pb1−xTlxTe,  
     P. Giraldo-Gallo, P. Walmsley, B. Sangiorgio, S. C. Riggs, R. D. McDonald, L. 

Buchauer, B. Fauqué, Chang Liu, N. A. Spaldin, A. Kaminski, K. Behnia, and I. R. 
Fisher 
Phys. Rev. Lett. 121, 207001 (2018) – Published 13 November 2018 

 
19)  Direct spectroscopic evidence for mixed-valence Tl in the low carrier-density 

superconductor Pb1-xTlxTe,  
     P. Walmsley, C. Liu, A. D. Palczewski, P. Giraldo-Gallo, C. G. Olson, I. R. Fisher, 

and A. Kaminski 
Phys. Rev. B 98, 184506 (2018) – Published 15 November 2018 

 
20)  Sharp increase in the density of states in PbTe upon approaching a saddle point in 

the band structure,  
     P. Walmsley, D. M. Abrams, J. Straquadine, M. K. Chan, R. D. McDonald, P. 

Giraldo-Gallo,  
and I. R. Fisher 
Phys. Rev. B 99, 035105 – Published 2 January 2019 
 

21)  Optical evidence of an enhanced electronic effective mass in the anomalous Pb1-xTlxTe 
superconductor,  

     A. Pal, M. Chinotti, L. Degiorgi, P. Walmsley, and I. R. Fisher, 
Phys. Rev. Materials 3, 054801 (2019) – Published 8 May 2019 

 
22)  Suppression of charge density wave order by disorder in Pd-intercalated ErTe3,  
     J. A. W. Straquadine, F. Weber, S. Rosenkranz, A. H. Said, and I. R. Fisher, 

Phys. Rev. B 99, 235138 (2019) - Published 19 June 2019 
 
23) Material design of indium-based compounds: Possible candidates for charge, 

valence, and bond disproportionation and superconductivity 
CJ Kang, G Kotliar 
Physical Review Materials 3, 015001, (2019).  
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24) Tetragonal Cs1.17In0.81Cl3: A Charge-Ordered Indium Halide Perovskite Derivative,  

Xiaoyan Tan, Peter W. Stephens, Mylène Hendrickx,⊥Joke Hadermann, Carlo U. 
Segre, Mark Croft,Chang-Jong Kang, Zheng Deng,Saul H. Lapidus,Sun Woo 
Kim,Changqing Jin, Gabriel Kotliar, and Martha Greenblatt,  
Chem. Mater. 31, 1981−1989 (2019). 
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