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I want to than Andrey and 
Rafael for inviting me to 
come and speak here 
and……



….I want to assure Rafael 
that I will not mention 
Futebol Brasileiro



Iowa State University 160 Years of Land-Grant Education

~ 39,000 Students
Known for Ag., Vet., and, in our 
circles, Physics and Chemistry 
associated with Ames Lab.



DOE OFFICE OF SCIENCE LABORATORIES 

Manhattan Project

Frank Spedding

Ames Lab was the starting point for 
the materials used in the Manhattan 
project.  Soon after WWII it became 
a basic science lab.

Ames Laboratory



Ames Laboratory
Mid-sized DOE Laboratory with ~ 400 employees
Organized in 1947 as a part of Manhattan Project
Now:
Applied Mathematics and Computational Sciences
Chemical and Biological Sciences
Condensed Matter Physics
Environmental and Protection Sciences
Granular and Multiphase Systems
Materials Chemistry
Materials and Engineering Physics
Non-Destructive Evaluation
Also:
Biorenewable Resources Consortium
Materials Preparation Center

For over 60 years 
Ames Laboratory has 
been a leader in the 
physics, chemistry 
and metallurgy of 
novel materials.  



This interdisciplinary atmosphere is precisely the 
environment needed for an active and thriving new materials 
design, discovery, growth and characterization program.

As we will see in these lectures, design, discovery, growth 
and characterization of novel materials requires a passing 
knowledge of what are considered to be parts of chemistry, 
physics and metallurgy.  

The search for new materials also requires a certain mind 
set that is certainly not common to many classical physics 
departments.  This mind set is often encouraged and nurtured in 
large governmental or industrial labs where academic barriers are 
ignored.

I want each of you to develop some of this mind set.  
For your own benefit as well as for humanity’s.

Ames Laboratory



There are several members of my group here at this school

Please discuss any question, fine point, or 
even possible growths with them or me.

Gil Soham Na Hyun William Xiang Li



Who am I?
What basis do I have to make these claims / hold these opinions?

Distinguished Professor of Physics and current recipient of the Robert 
Allen Wright Endowed Chair for Physics.
Senior Physicist at Ames Laboratory and leader of group of ~ 10 senior 
researchers and ~ 25 graduates students / Post-docs.
I have published ~ 800 papers in my career so far and given ~200 
invited talks.
There are ~ 20,000 citations to my work and my h-factor is 81 or 
higher (I have not checked recently).

I tell you all of this because the reason I am so successful it that I 
can design and measure my own samples.
I can think – make – measure – think in a closed cycle.
This is the skill I want to introduce you to  during these classes.



My own research group looks at a wide variety of novel states generally 
associated with the interaction between conduction electrons and the crystal 
lattice and magnetism

Theses include:

Superconductivity (alone and interacting with magnetism)
Metal – to – Insulator transitions
Ferro- and Antiferromagnetism
Mixed Valence and Heavy Fermion States
Spin Glasses (via disorder or aperiodicity)
Dilute but periodic local moment intermetallics
Normal state diamagnetism
Quantum criticality 
ETC.

Generally we do this by designing /discovering / developing the systems that 
will best allow us to pursue the specific physics of interest.



What I hope to achieve

My goal in these lectures is too introduce each of you to the theoretical and 
practical aspects of new materials design and growth.

I want each of you to have a clear sense that materials can be made and that 
searches for new materials can be focused toward specific physical or societal 
problems.

I hope that each of you will feel that you have the freedom to search for and 
even make the material that allows you to pursue the physics you are 
interested in.

ALL PHYSICS DOES NOT HAVE TO BE FOUND IN SILICON….



If the 
material I cover 
is of interest to 
you and you 
want to pursue it 
further, please 
discuss this with 
me.  We can 
explore the 
possibility of a 
year’s visit to 
Iowa State 
University / 
Ames Lab.  

http://cmp.physics.iastate.edu/canfield/



By the end of these lectures I want you to know where 
single crystalline samples come from and the effort that goes into 
discovering and optimizing new materials and properties.

The reason for this is simple.  Many physicists have a poor 
idea of what is involved.  This means that they can be lazy or 
sloppy when it comes to understanding the importance (as well as 
the limitations) of single crystalline samples.

LET’S START WITH A STORY….



Once upon a time, there was a nice single crystal

THAT GOT DROPPED AND BROKEN BY A HURRIED STUDENT



THERE WAS A GREAT ANGER IN THE LAND.



Do you have ANY
idea where single 
crystal samples 
come from????!!!!

Thanks to David Mandrus for archival photo….



Yes…

Said the hurried student….



Yes…

Single crystal come from



Yes…

NO….I want you to know the proper reply.  



If we want a new material, 
as physicists we want to 
define a phase space for our 
search for new materials / 
phase transitions / ground 
states.



This means we need to become familiar with a phase 
space that many scientists, many physicists, many 
condensed matter physicists, are a little less familiar 
with than they should be….

If we want a new material, 
as physicists we want to 
define a phase space for our 
search for new materials / 
phase transitions / ground 
states.



Many scientists’ version of the Periodic Table

H H’
H’’ H’’’ H’’’’

HARD METALS
Semi.

Cond.

Au

Won’t Be On the Final Exam
Bombs and other Nasty Stuff

Stuff that might not be real….

Cu

Copyright P. C. Canfield 2006

Ag



Many scientists’ version of the Periodic Table

H H’
H’’ H’’’ H’’’’

HARD METALS
Semi.

Cond.

Au

Won’t Be On the Final Exam
Bombs and other Nasty Stuff

Stuff that might not be real….

Cu

Copyright P. C. Canfield 2006

Ag

changes voice

hurts  fingers

Advanced version



The periodic table is a palette, it is a well stocked 
pantry, it is the menu to choose your meal from, it is 
the ultimate puzzle box, it is the end all of DIY projects.  

The periodic table is the phase space              
we have to search in.



If you know how to cook, 
you have the freedom to 
create the meal that 
appeals to you.

Even with this limited phase 
space you can imagine making a 
huge number of dishes by 
combining the ingredients in 
different ratios….



If you know how to 
design, discovery, and 
grow samples you have 
the freedom to create the 
sample that will allow 
you to pursue the science 
that appeals to you.

With the periodic table 
you have roughly 100 
elements that you can 
use to create all the 
known (as well as 
unknown) materials 
around us….



Let’s start:
(i) Why do we want to grow single crystals?
(ii) How do we grow single crystals?

There are many ways to make and use compounds.  Depending 
on sample, you can do different things with it….

For studying the physical properties of materials you can 
use single crystalline or polycrystalline samples.  For this 
class let’s focus on the growth and use of single crystals.  



Why single crystals?  (part I)

1. Anisotropic properties

Single crystal corn field



Why single crystals?  (part I)
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Polycrystalline corn field



Why single crystals?  (part I)

1. Anisotropic properties

2. No grain boundaries
3. Purity

Single crystal corn field

Polycrystalline corn field

I.e. to measure the intrinsic physical properties it is better to use single-
crystals.  We need to know intrinsic properties if we are to control and 
understand new materials



Why single crystals? (part II)

BECAUSE THEY ARE PRETTY!!!



New Materials 
development / single 
crystal growth is 
often done with very 
modest equipment



The spaces are small, and there can be a 
delivery room-like atmosphere.  Crystal 
growth, like birth, can be messy.  It is a 
fantastic, exciting, and addictive 
experience, (spontaneous symmetry breaking 
at its best).                                                              

Let’s see how this works



First you need an idea….
We will come back to this step soon.
Next, you should check some phase diagrams to 
see what might work….

Most of the diagrams I will show come from these books.



Binary phase diagrams are 
fundamentally like maps:  they 
show the extent of liquid and 
solid.

Solids

Liquids

Let’s develop a 
little vocabulary



Eutectic points:  minima in liquid regions

Solution growth 
requires readily 
accessible liquid 
regions.  

Often these are 
found in eutectic 
valleys



Eutectic points:  minima in liquid regions

Here is a 
familiar one 
associated with 
melting ice with 
salt, or lower 
freezing point of 
sea water.



Eutectic points:  minima in liquid regions

Here is a 
familiar one 
associated with 
melting ice with 
salt, or lower 
freezing point of 
sea water.

At 23.3 weight 
percent NaCl, H2O 
melts / solidifies 
just below -21 ºC



Deep Eutectics offer tempting liquid regions for growth



Congruently melting Ag2Ba

Congruently melting compounds transform from a 
homogeneous solid to a homogeneous liquid at 
melting point.

Congruently melting 
compounds can be 
made by a wide 
variety of growth 
techniques that 
simply melt and 
solidify samples of 
fixed composition.



Liquidus-line for AgBa  

Liquidus-line
As we cool through 
the liquid, we 
ultimately cool 
enough to hit the 
liquidus-line for 
AgBa.  At this 
temperature AgBa 
starts crystallizing 
and the remaining 
liquid becomes more 
Ba rich.  The sample 
is no longer 
homogeneous and 
instead contains a 
solid of one 
stoichiometry and a 
liquid of another, 
changing 
stoichiometry.

KEY to solution / flux growth!



Liquidus-line for AgBa  

Liquidus-line

Once we cool low 
enough to hit the 
liquidus line, the 
system enters a  
TWO PHASE REGION. 
The liquidus line tells 
us the composition of 
the remaining liquid, 
which changes as we 
form solid phases.

More on this in few 
slides.

KEY to solution / flux growth!



AgBa and Ag2Ba3 decompose 
peritectically (melt incongruently)

Incongruently melting compounds undergo a peritectic 
decomposition into a mixed solid and liquid phase, only to 
form a homogeneous liquid at higher temperatures.

If you cool a liquid 
with composition 
AgBa, it will first 
form Ag2Ba as the 
remaining  liquid 
becomes more    
Ba rich and only  
forms AgBa below       
the peritectic 
temperature of 
560 C. 



Ag5Ba has a width of formation.  

Widths of formation and line compounds.

Ag5Ba can form with a 
variety of compositions 
and even have a single 
crystal with a spread of 
stoichiometries.

Ag2Ba, AgBa and Ag2Ba3
are show to have no 
width of formation and 
are called “line” 
compounds.



Crystal growth of CeSb2?

CeSb2 is incongruently 
melting at a relatively 
high temperature.  An 
attempt to cool a melt 
of CeSb2 would end up 
with a mixed phase 
and lots of mess (high 
vapor pressures).

On the other hand 
there is a very open 
line of primary 
solidification. Grow 
CeSb2 out of a “self 
flux” of excess Sb.

This is all nice in theory….But how do we REALLY DO THIS???  

WITH OUR HAND AND BODIES NOT SOME MENTAL EXERCISE



As a rule of thumb, if we are below ~12 % R we can use Al2O3 crucibles
We need to seal the crucible in a silica tube to contain and protect the growth

Shown below are two 2 ml crucibles and a snugly fitting silica tube



Place the Ce and Sb into the growth crucibles
Put quartz wool into the catch crucible
Place the growth crucibles and catch                 
crucibles into the silica tubing



Place quartz wool on top of the crucibles
Use the H2-O2 torch to neck down the silica



Evacuate the silica and seal off the ampoules
Clean off any finger prints, grease, etc.
Place ampoules into furnace 



Program the temperature – time profile and let the 
thermodynamics take place
When growth is done, pour off the excess liquid. 
(a = 10-1000 g is better than a = 1 g = 9.8 m/s2)



Flux growth (slow cooling of a melt)
Basic idea: slow cool into 2-phase region

eg: CeSb2 / Sb

• self flux
• Ce0.05Sb0.95
• 1190 °C 700 °C



2nd example, let’s see how to grow CoSn.
It is deeply peritectic, but it has a large exposed liquidus line.
We can cool a binary melt with more than 78% Sn and grow CoSn.

eg: CoSn / Sn

• self flux
• Co0.20Sn0.80
• 1050 °C 650 °C



Before we continue….When I taught 
this five years ago, I was accused of 

engaging inALCHEMY!!!!



Before we continue….When I taught 
this five years ago, I was accused of 

engaging inALCHEMY!!!!



This is associated with the apparent change in the stoichiometry of 
the liquid as we cool into a two phase region.
Even though we start with a Co20Sn80 solution at high temperature, 
we end us with a nearly pure Sn solution at low temperature.

How does 
this work?  
We can not 
change Co 
into Sn!!!



A
B

C

x
x

xx

x

B

A

C

Liquid:  80% Sn
Solid:  None

Liquid:  87% Sn
Solid:  CoSn

Liquid:  95% Sn
Solid:  CoSn

As we grow CoSn phase the 
remaining liquid becomes 
more Sn rich.



A
B

C

x
x

xx

x

B

A

C

Liquid:  80% Sn
Solid:  None

Liquid:  87% Sn
Solid:  CoSn

Liquid:  95% Sn
Solid:  CoSn

The composition of liquid 
changes BECAUSE we are 
crystallizing a phase different 
from initial melt stoichiometry



We can also think about this in terms of atoms….
Let’s have Sn blue and Co red in the mix to right.  
There are 80 Sn and 20 red blocks.

In single phase, 
liquid state

x



We can also think about this in terms of atoms….
Let’s have Sn blue and Co red in the mix to right.  
There are 80 Sn and 20 red blocks.

x

Just starting to 
grow CoSn



We can also think about this in terms of atoms….
Let’s have Sn blue and Co red in the mix to right.  
There are 80 Sn and 20 red blocks.

Note: as CoSn 
grows less Co in 

liquid

x



We can also think about this in terms of atoms….
Let’s have Sn blue and Co red in the mix to right.  
There are 80 Sn and 20 red blocks.

x

x on liquidus line 
gives composition 
of remaining liquid



We can also think about this in terms of atoms….
Let’s have Sn blue and Co red in the mix to right.  
There are 80 Sn and 20 red blocks.

x
CoSn crystal has 

consumed most of 
initial Co.  Liquid is 

almost pure Sn



Not ALCHEMY, just old fashion chemistry. 

By the way, it is interesting to study history of chemistry as 
it emerged from alchemy into systematic science; very 
active debate and evolution of science.  Look at names of 
elements to get some of this flavor.



Now for some practice:

How do you suggest we grow MnBi?



Now for some practice:

How do you suggest we grow MnBi?

What happens if we 
cool along this 
Mn50Bi50 line?



Now for some practice:

How do you suggest we grow MnBi?



How would you grow Al7Sr8?





Synthesis as the heart of New Materials Physics
Paul C. Canfield
Senior Physicist, Ames Laboratory 
Distinguished Professor, Department of Physics
Iowa State University

Basic Research Needs Workshop
May 2-4, 2016



Let’s start with conclusions:
The design, discovery and growth of novel materials is the heart and soul of 
New Materials Physics.

Synthesis combined with broad characterization tools and an eclectic interest in 
novel states of matter is the wellspring from which the solutions of humanity’s 
pressing problems will emerge.

Our charge it to refine and utilize this powerful tool as efficiently as possible 
and teach its multifaceted use to as many researchers as possible.



Let’s start with conclusions:
The design, discovery and growth of novel materials is the heart and soul of 
New Materials Physics.

Synthesis combined with broad characterization tools and an eclectic interest in 
novel states of matter is the wellspring from which the solution of humanity’s 
pressing problems will emerge.

Our charge is to refine and utilize this powerful tool as efficiently as possible 
and teach its multifaceted use to as many researchers as possible.

For luck, or for the iron, we can 
start with horseshoes….



The horseshoe theory in political 
science asserts that rather than the 
far left and the far right being at 
opposite and opposing ends of a 
linear political continuum, they in 
fact closely resemble one another, 
much like the ends of a horseshoe.

Horseshoe Theory in Politics



The horseshoe theory in political 
science asserts that rather than the 
far left and the far right being at 
opposite and opposing ends of a 
linear political continuum, they in 
fact closely resemble one another, 
much like the ends of a horseshoe.

Horseshoe Theory in Politics

Insert you preferred examples 
here….You each have your own.



Inside neutron starElectron-phonon superconductor Quark-Gluon Plasma

exploratory 
synthesis

closed form 
theory

Horseshoe Theory of Physics
The extremes of the research spectra are 
actually much closer then one might 
appreciate.  As most of us appreciate, theory 
can change the system of interest by just 
changing a pre-factor or coupling term.  I am 
told that it is “trivial” to progress from lead to 
a neutron star to the quark-gluon plasma….

“Trivial”….



exploratory 
synthesis

closed form 
theory

Half Heusler Structure

TiNiSn -- ~ 1 eV semiconductor
MnNiSb -- ~ 700 K Ferromagnet
YbPtBi -- Heaviest heavy Fermion
LaPtBi -- non-centrosymmetric superconductor
LuPtBi -- proposed topological insulator 

What’s really trivial is…
By simply changing the elements on a simple, 
face-centered-cubic lattice the ground state of 
a compound can be varied profoundly.

Horseshoe Theory of Physics



exploratory 
synthesis

closed form 
theory

Horses and Pygs

The advantage of synthesis over 
closed form theory is that instead 
of just dreaming about how things 
might be….

Pygmalion by Jean-Baptiste Regnault, 1786



exploratory 
synthesis

closed form 
theory

We actually can have our 
manipulations and ideas 
become physical reality.  

Depiction of Ovid's narrative by Jean Raoux.

Horses and Pygs



And then grow actual substances

We try to project a Hamiltonian onto the periodic table.



For example, for superconductivity.  Depending on type….

Possibly larger DOS
Tuning band filling
Possible fragile magnetism 

Light elements, tight bonding, high phonon frequencies

Tuning band filling

Tuning band w
idth

Local Moments and lanthanide contraction

Fragile moments / heavy Fermions



But the number of potential compounds is huge!!



Even getting rid of noble gasses and most hot elements we have 80 
elements to play with.

But the number of potential compounds is huge!!



Binary compounds: (80!/78!2!) x 3 ~ 104

Ternary compounds: (100!/97!3!) x 8 ~ 106

With quaternary and higher compounds, alloys, dopings, substitutions, etc.
There are millions – tens of millions of inorganic compounds. 

But the number of potential compounds is huge!!



Binary compounds: (80!/78!2!) x 3 ~ 104

Ternary compounds: (100!/97!3!) x 8 ~ 106

The phase space is TOO BIG for blind combinatorials!!   
How do we choose what sample to make?

But the number of potential compounds is huge!!



For my own group, there are three basic motivations for making a growth:
Three ways we narrow the phase space.



Want a specific compound
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Want a specific compound Want a specific ground state
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Want a specific compound Want a specific ground state

Searching for known 
and unknown unknowns

For my own group, there are three basic motivations for making a growth:
Three ways we narrow the phase space.



Want a specific compound Want a specific ground state

Searching for known 
and unknown unknownsThese are overlapping 

motivations and often 
flow into each other.

For my own group, there are three basic motivations for making a growth:
Three ways we narrow the phase space.



Want a 
specific 
compound

We can start with 
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This greatly reduces phase space!  
All possibilities become….

A specific compound



Want a 
specific 
compound

We can start with 

* = (x,  )Want a 
specific 
compound

This greatly reduces phase space!  
All possibilities become….

A specific compound…that often gives birth to new fields



Want a specific compound

RNi2B2C
RMgZn
MgB2
BaFe2As2

Examples



Want a specific compound

RNi2B2C
RMgZn
MgB2
BaFe2As2

Examples

It is worth noting that in 
each of these cases the 
very strong desire to make 
the compound (so that we 
could get on with the 
measurement) led us to 
extend out growth 
techniques and capabilities.



In 1994 two related superconducting 
compounds were discovered:

YPd2B2C:    TC ~ 23 K
LuNi2B2C:   TC ~17 K
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In 1994 two related superconducting 
compounds were discovered:

LuNi2B2C:   TC ~17 K

Want a 
specific 
compound

This is a tricky 
growth.
Refractory compound
It is incongruently 
melting



Want a 
specific 
compound

This is a tricky 
growth.
Refractory compound
It is incongruently 
melting

On the other hand, 
there is a nice 
eutectic in the B-Ni 
binary system….

In 1994 two related superconducting 
compounds were discovered:

LuNi2B2C:   TC ~17 K



This is a tricky 
growth.

With a two step 
growth from 1500 C 
to 1200 C followed 
by a resealing in 
silica and a 1200 C 
decant, we could 
grow substantial 
single crystals.

In 1994 two related superconducting 
compounds were discovered:

LuNi2B2C:   TC ~17 K

Want a 
specific 
compound



We could study LuNi2B2C

H||c

H||a



We could study LuNi2B2C 
and then, with growth under 
control, study the interaction 
between superconductivity and 
local moment magnetism across 
the RNi2B2C series.

H||c

H||a



Want a specific compound Want a specific ground state

Searching for known and unknown
unknownsThis is (or should 

be) a standard 
trajectory for a 
new material.

LuNi2B2C
Supercond. 
and mag. in 
RNi2B2C

surprises



In 1997 we became interested in growing RMgZn
quasicrystals (to study their magnetic properties).   
All prior samples had been poly-grain and poly-phase.

Want a 
specific 
compound



In 1997 we became interested in growing RMgZn
quasicrystals (to study their magnetic properties).   
All prior samples had been poly-grain and poly-phase.

Want a 
specific 
compound

We could access 
exposed liquidus
in R-Mg-Zn 
ternary

Y9Mg34Zn57



In 1997 we became interested in growing RMgZn
quasicrystals (to study their magnetic properties).   
All prior samples had been poly-grain and poly-phase.

Want a 
specific 
compound

Since the growth 
was done out of a 
Mg rich solution 
we had to develop 
a Ta 3-cap crucible 
to hole the melt 
and still allow for 
decanting of the 
liquid (due to 
extreme reactivity of 
Mg with Al203 and 
silica).

We could access 
exposed liquidus
in R-Mg-Zn 
ternary

Y9Mg34Zn57



Solution grown single grain of R9Mg34Zn57 revealing natural growth habit.
With samples like this we were able to clearly determine the intrinsic 

properties of this compounds.



R9Mg34Zn57

RxMg60-3xZn40-2x line

Fisher et al., PRB 59 (1999) 308, and Canfield 
and Fisher, J. Alloys and Comp. 317 (2001) 443

We were able to grow 
for   R = Y, Gd – Er

Given that the system is highly ordered but 
not periodic ….an ideal spin-glass system



Want a specific compound Want a specific ground state

Searching for known and unknown
unknowns

We could use the 
i-RMgZn system 
to ask very sharp 
questions about 
spinglasses

Y9Mg34Zn57 Spinglass and 
R9Mg34Zn57

CEF and 
spinglass



Want a 
specific 
compound

In early 2001 there were rumors that MgB2
may superconduct near 40 K.



At ambient pressure, this is a very inauspicious phase 
diagram.  There is no exposed liquidus line at all.

Want a 
specific 
compound

In early 2001 there were rumors that MgB2
may superconduct near 40 K.



At ambient pressure, this is a very inauspicious phase 
diagram.  There is no exposed liquidus line at all.

We actually tried over 
100 growths with 
various ternary and 
even quaternary 
melts….

Want a 
specific 
compound

In early 2001 there were rumors that MgB2
may superconduct near 40 K.



On the other hand, we found that 
at 950 C, although the B powder 
is no where close to melting, it 
will react with Mg vapor (~1/3 
atm. at 950 C) to form MgB2
within as little as 3 hours.

Ta Can
SiO2 Ampoule

Mg

B



Sometimes you can do a lot with polycrystalline samples….



Want a specific compound Want a specific ground state

Searching for known and unknown
unknowns

MgB2
Modifications 
of MgB2 to 
improve SC
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Phys. Rev. Lett. 92, 217003 (2004)

Although high purity MgB2 has a rather 
low, and rather anisotropic, Hc2(T) curve, 
we discovered how to systematically 
improve it….Dramatically.                               

Tuning of Tc and Hc2 with light 
carbon doping makes MgB2
superior to Nb3Sn (in H-T space).

Mg(B1-xCx)2 studies



At this point MgB2 is becoming an applied 
superconductor.  Its appeal is the fact that 
it can be cooled to 20 K (well below its Tc
and a temperature with a reasonable Hc2) 
with closed cycle refrigerators or He gas.  
This makes is much cheaper to use.  MgB2
wires are now being developed with MRI 
units in mind.

MgB2 zone of use.



Want a 
specific 
compound

In 2008 we wanted to grow pure 
and K-substituted BaFe2As2.



Within 14 hours of reading of superconductivity in K-doped 
BaFe2As2 we had grown sizable single crystals of these 
materials and started studying their physical properties.

Want a 
specific 
compound

In 2008 we wanted to grow pure 
and K-substituted BaFe2As2.



This allowed for clear sense 
that (i) Hc2(T) was not too 
anisotropic and (ii) Hc2(T) was 
going to be BIG even with Tc
less than 30 K.

Want a 
specific 
compound

In 2008 we wanted to grow pure 
and K-substituted BaFe2As2.



Using the NHMFL, we 
could see that Hc2(T) 
data is exceptionally 
promising:  high and 
close to isotropic!!



At 20 K Hc2(T) is 
higher than MgB2 or 
Nb3Sn at ten times 
colder temperatures.



Want a specific ground state

Searching for known 
and unknown unknowns

Often success in          directly feeds into other motivations. 

Want a 
specific 
compound



Want a specific ground state

Searching for known 
and unknown unknowns

Often success in          directly feeds into other motivations. 

Want a 
specific 
compound

For the FeAs-based 
materials let’s 
explore this in a 
little greater detail.



Starting with BaFe2As2, we want to determine 
range and rules of superconductivity.
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range and rules of superconductivity.

Start with BaFe2As2
Explore the 3-d row to extent possible



Start with BaFe2As2
Explore the 3-d row to extent possible
Move down columns to 4-d and 5-d

Want a 
specific 
ground 
state

Starting with BaFe2As2, we want to determine 
range and rules of superconductivity.



INSTEAD OF
Binary compounds: (80!/78!2!) x 3 ~ 104

Ternary compounds: (100!/97!3!) x 8 ~ 106

Now we are talking about less than a dozen substitution series.

This reduces the phase space dramatically.



The results of these substitutional studies helped define the physics of 
the Fe-based superconductors.

x WDS



unknowns?
?? What happens if we try to go further 

up the column?  Does either CaFe2As2
and/or MgFe2As2 exist?



unknowns?
?? What happens if we try to go further 

up the column?  Does either CaFe2As2
and/or MgFe2As2 exist?

BaFe2As2 and SrFe2As2 were known compounds before we 
grew the first single crystals….



CaFe2As2 was discovered as the result of single crystal 
growth. It is the extreme member of the AFe2As2 series.

A concise summary of a dozen 2008 / 
2009 papers on the basic properties:

First order structural / AF transition 
at 170 K at ambient pressure and 
exceptionally pressure sensitive.

unknowns



Clearly there were attempts to get Mg to go into the lattice 
as well, both as substitution and as line compound.

These attempts failed to produce any Mg substitution.

unknowns



Want a specific ground state

Pr heavy Fermion

Let’s look a little more explicitly at how “Want a specific ground state” reduces 
phase space and provides clear guidance and motivation to searches when it is 
used as a first step..



Want to find a Pr-based 
compound that manifests 
a clear heavy Fermion 
ground state.  Given that 
Pr3+ is non-Kramers: Can 
entropy be preserved in 
Pr-based samples to low 
enough temperatures to 
allow for hybridization? 

Want a 
specific 
ground 
state











CEF splitting for Pr 3+ in 
cubic point symmetry

Want to find a Pr-based 
compound that manifests 
a clear heavy Fermion 
ground state.  Given that 
Pr3+ is non-Kramers: Can 
entropy be preserved in 
Pr-based samples to low 
enough temperatures to 
allow for hybridization? 

NOTE: in cubic point 
symmetry the 3 state is 
a non-magnetic doublet 
and can, sometimes, be 
the ground state.

Want a 
specific 
ground 
state



The desired ground state can help constrain the search.
Use data bases aggressively 



When I was doing this Pearson’s Handbook was still actually books.

The desired ground state can help constrain the search.
Use data bases aggressively 



How phase space gets limited:
--Cubic unit cell
--Single R-site
--R-site in cubic point symmetry
--R = Pr
--Then check literature for hints

The desired ground state can help constrain the search. 



One of many pages from Pearson’s Handbook of crystallographic data….

How phase space gets limited:
--Cubic unit cell
--Single R-site
--R-site in cubic point symmetry
--R = Pr
--Then check literature for hints

The desired ground state can help constrain the search. 



PrAg2In matched the 
cascade of requirements:
Cubic unit cell
Cubic point symmetry for Pr
3 CEF groundstate 
Large C/T for T < 300 mK Yatskar et al., PRL 77 (1996) 3637

Kelly et al., PRB 61 (2000) 1831



PrAg2In
Can entropy be preserved in Pr-based samples to low enough 
temperatures to allow for hybridization?
Yes, if done carefully….cubic unit cell, cubic point symmetry.

Can a Pr-based sample go heavy?  
Yes, but it is fundamentally different physics since the heavy 
fermion ground state is evolving from a non-magnetic CEF 
level.  My pet theory is dynamic screening of Jahn-Teller 
distortion as mechanism for entropy transfer….

PrAg2In opened the area of Pr-based heavy fermion research 
and generalized the idea of preservation of entropy as a 
route to heavy fermion ground states.  This system inspired 
several searches for other examples.  



Want a specific ground state

Fragile magnets

A wider “Want a specific ground state” search is associated with the idea of 
fragile magnets.

This, more modern effort, incorporates and employs computational work to 
narrow phase space.



Want more high-Tc superconductors Want a 
specific 
ground 
state



Want more high-Tc superconductors

Cu-based

Fe-based

Want a 
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Cu-based

Fe-based
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Cu-based

Fe-based

Want a 
specific 
ground 
state

Let’s rephrase our desire….We want to find 
transition-metal-based fragile magnets



We can start limiting phase space by focusing on only the more likely 
transition metals.  



We can start limiting phase space by focusing on only the more likely 
transition metals.  We can expand to other later, as possible….



We can start limiting phase space by focusing on only the more likely 
transition metals.  

But even just these four transition metals cover a substantial phase space



We can start limiting phase space by focusing on only the more likely 
transition metals.  

As an example, we can look at just cobalt



-Now the advantage of computerized searches becomes key.
-Make “cuts” on known compounds.

i.e. use Pearson’s Crystallographic software to look for subsets
e.g. tetragonal unit cell, ternary compound, Co-bearing (1158)

This is a big and difficult search.
We propose to devise ways to make it easier.



Phys. R
ev. B

 79, 224518 (2009)

We want something that indicates a degree of fragility of the phase transition.
Computation of pressure effects on a pure compound is 
much easier / reliable than computation of substitution effects.

Grossly, this means we focus on band width more than band filling, 
but even that is a good start. 

Fortunately there is often a correlation between pressure 
sensitivity and response to substitution.

We are using computational efforts to help identify “fragility”.



The search for “fragile magnet superconductors”.
Experimentally:

We will identify promising candidate materials, both through data mining / 
literature search and also through exploration based on experience and 
intuition.
We will use our ability to measure magnetization and electrical transport under 
pressures of up to ~ 1, 2, or 8 GPa to help determine degree of fragility.
We will use chemical substitution to help determine degree of fragility.
Systems that can have their magnetic transitions driven to zero will be studied 
in detail

Computationally:
We will provide benchmark data for computational efforts to use 
to develop methodologies for identification of “fragility”.
Once methodologies are considered to be reliable, we will use 
them to make first cut identifications of candidate materials.
Results from studies of candidate materials will be used to 
refine methodology.



We have 
started 
trying to 
do this.

The search for “fragile magnet superconductors”.
Experimentally:

We will identify promising candidate materials, both through data mining / 
literature search and also through exploration based on experience and 
intuition.
We will use our ability to measure magnetization and electrical transport under 
pressures of up to ~ 1, 2, or 8 GPa to help determine degree of fragility.
We will use chemical substitution to help determine degree of fragility.
Systems that can have their magnetic transitions driven to zero will be studied 
in detail

Computationally:
We will provide benchmark data for computational efforts to use 
to develop methodologies for identification of “fragility”.
Once methodologies are considered to be reliable, we will use 
them to make first cut identifications of candidate materials.
Results from studies of candidate materials will be used to 
refine methodology.



Searching for known and unknown
unknowns

Known:
Run across the series
Study a family 

The third motivation has two parts:  
Searching for known unknowns is something we have seen already.



Studies of rare earth series:  RXnYm

RNi2Ge2

RAgSb2

RAgGe

i-R-Mg-Zn

RNi2B2C

RT2Zn20

RBiPt

RSb2

runs across the series

Such explorations have led to many discoveries associated 
with local and itinerant magnetism and superconductivity

known 
unknowns



BaFe2As2 and SrFe2As2 were known 
compounds ….What about CaFe2As2
and MgFe2As2?

known 
unknowns

?
??

Explorations of a given crystal structure / class



Searching for known and unknown
unknowns

The third motivation has two parts:  
Searching for known unknowns is something we have seen already.

What are searches for unknown unknowns?  
They are directed, but unfocused searches….



Searching for known and unknown
unknowns

Unknown:
Deep peritectic
We find solutions

The third motivation has two parts:  
Searching for known unknowns is something we have seen already.

What are searches for unknown unknowns?  
They are directed, but unfocused searches….

Time for     
two examples:



Deep Peritectic Project
Solution growth is particularly powerful for the growth of single 
crystals of compounds that have very low peritectic decomposition 
temperatures

In many cases, 
such compounds 
have not been 
grown or studied 
in single crystal 
(or even single 
phase) form.

We have been 
growing and 
studying such 
compounds. Each 
one leads us 
where it will. We 
decide whether 
to follow or not.

unknowns



PtSn4

Deep Peritectic Project
Solution growth is particularly powerful for the growth of single 
crystals of compounds that have very low peritectic decomposition 
temperatures

unknowns

PtSn4 is an 
example of such 
a compound.



PtSn4

Pt0.04Sn0.96 60 hr
600 C to 350 C  

Deep Peritectic Project
Solution growth is particularly powerful for the growth of single 
crystals of compounds that have very low peritectic decomposition 
temperatures

unknowns



In 2012 we published an early example 
of what more recently has been called 
“titanic magnetoresistance”.  We found 
PtSn4 forms with remarkable purity and 
manifests quantum oscillations (up to 
high temperatures and in modest fields) 
in almost any property we measured.



More recently, based on its 
enormous field sensitivity, we 
examined the Fermiology of PtSn4
and discovered Dirac node arcs.



unknownsA second example of what comes from searching for 
unknown unknowns…



unknownsWe mastered the use of Zn as a solvent growing the 
RT2Zn20 compounds.  This opened Zn up as a more 
general use solvent. ScZn12 was an attractive target.



unknowns
ScZn12 was an attractive target.

Instead we 
grew this….



We discovered the second known, stable 
binary quasicrystalline material:   i-Sc12Zn88.
We also redefined the Zn-rich side of the 
binary Zn-Sc phase diagram.

unknowns

Sc3Zn97
Decant at 480 C



unknowns

This led directly our discovery or i-RCd QCs.



We find solutions unknowns

In order to grow a material out of 
solution, you need to have a solution 
that you can safely work with.  
Volatile elements are particularly 
hard to work with….
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In order to grow a material out of 
solution, you need to have a solution 
that you can safely work with.  
Volatile elements are particularly 
hard to work with….

Li3N



We find solutions unknowns

In order to grow a material out of 
solution, you need to have a solution 
that you can safely work with.  
Volatile elements are particularly 
hard to work with….

Li3N

Li2(Li1-xFex)N

Nature Comm. 5 (2014) 4333



We find solutions unknowns

In a similar manner we have 
been mastering other transition 
metal – volatile eutectics so as to 
better explore transition metal rich 
ternary and higher melts new or 
poorly explored states



In a similar manner we have 
been mastering other transition 
metal – volatile eutectics so as to 
better explore transition metal rich 
ternary and higher melts new or 
poorly explored states
These are the starting points for 
searches for compounds ranging 
from hard ferromagnets to fragile 
antiferromagnets. 



Want a specific compound Want a specific ground state

unknowns

The search for unknowns 
develops the compounds 
as well as techniques that 
enable and inform the 
searches for specific 
compounds and ground states.



These basic motivations for making a growth feed into each other in 
every possible permutation

Advances in one 
often inspire 
new endeavors 
in another.   

An adequately broad research focus is imperative to allow for such 
a symbiotic interaction between these three modes of research. 



DOE/BES has been the premier funding 
agency to support such long-term, 
broad exploratory synthesis efforts.
This commitment needs to be renewed 
and redoubled if we are to discover the 
materials needed to address humanity’s 
energy and environmental needs.



DOE/BES has been the premier funding 
agency to support such long-term, 
broad exploratory synthesis efforts.
This commitment needs to be renewed 
and redoubled if we are to discover the 
materials needed to address humanity’s 
energy and environmental needs.



Let’s end with conclusions:
The design, discovery and growth of novel materials is the heart and soul of 
New Materials Physics.

Synthesis combined with broad characterization tools and an eclectic interest in 
novel states of matter is the wellspring from which the solutions of humanity’s 
pressing problems will emerge.

Our charge it to refine and utilize this powerful tool as efficiently as possible 
and teach its multifaceted use to as many researchers as possible.
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We need to be both humble and ambitious as we go forward.



Let’s end with conclusions:
The design, discovery and growth of novel materials is the heart and soul of 
New Materials Physics.

Synthesis combined with broad characterization tools and an eclectic interest in 
novel states of matter is the wellspring from which the solution of humanity’s 
pressing problems will emerge.

Our charge it to refine and utilize this powerful tool as efficiently as possible 
and teach its multifaceted use to as many researchers as possible.

We need to be both humble and ambitious as we go forward.

Humble in recognizing that there are many unknown that can only be 
discovered by broad, discovery oriented synthetic programs.

Ambitious in striving to make these discoveries more frequent by taking 
advantage of any and all new experimental, computational and theoretical 
advances.




