
Physics 590B Spring 2014

MWF 1:10 – 2:00 This will be a Pass / Fail course with grading based

Room: Physics 39 on in class questions as well as a final, oral exam.

Weekly Schedule

Jan. 13, 15, 17:  Introduction and overview or “why is this needed?”  (Canfield)

Jan. 22, 24: Measuring Temperature (Prozorov)

Jan. 27, 29, 31: Cryogens (Bud’ko), Phase diagrams and growth of materials (Canfield)

Feb. 3, 5, 7:  Calorimetry and scanning thermal measurements (McCallum)

Feb. 10, 12, 14: Specific heat and dilatometry measurements (Bud’ko)

Feb. 17, 19, 21: He3 and dilution refrigerator (Mun), d.c. magnetization (Prozorov)

Feb. 24, 26, 28: a.c. magnetization, magneto-optical (Prozorov), magnetic measurements at extremes (Cho)Feb. 24, 26, 28: a.c. magnetization, magneto-optical (Prozorov), magnetic measurements at extremes (Cho)

Mar. 3, 5, 7:  Low pressures, vacuum generation and gauging (Kaminski)

Mar. 10, 12, 14:  Generation of electric and magnetic fields (Kaminski, Bud’ko, Mun)

SPRING BREAK MARCH 17 – MARCH 21

Mar. 24, 26, 28:  High pressure generation and use for measurement and growth. (Bud’ko and Taufour)

Mar. 31, Apr. 2, 4: Neutron and X-ray generation and use (Kreyssig, Goldman, Jesche)

Apr. 7, 9, 11: Neutron and X-ray measurement (Kreyssig, Goldman, Jesche) E-beam measurements (Kramer)

Apr. 14, 16, 18: Advanced E-beam use (Kramer), Electric and thermal transport (Tanatar)

Apr. 21, 23, 25:  Electric and thermal transport (Tanatar)

Apr. 28, 30, May 2: Electric and thermal transport (Tanatar), Prepare for Oral exam.

FINAL EXAM WEEK MAY 5 – MAY 9:  Oral Exams.



Next Semester:

ARPES

NMR

Mossbauer

Band Structure

Optical Spectroscopy

Etc.

Etc.

Class material posted on our home page:
http://cmp.physics.iastate.edu/canfield/index.html
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So we know how to produce nice single crystalline samples….

Think---Make---Measure---Think

LOTS OF THEM

The question now becomes, “How do we extract / infer information about their 

Think---Make---Measure---Think

The question now becomes, “How do we extract / infer information about their 
physical ground state?  How do changes in temperature, magnetic field, 
pressure, etc. affect their state?”

Think---Make---Measure---Think

This becomes a bit like detective work….What can we deduce (guess in an 
educated way) from basic measurements?

Think---Make---Measure---Think



What can we 
say about 
this lovely 
sample?

We have 
M(T,H), ρ(T) 
and Cp(T) 
data to work 
with.with.



What can we 
say about 
this lovely 
sample?

We have 
M(T,H), ρ(T) 
and Cp(T) 
data to work 
with.with.



Even before we make 
measurements with 
fancy equipment we 
can make some guesses 
about sample from 
picture.  From image, 
clear plate-like form 
and elongated rectangle 
rather than square in rather than square in 
shape.  We could guess 
that this is an 
orthorhombic material, 
and in this case we 
would be right.

NdVSb3



Resistivity data:

Metallic.

Mild anisotropy.

Crystals with medium 
defect levels (might need 
improvement depends on improvement depends on 
physics of interest).

Clear phase transition 
around 5 K.

Given that is has Nd, loss 
of spin disorder scattering 
likely cause.



Specific heat data:

Clear phase transition 
around 5 K.

Entropy change is large, 
implying R-moment 
ordering. ordering. 

Entropy change is much 
less that that associated 
with J = 9/2 (~2.3 R) 
therefore significant CEF 
splitting (expect magnetic 
anisotropy for T > 14 K 
maybe even up to room 
temperature).



Susceptibility data:

Clear local moment 
behavior.

Good Curie Weiss behavior 
for T > 40 K in 
polycrystalline average.  polycrystalline average.  
Effective moment 
consistent with Nd3+

Very strong anisotropy 
(Ising-like) with moment 
along a-axis.

Clear antiferromagnetic 
type phase transition 
around 5 K.



2 K Magnetization data:

Clear metamagnetism for 
field along CEF easy axis.  
Near Ising like moment.

Given Nd3+ saturated 
moment is gJ = 3.27, it is moment is gJ = 3.27, it is 
likely that there will not be 
any further field induced 
transitions.

Anticipate that M(H) will 
sharpen for T < 2 K. 



NdVSb3 is a 
good metal 
with a single, 
AF phase 
transition near 
5 K.  It has 
Ising-like 
moments at moments at 
low-T and has 
at least two 
MM phase 
transitions, 
offering H-T 
phase 
diagram if 
wanted.



GdFe2Zn20What about each of these data sets?  
What are they telling us?

I want you to recognize these images 
like you would pictures of your family or 
friends.  Each has distinct feature and 
each tells you a lot, even at a glance.



and how to use them for the identification of basic phase transitions and 
ground states such as:

In these lectures we will review basic types measurements:

Resistivity, ρ
Specific heat, Cp
Magnetization, M, and magnetic susceptibility, χ.

ground states such as:

Antiferromagnetic
Ferromagentic
Superconductor
Metal-to-Insulator
Charge Density Wave
Meta-magnetic

We will use contemporary compounds and review published data.



We can look at this in two simple ways:

σ = ne2τ/m ρ = 1/σ

In this case we can make inferences about n and / or τ

Another, slightly more sophisticated formula is the Kubo formula:

σ = (1/4π3)(e2/3ħ)∫ΛdSF  (which is basically an integral of the electronic
mean free path, Λ, over the Fermi surface)

Resistivity / Resistance

∆V

I
I

R = ∆V/I

R = ρl/A

Care in measuring ∆V, I, l 
and A is, of course, needed 

l

NOTE:  the measured electrical resistivity will contain an impurity scattering 
term, ρ0 which appears additively.  This is often associated with chemical 
impurities as well as a variety of structural defects, but simply is associated 
with disorder scattering.



For a simple metal the resistivity 
can often be modeled by:

ρ = f(T) + ρ0 and

Where f(T) ~ AT2 at lowest T

and f(T) ~ BT at intermediate T

ρ0 is the manifestation of the finite 
nature of Λ.

Resistivity / Resistance

The residual resistivity ratio, RRR, 
is a measure of how defect free 
(or defected) a metallic sample is.

RRR = ρ(high T) / ρ(low T)

Often RRR = ρ(300 K)/ρ(2 K)

NOTE:  RRR is also R(HT)/R(LT) 
since factors of l/A cancel out.

High RRR means low ρ0.



If the defect density of a compound can 
be controlled then ρ0 can be systematically changed, leading to a 
constant off-set in resistivity curves.  This can be done by 
judicious annealing of the sample (in some cases).

Resistivity / Resistance

Superconductivity 
is easy to spot in 
ρ(T)  data since it 
manifests as a 
sudden drop in ρ
to zero.



Resistivity measurements can be 
used to learn about the 
superconducting state, for 
example in MgB2.

ρ(T,H) data can be used to 
delineate the superconducting / 

Resistivity / Resistance

delineate the superconducting / 
normal phase boundary:  Hc2(T).  

It is important to clearly state 
the criterion or criteria used to 
determine a transition point.  In 
this case we illustrated the effect 
of using an onset, mid-point, and 
off-set criterion.



ρ0 decreases with increased order.  
Structurally this means less defects.  
The conduction electrons can also 
couple to localized magnetic 
moments, such as on rare earths.  

Effects of local moments, 
ordered as well as disordered.

When the moments 

Resistivity / Resistance

When the moments 
change from disordered 
(paramagnetic) to 
ordered (ferromagnetic, 
antiferromagnetic, or 
more complex order) 
there is a decrease in 
scattering.  This is called 
a loss of spin-disorder 
scattering.



Loss of spin disorder scattering can be seen in high RRR samples as well as in 
low RRR samples, but it does get harder and harder to see as ρ0 increases 
(RRR approaches unity).

Resistivity / Resistance



Multiple transitions can be easily detected and identified:  In this case we 
have a rare example of TN ~ 10 K with the loss of spin disorder scattering, 
followed at lower temperatures by Tc ~ 6K and a total loss of resistivity.

Resistivity / Resistance



Resistivity is also very sensitive to changes in the Fermi Surface:

This can be seen in CDW (and SDW) transitions, where nested parts of 
the Fermi surface become gapped below TCDW.  This leads to an decrease 
in σ due to a decrease SF.  For a partial gapping of the F.S. the sample 
remains metallic and ultimately returns to ρ(T) with positive slope.

Resistivity / Resistance

Kubo formula:   σ = (1/4π3)(e2/3ħ)∫ΛdSF



If the Fermi surface is fully gapped, SF goes to zero, then the 
resistivity becomes infinite. 

Another way of thinking of this is that the number of carriers, n, goes 
to zero: σ= ne2τ/m ρ = 1/σ

This is a metal-to-insulator transition and is seen in some CDW / SDW 
systems as well as several 3-d transition metal oxide systems.

Resistivity / Resistance

Kubo formula:   σ = (1/4π3)(e2/3ħ)∫ΛdSF



In a non-magnetic sample, specific heat can 
provide information about the electronic and 
vibrational excitations modulo kBT. 

At low temperatures the specific heat of a 
metal can be modeled as

Cp = γT + βT3

Specific heat

Cp = γT + βT

A plot of C/T versus T2 allows for the clean 
separation of γ and β.

In simple models γ is proportional to N(EF) or, 
alternately, the electron mass, and β is 
proportional to the Debye temperature and 
the characteristic frequency of lattice 
vibrations.



Specific heat can also be used to locate 
and characterize phase transitions.  As 
seen earlier, we can suppress Tc with an 
applied field, so the Cp feature can be 
more clearly seen via comparison to the 
non-superconducting (in high applied 
magnetic field) compound.

Specific heat H = 0 T

H = 14 T

H = 0 T

Local moment ordering can be 
seen even more clearly (larger 
entropy).  Shown here are a 
series of transitions in 
antiferromagnetic DyAgGe.

H = 14 T



Specific heat is intimately related to entropy

∫(Cp/T)dT = S

The means that we can determine the 
entropy change associated with a transition.  
For magnetic systems we need to use the 
magnetic Cp.  We often do this by subtracting 
off the Cp(T) data from a non-magnetic 
analogue (e.g. LuAgGe from TmAgGe). For these local moment 

systems S ~ R lnD    

Specific heat

analogue (e.g. LuAgGe from TmAgGe).
systems S ~ R lnD    
(D = degeneracy)



Given the Hund’s rule, groundstate multiplet J we would expect   
R*ln(2J + 1) entropy associated with the magnetic state.  This is 
what we find for Gd:  (S = 7/2, L = 0 and J = 7/2) ∆S ~ R ln(8).  
For other rare earths the spin-orbit coupling give rise to crystalline 
electric field (CEF) splitting.  

e.g.:  Ce (J =5/2) in cubic point symmetry ∆

Specific heat

∆∆∆∆ = 18 KThis can be seen in the Cp
as a Schottky anomaly.  
This is clearly shown at the 
right in PrAgSb2.  This is 
modeled as a two level 
system.



γ = (π2/3)*kB2 *N(EF) = kB2 *(mkF/3ħ2)

Specific heat

The electronic specific heat can be used as a measure of the 
electron effective mass, based on the free electron result of 

Heavy Fermions are 
compounds with 
exceptionally high exceptionally high 
values of γ for T < TK, 
the Kondo temperature.

Strictly speaking, they are 
defined as compounds with    
γ > 400 mJ/mol-K2, about 400 
times the value of γ for Cu.  
Large γ means large electron 
mass, ergo, heavy fermion.



Magnetic susceptibility

For µBH / kBT << 1 the magnetization of a paramagnetic, local moment 
system is linear in H.  For such low H, χ = M(T) / H.

Note:  gross energy scales:  (1T)*(1µB) ~ (kB)*(1 K)

Data taken on 
paramagnetic 
TmNi2B2C (for TmNi2B2C (for 
T > 2 K)



Curie Weiss Law:  The temperature dependence of the magnetic 
susceptibility in the paramagnetic state is given by:

χ= [C/(T - θ)] + χ0

C = Npeff2µB
2/3kB

Magnetic susceptibility

Note:  Gd is isotropic since L = 0 
means no CEF splitting.

χ0 = roughly temperature independent term that 
is the sum of core diamagnetism, Pauli 
paramagnetism and Landau diamagnetism

means no CEF splitting.



Ce

Pr

Nd

Magnetic susceptibility
The 4f-shell is ideal for tuning magnetism.  By controlling S, L, J as 
well as point symmetry (CEF) we can get a wide variety of magnetic 
properties: µeff, µsat and anisotropy.

Lu

Sm

Pm

Nd

Er

Ho

Dy
Tb

Gd

Eu

Yb

Tm

Ashcroft / Mermin Solid State Physics



Kittel, Introduction to Solid State physics 4th edition

Magnetic susceptibility



Magnetic susceptibility

For R with finite L (i.e not Gd3+ or Eu2+) there will be 
CEF splitting that can give rise to significant 
anisotropy.  The degree of anisotropy will depend on 
the R as well as the point symmetry it is in.

This anisotropy can be clearly seen in χ-1 as well as χ plots.



Even with extreme anisotropy, the polycrystalline average of the 
susceptibility (or a measurement on a distribution of randomly 
oriented grains) will give a linear H/M versus T down to close to TN.



Magnetic susceptibility

In addition allowing for evaluation of peff
and θ the magnetic susceptibility can be 
used to determine the antiferromagnetic 
ordering temperature, TN.  Although it is 
tempting to simply take the temperature of 
the maximum χ value, this only gives a 
rough estimate.  Near TN, d(χT)/dT has the 
same temperature dependence as Cp, so same temperature dependence as Cp, so 
the temperature of the maximum in 
d(χT)/dT is considered a more reliable 
criterion for determination of TN.



dρ/dT can also show similar temperature dependencies near TN, but only for a 
limited number of transitions.  In general though, dρ/dT can be used as a 
criterion for TN or TC, but this will depend on the noise level of the data.

A detour back to resistivity for a moment

M. E. Fisher, J. S. Langer, Philos. Mag., 7 (1962) 1731.



3.0

 

The transition to the ferromagnetic 
state is conspicuous, but the actual 
TC value is hard to extract from the 
M(T) data.  (It can actually be much 
clearer in the Cp(T) or ρ(T) data.)

One way of estimating T from 

Magnetic susceptibility

Ferromagnetic transitions GdFe2Zn20
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One way of estimating TC from 
magnetization data is to plot M(H) 
isotherms as an “Arrot Plot”:  M2 vs. 
H/M.  The data linearly go through 
the origin when T ~ TC.

Grossly this is similar to seeing 
when a spontaneous magnetization 
appears in low field.



Magnetic susceptibility

Using susceptibility, detailed 
information about R-series can be 
determined.  These information, 
combined with resistivity and 
specific heat data can often provide 
enough insight for choosing 
samples for specific purposes (Ising 
spin-glass, metamagnetism, etc.).



We have now seen how ρ(T), Cp(T), and χ(T) can be used to determine 
magnetic ordering temperatures (as well as many other useful parameters).

GdCo2Zn2
0

What about multiple transitions?



HoNi2B2C has a cascade of magnetic 
transitions (AF) between 6 and 5 K.  
They are clear in both Cp and χ data.

Multiple transition temperatures

HoNi2B2C

HoNi2B2C

P. C. Canfield et al. / Physica C  (1994),  230(3-4),  397-406  AND

HoNi2B2C



Multiple transitions in temperature and field

TbNi2Ge2 has 
two clear two clear 

transitions in 
zero (low) field



Multiple transitions in 
temperature and field

When a magnetic field is 
applied along the c-axis for 
T<TN there are a cascade of 
meta-magnetic (field 
stabilized) phase transitions.



Multiple transitions in temperature and field

M(H) and M(T) data can be used to construct a H-T phase 
diagram that delineates regions of differing magnetic order.

M(H)

M(T)



CeSb can be grown in 
exquisite purity from Sn 
flux.  At first glance ρ and 
χ data seem to be a bit 
noisy at low T….

Multiple transitions in 
temperature and field

CeSb

Actually CeSb has a formidable number of 
phase transition in zero and applied field 
and excellent (Sn flux grown) crystals 
allow us to examine them in detail.



Both χ and ρ
data reveal a 
multitude of 
transitions.

CeSb



These multiple transition 
appear in finite field as well.

Multiple transitions in 
temperature and field

CeSb



Multiple transitions in 
temperature and field

CeSb

M(H), M(T), ρ(H) and ρ(T) data can 
be used to assemble an H-T phase 
diagram of fantastic detail.  This diagram of fantastic detail.  This 
system was studied extensively in 
the 70’s and 80’s by several neutron 
scattering groups as well as serving 
as the inspiration for the ANNNI 
model.  The precise origin of this 

complexity is still an open question.



H-T phase diagrams are useful 
for mapping out the electronic 
/ magnetic phases. PM

FM

AFM

Phase diagrams can involve more 
than applied field and temperature 
(or composition and temperature).

SC normal



Angular dependent effects

Recall that we found TbNi2Ge2 to be 
quite anisotropic, but the magnetic 
ordering helps to obscure just how 
anisotropic the local moments really 
are.

By diluting Tb into the non-magnetic By diluting Tb into the non-magnetic 
LuNi2Ge2 we can see just how 
anisotropic the low T magnetization is 
in the paramagnetic state.  The local 
Tb moments are extremely axial and 
their longitudinal magnetization is 
simply their projection along the field 
direction:  M(θ) = M0cos(θ).  This 
makes TbNi2Ge2 a model, Ising 
system, i.e. the moment is either spin 
up or spin down along the Ising axis.

T = 2 K



Angular dependent effects

Hc ~ 1/cos(θ) (There is a critical field 
along the c-axis that must be exceeded.)

Msat ~ cos(θ) (The longitudinal moment is 
just the projection of easy axis moment 
along field direction.)



Angular dependent effects

HoNi2B2C manifests a more 
interesting anisotropy.  It is 
tetragonal and has Ho in a 
tetragonal point symmetry.  At low 
temperatures the local moment is 
confined to the basal plane.  

Until recently there was a Until recently there was a 
prejudice that if the local moment 
was not Ising in nature, then it 
would be x-y, meaning that there 
would be no anisotropy in the 
easy plane….We found a very 
different situation:  a 4-state clock 
system:  the moments only point 
N, S, E, W; or up, down, right, 
left; or along the four (110) 
directions.



Angular dependent effects

The T < TN M(H) data show clear, in-plane
anisotropies with three metamagnetic 
transitions that vary with θ.

The highest field 
transition appears 
to diverge as H 
approaches the 
(111) direction



Angular dependent effects

All three critical fields show compellingly 
simple angular dependencies. 



Angular dependent effects



Angular dependent effects:  H – θ phase diagrams

These angular dependencies can be easily captured by assuming 
that each state consists of a net distribution of highly anisotropic 
moments along the four, in-plane easy axes.  



Angular dependent effects:  H – θ phase diagrams

So, with simple thermodynamic measurements we have 
extracted everything except wave vector.  This is a fantastic 
amount of information without any diffraction measurements.



Now let’s see how we can apply this knowledge to well defined research 
projects:

We have now seen what can be inferred from basic types measurements:

Resistivity, ρ
Specific heat, Cp
Magnetization, M, and magnetic susceptibility, χ.

projects:

First, disorder and Kondo systems

Second, simple superconductor

Third, antiferromagnetism and ferromagnetism

Finally to current FeAs based research.  



If the defect density of a compound can 
be controlled then ρ0 can be systematically changed, leading to a 
constant off-set in resistivity curves.  This can be done by 
judicious annealing of the sample (in some cases).

Resistivity / Resistance

Superconductivity 
is easy to spot in 
ρ(T)  data since it 
manifests as a 
sudden drop in ρ
to zero.



YbNi2B2C – model Yb-based heavy fermion

γ=530 mJ/mol K2

T ,T << T <<  T

Create, Identify and Use Model Systems

(Member of the RNi2B2C (R = Gd – Lu, Y) series)

Yatskar et al., PRB  54 (1996) 3772

TN,Tc << TK     <<  T∆CEF 

0.03 K << 10 K << 100 K

This separation of 
energy scales 
makes YbNi2B2C 
a model heavy 
fermion system!

(How can we use 
it then?)



For decades it has been appreciated (anecdotally) 
that the transport properties of heavy fermion 
compounds can be very sensitive to very small 
disorder.

As part of a study of non-local effects in the 
superconducting members of the RNi2B2C series we found superconducting members of the RNi2B2C series we found 
that judicious annealing can reduce an already low level of 
defects, leading to a reduction of residual resistivity for    
R = Y, Gd – Tm, Lu.

All of this allowed us to systematically study the 
effects of small, controllable disorder on the 
properties of the heavy fermion state.  



YbNi2B2C clearly shows the sensitivity of transport properties (and 
relative stability of thermodynamic properties) common to many 
heavy fermion compounds, but for YbNi2B2C we can control it      
and understand it!

Miao et al., J. Alloys and Comp. 338 (2002) 13;  Avila et al., PRB 66 (2002) 132504;  Avila et al., PRB 69 (2004) 205107



Now let’s see how we can apply this knowledge to well defined research 
projects:

We have now seen what can be inferred from basic types measurements:

Resistivity, ρ
Specific heat, Cp
Magnetization, M, and magnetic susceptibility, χ.

projects:

First, disorder and Kondo systems

Second, simple superconductor

Third, antiferromagnetism and ferromagnetism

Finally to current FeAs based research.  



Two further points about MgB2:

1)  For a given phase transition (in this case 
superconducting), some measurements are more 
sensitive than others.sensitive than others.

2)  If you have only polycrystalline samples, how do you 
measure or infer the beloved anisotropic properties?



Remember for MgB2 there were signatures 

of Tc in M(T), ρ(T), Cp(T) data sets….

Some measurements are 

better than others for 

detecting Tc though….



For MgB2 ~ 750 K

For Mg ~ 320 K

For Si ~ 625 K

For Diamond ~1860 K

From Cp(T) data we learn:

θD

For Diamond ~1860 K

(high ωD for MgB2)

γ ~ 2.5 ± 0.75 mJ/mole-K2

(small γ means small N(EF))

But we should not forget 

the triangles….



From Cp(T) data we learn:

…that the signature of a low gamma, 
high Tc superconductor is very small 
and easily missed.

As it was missed in 1957!!



Remember for MgB2 we 
devised a method for making 
high purity polycrystalline 
samples via Mg vapor diffusion 
into B.

Ta Can

SiO
2
 Ampoule

Mg

B

MgB2



Dense MgB2 Wires
Mg

B fibers

Boron comes in many form.  MgB2 can be 

made as sintered pellets, thin films and…

MgB2 from boron filament
Canfield et al., PRL 86 (2001) 2423

MgB2 grains illuminate under 

polarized light. 



We realized you can  
infer anisotropic Hc2

BUT WHAT ABOUT MEASURING ANISOTROPIC PROPERTIES????

infer anisotropic Hc2
from polycrystalline 
M(H,T) data.

This seemed too good 
to be true!

Always test with know 
materials first.



Test case:  LuNi2B2C. Filled 
symbols inferred from anisotropic 
measurements of R(T) on a single 
crystal and open symbols inferred 
from M(T,H) data on powder single 
crystal.



Then we measured data 
for MgB2 polycrystalline 
samples.  There is 
significant anisotropy.

Next week let’s discuss the 
implications of this anisotropy in a 
little more detail.



Now let’s see how we can apply this knowledge to well defined research 
projects:

We have now seen what can be inferred from basic types measurements:

Resistivity, ρ
Specific heat, Cp
Magnetization, M, and magnetic susceptibility, χ.

projects:

First, disorder and Kondo systems

Second, simple superconductor

Third, antiferromagnetism and ferromagnetism

Finally to current FeAs based research.  



We now return to the RT2Zn20 compounds

Remember I wanted to study dilute, rare earth bearing compounds.



The RT2Zn20, (T = Fe, Co, Ni, Ru & Rh) family was discovered by           T. 
Nasch, et al. Z, Naturforsch. 52b 1023(1997). 

There were virtually no physical characterization measurements made 
on its members, probably due to (i) issues of purity in polycrystalline form 
and (ii) a prejudice that the transition temperatures would be very low, if 
detectable.  E.g. we have also grown isostructural GdTi2Al20 and 
GdV2Al20 samples for which TN ~ 2.5 K.

RT2Zn20

We have expanded 
this phase space to 
include T = Os, Ir, Pt 
(and also some Mn 
substitution); over 100 
compounds have 
been made.



The RT2Zn20 series offer the opportunity to study dilute, rare earth 
bearing, intermetallic compounds:  compounds that are less than 5 

atomic percent R, but are fully ordered.

m34
� R: one site with     

symmetry
� The coordination polyhedra for 

R and T are  fully Zn
� No R-R, T-T or R-T neighbors

Large spheres: R Medium spheres: T

Small spheres: Zn

RT2Zn20 Unit Cell

� a~14 Å, ~200 atoms per 
one cell

� At.% of R ~ 4.3%,         
R-R ~6 Å, 

Polyhedra of R



Sample Basics:

� Crystals grown from Zn self-flux 
� Large single crystals with clear 111 facets
� Lattice constants follow lanthanide contraction

14.10
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RFe Zn

YFe2Zn20 single crystal

R=Y Gd Tb Dy Ho Er Tm Yb Lu
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GdCo2Zn20 orders 

antiferromagnetically just 

below 6 K and is not far 

removed from the ~ 3 K 

ordering temperatures of the 

GdT2Al20 compounds.
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This compound behaves more or 
less the way one would guess, 
low temperature ordering that is 
close to the ordering temperature 
of elemental Gd times the dilution 
of 1/23.  

So what is the noise about?



GdFe2Zn20 orders 

ferromagnetically at a 

remarkably high 86 K.

8
GdFe Zn T=1.85K
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This is a very high 
temperature for a 
compound with 1 local 
moment bearing Gd 
out of 23 atoms per 
formula unit.



5

10

15

20

25

30

35

40

GdFe
2
Zn

20

 GdCo
2
Zn

20

H
/M

 (
m

o
l/
e
m

u
)

Both GdCo2Zn20 and 
GdFe2Zn20 manifest 
high temperature, 
effective moments 
consistent with Gd+3
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And, as seen already, both have 
low temperature, saturated 
moments close to 7 µB

So, in both cases, we only 
have Gd bearing a moment.



R= Gd is not special:  The 
whole  RFe2Zn20 series has 
enhanced TC values that   
de Gennes scale well.
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The question is, “Why 
does the RFe2Zn20 series 
manifest such high 
ordering temperatures?”
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Let’s remove 
the local moment 
magnetism and look 

at a “simpler” system

In terms of magnetic 
susceptibility

YFe2Zn20

YCo2Zn20
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YCo2Zn20 is more like Cu.

Can we think of 
YFe2Zn20 as being 
close to the Stoner 
limit (like Pd is)? 0 200 400 600 800

0.2

0.4

0.6

0.8

Pd

χ
 (

e
m

u
*1

0
-5
/g

)

T (K)

Pd



0 100 200 300
0.0

2.0x10
-3

4.0x10
-3

6.0x10
-3

 

χχ χχ
 (

e
m

u
/m

o
l 
o

e
)

T (K)

χ= µ02N(EF)/(1-Z)   Z = ½UN(EF)       

γ = π2 kB2N(EF)/3

Using experimental values of low 
temperature χ and γ we can 
determine the value of Z

Stoner enhancement 
of YFe2Zn20

YFe2Zn20

(In very simple models)

Using magnetization and specific 
heat data, the Stoner enhancement 
of YFe2Zn20 can be found to be      
Z ~ 0.87.  (Similar results are found 
for LuFe2Zn20.)

n.b. for Pd,  Z ~ 0.83

Z = 1 – (3µ0
2γ/π2kB2χ)
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Y(FexCo1-x)2Zn20 can be 
tuned from a polarizability 
similar to Cu to one that 
is greater than Pd.

150

There is a monotonic, but 
non-linear change in both  
γ and χ as Co/Fe ratio is 
changed.  How does this 
manifest itself in Z, the 
Stoner parameter?0 10 20 30 40

0

50

100

150

x=0.75 0.50. 0

0.88

1.00

Y(Fe
x
Co

1-x
)

2
Zn

20

 

C
p
/T

 (
m

J
/m

o
l 
K

2
)

T
2
 (K

2
)



3

4

5

6

20

30

40

50

60

0.4

0.6

0.8

1.0

χχ χχ
0  (e

m
u

/m
o

l 1
0γγ γγ  
(m

J
/m

o
l 
K

2
)

Z

Y(FexCo1-x)2Zn20

Z can be calculated from Y(Co1-xFex)2Zn20 thermodynamic data 
(must account for the core diamagnetism).  We can tune the 
material right up to the edge of the Stoner limit!!
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Given the significant differences between the 
thermodynamic properties of RFe2Zn20 and RCo2Zn20

Can the shift from Fe to Co change 
N(EF) enough to explain this?



Density of states indicates that there is a significant 
difference between RFe2Zn20 and RCo2Zn20 for        
R = Y, Lu, and Gd.       (R = Lu data shown below.)

N(EF) 
drops 
sharply as 
Co is 

Qualitatively 
this is the 
same non-Co is 

added and 
then 
enters a 
broad 
valley.   

same non-
linear 
behavior 
seen in γ, χ, 
and Z.



By placing Gd (large S, 
local moment) into such 
a highly polarizable 
medium, GdFe2Zn20
attains a very large TC.

As the system is moved 
away from the Stoner 
criterion by Co doping 
TC drops rapidly.



TC for Gd(Co1-xFex)2Zn20 qualitatively follows       
χ0 and γ data from Y(Co1-xFex)2Zn20 host.
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By tuning this system via substitution on the T-site, the 
conduction electrons are brought closer and closer to a 
ferromagnetic Fermi liquid and the Gd finds itself in an 
increasingly polarizable media and TC increases dramatically.
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The phase space can be expanded to 4d and 5d 
transition metal members.
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� TC for Fe and Ru are 
enhanced.  

� The Co column members 
show AFM ground state with 
TN less than 7 K.

This Variation of the magnetic ordering is 
related with the conduction electron 
background (YT2Zn20).
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For YT2Zn20, Fe and Ru 
members have larger γ
and χ; the rest are 
‘normal metals’ with Pauli 
paramagnetism or Core 
diamagnetism
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YRu2Zn20: Z=0.67
When the conduction electrons 
from the T site varies from 3d to 
4d and 5d, the polarizability 
deceases and therefore TC of Gd 
compounds decrease.



Fixing N(EF) , but varying  
the R-R distance:
GdxY1-xFe2Zn20
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� Although losing the 
periodicity of local 
moments, the system still 
keeps FM ground state.

� TC~ 2 K for x=0.02 (0.1 
at.% of Gd)
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RTRTRTRT2222ZnZnZnZn20202020:  R = local moment, tuning with T:  R = local moment, tuning with T:  R = local moment, tuning with T:  R = local moment, tuning with T

We have discovered a system that allows us to tune 

the conduction electrons to the edge of a Stoner 

instability while maintaining an ordered, dilute, local 

moment lattice.

--YT2Zn20 can be tuned to the edge of the Stoner limit 

for T = Fe and Ru.for T = Fe and Ru.

--The remarkably high ferromagnetic ordering of 

GdFe2Zn20 is associate with this high polarizability.

--These series offer the possibility to tune N(EF) and 

the R – R distance over an unprecedented range.

These results were published in Nature Physics and a series of large 
(20 pg) PRB articles in ~ 2007 – 2009 as part of S. Jia’s thesis work.



Now let’s see how we can apply this knowledge to well defined research 
projects:

We have now seen what can be inferred from basic types measurements:

Resistivity, ρ
Specific heat, Cp
Magnetization, M, and magnetic susceptibility, χ.

projects:

First, disorder and Kondo systems

Second, simple superconductor

Third, antiferromagnetism and ferromagnetism

Finally to current FeAs based research.



FeAs-based

FeAs-based

Fe-based superconductors: In 2008 a second wide class of 
high Tc superconductors were found.  They do not (yet?) have 
such high Tc values, but they offer some very promising properties 
and as well as insight, through “compare and contrast” with the 
CuO-based materials.



LaFeAsO

Between February and May of 2008 two related classes of 
FeAs based compounds were found to superconduct.

These compounds 
have Tc values that 
span from ~ 30 K 
to over 55 K; they 
appear to be part 
of a diverse and 
varied set of FeAs 

BaFe2As2

varied set of FeAs 
based materials 
and show early 
promise of being 
“user friendly” in 
terms of their 
superconductivity.

Similar to the CuO-based materials, for these compounds a layer of Fe 
sandwiched between As (or Se) appears to be the key structural ingredient.



NdFeAs(O1-xFx) single crystals

Although the RFeAsO compounds have the highest Tc values, they 
are very hard to make (in any form).  The control of both O and F 
stoichiometry is vital and difficult.  Small single crystals can be extracted 
from pellets made at high pressures and temperatures.  The images 
below are from first summer, currently crystals as large as ~ 1 mm can be 
extracted.



Fortunately, crystals of BaFe2As2 were readily available, 
first grown out of Sn and then out of FeAs.  

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.



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.



If jc can be made 
large enough, these 
will become practical 
superconductors.



With Sn growth we opened the AFe2As2 compound up for 
study.  The samples are well formed, but a bit small.



The substitution of K for Ba or Sr in the 
AFe2As2 materials is difficult, due to a 
combination of vapor pressure and 
reactivity, and can lead to compositional 
inhomogeneities.  This is a problem for 
crystal grown from Sn as well as those 

In addition, substitution can 
never be taken for granted.  What you 
put in is not necessarily what comes out.

crystal grown from Sn as well as those 
grown from FeAs.

NOTE:  from 
elemental 
analysis K 
values vary 
from plane 
to plane    
40% with 
7% std dev.



Important discovery!!! 
Co-doping can be 
used to stabilize Tc!!



Doping of BaFe2As2 (or SrFe2As2) on the Fe site with transition metals 
(TM) is important for two basically different reasons:  (i) very different from 
CuO-based superconductors, (ii) offered easier and more homogeneous doping 
than K- or other alkali-doping.



For Co-doped BaFe2As2 there was a clear suppression of the signature 
of the combined structural / magnetic phase transition with Co addition.  On 
the other hand, this was not a trivial transition and as it was suppressed it 
seemed to either broaden or split…..



Using thermodynamic and transport data we could assemble a T-x 
phase diagram that clearly showed (i) superconducting dome existing in both 
ortho/AF and tetragonal phases and (ii) a splitting (or broadening) of the x = 0 
simultaneous orthorhombic and antiferromagnetic phase transition.  These 
results are very robust and have been reproduced by several groups.

To clarify point (ii) microscopic data was needed….

Ortho. / 
Antiferro.

superconducting

tetragonal



Neutron and X-ray scattering 
clarified the question of splitting versus 
broadening.  There is a clear separation 
between the structural (upper transition) 
and magnetic (lower).  This confirms the 
criterion we used to infer them from our 
bulk measurements.

P
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Extensive neutron and X-
ray scattering 
measurements established 
that both the magnetic 
order and the higher 
temperature, ortho-splitting 
are profoundly effected by, 
and probably compete with, 
the superconducting state.  

R. M. Fernandes et al.

S. Nandi et al.



A clear 
picture 
emerges:
Magnetic 
fluctuations 
are key for SC 
state.  Too far 

Tc correlated 
with suppression 
of Tmag / T struct

For substitution with Co, Ni, 
Cu, Rh, Pd, Tc correlated 
with e.

state.  Too far 
from the 
transition, on 
either side, is 
BAD
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CuO-high Tc

This generic phase diagram is very similar to that found in     
CuO-based high Tc materials.
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By creating this phase diagram, with a combination of growth and 
basic thermodynamic and transport measurements (supported by 
microscopic data), the key physics of the FeAs system was first 
revealed.



Let me end this discussion about what you can do with 
thermodynamic and transport properties with another 
example of how these measurements are also limited 
in some ways….

Let’s start looking at CaFe2As2 a little….



After growing AE = Ba and Sr, we tried to grow a new member of this 
series:  CaFe2As2.  Happily, Nature (mother) accepted this motion as a 
friendly amendment.

CaFe2As2 can be grown out of Sn and the resistivity shows a clear 
signature of a first order phase transition.



Temperature dependent specific heat as well as magnetic susceptibility 
show discontinuous changes at this transition.  



We found dramatic changes in unit cell 
dimensions and narrow co-existence region.

Given that this was an unknown material, we needed to determine the 
nature of this phase transition.  

The transition is clearly structural, 
tetragonal to orthorhombic, but 
what about magnetism?



Strongly coupled, 
first order, 
antiferromagnetic 
and structural and structural 
phase transitions

(010) mag. prop. 
vector with 0.80 µB
along the longer 
orthorhombic       
a-axis



What is this phase????  
What has happened?

With pressure, the orthorhombic / 
antiferromagnetic phase can be 
suppressed, but then….A new phase.



The new phase 
lines are associated with a 
collapsed tetragonal phase.



Knowing what to look for, and 
where, we were able to delineate 
this phase diagram in exquisite 
detail.

We performed further and more 
focused runs, again using a He-
pressure cell for P < 0.7 GPa.

These data had profound 
implications about the effects of 
pressure, especially TRUETRUETRUETRUE

hydrostatic pressure, on CaFe2As2. 



This lecture has reviewed how to map, identify and start to 
describe regions of H-T (and in the end H-θ) phase space with 
three simple measurement techniques:

ρ(T,H,θ),

Cp(T,H,θ),

Summary

M(T,H,θ).

These techniques combined with the ability to design, 
discovery, and grow novel compounds opens the way to 
the discovery and description of novel physics.



More advanced data with basically the same measurements:

Magneto-transport

ρ(H) and Kohler’s rule

Hall efffect

Quantum oscillations

What else can we do?  (part 1)

dHvA measurements in M(H)

SdH measurements in ρ(H)

Other measurements that are basic and useful:

Thermal expansion / magneto-striction

Thermoelectric power

Thermal Conductivity



Extremes that help us learn more by changing energy ratios:

Low T:  down to 1.5 K, down to 0.3 K , down to 0.03 K.  Each gets harder and 
more expensive.

High d.c. magnetic field:  5T, 10 T, 15 T, 20 T.  Each step doubles cost (or 
more)

Pulsed magnetic fields:  30 T, 60 T, 90 T

What else can we do?  (part 2)

Pulsed magnetic fields:  30 T, 60 T, 90 T

Extremes help us learn more by controllably perturbing the sample:

Pressure:  use of hydrostatic pressure to tune compounds is clean and useful.  
10 – 30 kbar is not too hard, 30 – 100 kbar is difficult, and greater than 100 
kbar is very difficult.  Resistivity under pressure is the easiest measurement.  
Low pressure (~ 10 kbar) magnetic susceptibility, χ, is not too hard either.



That’s All Folks





BACKUP SLIDES

CeSb Crystal Growth

FeAs Crystal Growth

FeAs more data



Remember last lecture that CeSb was hard to 
grow from the binary.

This is tricky if done 
just out of the binary:  
very high temperatures 
and lots of defects (due 
to vapor pressure and 
entropy).

Can this be grown 
out of extra 
elements in manner 
similar to growing a 
salt out of water?

This question is the 
essence of flux 
growth.



Ce-Sb



3rd element flux

Sn

eg: CeSb / Sn

In this case we can think of this as a pseudo-binary 
cut through the Ce-Sb-Sn ternary phase diagram.

T

(CeSb)0.05Sn0.95

1100 °C � 800 °C

Ce Sb

(Spin at 800 to avoid 
the CeSn3 2nd phase)

CeSb Sn

T

CeSb



Sn

We will be growing 
CeSb out of vast 
excesses of Sn.  
Depending on group 
we will try between 
3% and 7% CeSb in 
Sn.

Ce Sb



We have now seen several 
other types of phase diagrams.  
Not mapping out liquid and 
solid,

Liquids

Solids

but instead,



BaFe2As2

Fe

BaFe2As2 (as well as Sr- and Ca-variants) can be grown 
out of a FeAs rich melt.  In this case the starting melt is 
based on the binary compound FeAs.  This also keeps the 
vapor pressure down and prevents explosions.  Crystals 
are not so well faceted, but up to multi-grams in mass…..

BaAs



By shifting from one transition metal to another we change the By shifting from one transition metal to another we change the 
solvent and dope with a range of transition metals….

As can be 
seen these 
phase 
diagrams 
are quite 
different in 
detail.
Key detail



We have used 
elemental 
analysis (WDS) 
to determine the 
composition of 
each batch used 
and also 
determined the 
variation within 
a single sample a single sample 
as well as within 
a given batch.

This is vital for 
any quantitative 
statements or 
analysis.



Ni- and Cu-doping suppress the upper transitions in a manner similar to Co.
Whereas Ni stabilizes superconductivity, Cu does not for T > 2 K.                              
To prove that Cu-doping was not poisonous to S.C. we examined a Co/Cu doping.

Examine the effects of TM substitution further: TM = Co, Ni, and Cu



Using resistivity, magnetization, and 
specific heat measurements, and 
adding more samples and series too, 
phase diagrams for 3d-TM doping can 
be assembled and examined.

Ni et al.



Although Cu doping alone 
barely manages to stabilize 
superconductivity, Cu itself is not 
somehow poisonous.  Adding Cu to 
lightly Co-doped BaFe2As2 allows 
for the discovery of similar phase 
diagrams.

Ni et al.



By substituting various TM for Fe in 
BaFe2As2 we change vary a number 
of different, but correlated, 
parameters.  

The two most obvious are the 
number of impurities (x) and the 
change in electron count (e).

We directly measure x for each We directly measure x for each 
sample via WDS and we infer e as 
follows: for Co --- e = x, for Ni ---
e = 2x, for Cu --- e = 3x.

Whereas the upper, structural and 
magnetic phases transitions scale 
better with x, the lower, 
superconducting phase transition 
scales with e, especially on the 
overdoped side of the dome.



These data show that 
suppression of the upper, structural / 
antiferromag transitions is a 
necessary, but not sufficient 
condition for superconductivity.

There is a region of e (bandfilling??) 
that can support superconductivity 
IF the structural / AF transition 
(TS/M) is suppressed sufficiently.  

We can hypothesize that if TS/M is We can hypothesize that if TS/M is 
suppressed sufficiently, then the low 
temperature state is sufficiently 
similar to the tetragonal state that 
the superconductivity can be 
stabilized, even in the ordered state.  
(E.g. reduce the size of distortion 
and / or ordered moment or change 
fluctution spectrum.)

This can explain poorer scaling of Tc
with e on under doped side.



This can be further explored with the 
isoelectronic, 4d-TM doping series.



Using our thermodynamic 
and transport data (as well as the 
experimentally determined x values) 
we can construct T-x and T-e phase 
diagrams.

When we compare the isoelectronic 
Co- and Rh-doped series we find 
identical phase diagrams.

When we compare the isoelectronic When we compare the isoelectronic 
Ni- and Pd-doped series we again 
find identical phase diagrams.

This remarkable similarity between 
the isoelectronic phase diagrams can 
only be appreciated if the actual x is 
determined.  Nominal x-values differ 
from TM to TM’ series.



Although the phase Co- and Rh-doped 
phase diagrams are virtually identical, 
the effects of Co and Rh on the lattice 
parameters are very different.

This implies that changes in lattice 
parameter are not the primary 
variable shifting the transition variable shifting the transition 
temperatures.

As will be show later, effects of 
pressure or isoelectronic substitution 
are much more gradual than what we 
see when we add extra electrons.



We can now examine the Tc dome 
is greater detail.  There is excellent 
scaling of Tc with e on the over 
doped side.  On the under-doped 
side, there is a variation that is 
associated with how far we have 
suppressed the upper transitions.



Plots of Tc(Ts) and Tc(Tm) clearly reveal the 
correlation between Tc and the 
suppression of these higher temperature 
transition.  This is again indicating that 
there is a competition between these 
states

If we normalize the suppression of the 
upper transitions we see that all of the   
Tc curves collapse onto a single manifold.


