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To set the stage (part 1)To set the stage (part 1)To set the stage (part 1)To set the stage (part 1)…………

Correlated electronic ground states have been one of 
the focuses of Solid State Physics for the past several 
decades.  Such correlations range from Stoner 
enhancements in nearly ferromagnetic Fermi liquids, all 
the way to heavy fermions and quantum criticality.  This 
field, like so many others in condensed mater physics, 
has depended on the development and discovery of 
new compounds to drive it. 

In this talk, we will examine two systems that allow for 
a degree of tuning across parts of this phase space.

RAgGe (part of E. Morosan’s thesis)

RT2Zn20 (part of S. Jia’s thesis)



Want a specific material

Want a specific effect or ground state

Want to explore phase space (chemical / physical)

If you get what you wanted…get to work

When you find something new or unexpected, is it 
interesting?

Once you get to know specific compounds / series well, 
use them as model systems.

Motivations for making a sample:

These motivations can often blur and evolve.  In this 
final lecture let me deconstruct our research 
agendas on two families of materials.

To set the stage (part 2)To set the stage (part 2)To set the stage (part 2)To set the stage (part 2)…………



Motivations

(i) Play around in physical phase space

(ii) Explore new and rich structure class

(iii)   Create and use model systems

RT2Zn20 (R = Rare Earth) 
(T = late transition metal)



Dilute, rare earth bearing, Dilute, rare earth bearing, Dilute, rare earth bearing, Dilute, rare earth bearing, intermetallicintermetallicintermetallicintermetallic
compounds.compounds.compounds.compounds.

I wanted to see if I could find interesting physics in intermetallics with very 

dilute rare earths that are still fully occupying a unique crystallographic site.  
(To some extent this points toward large unit cells.)

This offers the possibility of studying local moment as well as hybridizing R 
closer to the single ion limit, but while still preserving periodicity.  

It also provides a rationalization for exploring some new chemical and 
structural spaces.

I made a very comprehensive  list of R-bearing, large unit cell 
compounds and started sorting through it.
(For experts, start at the end of one of the Pearson indexes and work backwards….)



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.

We have expanded 
this phase space to 
include T = Os, Ir, Pt 
(and also some Mn
substitution); over 70 
compounds have 
been made.

RT2Zn20



Large spheres: R Medium spheres: 
TM    Small spheres: Zn

The RT2Zn20 series offer the opportunity to study dilute, rare earth 
intermetallic compounds:  compounds that are less than 5 atomic 
percent R, but are fully ordered.

--Cubic unit cells, a ~ 14 Å
(cF184---Z = 8)

--Single unique 
crystallographic R site 
with cubic point symmetry

--R – R distance ~6 Å

--All nearest neighbors for 
R and for T are Zn

RT2Zn20 Unit Cell



Sample Basics:

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

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 divided by the 
dilution of 1/23.  

So what is the noise about?



GdFe2Zn20 orders 
ferromagnetically at a 
remarkably high 86 K.
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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.
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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



The whole  RFe2Zn20

series has enhanced 
TC values that 
deGennes 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 is very similar to
Pd

YCo2Zn20 is more like Cu.

If this is the case, can we 
think of YFe2Zn20 as being 
close to the Stoner limit 
(like Pd is)?

YFe2Zn20

YCo2Zn20
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The enhanced N(EF) of the YFe2Zn20

helps to put it very close to the 
Stoner limit.  Using magnetization 
and specific heat data the Stoner 
enhancement can be found to be   
Z ~ 0.87.  

n.b. for Pd,  Z ~ 0.83

χ= µ0
2N(EF)/(1-Z)   Z = ½UN(EF)       

γ = π2 kB
2N(EF)/3

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

Z = 1 – (3µ0
2γ/π2kB

2χ)

Stoner enhancement 
of YFe2Zn20

YFe2Zn20

YFe2Zn20



There is a monotonic, but 
non-linear change in both 
gamma and chi as Co/Fe 
ratio is changed.  How does 
this manifest itself in Z, the 
Stoner parameter?

Y(FexCo1-x)2Zn20 can be 
tuned from a polarizability
similar to Cu to one that 
is greater than Pd.



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!!



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.

By increasing the amount of Fe, the electronic system is brought
closer and closer to a ferromagnetic Fermi liquid and the Gd finds 
itself in an increasingly polarizable media and TC increases 
dramatically.



As we examined the RT2Zn20 series in detail we 
checked the Yb-member with special care.  This is 
because Yb-based intermetallics can often show 
Kondo-lattice behavior, with some or all of the 
entropy of the Yb3+ ion being transferred over to 
the electronic channel, leading to a greatly 
enhanced electronic specific heat, γ, and reduced 
moment (or total absence of) magnetic order.

This is standard operating procedure when exploring 
a new R-intermetallic series.  Specific R-members 
are predisposed to certain types of physics:  for Ce
and Yb (Sm and Eu to lesser extents) you should 
always check for Kondo / heavy fermion physics.

WAIT!!!! Don’t leave the series yet!



What about “the other type of correlated 
electron material”?
What happens when you allow R = Yb (or Ce) in RT2Zn20?

--Hybridizing members of the RT2Zn20 series are examples of ordered Kondo 
Lattices that are approaching a single ion impurity concentration level.  

--For R = Fe, Co, Ru, Rh, Os, Ir we have discovered SIX NEW Yb-based heavy 
fermion compounds.  (Formally, doubling the number of such compounds!)

--Given that (i) the 4 nearest neighbors and 8 next nearest neighbors of the Yb
are Zn and (ii) the lattice parameter varies by less than 1% between these six 
compounds, this half dozen new systems allows for comparison of the 
thermodynamic and transport properties between very closely related heavy 
fermion compounds.

---M. S. Torikachvili, S. Jia, E. D Mun, S. T. Hannahs, R. C. Black, W. K. Neils, Dinesh Martien, S. L.

Bud'ko, P. C. Canfield cond-mat/0608422 In press PNAS



These six compounds manifest classical 
heavy fermion behavior in ρ, χ and Cp

data.  For T = Fe, Ru, Rh, Os, Ir the χ
and γ data, as well as the Wilson ratio 
are very similar.  On the other hand, 
although the gross ρ data is similar the 
low temperature, AT2 term is very 
different.

---M. S. Torikachvili et al. cond-mat/0608422   In press PNAS



We can plot the data for our six new YbT2Zn20 heavy fermions on a Kadowaki-
Woods plot with some other Yb-based systems.  We see that for T = Fe, Ru, 
Rh, Os, Ir there is a vertical spread that implies a significant difference in the 
Yb ion degeneracy for T ~ TK.  E.g. for T = Fe, Ru have higher TK / T∆CEF ratios.

---M. S. Torikachvili et al. cond-mat/0608422   In press PNAS

By choosing T we 
can tune the 
degeneracy, N, of 
the Kondo 
screened state.



Tuning magnetism in RT2Zn20 materials

The RT2Zn20 system offers a highly tunable system for the 
study of the interaction between correlated electrons and local,
as well as hybridizing, moments.

--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.

--The remarkably high ferromagnetic ordering of RFe2Zn20 can be understood within 
this framework.

--These series offer the possibility to tune N(EF) and also, by substitution or dilution 
the R – R distance over an unprecedented range.

--By choosing R = Yb we have found a half dozen new Yb-based heavy fermions 
which have degeneracies ranging between N= 4 to N = 8.

--By studying (Lu1-xYbx)Fe2Zn20 and (Lu1-xYbx)Co2Zn20 we are starting to examine 
the effects of extremely dilute Yb in a nearly ferromagnetic Fermi liquid .



RAgGe (R = Tb – Lu)

Motivations

(i) Play around in chemical phase space

(ii) Look for specific physics

(iii)   Create and use model system



Relatively low eutectic

No binary second 
phases to cause 
problems 

Looks promising for 
seeing what sorts of    
R-Ag-Ge compounds 
can be grown

Sometimes Eutectics are compelling:  
they offer easy access to liquid.



RAgGe - structure

Hexagonal P-62m, R in orthorhombic point symmetry

R

Ag

Ge



We studied the basic electronic and magnetic properties, 
mapping transition temperatures as well as anisotropies.

RAgGe (R = Tb – Lu)



Rough dG scaling

Good local 
moment behavior 
for R = Tb – Tm.
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We returned to this series when we wanted to study 
highly anisotropic, local moment metamagnetism
compounds with hexagonal unit cells.

•“Thermodynamic and transport properties of RAgGe (R = Tb – Lu) single crystals ”,  
E. Morosan et al.,

• “Angular dependent planar metamagnetism in the hexa gonal compounds TbPtIn 
and TmAgGe”, E. Morosan et al.,



TmAgGe metamagnetism

TmAgGe – extremely anisotropic, 
planar metamagnetism

The three Tm in orthorhombic 
point symmetry act as three 
Ising-like moments, rotated 60°
(120°) with respect to each other
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From these data we could infer the net distribution 
of moments for each metamagnetic state.  This 
study extended our formalism to (i) hexagonal unit 
cell symmetry (ii) multiple R-sites with lower 
symmetry.



YbAgGe – basic properties

Θave ≈ -30 K

Deviations from CW law in 
χave below ~ 20 K

Moments are more in plane 
than along c, but not highly 
anisotropic like TmAgGe

Remember to check the Yb-member for Kondo physics…. 



YbAgGe – basic properties

TM ≈ 0.65K, 1K



YbAgGe – basic properties

γ ≈ 150 mJ/mol K2  from 10K-20K range extrapolation. More realistic 
estimate: 150 mJ/mol K2 ≤ γ ≤ 1J/mol K2

(i) YbAgGe is new Yb-based HF (or close to being HF)

(ii) LRO below 1K, probably small moment ordering

⇒⇒⇒⇒ good candidate  for suppression of TN to QCP



Doniach’s phase diagram and QCP

S.Doniach (1977)

M.Continentino (1989) and many 
others before and mostly after…

P: Ce

P: Yb

TK ∝ EF exp(-1/|J|N(EF))

TRKKY ∝ J2[N(EF)]

Usually pressure or substitution



Entropy has to be removed.

For local moment regime (even small moment) entropy is 
removed via ordering (antiferromagnetic in this case).

For Fermi liquid regime entropy is removed via heavy 
electron state (γTK)

When TN drops toward 0 K we anticipate a region of phase 
space in with fluctuations can lead to interesting 
temperature dependencies of thermodynamic as well as 
transport properties.

As a gross analogy, think of a mouse trapped in a small, 
shrinking box….It races about in a crazy panic… It It It It 

fluctuatesfluctuatesfluctuatesfluctuates.  At the critical field (or pressure or doping) the 
system does not order and does not yet enter the Fermi 
liquid regime, but it still needs to remove entropy….It It It It 
resorts to fluctuations.resorts to fluctuations.resorts to fluctuations.resorts to fluctuations.



QCP – experimental examples (P, x, H)

Grosche et al., JPCM 13 
(2001) 2845

(Similar results for CeIn3)

pressure

Gegenwart et al., PRL 89 
(2002) 056402.

YbRh2Si2

applied field



QCP – experimental examples

Are P, x, H “equivalent”? Is there any single, 
“universal” picture?

More, “clean” examples needed! 

Tune by

substitution ⇒ disorder
pressure: discontinuity, difficult
magnetic field: continuous, more 

measurements are accessible.



YbAgGe – resistivity in applied field

Let us look in more detail



YbAgGe - ρ(T,H): shift of magnetic transitions in 
applied field
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YbAgGe – phase diagram

Note:  below 
~0.6 K 
neutron 
diffraction has 
determined a 
1/3, 0, 1/3 
magnetic 
ordering  
wave vector

Björn Fåk, Desmond 
McMorrow, et al.

JPCM 17 (2005) 301



YbAgGe - ρ(T,H): Fermi-liquid vs. non-Fermi-
liquid

High fields:   
ρ = ρ0 + AT2: 
FL - like

Intermediate fields: 
ρ = ρ0 + BT: NFL
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YbAgGe – heat capacity in applied field

H = 80 kOe: Cmagn/T ∝ -ln T for over a 
decade in temperature

Also: scaling of the 
specific heat:

[C(H)-C(H=0)] vs. H/Tβ, 
β = 1.15

(observed in a number of 
materials with NFL 
properties)Cmagn/T = γ’0 ln(T0/T): γ’0 ≈ 144 mJ/mol K2; T0 ≈ 41 K
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YbAgGe – phase diagrams

2 gram single crystal for 
scattering from Yuri Janssen

(i) Tuning via simple and clean knob – H (not P or x)

(ii) Only second stoichiometric Yb- compound to show this

(iii) Like YbRh2Si2 the H-T phase diagram appears intriguing, 
BUT higher T and H scales

(iv) Unlike YbRh2Si2 the crystals can be BIG



YbAgGe: low temperature magnetotransport

H||a

If we are really interested in QCP we need T < 0.4 K



YbAgGe: low temperature magnetotransport
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YbAgGe appears to be a readily accessible example of FI-QCP material, 
apparently revealing a non-Fermi liquid region even at T = 0 K.
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Neutron scattering results as of 5/06 had 
identified and mapped magnetic order for two 
lower field / temperature phases.  In the past 
month runs at ILL have found the wave vector of 
the highest temperature / field phase that defines 
the outer envelope that ultimately generates the 
QCP we have been examining. This means that 
we now know where to look for the fluctuations 
that should arising due to the quantum criticality.



Experimentally the YbAgGe
system allows us to watch as 
the system progresses from 
one known limit: a Fermi liquid 
(strongly correlated electron 
system), to another know limit: 
antiferromagnetic order.  We 
can do this a zero temperature 
by changing an easy to control 
thermodynamic variable:  
applied magnetic field.  The 
phase diagram that we have 
found challenges current 
theory, specifically the 
existence of a clear and wide 
non-Fermi liquid region.   0 20 40 60 80 100 120 140 160 180
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Tuning magnetism in YbAgGe



The original motivations for studying the RAgGe and 
RT2Zn20 series were curiosity about R-Ag-Ge ternaries 
and desire to study large unit cell, rare earth 
intermetallics.  In both cases, through a series of basic 
studies, analysis and thought we found model systems 
that help us study how magnetism and correlated 
electron systems can be tuned.

Such discoveries are the result of a flexible, new 
materials research program that is at the heart of 
basic research in condensed matter physics.



If the material I cover is of interest to you 
please consider coming to Iowa State University 
for graduate school or as a Post-doc.

Contact me at 
“canfield@ameslab.gov”
remind me that you 
were at this school and 
I will try to help with 
the application.  We 
have many foreign 
students and visitors 
and are delighted to 
teach more about this 
vital topic.



For whole lecture series there is no real summary, just 
gestalt feelings about what works for us…

The design, growth and discovery of novel materials is a 
powerful tool to use in the study of condensed matter 
physics.

In our experience it works best when 

(i) Growth and measurements are tightly coupled

(ii) The reasons for growing a material are allowed to 
blend and merge into each other.

(iii)  You have fun mucking about with Mother Nature’s 
secrets.



That’s All Folks


