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Heavy Fermions in High Magnetic Fields 

Stuart Trugman*, Kevin Bedell, Janez Bonca, Miklos Gulacsi, and Clare Yu (UC Imine) 

Abstract 
This is the final report of a three-year, Laboratory-Directed Research and 
Development (LDRD) project at the Los Alamos National Laboratory (LANL). 
The National High Magnetic Field Laboratory (NHMFL,) has established major 
new facilities at LAW. This project sought to explore some exciting new 
problems in condensed matter physics that could be studied using these 
facilities. We studied the behavior of heavy-fermion compounds in high- 
magnetic fields. The unusual properties of these materials are governed by 
small energy scales arising from strong many-body correlations, demonstrating 
that the fields that can be achieved in the NHMFL can be used to probe these 
correlations. 

1. Background and Research Objectives 

Many of the most interesting and important new materials, including heavy fermion 
compounds and high-temperature superconductors, are composed of strongly interacting 
electrons. Our present understanding of these systems, even at a qualitative level, is primitive. 
The focus of this project was to investigate heavy fermion systems, which are perhaps the most 
interesting and surprising of the known strongly interacting electron systems. Particular 
attention was paid to their high-magnetic field response. 

very important probe of the heavy fermion systems. Magnetic fields can continuously turn off 
some of the strong correlation effects in heavy fermion compounds, cause dramatic 
metamagnetic and insulator to metal transitions, and generally influence the competition 
between ground states. 

This project was motivated by the scientific considerations that magnetic fields are a 

2. Importance to LANL's Science and Technology Base and National R&D Needs 

The NHMFX has established major facilities at LANL,. This project focused theoretical 
activities on problems of strongly comlated materials in high magnetic fields. This is both an 
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important and interesting area of research. Part of the strength of this project was that it built 
on existing strengths in theory and experiment in heavy-fermions and high-temperature 
superconductivity. The magnetic fields available can significantly alter the many-body 
correlations in these materials. This often leads to new physics and new insights into the 
properties of these materials. The theory was used to guide the experiments as well as suggest 
new directions for experiment. 

Institutionally, Los Alamos has several unique capabilities that are combined in an 
interdisciplinary approach. The three main capabilities that this proposal has built on are broad 
and deep expertise in the theory of many-body systems, a strong experimental program in 
heavy fermion systems, and the National High Magnetic Field Laboratory (NHMFL) facilities. 
This project supports LANL core competencies in both nuclear and advanced materials and 
theory, modeling, and high-performance computing. 

3. Scientific Approach and Results to Date 

Heavy-fermion compounds are perhaps the most interesting and diverse of the strongly 
correlated electronic materials. The strong correlations give rise to a number of unusual 
properties. The most prominent of these is the large value of the linear-in-temperature specific 
heat coefficient ’y. This corresponds to a large density of states at the Fermi level or alarge 
effective mass, as large as one thousand times the bare electron mass in some materials. The 
strong interactions in these materials giving rise to these large masses also lead to unusual 
ground states in these materials. These include, among others, unconventional 
superconductors, weak antiferromagnetic (AF) metals, and the small gap “Kondo” insulators. 
The metallic heavy-fermion systems, e.g., CeAl3, are massive Fermi liquids and show no 
ordering down to the lowest temperatures. Some of the materials that become 
superconductors, UPt3, URu2Si2, and UBel3, also show signs of weak antiferromagnetism 
with small magnetic moments on the order of 0.01-0.001 p ~ .  The heavy-fermion compound 
URu2Si2 has an antiferromagnetic transition around 15 .K. Below the superconducting 
transition, there is a coexistence of both phases. Even more surprising are the heavy-fermion 
insulators, e.g., Ce3BiqPt3 and CeNiSn. These are very small gap semiconductors with no 
magnetic ordering. 

The surprising feature of these weak antiferromagnetic and non-magnetic insulators is 
their lack of magnetic ordering with large moments (of the order of p ~ ) .  Elemental rare earths 
and actinides are f-electron materials, many of which have large magnetic moments that order 
in a complex magnetic phase. The lack of large moment antiferromagnetism in these 
compounds may be due to Kondo-like screening of the f-electron moments by the conduction 
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electrons and by hybridization between them. The subtle interplay between the RKKY 
interactions, which tend to magnetically order these materials, and the hybridization with the 
conduction electrons, which suppresses the ordering, gives rise to the variety of phases seen in 
heavy-fermion materials. 

To study these materials, we have introduced model Hamiltonians. The complicated 
band structure of a realistic Hamiltonian for these systems makes it impossible to include the 
many-body effects that are responsible fur the important luw-energy physics of these materials. 
An example of a model Hamiltonian that contains the essential physics is the Anderson lattice 
model. This contains localized electrons hydribizing with conduction electrons with a large on- 
site repulsion for the localized electrons. A simpler model is the Kondo Lattice Hamiltonian 
with the conduction electrons coupled to the local moments by a magnetic exchange coupling. 

We have studied the phase diagram for the Kondo lattice at half filling and zero 
temperature. Some aspects of the phase diagram are known, and some are speculative. We 
know that, at sufficiently large J, increasing the magnetic field will never result in a metal. It 
will, instead, change the ground state from a spin 0 insulator to one of intermediate spin, and 
finally to a ferromagnetic (fully spin polarized) insulator. At sufficiently small J, analytic 
arguments indicate that increasing the magnetic field must drive the system metallic, and that 
increasing it further will result in a ferromagnetic insulator. (This last re-entrant transition 
should occur at fields too large to access experimentally.) 

The S=O phase has specific heat, differential magnetic spin susceptibility, and 
conductivity that are exponentially small in temperature (activated). The residual interaction 
between quasiparticles and quasiholes is attractive and strong enough to form a spin 1 bound 
state, as suggested by the large J calculations. Increasing h will cause a transition to a phase 
with non-activated specif~c heat and differential spin susceptibility, but activated conductivity. 
An even larger magnetic field should create a true metal, before a very large (experimentally 
inaccessible) field results in a ferromagnetic insulator. 

The optical properties of the heavy-fermion insulators are most unusual. From the 
measurements of the optical conductivity on FeSi and Ce3BQPt3 of Z. Fisk (Florida State 
University) and collaborators, we see a loss of spectral weight, at low frequency, as we go 
from the metallic to the insulating phase. From sum rules, we know this weight cannot 
disappear. We have worked to explore the role sum rules play in limiting how spectral weight 
can be shifted in the transition. We studied these sum rules in a magnetic field to see if 
restrictions on the nature of this transition arise due to sum rule constraints. 

The metal insulator transition in the two-dimensional Hubbard model was explored. 
This model is relevant to the high-temperature superconductors since it is an antiferromagnetic 
insulator at half-filling, and it undergoes a metal-insulator transition with doping. We have 
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explored the connection with the one-diniensional Hubbard model results in a magnetic field 
close to half filing. . 
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This report was prepared as an account of work sponsored by an agency of the 
United States Government. Neither the United States Government nor any agency 
thereof, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal liability or responsibility for the accuracy, completeness, or use- 
fulness of any information, apparatus, product, or process disclosed, or represents 
that its use would not infringe privately owned rights. Reference hmin to any spe- 
cific commercial product, process, or service by trade name, trademark, manufac- 
turer, or otherwise docs not necessarily constitute or imply its endorsement, ream- 
mend;rtion, or favoring by the United States Government or any agency thereof. 
The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof. 


