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Bad metal behavior in Mott systems 

 



Crystal Structure and phase transition���
q    NiS forms in the hexagonal NiAs 
Structure. Ni atoms are in the octahedra of S 
atoms. 
 
q    It undergoes a first order phase transition 
between antiferromagnetic to  paramagnetic 
state at 263K.         

                                        Sparks et al, JAP 34,1191(1963) 
 

q    At the transition temperature (Tt), 
hexagonal lattice parameters ‘a’ and ‘c’ 
increase in going from high to low 
temperature phase.  

                                    Trahan et al PRB,2,2859(1970) 

v   All the Ni atoms are ferro-magnetically coupled within the ab    
     plane and antiferromagnetically coupled along the c axis. 
v  In the low temperature phase magnetic moment/Ni=1.45 µB 

                                Coey et al, PRL,32,1257(1974) 
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Curious aspects: (i) Transport 
ρ(T) = ρ0  
         
       + A T 
 
       + B T2 Bad 

Very 
bad! 



 
q  Above Tt, Hall coefficient 

decreases by a factor of ~40.  
q  Type of the majority carriers 

changes in going from high to low 
temp phase. 

Resistivity and (ii) Hall Coefficient���
q  Below Tt  resistivity of the order of  

~ 10-3 Ω-cm. But above Tt  resistivity 
of the order of ~ 10-5 Ω-cm.  

q  Resistivity is found to be nearly 
constant over a wide temperature 
range, 4-263 K.  

Ohtani et al, JPSJ,701(1974) 

v  Resistivity of ~ 10-3 Ω-cm implies a very bad metal, if at all! (Insulator?!) 
v   If it is an insulator, it has a gap much smaller than about 4 K! (Metal?!) 
v   Carrier concentration drops by a factor of 40 in the LT phase! (Insulator?!) 
v   Sizable amount of carriers (~1020-1021/cm3) are present in the low temperature 
phase. (Metal?!) 
v   But extrapolation to stoichiometric composition has been used to suggest 
vanishingly small carrier concentration. (Insulator?!) 
v   Carrier changes sign from negative in the HT to positive in the LT phase. (?!) 
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(iii) Optical Conductivity���

Ø  Low temperature phase is a carrier 
      doped semiconductor with an 

energy gap ~0.2 eV 

Ø   System is a semimetal, that has low 
carrier concentration and a strong 
reduction in DOS around EF (a pseudo 
gap). 

v   Spectral weight below ~0.3 eV is 
strongly depleted with an “onset” of  
σ(ω) at ~0.15 eV. 

v   Below the onset, there exist a small 
rise in σ(ω).  
v   This Drude like component indicates 
that there are sizable amount of free 
carriers. 
                            Okamura et al, SSC,112,91(1999) 



(iv) Photoemission���









Looks exactly like Ag! 
 
Sizable spectral 
weight by thermal 
excitation at least up 
to ~40 meV above EF. 

Metal 
But with a reduced spectral weight 



With so much of experimental data available, 
the system is over-determined! 

Theoretical Scenario���

q  Anisimov et al. reported a metallic solution employing 
LSDA+U calculation by means of the LMTO method.                       
     Anisimov et al, PRB 44, 943 (1991) 

 
q  Usuda et al reported an antiferromagnetic insulating 
ground state with an energy gap ~0.1 eV for UNi 3d = 2.85 
eV using FPLAPW calculation in the LSDA+U approach. 

  Usuda et al, J. Phys Soc. Jap. 69, 744 (1999) 
 



Phase Diagram of NiS���

q   For U<1 eV, every calculation converged to a non-magnetic solution. 
q   For U≥1 eV, antiferromagnetic state is always the ground state. 
q   For 1 eV≤U<3.2 eV, AFM state is metallic. For U≥3.2 eV, AFM state is 
insulating and band gap changes linearly with increasing the value of U. 
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Phase Diagram���

N
on

m
ag

ne
tic

 M
et

al
 

A
FM

 M
et

al
 

A
FM

 In
su

la
to

r 

Self-doped 
and  

compensated  

H
ig

h 
te

m
pe

ra
tu

re
 p

ha
se

 

L
ow

 te
m

pe
ra

tu
re

 p
ha

se
 



Experimental Optical Conductivity���

Ø  Low temperature phase is a carrier 
      doped semiconductor with an 

energy gap ~0.2 eV 

Ø   System is a semimetal, that has low 
carrier concentration and a strong 
reduction in DOS around EF (a pseudo 
gap). 

v   Spectral weight below ~0.3 eV is 
strongly depleted with an “onset” of  
σ(ω) at ~0.15 eV. 

v   Below the onset, there exist a small 
rise in σ(ω).  
v   This Drude like component indicates 
that there are sizable amount of free 
carriers. 
                            Okamura et al, SSC,112,91(1999) How do we understand the  

gap-like feature  
in the optical conductivity? 



Band dispersion of NiS in the antiferromagnetic insulating regime plotted along 
various high symmetry directions computed within (a) scGW, (b) scGW0, and (c) 
LSDA+U (with U = 4.5 eV) methods. The figure shows that the essential qualitative 
parts of the electronic band dispersions remain identical, irrespective of the 
calculation method used, indicating NiS to be an indirect gap insulator. 



Band dispersion for AFM NiS obtained by (a) scGW and (b) scGW0, where the band gap is made 
infinitesimally small by vertically shifting the band dispersions of all unoccupied states down, a 
procedure often termed as "the scissors operator". (c) Band dispersion computed within LSDA+U 
method with U = 3.15 eV which gives an infinitesimally small band gap. Arrow in each panel 
indicates the optical gap where in each case it is much larger than the experimental gap of 0.2 eV. 

0.5 eV 0.4 eV 0.5 eV 

But the experimental gap-like structure is 0.2 eV. A direct 

gap of 0.2 eV in this material requires an indirect overlap 

of bands, making the system metallic and yet with an 

optical gap along with a Drude-like peak at the low energy! 
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Band Dispersion and Fermi Surface���

Ø   Two hole pockets at A point and 
     electron pocket at K point. 
 
Ø  Carrier Concentration of both the 
     type can be calculated from the 
     volume of this two pockets. 

S. Panda et al. 2013 



S. Panda et al. 2013 



Resistivity 



S. Panda et al. 2013 



DOS and Photoemission Intensity���

v  Calculated DOS at the Fermi-level in the AFM phase= 1.66×1022 states/Cm3-eV and in the 
     non-magnetic phase is 4.21×1022 states/Cm3-eV.  
v   Decrease in DOS at Fermi-level is consistent with experiment. S. Panda et al. 2013 



Phase Diagram���
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S. Panda et al. 2013 



Within the constrained self-consistent, random-phase 
approximation, we calculate: 

•  U = 1.8 eV for the high temperature metallic phase. 

•  U = 3.7 eV for the low temperature antiferromagnetic 
phase, 
suggesting a change of about 1.9 eV between the two 
phases. 

Why should U be so different  
between the NMM and AFM states? 



Concluding Remarks���

The low temperature phase of the hexagonal NiS is a self-
doped, nearly compensated, relatively low density 
antiferromagnetic metal. 
 
 



Invitation 
#1: To get a First-principle description of the low-

temperature phase of NiS: U-values, energy 
agreement (cf. contraction), other quantitative 
details, such as the change in the spectral weight 
across the phase transition.  

#2: Explanation of the highly resistive state, T-
independence of the resistivity and a proper 
description of the phase transition. 

LDA+DMFT by Panda et al.  
New J. Phys. 16, 093049 (2014). 
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Magnetism in NiS 



Thank  you for your attention 


