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Metallic ferromagnetism from kinetic-energy gain: The case of EuB6
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~Received 26 May 1998!

A recently proposed band model to describe metallic ferromagnetism predicts a lowering of the carrier’s
effective mass upon spin polarization, leading to a gain in kinetic energy. The effect arises from a reduction in
bond-charge Coulomb repulsion when spin polarization develops. Recent optical experiments in EuB6 show
clear evidence for this effect. Related manifestations of this physics are large negative magnetoresistance,
anomalously large decrease in resistivity as the temperature is lowered, and positive pressure dependence of
Tc , also seen in EuB6 . We explore parameters in the model that can give rise to these effects of the magnitude
seen in EuB6 , and suggest that qualitatively similar effects should be seen to varying degrees in all ferromag-
netic metals. In particular, similar effects of large magnitude are seen in La12xSrxMnO3 . Photoemission
experiments should be able to shed light on the validity of different possible explanations for the observed
effects.@S0163-1829~99!06701-6#
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The origin of ferromagnetism in metals remains a cont
versial question. In particular, it is not known whether
single mechanism can describe metallic ferromagnetism
the wide range of manifestations that it exhibits in nature,
example: the ferromagnetic transition metals Fe, Co, and
and their alloys,1 weak metallic ferromagnets such as ZrZ2
and ScIn3,2 colossal magnetoresistance~CMR! manganites
such as La12xSrxMnO3,3 and rare earth hexaborides such
EuB6.4 It would be useful to identify the simplest model th
exhibits the essential physics of the phenomenon in e
situation. For example, it has been argued that orbital deg
eracy is essential to the understanding of ferromagnetism
the transition metals,5 that the electron-lattice interactio
plays an essential role in the CMR manganites,6 that spin
fluctuations explain the weak ferromagnetism of ZrZn2 and
ScIn3,7 and that the RKKY interaction accounts for ferr
magnetism in EuB6.8

Important theoretical progress has been recently achie
by Vollhardt and co-workers,9,10 who in a series of paper
have investigated the conditions favoring itinerant ferrom
netism in a variety of microscopic models. They as well
others11 have provided strong evidence that ferromagnet
is stable in the single band Hubbard model with a prope
tuned density of states, and found also that the Hund’s
coupling between electrons in degenerate atomic orb
provides an effective mechanism for ferromagnetism in
broad range of parameters.10 They conclude that the questio
of which of those mechanisms drives ferromagnetism in
transition metals remains open. More generally, there
been a consensus over the years starting with the wor
Slater and Van Vleck5 that band degeneracy is essential
explain the physics of most if not all ferromagnetic meta

Traditionally, metallic ferromagnetism has been und
stood as a competition between kinetic energy of single p
ticles, favoring the paramagnetic state, and ‘‘exchange
ergy’’ originating in the Coulomb interaction, favoring th
spin-polarized state.12 It is argued that in ferromagnets th
gain in exchange energy overcomes the cost in kinetic
ergy that arises from the Pauli principle that forbids dou
occupancy of low kinetic energy states for parallel spins.
PRB 590163-1829/99/59~1!/436~7!/$15.00
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We have recently proposed an alternative point of vie
in a sense opposite: that in fact metallic ferromagnetism
driven by band broadening, or equivalently an effective m
reduction, that occurs upon spin polarization.13,14 This leads
to a gain~i.e., a decrease!, rather than a cost, in kinetic en
ergy. Certain phenomena in the conventional ferromagn
Fe, Co, and Ni, such as negative magnetoresistance
anomalously large drop in resistivity below the Curie te
perature, may be interpreted as manifestations of this phy
~instead these observations have usually been interprete
arising from a decrease in the scattering rate upon s
polarization15!. The origin of this effect is the bond-charg
Coulomb repulsion, which in a tight binding formulation
described by ‘‘off-diagonal’’ nearest neighbor exchange a
pair hopping matrix elements of the Coulomb interaction16

This interaction is present in all metals and thus could be
driving force for ferromagnetism in all cases. This point
view implies in particular that atomic orbital degeneracy
not an essential ingredient to metallic ferromagnetism.17

The material EuB6 presents a particularly interestin
example.4,8,18–20EuB6 exhibits semimetallic behavior in th
resistivity above the Curie temperatureTc;16 K, and the
resistivity drops very rapidly belowTc . In a magnetic field
the resistivity is sharply lowered both above and bel
Tc.

18,19Optical experiments show a dramatic shift of spect
weight in optical absorption towards low frequency, resu
ing in a large increase in the Drude part of the optical co
ductivity as spin polarization develops.20 Degiorgi and co-
workers have fitted the frequency-dependent conductivity
a Drude form and obtain a temperature-dependent pla
frequency that increases by approximately a factor of 3 u
spin polarization. Furthermore the plasma frequency show
small increase as the temperature is lowered from 300
down to Tc . It is concluded in Ref. 20 that the increase
plasma frequency belowTc indicates an increase in itineran
carrier concentration, a reduction in effective mass, o
combination of both. Here we take the point of view that t
dominant effect is an effective mass shift, although we c
not rule out an accompanying change in carrier concen
tion.
436 ©1999 The American Physical Society
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PRB 59 437METALLIC FERROMAGNETISM FROM KINETIC-ENERGY . . .
The simplest model of magnetism of itinerant electro
the Stoner model,21 cannot describe the above-discuss
physics. In particular it does not describeany variation in
properties due to magnetism aboveTc , and has to be supple
mented with other ingredients, e.g., inclusion of magne
short range order aboveTc , to describe that regime.22 The
model discussed here is a natural extension of the St
model to include basic interactions that occur in nature.
addition to providing a better description of phenomena
scribed by the Stoner model it naturally describes obser
properties that the Stoner model cannot account for.13 We
believe it is a natural starting point for the description
metallic magnetism, and other effects such as electron-la
interactions, spin fluctuations or band degeneracy effe
should only be included after the consequences of this s
plest model have been explored, to explain remaining
crepancies with experiment.

The model of interest arises from writing the Hamiltoni
for electrons in a band in a Wannier representation and ke
ing certain matrix elements of the Coulomb interaction b
tween nearest neighbor sites. The Hamiltonian is

H52t (
^ i j &,s

~cis
† cj s1H.c.!1U(

i
ni↑ni↓

1
J

2 (̂
i j &

F(
s

~cis
† cj s1H.c.!G2

, ~1!

wherecis
† creates an electron in theith local state~atomic

orbital or Wannier state!. U is the on-site repulsion andJ is
the bond-charge repulsion, given by the Coulomb matrix
ement

J5E d3rd3r 8w i* ~r !w j* ~r 8!
e2

ur 2r 8u
w i~r 8!w j~r ! ~2!

with w i , w j Wannier orbitals at neighboring sitesi andj. On
expanding theJ term in Eq.~1! we obtain two types of terms
describing nearest neighbor exchange and pair hopping:

HJ5J (̂
i j &

s,s8

cis
† cj s8

† cis8cj s1J(̂
i j &

~ci↑
† ci↓

† cj↓cj↑1H.c.!.

~3!

The Hamiltonian Eq.~1! will be used as an effective
model to describe the physics of ferromagnetism in EuB6. It
may be asked whether the model is consistent with the e
tronic structure of EuB6 . In particular, whether thef elec-
trons of Eu, which are clearly involved in the magnetism,
also involved in the transport, or whether they should inst
be regarded as localized. In fact, early band structure ca
lations by Longuet-Higgins and Roberts23 completely ne-
glected the rare-earth orbitals in calculating the band st
ture around the Fermi level. However, later band struct
calculations by Hasegawa and Yanase24 found that in fact
there is appreciable hybridization between B-2p and Eu-4f
orbitals, giving an itinerant character to thef bands~see Fig.
1 of Ref. 24!. The Hamiltonian Eq.~1! is proposed as an
effective model to describe these narrow bands of predo
nant 4f character that are close to the Fermi energy.24
,
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Still, the question remains whether the parameterJ in the
Hamiltonian, which involves orbital overlaps between neig
boring sites@Eq. ~2!#, would be sufficiently large in view of
the fact thatf orbitals are well localized. We have not pe
formed a detailed quantitative estimate. However, it sho
be noted that the Wannier orbitals in Eq.~2! should be hy-
bridized orbitals involving Eu-4f and B-2p atomic orbitals,
and thus will have larger overlaps than pure 4f orbitals. Ha-
segawa and Yanase estimate the overlap between B-2p and
Eu-4f orbitals to be as large as 0.68 eV.24 As we will see in
the following, the model Eq.~1! requires parameters of orde
zJ/Tc;25 to describe EuB6, with z the number of neares
neighbors to a site. Withz56 andTc;15 K this yieldsJ
;0.005 eV, which is so small that it is well possible that
could arise from rather localized orbitals of predominan
4 f character.

In the presence of an external vector potentialA, the
phases of the Wannier orbitals giving rise to the tight bind
model are modified as

w i→w iexp~2 ieRi•A/\c!, ~4!

which leads to a modification of the single-particle hoppi
amplitude between sitesi and i 1d

t i ,i 1d5t exp@~2 ieAd /\c!d# ~5!

and of the interactionJ that enters in the pair hopping term i
Eq. ~3!:

Ji ,i 1d5J exp@~22ieAd /\c!d#. ~6!

The paramagnetic~intraband! current operator is obtained b
taking the derivative of the Hamiltonian with respect to t
vector potential and yields

J1d5
ie

\
t(

i ,s
~ci 1d,s

† cis2cis
† ci 1d,s!

2
2ie

\
J (

i ,s,s8
@ci 1d,s

† ci 1d,s8
† cis8cis

2cis
† cis8

† ci 1ds8ci 1ds# ~7!

and one can derive a conductivity sum rule for the opti
conductivity arising from intraband processess1(v), fol-
lowing the same steps as in Maldague’s derivation25 with the
single particle hopping term

E
0

vm
d vs1~v!5

pad
2

2\2
@e2^2Td

t &1~2e!2^2Td
J&# ~8!

with

Td
t 52(

i ,s
@ t~ci 1d,s

† cis1H.c.!#, ~9!

Td
J5J(

i ,s8
~ci 1d,s

† ci 1ds8
† cis8cis1H.c.!, ~10!

the kinetic energies arising from single particle and pair h
ping processes. When spin polarization develops the co
bution of pair hopping processes to the kinetic energy
creases, the second term in Eq.~8! becomes smaller in
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438 PRB 59J. E. HIRSCH
magnitude and the total spectral weight from intraband p
cesses increases as given by Eq.~8! due to the decrease
kinetic energy.

A mean field treatment of the interactions in this Ham
tonian leads to the following form for the quasipartic
energies:13

es~e!5@122 j ~ I ↑1I ↓!22 j 8I 2s#e2sDF k

2
m1hG2m.

~11!

Here,m is the chemical potential,D the bandwidth, and

h5mBH/D, ~12!

with H the applied magnetic field andmB the Bohr magneton
(mB50.57931025 eV/G). The magnetizationm and occu-
pationn per site are given by

n5E
2D/2

D/2

deg~e!$ f @e↑~e!#1 f @e↓~e!#%, ~13a!

m5E
2D/2

D/2

deg~e!$ f @e↑~e!#2 f @e↓~e!#% ~13b!

with f the Fermi function andg(e) the density of states. Th
band narrowing parametersI s are the expectation values o
the bond charge density between nearest neighbor s
given by I s5^cis

† cj s&, or equivalently

I s5E
2D/2

D/2

deg~e!F 2e

D/2G f @es~e!#. ~14!

The free energy per site is given by

F5F01
D

4
km22

D j

2
~ I ↑1I ↓!

22D j 8I ↑I ↓ , ~15a!

F052kBT(
s

E deg~e!ln~11e2es~e!/kBT!1mn.

~15b!

The interaction parameters in Eq.~11! are given in terms of
the parameters in the Hamiltonian Eq.~1! by

k5u1 j , ~16a!

u5U/D, ~16b!

j 5zJ/D, ~16c!

j 85zJ8/D, ~16d!

with z the number of nearest neighbors to a site. Follow
previous work13 we have denoted the interactions arisi
from exchange and pair hopping asJ and J8 to keep their
effect separate, even though they are equal according to
~3!.

The mean field treatment is an approximation, and i
well known that for the Stoner model@Eq. ~1! with J50# it
yields qualitatively incorrect results. However, exact diag
nalization results26 show that the effect ofJ on the tendency
to ferromagnetism, including the regimes of both partial a
full spin polarization, is well described by mean field theo
-

es,

g

q.

s

-

d

@see, e.g., Ref. 26~a! Figs. 8, 10, and 11; Ref. 26~b! Figs. 3
and 4#, including the regime of largeJ. Furthermore the
mean field results for our model concerning the effect ofJ on
ferromagnetism are consistent with exact results by Str
and Vollhardt9 as well as the exact results in Ref. 27. Wh
exact results at finite temperature do not exist, we beli
that the effectiveness of mean field theory in describing b
the onset and the regimes of partial and full spin polarizat
at zero temperature make it plausible that it may also prov
a good description of the development of ferromagnetism
a function of temperature.

On the other hand, comparison of mean field theory w
exact diagonalization26 has shown that it is also defective i
some respects: it greatly overestimates the effect of the
site repulsionU, and it also overestimates the effect of th
pair hopping term, which exact diagonalization shows to
small when the on-site repulsion is large. Nevertheless,
the reasons stated above we believe that thestructureof the
mean field equations~11!–~15! is correct in capturing the
essential physics of the problem. Hence we will regard
mean field equations as the fundamental equations of
theory, with the band-narrowing parametersj and j 8 and the
exchange interactionk as phenomenological parameters,
be determined to fit experimental observations. This will n
necessarily correspond to physically plausible values of
parametersU and J in Eqs. ~16!, ~1!. As mentioned above
the relation Eq.~16! is likely to be inaccurate due to corre
lation effects, and furthermore other interaction parame
not included in the initial Hamiltonian Eq.~1! could further
contribute to the renormalization of the effective interacti
parametersj, j 8, andk.

We consider for simplicity a constant density of stat
g(e) and the particle-hole symmetric case,m50. This cor-
responds ton51, a half-filled band. Figure 1 shows the tem
perature dependence of the effective hopping amplitude r

teff /t5123 j ~ I ↑1I ↓! ~17!

and the corresponding effective mass enhancementm* /m
5t/teff for various values ofj. For the particular case studied
effective masses for majority and minority spins rema
equal to each other when spin polarization develops.
have also assumedj 85 j . As the temperature decreas
aboveTc the bond-charge densityI s increases, leading to a
effective mass enhancement. As the temperature decre
below Tc and spin polarization develops the bond-char
density decreases and the mass enhancement is rapidly
pressed. Note that the model can give rise to large chang
the effective mass versus temperature for appropriate pa
eters. The Drude formula for the optical conductivity

s1~v!5
ne2

m*

t

11v2t2
~18!

(t5relaxation time! implies that large changes in optica
absorption will occur in those cases.

For the case of EuB6 , Degiorgi and co-workers find the
plasma frequency to increase by approximately a factor
2.5 below Tc .20 From vp

2;n/m* this corresponds to ap
proximately the casej 56 in Fig. 1. Degiorgiet al. also
found a small increase in the plasma frequency as the t
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PRB 59 439METALLIC FERROMAGNETISM FROM KINETIC-ENERGY . . .
perature is increased forT.Tc . Our model also yields such
an increase, but of larger magnitude than observed by
giorgi et al.

Figure 2 shows the effective magnetic moment, defin
by

x~T!5
peff

2 ~T!

3~T2Tc!
, ~19!

wherex is the magnetic susceptibility. Note thatpeff is al-
most temperature independent, except for very small va
of j. Measurement of the magnetic susceptibility of Eu6
~Ref. 19! shows good agreement with Curie-Weiss behav
over a wide temperature range, which implies a constan
fective moment with temperature. In contrast, the Sto

FIG. 1. Effective hopping amplitude@Eq. ~17!# ~a! and effective
mass enhancement~b! versus temperature, for exchange parame
k51 and various values ofj ~numbers next to the curves!, with
j 85 j . The effective hopping amplitude should be proportional
vp

2 , with vp the plasma frequency.

FIG. 2. Effective moment versus temperature for the parame
used in Fig. 1. The curves forj >2 are indistinguishable from on
another.
e-

d

es

r
f-
r

model would predict an effective moment that increases s
stantially asT approachesTc.

13

The magnetization versus temperature is shown in Fig
Note that the magnetization curves become steeper as
band narrowing parameter increases, that is for parame
that would give rise to larger spectral weight transfer in o
tical properties. We are not aware of measurements of m
netization versus temperature in EuB6 to compare with our
results.

From the Drude formula for the electrical resistivity

r5
m*

ne2t
}

1

teff

1

ne2t
~20!

we conclude that our model will exhibit a decrease in res
tivity as the system develops spin polarization, both a
function of temperature and of applied magnetic field, due
the effective mass reduction. We will assume for simplic
that the relaxation timet is independent of spin polarization
That is, we assume that the dominant scattering mechan
is not spin-disorder scattering as usually assumed, beca
the itinerant carriers are themselves magnetic. The mag
toresistance is then given by

Dr

r
5

r~H !2r~0!

r~0!
53 j

I @T,m~h!#2I @T,m~0!#

123 j I @T,m~h!#
. ~21!

We will not attempt to model the scattering processes t
give rise to the relaxation timet. In fact, the carrier concen
tration n may also have a temperature dependence. Ra
we will take a temperature dependence ofnt such that the
results resemble experimental observations. Assuming a
perature dependencent}T20.75, Fig. 4 shows the resistivity
versus temperature, which yields a small upturn ofr as T
approachesTc and a cusp atTc , as seen experimentally
When a magnetic field is applied the resistivity decrea
smoothly throughTc as seen experimentally.

In the experimental results of Guyet al.,18 the effect of a
magnetic field of 15T resembles the effect we find in Fig.
for h;0.2. If we assume that the effect of the magnetic fie
is due to the coupling with the Eu moment, we should
place Eq.~5! by

h5mEu

H

D
~22!

r

rs

FIG. 3. Magnetization versus temperature for exchange par
eterk51 and the same values ofj as in Fig. 1. Asj increases, the
magnetization curves become steeper.
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440 PRB 59J. E. HIRSCH
with mEu the magnetic moment of the Eu11 atom, approxi-
mately 8 Bohr magnetons. Hence,

h5
8mBH

D
5

0.54H~kG!

Tc~K !

Tc

D
. ~23!

For H515 kG andTc;15 K we have thenh50.54Tc /D.
For the parameters in Fig. 4, our model yieldsTc /D
50.248, henceh50.13. ~Note that Tc /D50.248 and j
5zJ/D56 yieldszJ/Tc;25, consistent with our earlier dis
cussion.! We conclude that the model yields approximate
the correct order of magnitude for the effect of magnetic fi
on the transport properties, without necessitating to invok
large change in the scattering rate with magnetization. S
lar effects of large magnitude should be seen in optical pr
erties when measured in the presence of a magnetic fi
reflecting the change in effective mass with magnetizatio

In Fig. 5 we plot the magnetoresistance predicted by
model. It can be seen that negative magnetoresistance o
for temperatures substantially larger thanTc , which is also
observed experimentally.18 The order of magnitude an
qualitative behavior resemble experimental observation
EuB6.28 It should be emphasized that the negative mag
toresistance in our model arises purely from the effect
mass dependence on spin polarization.

Finally we consider the effect of pressure in this mod
Because the driving force for ferromagnetism is the C
lomb matrix element Eq.~2! that depends on wave functio
overlaps we expect a strong dependence on pressure.

FIG. 4. Resistivity~arbitrary units! versusT/Tc for parameters
k51, j 56 and applied magnetic fieldsh50, 0.1, 0.2, 0.3, 0.4, 0.5
The resistivity decreases monotonically with applied magnetic fi

FIG. 5. Magnetoresistance versus temperature fork51, j 56
and various values of applied magnetic field~numbers next to the
curves!.
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hopping matrix elementt in Eq. ~1! will depend exponen-
tially on interatomic distanceR as

t5t0e2aR ~24!

while the matrix element Eq.~2!, involving two overlaps,
should behave as

J5J0e22aR. ~25!

Thus, for a small change in interatomic distanceDR[ad,
the bandwidth and interactions will change as

D→D~11d!, ~26a!

j→ j ~11d!, ~26b!

u→u~12d!, ~26c!

k→k~12d!12 j d, ~26d!

assuming that the on-site repulsionU is unchanged by inter-
atomic distance changes. The critical temperature in
model within the Sommerfeld expansion is given by13

kBTc5S 3

4p2D 1/2

Dkm0 ~27!

with m0 the zero-temperature magnetization.m0 can increase
or decrease with pressure depending on the paramete13

while Tc will generally increase with pressure unless t
interaction parameterj is very small. In general the mode
predicts a positive pressure derivative of bothTc and m0 ,
with the pressure dependence ofTc being larger than that o
m0 .

The positive dependence ofTc on pressure in our mode
arises from the increase in the magnitude of the parametJ
when the interatomic distance decreases due to incre
wave function overlap. From the agreement of exact dia
nalization and mean field results for the effect ofJ in our
model26 we are confident that mean field theory correc
accounts for this effect even if the parameterJ is not small.
This is in contrast to what occurs in the Stoner model~U
only! which predicts a negative pressure derivative of
critical temperature for anyU, due to the decreasing densi
of states, which is certainly incorrect in the largeU limit

FIG. 6. Dependence of critical temperature on lattice spac
contraction parameterd for k51, j56. Tc0 is the critical tempera-
ture for d50..



ri

tiv

th
o
F

de
in
t.
to
ti
a
c

se
c
v
g

e

ro
e
a

at
s
ge
a

e
fo
u

ec
ri
n
s
a

ria
B
he
ea

ith
o
sis-
en-
s
e-
de-
le to

dif-
ur

e-

the

rved
es

for-
b-
es-

nt
ure
on-
ion
ce
and
icle
lied
not

the
her
etic

rgy
at

ther

rom
tral
as
ivity
ht is
of
t if
et-
er-

n-

PRB 59 441METALLIC FERROMAGNETISM FROM KINETIC-ENERGY . . .
where the superexchange parametert2/U increases with
pressure due to increasing wave function overlap.

For the parameters used in the previous figures to desc
EuB6, Fig. 6 shows the dependence ofTc on interatomic
distance and Fig. 7 the temperature dependence of resis
with and without pressure. Measurements in EuB6 ~Ref. 8!
show a large positive pressure derivative ofTc initially,
which saturates for larger pressures. The difference with
almost linear behavior seen in Fig. 6 could be due to a n
linear dependence of interatomic distance on pressure.
the resistivity, experiments show a substantially larger
crease with pressure than found in Fig. 7 for a correspond
change inTc , which is, however, very sample dependen8

The difference with the results in Fig. 7 could be due
pressure dependence of carrier concentration or relaxa
time, which are not taken into account in the present tre
ment. The possibility that the number of conduction ele
trons in EuB6 increases with increasing pressure is discus
in Ref. 8. It would be of interest to measure the Hall effe
under pressure to be able to differentiate between beha
originating in carrier concentration changes versus chan
in other parameters.

In summary, the model discussed here can qualitativ
account for several of the anomalous properties seen
EuB6. The model was introduced to describe metallic fer
magnetism in general,13 and for most of its parameter rang
these anomalous properties would be of much smaller m
nitude. In this paper we have shown that for appropri
parameters the model can give rise to effective mas
changing by large factors, thus giving rise to very lar
changes in observable properties with temperature and m
netization, as seen in EuB6. However, we argue that th
underlying physics described by this model is the same
all metallic ferromagnets, even when these effects are m
smaller or not even evident: a variation of the carrier eff
tive mass with temperature and with magnetic ordering, a
ing from the ubiquitous bond-charge Coulomb repulsio
The variation is always such that the effective mass increa
as the temperature is lowered in the paramagnetic state,
decreases with onset of spin polarization. In some mate
this physics will be almost invisible, in others such as Eu6
it will show up dramatically. We have shown before that t
model can also describe many of the properties of the w
ferromagnet Sc3In for appropriate parameters.29

FIG. 7. Resistivity versus temperature fork51, j 56 and lattice
contraction parameterd50 and d50.05. Tc0 is the critical tem-
perature ford50.
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It is of interest to contrast the physics of our model w
that of the double exchange model30 that has been used t
describe the manganites exhibiting colossal magnetore
tance. In that model there is also a hopping amplitude
hancement~effective mass reduction! as the system order
magnetically, arising from the Hund’s rule interaction in d
generate orbitals. One key difference is that our model
scribes the physics of a single band, and is thus applicab
both degenerate and nondegenerate orbitals. Another key
ference, from an experimental point of view, is that o
model predicts an effective massdecreaseas the temperature
increases aboveTc , while the double-exchange model pr
dicts effective massenhancement, arising from increasing
spin disorder, leading eventually to a bandwidth collapse.32 It
should be possible experimentally to distinguish between
two behaviors in optical properties aboveTc . For EuB6 , the
qualitative behavior20 is in agreement with our model. While
there are optical experiments belowTc in the manganites31

that show qualitatively similar behavior to EuB6, we are not
aware of optical experiments aboveTc . We will use our
model to describe the manganites in future work.

The model discussed here ascribes the changes obse
in resistivity with magnetization in ferromagnets to chang
in effective mass rather than in scattering rate. Further in
mation concerning the validity of this concept could be o
tained from measurement of optical properties in the pr
ence of a magnetic field. For EuB6 , such experiments are
apparently in progress.33 Other useful information for the
understanding of EuB6 could be obtained from measureme
of the Hall coefficient as function of temperature, press
and magnetic field, to detect possible changes in carrier c
centration. More generally, angle-resolved photoemiss
experiments could yield direct information on the existen
of band broadening effects as function of temperature
magnetization, as predicted by our model; the quasipart
dispersion should exhibit a strong dependence on app
magnetic field or spontaneous magnetization. We are
aware of such experiments for either EuB6 or the mangan-
ites. Such experiments would yield valuable insight on
applicability of the model discussed here as well as of ot
models to the understanding of these and other ferromagn
metals.

The concept of effective mass reduction, or kinetic ene
gain, driving the transition to an ordered electronic state
low temperatures, has recently been discussed in ano
context, that of superconductivity. There, certain models34,35

also predict that the energy gain leading to order arises f
kinetic energy, which also leads to a transfer of spec
weight in optical absorption from high to low frequencies
the ordered state develops. In the case of superconduct
we have suggested where the high-energy spectral weig
coming from;36 the corresponding question in the case
ferromagnetism remains open. It would be of great interes
the two most common examples of collective effects in m
als, superconductivity and ferromagnetism, could be und
stood as having a common physical origin.14

The author is grateful to M. C. Aronson for sharing u
published work.



d

ys

.

,

v.

e

.
.

.

l

.

ate

D.
.

ys.

n-

.

,

442 PRB 59J. E. HIRSCH
1E. P. Wohlfarth, inFerromagnetic Materials, edited by E. P.
Wohlfarth ~North-Holland, Amsterdam, 1980!, Chap. 1.

2B. T. Matthias, A. M. Clogston, H. J. Williams, E. Corenzwit, an
R. C. Sherwood, Phys. Rev. Lett.7, 7 ~1961!; B. T. Matthias and
R. M. Bozorth, Phys. Rev.109, 604~1958!; S. G. Mishra, Mod.
Phys. Lett. B4, 83 ~1990!.

3P. Schiffer, A. P. Ramirez, W. Boo, and S.-W. Cheong, Ph
Rev. Lett.75, 3336~1995!.

4B. T. Matthias, T. H. Geballe, K. Andres, E. Corenzwit, G. W
Hull, and J. P. Maita, Science159, 530 ~1968!; Z. Fisk, D. C.
Johnston, B. Cornut, S. von Molnar, S. Oseroff, and R. Calvo
Appl. Phys.50, 1911~1979!.

5J. C. Slater, Phys. Rev.49, 537 ~1936!; J. H. Van Vleck, Rev.
Mod. Phys.25, 220 ~1953!.

6A. J. Millis, P. B. Littlewood, and B. I. Shraiman, Phys. Re
Lett. 74, 5144~1995!.

7T. Moriya, J. Magn. Magn. Mater.14, 1 ~1979!.
8J. C. Cooley, M. C. Aronson, J. L. Sarrao, and Z. Fisk, Phys. R

B 56, 14 541~1997!.
9D. Vollhardt, N. Blumer, K. Held, M. Kollar, J. Schlipf, M. Ul-

mke, and J. Wahle, Z. Phys. B103, 283~1997!; R. Strack and D.
Vollhardt, J. Low Temp. Phys.99, 385 ~1995!; Phys. Rev. Lett.
72, 3425~1994!; M. Kollar, R. Strack, and D. Vollhardt, Phys
Rev. B 53, 9225 ~1996!; J. Wahle, N. Blumer, J. Schlipf, K
Held, and D. Vollhardt,ibid. 58, 12 749~1998!.

10K. Held and D. Vollhardt, cond-mat/9803182~unpublished!.
11A. Mielke, J. Phys. A24, 3311 ~1991!; H. Tasaki, Phys. Rev

Lett. 75, 4678~1995!; J. Stat. Phys.84, 535 ~1996!; E. Muller-
Hartmann, J. Low Temp. Phys.99, 349 ~1995!.

12C. Herring, in Magnetism, edited by G. T. Rado and H. Suh
~Academic, New York, 1966!, Vol. IV, and references therein.

13J. E. Hirsch, Phys. Rev. B40, 2354~1989!; 40, 9061~1989!; 43,
705 ~1991!.

14J. E. Hirsch, Physica B163, 291 ~1990!.
15P. G. deGennes and J. Friedel, J. Phys. Chem. Solids4, 71

~1958!.
16D. K. Campbell, J. T. Gammel, and E. Y. Loh, Phys. Rev. B38,
.

J.

v.

12 043 ~1988!; 42, 475 ~1990!; S. Kivelson, W. P. Su, J. R
Schrieffer, and A. Heeger, Phys. Rev. Lett.58, 1899~1987!.

17J. E. Hirsch, Phys. Rev. B56, 11 022~1997!.
18C. N. Guy, S. von Molnar, J. Etourneau, and Z. Fisk, Solid St

Commun.33, 1055~1980!.
19S. Sullow, I. Prasad, M. C. Aronson, J. L. Sarrao, Z. Fisk,

Hristova, A. H. Lacerda, M. F. Hundley, A. Vigliante, and D
Gibbs, Phys. Rev. B57, 5860~1998!.

20L. Degiorgi, E. Felder, H. R. Ott, J. L. Sarrao, and Z. Fisk, Ph
Rev. Lett.79, 5134~1997!.

21E. C. Stoner, Proc. R. Soc. London, Ser. A165, 372~1938!; E. P.
Wohlfarth, Philos. Mag.42, 374 ~1951!.

22R. E. Prange and V. Korenman, Phys. Rev. B19, 4698 ~1979!,
and references therein.

23H. C. Longuet-Higgins and M. de V. Roberts, Proc. R. Soc. Lo
don, Ser. A224, 336 ~1954!.

24A. Hasegawa and A. Yanase, J. Phys. Colloq.C5, 377 ~1980!.
25P. F. Maldague, Phys. Rev. B16, 2437~1977!.
26~a! S. Tang and J. E. Hirsch, Phys. Rev. B42, 771 ~1990!; ~b! J.

E. Hirsch, ibid. 43, 705 ~1991!; ~c! J. C. Amadon and J. E
Hirsch, ibid. 54, 6364~1996!.

27J. E. Hirsch, J. Appl. Phys.67, 4549~1990!.
28M. C. Aronson~private communication!.
29J. E. Hirsch, Phys. Rev. B44, 675 ~1991!.
30C. Zener, Phys. Rev.82, 403 ~1951!; P. W. Anderson and H.

Hasegawa,ibid. 100, 675~1955!; P. G. deGennes,ibid. 118, 141
~1960!.

31Y. Okimoto, T. Katsufuji, T. Ishihawa, A. Urushibara, T. Arima
and Y. Tokura, Phys. Rev. Lett.75, 109 ~1995!.

32D. P. Arovas~private communication!.
33L. Degiorgi ~private communication!.
34J. E. Hirsch, Physica C199, 305 ~1992!; J. E. Hirsch and F.

Marsiglio, ibid. 162-164, 591 ~1989!; Phys. Rev. B39, 11 515
~1989!.

35P. W. Anderson, Science268, 1154~1995!.
36J. E. Hirsch, Physica C201, 347 ~1992!.


