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Weak ferromagnetism and excitonic condensates
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We investigate a model of excitonic orderifige., electron-hole pair condensatjappropriate for divalent
hexaborides. We show that the inclusion of imperfectly nested electron-hole Fermi surfaces can lead to the
formation of an undoped excitonioetalphase. In addition, we find that weak ferromagnetism with compen-
sated moments arises as a result of gapless excitations. We study the effect of low-lying excitations on the
density of states, Fermi-surface topology, and optical conductivity, and compare to available experimental data.
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[. INTRODUCTION pensated magnetic moment, a mechanism for partial polar-
ization markedly different from the one proposed in Ref. 2.
The remarkable discovery of weak ferromagnetism in The paper is structured as follows. First, in Sec. Il we
lightly doped divalent hexaborides has been hailed as a gre#itroduce a two-band model Hamiltonian, and discuss its
surprise in the physics of magnetisi.In spite of the ab-  physical relevance to the excitonic state. In Sec. Ill, we ana-
sence of partially filledd or f orbitals, which are usually lyze the model for the case of perfectly nested Fermi sur-
required for magnetism, these materials undergo a ferromagdaces. Using the techniques of mean-field theory, we recast
netic transition at a relatively high Curie temperat(6@0 K) ~ the problem into a form closely related to BCS theory. In
and with a small magnetic moment in a narrow range ofSec. IV, the effect of incommensurability of the Fermi sur-
doping. The authors of Ref. 2 put forward the proposal of ace on the emergence of ferromagnetism is studied. We re-
doped excitonic insulator to explain the unexpected ferrofort numerical results on the magnetic moment and density
magnetism in these materials, a theory that has a long ar@f states in the excitonic phases. The effect of the excitonic
rich history? but for which hexaborides seem to be the firstorder on the optical conductivity is considered in Sec. IV.
experimental realization. Band-structure calculatforus
DBg where D=La,Ba,Sr indicate a small band overlap or Il. MODEL

small band gap at the threépoints in the Brillouin zone, a -
condition favorable to the formation of an exciton ASargued by Balents and Varrfighe binding of an elec-

condensaté’ The Coulomb attraction between particles andtron and a hole is most effective for states with similar group

holes can overcome the small band gap, and lead to the Spoyltglocities at equal momenta. Hence, in the hexaborides, the

taneous condensation of electron-hole pairs. As a result gHectron-hole pair will be more strongly bound if both com-

Hunds rule, a triplet exciton condensate is energetically faponentsh are drawnl fI’OI’E thﬁ sari’(eplgint of the Brillouin
vored over a singlet, giving rise to a local-spin polarizationZoN€: Thus we neglect the three-pocket band structure appro-

within the unit cell but no net magnetization. The connectionP!iate to the hexaborides to study a two-band model of con-

of exciton condensation to ferromagnetism was first pointeduction and valence electrons. To analyze the problem of
out by Volkov et al X! Upon doping, a spin-singlet exciton is excitonic ferromagne.tlsm, we introduce the Green'’s function
formed in presence of the triplet order, breaking translationafl€fined by the equality

as well as time-reversal symmetry, and hence resulting in ol r

ferromagnetism. In more physical terms, the extra carriers G77(r,r' 1) =—(T (1, 7)., (r',0)). 1)
added into the system are distributed asymmetrically be;

+ —
tween the two spin projections to preserve the most favorabl'é'ere Yo(r,7) and ¢,(r,7) are operators annihilating and

pairing condition for one spin orientation. Creating an electron with spim (=) at pointr at imaginary

Although appealing, the excitonic model has been largehf'™me 7 I tPe tWO'bfnd model, we can express the figldin
studied only for highly idealized cases. In this paper, wel€mSs ofgy , andby ,, the creation operator in the conduc-
relax some of these approximations to extract generic predidion and valence bands, respectively:
tions applicable to excitonic condensates. In particular, we
are interested in explaining recent angle resolved photo -
emission spectrosco;lcj)j(ARPgES)12 measu?ements and IOde Vol1) Ek ea(N)akot oMbk
Haas—van AlphedHvA)*® measurements on the Fermi sur-
face in Ca_,La,Bg and SrB. We study in some detail the
zero—temgergtu)r(e 6phase d%\gram as gfunction of the doping lﬂ:rr(f):; er(na) .+ b (bl 2
level in the presence of imperfectly nested electron and hole
Fermi surfaces. We show that a possible new phase, the ewthere ¢, (r) and ¢y (r) are the Bloch functions with qua-
citonic metal(EM), can reconcile the existence of a Fermi simomentunv:k of electrons in the conduction and valence
surface and an excitonic condensate. Furthermore, as an upands, respectively. The Hamiltonian of the system can be
shot of the EM, the ungapped Fermi surface leads to a conwritten asH=Hy+H,, where
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. b ‘ select the phase of the order parameter. However, the effect
Ho:kE (ek—m)ay ,ax o+ (eg—mbg ,be (3 of these virtual processes are limited by the low density of
7 excited pairs.
is the noninteracting part of the Hamiltoniaef and e are
the kinetic energy of conduction and valence electrons, re- lll. MEAN-FIELD APPROACH
spectively. The interacting part of the Hamiltonian is given

by the Coulomb interaction First we study the HamiltoniaH 5 in a mean-fieldMF)

treatment. For a large exciton radiaig, the excitons overlap
1 : strongly and we expect MF theory to give correct results.

Hi=5 > fdf dr' YL g (DOV(r =)l (1) (1), The excitonic phase is characterized by the pairing of va-

a0’ @ lence and conduction electrons. To emphasize the similarity

of our treatment to the Nambu-Gorkov formalism for super-

whereV(r)=(e% €)(1/r|). The exciton Bohr radiuag sets conductors, we introduce the Green’s function in the Bloch
the length scale of the problem, the physics being controlledasis
by momentum exchange processes of the order af.1In ,
the weak binding limit, i.e., when the energy of an exciton G’ (k,7)
Eg is much smaller than the bandwid,, ag is much

T t
larger than the interlattice spacirsgand the interaction is _ (T o(nay ,(0))  (T;a.(7)by,(0))
QOminate_d by the long-range part of the_Co_qumb interac- <-|—Tbk’0(7)al (0)) <bek,a"(7')bl (0)) '
tion. In this case, we can treat the interaction in the so-called ' '
dominant term approximatiérH ,r=Ho+H, , where The excitonic gap\ - is related to the off-diagonal Green’s

function
— 1
H == E V(q)(aT, O_,a ’_ 0_/+bT, O”b ’_ 0.!) oo’ _
2 e Kot ST e Baor()=3 V(k=0)55 (6,7=0"). ®)
X(al,aak+q,o+bl,akarq,U)- (5)

Ignoring for the moment the possibility of ferromagnetic or-

Here V(q) =4me% eq? is the long-range part of the Cou- dering, the MF Green’s function is given by
lomb interaction. Note that, unlike the full crystal Hamil-
tonianH, Hpt separatelyconserves the charge and the spin
of the conduction and valence electrons. The order parameter
<a3b0,> that corresponds to the pairing of a valence and
conduction electrons is a matrix in spin space. Because the
approximate Hamiltonian separately conserves the particle
number of each species, the energy of the system is invariant a b 4 b R )
under a constant shift of the overall phase of the ordeMhere ex=(€,—¢€)/2 andgy= (e +¢,)/2 and 7 are Pauli
parameter. Similarly, the S@)xSU(2) symmetry leads to matrices in the band space. Equati@i must be solved in
the degeneracy of the excitonic triplet and singlet states. Théonjunction with the gap equatidiq. (6)] to obtain a self-
full crystal Hamiltonian will in general break these symme- consistent solution. At this point, it is convenient to introduce
tries. However, we can justify the use of the approximatethe decomposition oA,/ in terms of the singlefAs and
Hamiltonian by arguing the neglected terms will affect thetriplet A; order parameters

formation of the excitonic condensate only at a very low- .

energy scale. Indeed, these terms involve matrix elements Ayor=(AT+ A 0) o (8)

of the Coulomb potential at wave vecterl/a and hence

can be treated as small perturbations compared to the |on§{h_ere1 and o are t?e |2><ZBun|t andtl;:aull_|| ma}lttrlcgs m_the
range Coulomb interaction part of the interaction at; pin _sp?ce,drespec 'V? Y- tetgausef the a|\m| On@g IS d
wavevector Idg. It is interesting nonetheless to study how Invariant under separate rotations ortne valence and conduc-

g?n electrons, the triplet states are degenerate with singlet
we have ignored. The first one contains electron-holetates. Consider the case where the order parameter is collin-

exchange terms such aﬁt+q,gak',a'blr_q,,,/bk,a- These €& with the spin, i.e.A;=A,z. With this replacement, the

- MF Hamiltonian decouples the spin-up and spin-down elec-
terms break the S@XSU(Z) symmetry explicitly. They are trons. It is straightforward to obtain the one-particle excita-
ultimately responsible for the splitting of the ground Statetion spectrum of spir(==) electrons
of the Hamiltonian in favor of the triplet staféAnother class P P -
ofr terms ITeft aside are matrix elements of the kind £5 = —putger \/m 9)
akm'nak,(,bk,7q’0,ak/,(,,. In case of the hexaborides, these
terms are prohibited at smal k', andq due to lattice sym- WhereA,=As+oA,. In the theory of excitonic insulator, it
metry. The third class contains interband pair scatterings often assumed that the electronic dispersion relation are
terms that create and destroy simultaneously two valence arested and isotropic, i.es2= — e . As made apparent in Eq.
conduction electrons in the Brillouin zone. This term will (7), the particle-hole transformatidn(—>bfk maps the prob-

’ Ao’a" .
G’% (k,iw)= —( —io+gy—u+ e+ T(TX—ITy)

-1

, )

*

oo Ly
+— (T+ir)
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lem onto two copies of the BCS model in a Zeeman figld

copy for each spin polarizatiopnThe Zeeman field takes the

role of the chemical potential. This problem has been worked
out, within a MF treatment, in Refs. 15 and 16. Assuming a AE
strong screening of the Coulomb interaction, i.¥(k)

~V,, we see from Eq(6) that the gap equation becomes
momentum independent. At stoichiometry, we obtain a BCS-
like state with a gapA ,|=A,=2t exp(—1/NyV,), wheret

is a cutoff energy around the Fermi surface awglis the
density of states per spin at the Fermi level. The lower band

& is fully occupied whereas the upper bag&d is empty:

the system is an excitonic insulator with a one-particle exci-
tation gap ofA ;. Turning on the chemical potential, the hole

and electron Fermi surfaces shift with respect to one another. K. H

This loss of nesting lowers the condensation energy and ul- FiG. 1. Maxwell construction for the condensation energy: With

timately the excitonic state disappears. For a uniform ordefhe pold line, we plot Eq(10) for the condensation energy per spin

parameter, the transition occursat u.=Aq/v2 via afirst-  species. For the collinear order parameter, the energy &Bifu

order transition. The condensation energy per spin direction-h)+AE(x—h) near the first order transition imear in h rather

relative to the normal state far<<pu., is than quadratic. The dashed line shows the gain in condensation
energy resulting from the exchange term.

2
AEU(M):NO(MZ_ 7°>. (10)

I | N
At uw=pu., the ground state is degenerate arath spin a 2; T 0Gaalk, 7=07)],
polarization can be in a state whefe=0 or A=A,. Al-
though the ground state has generally a twofold degeneracy .
at a first-order transition point, the degeneracydachspin hb=—2 T oGk, 7=07)]. (12
species is nongeneric. Up to this point, the MF treatment has k
neglected the effect of the intraband Coulomb interaction, ) ) ) _ o
While it is appropriate to ignore the effect of the direct partwe have studied the energ_etu:s for colllnear spin p_olanzatmn
of the Coulomb interaction for uniform states, its exchange2nd perfectly nested Fermi surfaces. While the spin branches
part yields a ferromagnetic interaction. The spin of the elec@'® N0 longer decoupled, we find the condensation energy of
trons in the conduction and valence bands, respectively dhe SystemAEy is given by a simple Maxwell construction
=a's/2a and §=b'g/2b, interact via the Heisenberg
HamiltonianH = — J(£+ &) whereJ>0. In our mean-field
theory,J=2V,. However, the exchange constant tends to be
poorly approximated by the direct coupling constant because
the true exchange is screened by the dielectric function of thghere h=|F1a| = |ﬁb|, Minimizing this functional, we find
crystal. Hence we tak&to be an adjustable parameter inter- that an excitonic ferromagnet ground state is favored
action (although still of ordeVo). Phenomenologically is  in a range of chemical potentialu y1I—2NoJ<pu
related to the antisymmetric Landau-Fermi liquid parametek,uc\/(l—2NOJ)/(1—4NOJ) (see Fig. 1 This excitonic
Fo via the relationd=(Fg/No)."" Note that there are addi- polarized state is characterized by having one spin species,
tional terms in the full CryStaI Hamiltonian that COUpIe to the say Spin_up, in the normal state whereas the Spin_down elec-
excitonic order parameter but are negligibly small compargrgns are paired|_|=A,). One can understand the origin
to Vo, and hence can be safely ignored in first approximapf the magnetism by studying its effect on the Fermi sur-
tion. To take the exchange energy into account, we introducgyces. The magnetic field favors the pairing of the spin-down
a generalized mean-field theory, replaciﬁgge—Zha-f%a electrons by increasing the coincidence of the hole and elec-
+h2/J, and similarly for the valence electrons. We find tron Fermi surfaces for the spin-down. This gain in conden-
sate energy iinear in h near the first-order transition. While

N &

2

2h
AEr(w)=AE (p+h)+AE (p—M)+—=, (13

>

) ) , AstA-o ) this redistribution of the charge carriers comes at the expense
gKjiw)=—| —io+gy—puter +T(TX—|TV) of a loss in kinetic energy for the spin-up electrons, this
increase in energy is quadratic in the field therefore favoring
A¥+A* . & ferromagnetic ordering.
t—— (7+i7)
1 IV. INCOMMENSURABILITY
—(ﬁa+ﬁb)~&—(ﬁa— ﬁb) ot (11 Although the previous results are suggestive, a complete
understanding of the ferromagnetism and its applicability to
where the self-consistent equations are the hexaborides is still lacking. The large number of com-
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FIG. 2. Fermi-surface cut through tteex plane, where the u 0 131

axis is an axis of revolution. For noninteracting electrons, the im-
perfectly nested Fermi surface consists of two ellips@s In the 0.7
undoped EM phasgB), the Fermi surface is partially gapped, form-
ing a hole lens and an electron ring. Upon dopigy, the hole lens PM
drops out, leaving an enlarged electron ring. -1.4
pounds exhibiting weak ferromagnetism discovered to this 21
day argues for the robustness of the phenomenon. However, 0 0.05 0.1 0,15 0.2 0.25 0.3
most of theoretical results seemingly hinge on the perfect 0

nesting of the hole-electron Fermi surface to lead to an ex-

citonic insulator. Moreover, the existence of a Fermi surface FIG. 3. P.hasg diagram as a fun.Ct'O.n of the chemical po_te/atlal
and the antinesting paramet&rPM indicates a paramagnetic me-

as ;een n ARPES and dHVA data rules out .th.ls S|_mplfa SC allic phase, El and EM are the excitonic insulating and metallic
nario. A crucial step to circumvent these difficulties is to

. hases, respectively. FPFM and PPFM denote the fully polarized
realize the hole and electron bands are not related by ar& P Y v P

RO A xcitonic ferromagnet and the partially polarized excitonic ferro-
symmetry principle; in real materials, electron and h()lemagnet, respectively. Most phase transitions are continuous. The

Fermi surfaces are not generally perfectly nested. To studyyceptions are the PPFM/FPFM and the EI/EM boundaries.
the effect of incommensurability on the excitonic states, we

introduce the anisotropic dispersion relations for the valence d3k
and conduction bands: Eful= > U (23 Eko = MO (= &, +oh)
2 2 + 2
eg=v(|k| —ke) + dvke cog20) — ¥, L2, AL HAT 16
(14) J Vo

where & . is the energy eigenvalue determined in E8).

The integral over wave vectors can be expressed in terms of
elliptical functions. From the three parametebs X, ,A_)
Herev is the Fermi velocityke is the Fermi wave vectog  Minimization search, we have determined the phase diagram
is a dimensionless parameter that controls the degree of adt zero temperature as a functiongfthe chemical potential
tinesting, and¥ is the azimuthal angle. Fa¥=0, we recover and 4, the antinesting paramet¢see Fig. 3 Not surpris-

the isotropic and nested dispersion relations, whereas for fingly, for small values o, we find that the system behaves
nite § the Fermi surface is described by two non-coinciding@nalogously to the nested case. At stoichiometry, the system

ellipsoids (see Fig. 2 The parametepr* is determined by IS in .the excito_nic insulating(El) phase. Increasing the
imposing charge neutrality at stoichiometryTat 0, i.e., chemical potential, the El state becomes unstable to a ferro-

magnetic phase before disappearing into the normal state via
a first-order transition. However, larger valuessadllows for
a b the possibility of gapless excitations in the one-particle exci-
2 [0(-e)+0(-e)]=2 1, (15  tation spectrum. Hence, while the excitonic metal exhibits a
k k .
nonzero order parameter, i.6A;=0A,#0, or A;=0A,
#0), the presence of an incompletely gapped Fermi surface
where®(x) is the Heaviside function. This toy model char- modifies radically its electronic properties. To illustrate this
acterization of the energy dispersion simply describes thgoint, we have calculated the electronic density of states
effect of anisotropy, and allows us to make analytical(DOS),
progress. Furthermore, the large uncertainties in the available

€= —v(|k| —kg) + vk cog26) — u*.

data for the effective masses and gap values did not allow for 1

an accurate theoretical description, although local-density- N(w)=- Elm; TGk, w)], (17)

approximation calculatioRson CaB would sugges® to be

positive. at stoichiometry in the insulating and metallic phases. As
Based upon our previous analysis, we consider only colshown in Fig. 4, in spite of the excitonic ordering, the DOS

linear states and minimize the energy functional, in the metallic phase does not show the typical shoulder edge
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FIG. 5. Electromagnetic absorption as a function of frequency
in the EM phase. The optical edge neari& smeared by scattering
processes.

-4 -2

FIG. 4. Electronic density of staté®OS): The DOS is in the The result of our calculation of the magnetic moment per
excitonic insulator and metal phases are indicated by black and grégePant for the doped excitonic metal is shown in Fig. 6. In

lines, respectively. The dashed lines represent the DOS in the pre§ontrast to the case of a doped excitonic insulator, the ferro-
ence of scattering for values f A=0.1 (see the tejt magnetic moment per carrier is smaller than a Bohr magne-
ton due to the electrons spilling over both branches of the
_Spin species. It is interesting to note that the magnetic mo-

present in the insulating excitonic phase. The EM/EI transiinant can be further reduced by having an order parameter

tion is continuous and the excitonic gap varies smoothly,oncoliinear with the spiR.At this level of approximation,
across the transition line defined y= .. However, the hese states are degenerate, but the terms that break the
metallic instability is signaled by the density of states at theSU(Z)xSU(Z) explicitly will determine the orientation of the
Fermi level, which show a singular behavior across the trangqer parameter in the spin space. However, whichever state
sition line, increasing agu — u. The introduction of charge s eventually favored, our result provides an upper bound
carriers in the EM phase raises the Fermi level, leading t@onstraint for the magnetic moment.

changes in the topology of the Fermi surface. Recent results ynlike in the EI/EPFM transition, the electronic charge
on dHvA experiments on divalent hexaborides have observegensity can in principle evolve smoothly across the EM/

quantum oscillations in La-doped CaB* These oscilla-  ppEM boundary, thus one might expect a second-diter-
tions have been interpreted as due to the presence of Fermi
sheets in the undoped compourtdsthe Fermi surface is M
thought to consist of two pieces, an electron ring, and a hole /x
lens centered around thépoint in the Brillouin zone. In the L
La-doped CaB dHvVA data show the hole pocket dropping
out, yielding a single electron sheet. These results are con- 1.0[
sistent with our model. As seen in Fig. 2, in the undoped L
case, the Fermi surface is gapped at the intersection of the

0.020 |

0.015 |

-

1

hole and electron Fermi surface, leaving two Fermi sheets, a %8|

ring and a lens. For positive values &fthe lens and ring are
holelike and electronlike, respectively. As electrons are
added to the system, the hole pocket shrinks and eventually 0.6

0.010 L

0.005 L

i
! \
! '
! v
' '
/ \
f \
! L

s L . s n
002 004 006 008 01

becomes gapped out due to the excitonic gap, leaving a
single electron ring, consistent with experimental data. How-
ever, further experiments on cleaner samples are needed t
clearly determine the topology of the Fermi surface. r

An upshot of the finite density of states at the Fermi level o2t
is the possibility of distributing the extra carriers asymmetri-
cally between spin species. As shown in Fig. 5, the EM
phase gives way to partially polarized ferromagnet where R —
the extra carriers carry only faaction of a Bohr magneton.
When 6 becomes of the order df/eg, the incommensura- FIG. 6. Magnetic moment in Bohr magneton per unit carrier as
bility of the hole and electron Fermi surfaces becomes to@ function of doping a’=0 for §=0.15. In the phase separation
large and hinders the gap formation. However, this state majegime, represented by the dashed line, we expect the magnetization
be itself unstable to the formation of nonhomogeneous statasensity to vary linearly between the two competing phases, as
with spin- and/or charge-density waves. shown in the inset.
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tinuous transition to arise. However, we find in MFT a first- _ ) do d3k _ _ .
order transition. Moreover, we suspect this may be a generalll ,,(io)=€ f e WTY[Q(KIQ—W/Z)%Q(KIQ

result due to singular quasiparticle-mediated interactions. An
argument in favor of a first-order transition is found by con- +iwl2)v,], (21
sidering the system at low but non-zero temperature. In the , . . S
neighborhood of the transition, were it second order, pvherev,=Jd,(er*~gy) is the velocity of the quasiparti-

should be possible to develop a Landau expansion of the fre(aes' In order to evaluate the correlation function, we use the

energy in terms of the magnetic order paramétewith A standard spectral representation for the Green’s function:
already nonzero. This expansion must be analyti€-ab

G (ki w)
— 2 4
F(u,h)=F(w,00+Ah“+Bh*+---. (19 - 2 1 - P
Parameter\ and B are related to two- and four-point spin 27 p—iw priy—u+gter+A, 7|
correlation functions respectively. A3—0, we find A 22)

=(2/3)—4Ny(un) andB— —oo, hence precluding the valid-

ity of such an expansion and therefore of a continuous tranin the physical regime where the scattering ratés much
sition. It would be desirable to develop a proper field-smaller tham, the imaginary part of the correlation function
theoretic argument posed directly Bt 0. A consequence of in real frequencies is given by

a direct first-order transition is a discontinuous jump of the

electronic density across the boundary line. Since experi'—m[nuv(“’)]

ments are performed at fixed charge density, phase separa- (evp)? dk 2y 1
tion occurs for a range of doping. However, the long-range = w3 53 5Tt 2 Av2 L 2
Coulomb interaction will likely frustrate macroscopic phase v (2m)% @+ y" Ax "ty

separation and an inhomogeneous state is exp&tted.

X|[0(£,)—0(£,+0)—O(£,)+0(¢, ~w)]

V. ELECTROMAGNETIC ABSORPTION

2 2 2 2 2
A powerful technique that can be used to probe the exci- ><(2X It (xt @) ]+42X(X2+ @) (X"~ 247
tonic state is the infrared optical conductivity. Just as for (0+2x)"+y
superconductors, the excitonic insulator signature on the op-
tical conductivity is the suppression of absorption for fre- —(w——w)
guencies twice below the excitonic gag. However, one of

the puzzling aspects of optical conductivity measurements ofyhere y = \/eZ+ AZ. We evaluate the correlation in different
the undoped hexaborides is the absence of a hard optical g@its. For low frequencies, i.ew<A, we find a Drude-like
and a strong doping dependerté®©ne expects the presence conductivity

of gapless quasiparticles in the excitonic metal state to be

, (23)

responsible for this result. To investigate this issue quantita- (evp)?y
tively, we calculate the optical conductivity tensey, (o) ouw)= 5W32+—72— n, (24)
which is related to the current-current correlation function
11 where
pvo
-1 o0 . 1 d3k 6& o
ruto=0=2im [ a0, a9 PP P S
wherell ()= —i0 (1){[J,.(t),J,(0)]) and Jis the current  Hence the scattering of gapless excitations generates absorp-

operator. The Greek indices refer to the spatial component&On in the low-energy sector of the optical conductivity. For
We calculate the correlation function in the Matsubara for-Nigh frequencies, the dominant contribution to the integral
malism, and obtain the desired retarded function by an ang20mMes from exciton pair breaking, i.e., wher=2y. Thus,
lytical continuation. To allow for electronic scattering due to for o<,

impurities and/or lattice imperfections, we introduce a finite (evgA,)?

lifetime to the qgasiparticle by perfqrming the substitution (,W(w)=45lwz #

w— w+ ysgn) in the Green’s function o w

d3k 2
Sog: (2m)° (w—zxy)2+ yz[e(g;g)—e(g;,m.
(20) (26)

where, for concreteness, we consider a pure triplet order pan the clean limit, the threshold for exciton pair breaking is
rameter. Ignoring vertex corrections to the conductivity, thegiven by 2\. In this case the absorption peak shows a square
correlation function is given by the bubble diagram root singularity ~ \1/(w?—4A?) near the threshold due to

g7 (K,iw)=

io+iysgnw)—u+get+er+A, 7
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the large amount of phase space availabl& space. How- the excitonic ferromagnet by considering the effect of imper-
ever, in the presence of scattering, the wave vektarno  fect nesting on the excitonic state. Adding this significant
longer a good quantum number and the peak is smeared ougredient, we showed that a phase, the excitonic metal, is
on a width of ordery (see Fig. 5. We conjecture that the stable and can account for the Fermi surface seen in the
absence of hard optical gaps in experimental data is due teexaborides. A ferromagnetic instability still occurs in the
metallicity and scattering that shifts the absorption to lowerexcitonic metal near the first-order transition. Furthermore,
frequencies. Note that, because the order parameters for thige small ferromagnetic moment observed in lightly doped
spin-up and spin-down is generally different in the ferromag-hexaborides is naturally explained as a result of compensated
netic state in clean materials, the absorption peak would bmoments on the imperfectly gapped Fermi surface. Although
split into two peaks upon entering the ferromagnetic phasethis model qualitatively explains experiments, further studies
Its experimental observation in the hexaboride materialsvill be needed to determine the effect of the gapless excita-
would provide considerable support for the theory of exci-tions on the electronic transport and thermodynamic proper-
tonic ferromagnet. ties of the system.

VI. CONCLUSION
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