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Both the spin- and charge-density waves of Cr alloys have significant effects on the joint density-of-states
p(w) of the nested electron and hole Fermi surfaces below thel MenperatureT. The random-phase
approximation is used to evalugi€éw) within a three-band model of Cr alloys. In the commensurate phase of
the spin-density wavep(w) contains a single energy gap\2 At zero temperature, 2 reaches a maximum
value of about 370 meV and spans the Fermi energy, which is shifted upwards by the presence of a charge-
density wave(CDW). In the incommensurate phagg,w) contains two energy gaps; and A; above and
below midgap states. If the CDW order paramefevanishes, them ;=A, and both reach a maximum of
about 130 meV aT=0; if § is nonzero, ther;<<A,. A third energy gap\, includes both the midgap states
as well as the smaller gaps, andA;. For pure Cr,A, reaches a maximum value of about 450 meV at
T=0. UnlikeA; andAj, A, does not vanish &y but decreases to about 370 meV. Our results are compared
with those obtained earlier from a two-band model in the absence of the CDW. This paper also clarifies the
assumptions made by the three-band model and the role of the unpaired holes which reside on the larger of the
two nested Fermi surfacelsS0163-182007)06913-0

I. INTRODUCTION drives the strongly first-order paramagnet®) to C transi-
tion observediin CrFe and CrSi alloys.
The spin-density wavéSDW) in Cr alloys is produced by The calculations performed in this paper are based on a
the Coulomb attractio) between electrons and holes on three-band model, in which the mismatch on one side of the
two nearly nested Fermi surfackéBecause the hole Fermi electron and hole Fermi surfaces directly affects the nesting

L . on the other side. Even in the absence of a CDW, the pre-
surfr? CeSbD'\i/S“fghtly IaCrggr t han the electrﬂon '.:irr?]' skL)Jrface dictions of the three-band model for the | density-of-states
a, the of pure Cr is incommensura with the bec  igter from the result’?*2 of a two-band model. The defi-

lattice and a small .fracti_on of the holes are _not paired tOsjencies of the free energy constructed from a two-band
electrons. The relative sizes of the two Fermi surfaces anghodel are well-known: in disagreement with experiments,
the density of unpaired holes may be controlled by dopingthe two-band model predicts that the PC and Pl phase tran-
When the mismatch between the two Fermi surfaces is sukitions are always second order. A three-band model is also
ficiently small, the commensuraf€) phase of the SDW is required to produce a sensible description of the | spin
stabilized. But the Nel temperature continues to risentil dynamics>
the two nested Fermi surfaces are the same size and the But the most glaring deficiency of the two-band model is
density of unpaired holes is zero. In this work, we describghat it cannot self-consistently describe the effects of a CDW.
the effects of the unpaired holes on the density-of-states dfvhile a CDW is obtained from the two-band model of
Cr alloys in both the C and | phases. Machida and Fujita! it does not self-consistently affect the
To minimize the condensation free enetgy both sides duasiparticle energies or free energy. As will soon be evi-
of the nested Fermi surfaces, the ordering wave vectordent, the CDW has a pronounced effect on the density-of-

r_ , . 4 n states and energy gaps of the | phase. The role of the CDW
%éﬁ?gﬁfs{; )cgzsfraeht?hz\g/ tl;?e C;Zzetirn;dsvczgezcgc?ors in determining the orders of the various phase transitions is

) presented elsewhefe.
Q. =(G/2)(1+9). The mismatchy between thea and b The purpose of this paper is twofold. First, we will clarify

Ferm_i_surfaces can.be controlled by doping_ with anothert.he physics of the three-band model. Contrary to some
transition metal: adding Mn, Fe, Re, or Ru raises the Fermgypectations, the three-band model does not double the
energyer and decreases the mismatehadding V lowers  number of quasiparticle states and does lead to quite sensible
€r and increaseg. For pure Cr,d~0.05 so that the hole results for the density-of-states. Second, we will study the
Fermi surface is slightly larger than the electron surface. Asffects of a CDW and a finite electron reservoir on the
d decreases and the nesting improv#&ss.d also decreases density-of-states of Cr alloys. We shall see that the presence
until, for a small enough mismatch>0, the SDW becomes of a CDW and finite reservoir may dramatically change the
commensurate with the lattice adti=0. Although domains evolution of the energy gaps across a second-order Cl phase
of the ISDW may form along any of the three crystal axes transition.
an ISDW along thez axis can be selected by cooling the |~ Using the random-phase approximation for the spin and
alloy in a magnetic field. charge distributions, we shall ca]culate the change in the
In the | phase, the Coulomb attracti&h’ between the density-of-stated p(w) below the Nel temperature. In the |
paired electrons and unpaired holes produces a chargghase, the density-of-states contains two energy gapnd
density wavé’ (CDW) with twice the wave vector of the A; above and below midgap states. When the CDW order
SDW. To ensure charge conservatfoine CDW must van-  parameter is nonzerd; <A, but both reach a maximum at
ish in the C phase. But by shifting the Fermi enerlyy,  zero temperature. A third energy gadp straddles both\
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and A; as well as the midgap states. Unlikg and A,
A, approaches a nonzero value at theeNeemperature.

This paper is divided into five sections. The Green’s-
function formalism is presented in Sec. Il. Section Il con-
tains our results for the density-of-states. Section IV dis-
cusses the assumptions underlying the three-band model of €
Cr alloys. Section V compares our theoretical results for the
density-of-states and energy gaps with experiments and with
earlier theoretical results based on a two-band model. The
spin and charge distributions are derived in the Appendix.

II. FORMALISM

As in previous work we assume that the paramagnetic
densities-of-statep./2 of thea andb Fermi surfaces are
equal and that their Fermi velocities have the same magni-
tude. These assumptions shall be justified later. Besides the
nearly nested Fermi surfacasandb, the band structure of

Cr alloys also contains two other bahdisf electron balls ®
and hole pockets which may be lumped together into an _
electron reservolf with density-of-statesp, and power FIG. 1. (@) Electron @) and hole p) energiese are plotted

p=p, /pen. If the electron reservoir is finite, then the Fermi versus the momentum differeneefrom an octahedral face of the
r en: ]

energyer will decrease and the mismatehwill increase as Fermi surface. Thé energies are also translated by the SDW wave

the SDW grows. So a finite electron reservoir favors the IVES1OrSQ: - Near the Fermi energy, the boxed region is expanded

phase of the SDW. Band-structure calculatidnimdicate " (°) @1d(©) for the | and C phases, respectively. Paramagnetic
thatp lies between 1.03 and 4.35, so that the reservoir ban short-dashedand hybndlze.d(SO“d) quas'part'de energies are
contain at least as many states near the Fermi energy as qoqtte.d versug. In all t.hree figures, the Fermi energy is denoted by
thea andb bands. orizontal dashed line.

In Fig. 1(a), the paramagnetic energies of bahdare
shifted by the ordering wavevectoi®. . These shifted
bands are denoted &s- andb+. The linearized energies in ) ) ) ) )
the boxed region near the Fermi wave vedkarare then  €'9Y Zo |r'lcreasesil|nearly with the'V concentration, it de-
plotted as the dashed lines in Figébjland Xc) for the land ~ creases linearly with the concentration of Mn, Fe, Re, or Ru.
C phases, respectively. In all three figures, the Fermi energyhe incommensurability energyc approacheszy/2 as
is drawn as a dashed horizontal line andvp(k-n—k;) ¢ —¢and vanishes for a C alloy with' =0. Another quan-
measures the momentum difference from an octahedral faddy Which will appear shortly is the phenomenologicaleNe
of the electron Fermi surface with normal The paramag- te_mperatureT’ﬁ,%lOS m(_aV of a perfectly nested Cr alloy
netic energies are then specified by the parameter¥ith Zo=0 and«x=0. This temperature will be formally de-
zo=4mave/\3a and k=z,9'29<z,/2. For pure Cr, finedlaterin the paper. _ ,
2,~600 meV ande~300 meV. Changes in the energy mis- The hybridized qu_aS|part|cIe energies beloyv thgeNe
matchz, with doping are linearly relatédto changes in the temperature are _obtamed from the S|x—d|m_enS|onaI inverse
Fermi energyer by Azo=—4Aer. While the mismatch en- Green’s functiof in band{a,b—,b+} and spin space:

[iv—ek)]Ll  —gm-oe'¢- —gm- ge'?+
G Ukiv)=| —gm-ee ¥ [in—e (kL —oLle” : 1)
—gm-ge ¢+ —sle [iv—eps (K)]1

wherey,= (21 + 1)« T, m is the polarization direction of the obtained from the condition D&t *(k, €) =0, which may be
SDW, andg are the Pauli matrices in spin space. To ensureewritten as -

that the SDW and CDW order parametgrand § are real, 5 2w )
the phasesp,, ¢_, and ¢ have been introduced in this (€~ 2l(e+2-20/2)"— k"= 6"]—29"(e+2—2y/2+ 6)=0.
inverse Green'’s function. In the Appendix, we show that the @)
self-consistent relations for the order parametgrand §  The rootsz;(e) of this cubic equation are labeled so that
imply that y= ¢, — ¢_ . The quasiparticle energies are thenz;— e, z,— — e+ 25/2— k, andzz— — e+ 7p/2+ k asg—0



55 DENSITY OF STATES IN CHROMIUM ALLOYS 8349

and5—0. In the C phase, the roots can be evaluated exacthof the N sites in the | phase are approximately
So=—(hg/2\)cosp,(VIN)pey,  and o= —(8/2\")(V/
2 N) pen-

—A?, Both the order parameters and § and the wave-vector
parameterx are obtained by minimizing the free-energy
differencé AF(p,T) between the paramagnetic and ordered

Zy 6 \/ o 6\ states. The reservoir powpraffects® AF(p,T) by shifting
- B —A% 3) the Fermi energy in order to conserve particle number. For
an infinite reservoir, the Fermi energy and energy mismatch
. Zo(p==) do not change with temperature. But for a finite
Zz=—€e+——30, reservoir, the Fermi energy must decrease and the energy

2 mismatchzy(p,T) must increase with decreasing tempera-
ture. So for a fixed temperature and paramagnetic mismatch
energyzy(p,T>Ty), the order parameters and wave vector
, depend on the power of the electron reservoir. Within the
evaluated numerically. _ . three-band model, the reservoir power then determines the

Below the Nel temperature, the paramagnetic indiceSyqers of the different phase transitions: wheris greater
b+ anda are used to label the three hybridized bands. FOgnan anout 2, the CI transition becomes first order as ob-
the | energies sketched in Fig(kl, the lower and upper gered in CrMn alloys. By contrast, the CI transition within
bands are denoted as tab+ andab— bands, respectively. he two-band modét is found to be second order for all
In the limit [z| -, the right or left branches of thab* | 5jes of the reservoir power. In the following discussion,

bands are displaced from the paramagnbtic energies by ;' shall denote the temperature-dependent mismatch energy
the amountyx?+ 6°— k. The centrab+b— band is simi- zo(p,T) except where noted.

where 2A=2.2g is the energy gap joining the circular and
square points in Fig.(t). In the | phase, the roots must be

larly displaced from the paramagnetic- energies in this  ~ The size of the CDW order paramétes<0 is deter-
limit. So the crossing of th_e solid and dashed lines in Fig.mined by the coupling constant’, which ranges from 0 to
1(b) was not a drafting accident. 1/2. In the limitA\’—0, the CDW order parametet van-

For the C phase, the+ andb— energies are identical. ishes but the CDW amplitude,=— 8/’ approaches a non-
However, for reasons that will become clear shortly, thezerg value. With increasing’, the triple point shifts to

straight band with energy-z+2,/2— 5 in Fig. 1(c) is de-  |arger values ofz, and the C phase dominates the phase
noted as thé&— band. The other two bands will be called the giagram. As\’—1/2, 5— —z,/2 and the C phase is stable
upper and loweab+ bands. Az— * =, the energy differ- o1 3| mismatch energieg,. For the C phase witl#’ =0,
ence between the— band and the lower or upp&b+  ¢onservation of electron numBerequires thato(r)=0 or
bands tends to|2]. _ that co®=0. This relation also guarantees that, while the rms
In the Appendix, we show that the spin and electron NUM<gpin s continuous, the SDW amplitude drops fr to
ber densities cprresponding to the inverse Green'’s functiogol\/g across a second-order IC phase boundary. Since the
of Eq. (1) are given by CDW order paramete$ is created by the Coulomb attraction
between unpaired holes and paired electrofisyanishes
when the electron and hole Fermi surfaces are perfectly
nested withzy=0.
Fenton and LeaveR$iave argued the three-band model is

h -
S(r) == - Vpagm|u(n)|*cod Q' 1= ¢.)

+coqQ-r—¢_)} unphysical because it increases the number of quasiparticle
states below the Mg temperature. We emphasize that the
f - 27
=_ _Vpehgm|u(r)|zco —TI,— day three-band model may only be used to evaluatecttenges
2\ a produced by the magnetic and charge ordering bdlqQwSo
20 P the three bands of quasiparticle energies in Figb) and
Xcos(?a’rz— 5), (4) 1(c) do not imply that the quasiparticle states on all three

bands may be occupied. Rather, the three bands of quasipar-
ticle energies can be used to study the redistribution of qua-

1 , , siparticle states beloWy . As we shall see, the change in the
o(r)=— 57 Vperd| u(r?cod (Q}—QL)r—¢, +¢.] density-of-states does not create any new quasiparticle states
below Ty : instead the possible quasiparticle states are redis-
tributed by the formation of the SDW and CDW.

Many physically important effects are associated with the
redistribution of the excess holes on the largefermi sur-
wherex=Up{8 and\’'=U"pq/8 are dimensionless Cou- face. Since the mismatch between the paramagnetic C ener-
lomb constants. The average phase and the phase differengies of Fig. 1c) is z,/2, the density of excess holes is
of the two ISDW'’s are defined byp,,=(¢,+¢_)/2 and  zyp.{4. The same density can be extracted from the para-
0=¢ . — ¢_ . Finally,u(r) is a periodic Bloch function nor- magnetic | energies of Fig.(l): if one side of the Fermi
malized to 1 in volumeV. Because the Bloch functions of surface is perfectly nested with=zy/2, then all of the ex-
the d-band electrons are strongly peaked at the atomic sitegess holes would reside on the other side with mismatch
the maximum values of the spin and electron number at eachy/2+ k= z,,.

1 ) 4w
== o7 Vpendlu(r)|*cog —=d'r,— 6], (5
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Below the Nel temperature, the three-band model can be (0—21)(w+2,—20/2) — 2¢>
used to study the redistribution of the excess holes. The p(®)=pent4peR (Z1=2,)(z1=23) :
straightb— band in Fig. 1c) is displaced from its paramag- 1om2aes (12)

netic value solely by the CDW order paramet®r When

5=0, all of the excess holes are accounted for in the lowekvhich now includes the paramagnetic density-of-staigs
ab+ band so that thd— band is empty. But a&’ and In the C phase, the exact solutions of E8). can be used

— 6 increase, the unpaired holes migrate to the band, to explicitly evaluate the density-of-states of the nested
which shifts upwards as theb+ bands shift downwards. In bands:

the limit A" —1/2, 65— — zy/2, all of the unpaired holes reside

on theb— band, and theb+ bands lie symmetrically on B o'sgno’)

either side of the Fermi energy. p(@)=peR Jo'2—AZ ]’ 12
For the | energies plotted in Fig(l) with k<zy/2, some

of the excess holes must reside on the certrab— band z, O

even whem\’=0. As\’ and— é increase, electrons transfer 0w =w——-=. (13

from theb— band to theab+ band. Simultaneously, holes 4 2
migrate from theab+ band to the upper bands and the Except for the shift in the Fermi energy, this is identical to
ab+ band moves downwards. The CDW of H§) is pro-  the resuft® for a BCS superconductor. For the case of perfect
duced by the Coulomb attractidd’ between paired elec- nesting withzy=0 and §=0, this relationship was first de-
trons on the lower band and unpaired holes on the uppeived by Fedders and MartthGenerally, the Fermi energy at
bands. w=0 lies zy/4+ 6/2>0 below the midpoint of the energy
Unlike the three bands of quasiparticle states, the joingap atw’=0. As\’ increases from 0 to 1/2, the CDW order
density-of-statep(w) of the nested Fermi surfaces may be parameter— 6 grows from 0 tozy/2. For\'<1/2, some of
directly measured. As mentioned in the Introduction, thethe unpaired holes reside on thb+ bands so that the Fermi
density-of-states has never been evaluated for the | phasmergy lies below the midpoint of the gap. In the limit
within a three-band model, even in the absence of a CDW\’—1/2, all of the unpaired holes have migrated to the
The change in the density-of-states from its paramagnetipand so the Fermi energy lies in the middle of the gap.

value pey, is formally given by® For either the C or | phases, it can be shown that
Ap(w)=Apy(w)+Apy(w), (6) >
h ; f dwAp(w)=0, (14)
1 — 0
- I PEy—
Apa(w)= prehlmf dZ[Gaa(k’w+'§) w—z+iE|’ so the joint density-of-states simply redistributes the quasi-

(7)  particle states below the ktemperature but does not create
any new ones. In the C phase, Efj4) can be demonstrated
1 ) analytically; in the | phase, it can be shown numerically.
App(w)=— ;pehlmf dz{6£1b+<k.w+|§>

Ill. DENSITY-OF-STATES

+G£T—b—(k1w+ i1&)— 0tz 2g/2— KT E To demonstrate the correspondence between the quasipar-
0 ticle energies and the density-of-states, we start with the sim-
plest caser’=0 and 6=0. The quasiparticle energies for
@) four different sets ofz,,9,«} are plotted in Figs. @—2(d).

In all four figures, the Fermi energy is drawn as a dashed
which must be evaluated @-0". Due to their spin sym- horizontal line. The values fag andx were obtained at zero
metries, the matrix elemen,;- (k,w)<m- ¢ do not con- temperature. So the lowah+ band always lies completely
tribute to the density-of-states. The summed density-of-statdselow the Fermi energy. The corresponding densities-of-
of the Gy - (k, )< 1e™'? matrix elements also vanishes: in states are plotted in Figs(e—3(d).
the | phase becaus@’, —Q’ #0 and in the C phase because For the C case in Fig. (3), the Fermi energy lies

1
Cwtz—zpf2+ k+ié

cosh=0. Zp/4=1.1T}, below the midpoint of the energy gap
Of the three rootg;(w+i£), only z, lies in the upper-half 2A~3.53T\ between theb+ bands. Wher$=0, all of the
plane. So it is straightforward to show that unpaired holes reside on tteb+ bands and the straight

centralb— band is empty. Notice that the density-of-states in
2~ 20/2)°— k>~ &° 1 g Fig. 3(@) shows no sign of thé— band.
2,-2,)(z,—23) |’ © With the same mismatch energy, an | set of solutions
for {g,«} is used to plot the quasiparticle energies and
(w0—27)(w+2,—20/2) — 202 density-of-states in Figs.(8) and 3b). Now the unpaired
(Z1-2) (21— 23) ] (100 holes are distributed among all three bands and two gaps of
the same sizé\; appear above and below the central band.
If the paramagnetic parts were not subtracted in E§sand  Correspondinglyp(w) contains midgap states between the
(8), then the integrals over would be undefined. Using Eq. ab+ andab— bands. Unlike the C energy gap, the energy
(2) for the rootsz;, we find thatA p,(w)=Ap,(w) and gaps above and below the centbat b— band are not per-

(w+
Apa(w):pehR‘{ (

Apb(w)=2pehRe[
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FIG. 2. The hybridized quasiparticle energiesersus momen- FIG. 4. The hybridized quasiparticle energies/ersus momen-

tum z for (a) zo=4.4TY, g=1.247T7, and«=0, (b) Z,=4.4TY,  tum z for (a) 2,=6.89T},, g=1.247T}, §=—1.723%, and

9=0.893Y, and k=1.497T}, (c) z,=5Ty, g=0.676Ty, and  x=0, (b) z,=6.88T%, g=1.246T%, &6=-1.717}, and

k=2.2TY, and(d) z,=7Ty, g=0.452I), and k=3.41T7Y. Al x=0.179T%, (c) Z,=6.6T%, g=1.063T}, 5=—1.346T%, and

figures takes=0. k=1.768T},, and(d) z,=6.6T},, g=0.807T},, 5= —0.858T},, and
k=2.673T} . These values were obtained with=0.4.

fect: as clearly shown in Fig.(B), quasiparticle states lie

within each gap. Within a local spin-density formalism, Hirdialso obtained

While the lower g_aml corresponds to t_he energy differ- a density-of-states with two energy gaps near the Fermi en-
ence between the circular and square points in Rig), the ergy

upper gap corresponds to the energy difference between the Despite appearances, the quasiparticle transition across

invgrted triangular and triangular points. In FigcB A, is A, involves a small change in momentum. As can be shown
defined to include both the lower and upper gaps as well aﬁnalytically, the square in Fig.() lies at a slightly higher

the midgap states between them. The midgap peaks in tr{?al : I

. oo o ue of z than the circle. Of course, the transition across
density-of-states in Figs.(§ and 3d) [also in Fig. 3b) but A, between the circular and triangular points in Fi¢b)lis
too close t.ogether to pe s@etm_rrespond to the square and quite indirect, involving a momentum change of about
inverted triangular points in Fig. (). As the SDW order 9'G~0.05G. At zero-temperature),(0) is larger than the
parameter decreases in Figgc)2and 2d), A; shrinks and C gap 2(05 and approachesAZ(O)ZaSK—>0
the midgap peaks move further apart. Simultaneously, the The quasiparticle energies and densities-of-states are sig-

number of states within each gap decreases. nificantly altered when the CDW order paramegeis non-

The results of a two-band mod&f2for the density-of- g
NN N zero. For the C phase plotted in Figdadand Ha), the
states are quite similar to those in Figeo)e-3(d) except that straight centrab— band again does not contribute to the

no states lie within the gaps. We shall return to the differ- ; . -
ences between the two- and three-band models belov\(/j.ensny-of-states between tfeb+ bands. Since théd

p(wYp,,
R
pl@)p,,

O 1 1 1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 il 1 1 1
5 T T T T T T T T T T T 5 T T T T T T T T T T T
(c} (d) (c) (d)
af i °r E 4t i F 3
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FIG. 3. The density-of-statgs(w) versus frequency for the FIG. 5. The density-of-states(w) versus frequencw for the

same values as in Fig. 2. same values as in Fig. 4.
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band contains- pend/2 of the excess holes, this result may ferromagnetism more closely resemble the weak-coupling
be surprising. But as discussed below, the contribution of théheory'® of superfluid HE, in which the cutoffe, also has no
unpaired holes on the— band to the joint density-of-states direct physical significance. As in the BCS theory of e
p(w) is negligibly small on the scale gf,,. €p IS assumed to obey the relationship
When — §>0, the | gapA; above the midgap states is
smaller than the gap; below. To demonstrate the develop- X<€p<er, (17)
ment of the upper energy gap wheh>0, we use unstable whereX stands for all other energy scalég, g, — J, or
solutions{g,d,«} of the free energyAF(p=<=) in Figs.  z,. In practice, the energy mismatay may barely satisfy
4(b), 4(c), 5(b), and §c). When the reservoir density-of- the first inequality: for pure Cizo~475 meV ande-~8 eV,
statesppe, is sufficiently small, these unstable solutions be-so that less than two orders of magnitude separate these en-
come the stable minima @F(p). Following the scenario in  ergies.
Figs. 4b)—4(d) and Figs. 8)-5(d), the upper energy gap  Due to the assumed separation of energy scales, the en-
A] develops from zero and initially contains quite a largeergy cutoffe, and Coulomb constant can almost always be
number of quasiparticle states. Adncreases, the number of absorbed into the phenomenologicaleléemperatureTy, .
states inside\; diminishes butA; always remains smaller One of the few exceptions to this rule involves the spin den-
thanA; for any — 6>0. sity itself. As revealed by Eq4), the SDW amplitudeS,
In addition to the quasiparticle states of the nestehd  «gcosg¢,,/N explicitly depends on the Coulomb constant.
b Fermi surfaces, the total density-of-states of Cr alloys musBince the average phagg, is undetermined by the nesting
also include the quasiparticle states of the non-nested resedree energy, fittingS, to the observed SDW amplitude can
voir bands!® So the total density-of-states should be writtenonly establish the maximum value for or the minimum
as value for ¢;. Depending on the paramagnetic
density-of-state€'s pgp,, such a procedure yields a maximum
pi(®)=p(w)+Ppen- (15  value f(_)r)\ between 0.020 and 0.032, corresponding to as-
o ) ) tronomically large values oé,. More reasonable values of
Consequently, all the gaps in Figs. 3 and 5 will contain large, petween 0.21 and 0.16 would correspondjcetween 1
numbers of reservoir states. In the limitg Ty — +, the 544 2 eV, the same order as ttand width'3 The anoma-
total density-of-statep,(w) approaches (% p)pen. lously small value of. may reveal one of the weaknesses of
As the temperature decreases beloWy, the the weak-coupling theory of itinerant antiferromagnetism.
conductivity'® of the electrons on the nested Fermi surfaces several postulates of our model are justified by the sepa-
drOpS but the ConductiVity Of the eleCtronS on the reservoilifation Of energy Sca|esl Since the energy mismatch between
bands is unaffected. While the resisitivity of most Cr alloySthe a3 and b Fermi surfaces equalg,, the paramagnetic
is continuous afly, the resistivity of Ci_sFe, (x=0.03)  densities-of-states of the two Fermi surfaces may differ by an
increases dramatical¥ due to the sudden formation of a amount of ordepgzo/er . Due to the inequalitgy<eg, it

large energy gap at the first-order PC transition. is certainly justified to assume that the density-of-statgss
equally split between the two Fermi surfaces abdye It is
IV. PHYSICS OF THE THREE-BAND MODEL likewise justified to assume that their Fermi velocities have

the same magnitude.

Because- §<ef, the density— Spe{2 of unpaired holes
on theb— band in the C phase is much too small to affect
the joint density-of-states(w) of the nested Fermi surfaces.
Like the quasiparticle states in the reservoir band, the quasi-
particle states in thd— band simply add anegligibly
small constant term to the total;(w) in Eq. (15). Never-
theless, the magnetic properties of Cr alloys are quite sensi-
explain the absence of those unpaired holes from the (?)}ﬁi;ﬁ srr;?ll Cuhn%ngfjdneigfgs Firan: e?n%goyr;(;? th;hr;;ilglrl-

density-of-states in Fig. (4), we must reexamine the as- .
sumptions made by the three-band model. Just as in Fermjon>eauences below the dléemperature. In the | phase, the

liquid theory, our model of itinerant antiferromagnetism as_boulomb affractiorl)” between paired holes and unpal_red
L i ... electrons produces the CDW of E@). In the C phase, this
sumes that quasiparticle states are only defined within

. . oulomb interaction shifts the Fermi energy upwards and
rangee of the Fermi surface. This energy regulates a IOga'drives the first-order PC transition observed CrFe and
rithmically divergent integral in the self-consistent equationCrSi alloys

for g given by Eq.(Al). In both this self-consistent equation '

and in the free-energy differenczleF(p,T)1 the cutoff ¢, V. DISCUSSION AND CONCLUSION

may be replaced by the phenomenologicaENemperature

Formally, the straighb— bands in Figs. @) and 4a) do
not contribute top(w) because the paramagnetic density-of-
states containa, b—, andb+ bands. So the absence of both
a and b+ bands inside the C energy gap implies that
Apa(w)=—ped2 and Apy(w)=—pef2 or that Ap(w)
= —penandp(w)=0.

But we have also argued that in the C phase ptheband
contains a density- dpe{2 of unpaired holes. To physically

Many experimentalists have used reflectdfic& or
TH_1 13 l2: (16 absorptiof®?*?*measurements to study the energy gaps of
N7 R0 Cr alloys. For C alloys at low temperaturfs2-242A lies
of a perfectly nested alloy witl,=0. In the BCS theory of between 360 and 400 meV. Fitting this value to the zero-
conventional superconductivity, the Debye frequengyre-  temperature result £(0)=2./2g,~3.53T},, we find that
places the energy cuto#,. Hence, itinerant models of anti- Tj, lies between 102 and 113 meV. Due to impurity scatter-
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FIG. 8. The normalized energy gap, /Ty versus the scaled
Neel temperaturdy /Ty, at T=0 with p=o and\’=0 (solid) or

FIG. 6. The energy gaps,; andA, versus normalized tempera- X’ —0.10 (dashedl

ture T/Ty for N'=0, p=, and z,=5Ty, (solid) or zy=7T}
(dashed

Zo. To test the scaling ofA;(0) with Ty, we plot

ing, however, this may underestimakg . A,(0)/Ty versusTy /Ty in Fig. 8, again usingp=. Since

For pure Cr at low temperaturé$,A;~124 meV and the SDW is enhanced by the presence of a CDW, the nor-
A,~450 meV. Wheread ; is quite flat below about 260 K, malized energy gap\{(0)/Ty increases with\’. But for
A, is reduced® by about 30% to 320 meV at 300 K. A either\’=0 or \'=0.10, A,(0)/Ty approaches the BCS
simple analysis of the paramagnetic energies in Fip) 1 value 27/y~3.528 as the Nal temperature vanishes or as
reveals thatA,—« as T—Ty. The order parameters and the mismatch energy diverges. Whilg(0)/Ty is a decreas-
wave vectors in Fig. 6 are evaluated wkh=0 andp=o. ing function of the Nel temperature wheh’=0, this ratio
Whenz,=5Ty, A, decreases by about 41% betweéen0  increases withTy when\'=0.10. When\'=0, A;(0)/Ty
andTy. Whenz,=7T}, A, decreases by only 22%. With decreases by only about 4% at the triple point.
2,=5.7T% both zero-temperature gaps;(0)~130 meV In agreement with our results for’=0, the observed
and A,(0)~445 meV are close to the observed values forenergy gaps A, of CrMn and CrRu alloys fall slightly be-
pure Cr if T =115 meV. For these valuea, is predicted to low _the _stralght IlneaT.N cl(?se to the IC phase boundary.
decrease by about 31% to=305 meV atT. _But in (_j|§agreement with Fig. 8, the _observed slape5.1

When\'>0 and— 6>0, p(w) is characterized by three 1S significantly larger than our estimate of 3.5. Several

: ,23,25 H H
inequivalent energy gaps which are plotted versus '[emper§-)(p|a”at'ongg have been proposed for this discrepancy.

ture in Fig. 7 for\’ =0.40 andz,= 6.6T% . The order param- A two-band model predicts values for either smalle?® or

6 L
eters and wave vector are again evaluated under the condi".!rger2 than 3.5. However, the t\(vo-band model with its
tion thatp=oc. Now A;>A; but both gaps vanish &ty single energy gap is only appropriate in the C p_hase_ of Cr

Absorption studies by Barker and Ditzenber§auggest allpys (and even then only if the Fermi energy is suitably
thatA,(0) scales roughly as the Btemperaturdy . Note shifted by the CDW order parame}er

. A more likely explanation for the large value far was
that both 4,(0) and Ty depend on the mismatch energy originally propoysedpby Barker Halpering and Riéedmpu-
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FIG. 9. The energy gaps,, A;, andA, versus the normalized
FIG. 7. The energy gapa,, A;, and A, versusT/Ty for energy mismatctzy(Ty)/ Ty for A’ =0.3 (solid) and 0.4(dashedl
N'=0.4,2,=6.6Ty, andp=co. with T=0 andp=2.
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rity and electron-phonon scatterfigsuppress both the en- density-of-states, including angle-resolved photoemig8ion
ergy gapA, and the Nel temperaturdy . At low tempera- and point-contact spectroscopyBut two recently devel-
tures, the energy gap, is affected primarily by impurity oped techniqgues may hold even more promise: inelastic
scattering. But the et temperature of Cr alloys is strongly x-ray scattering and electron-energy-loss spectroscopy
suppressed by both impurity and electron-phonon scatteringegLS). With an energy resolution of 2—4 meV, the latter
Hence, the ratioA;(0)/Ty will be larger than the values technique should prove ideal in measuring the temperature
indicated by Fig. 8. If electron-phonon scattering dominategjependence of the energy gaps. Since EELS is only sensitive
over impurity scattering and the scattering rtés propor- 5 the Cr surface, however, the energy gaps may be sup-
tional to T, then the modified Nel temperature pressed from their bulk values.
Tn=Tny—a'l’ will be proportional to Ty and the gap To summarize, we have calculated the density-of-states of
A1(0) will again scale withT. Cr alloys using a three-band model within the RPA. The
The energy gaps can be controlled by changing the energi¢sults for the density-of-states have been used to clarify
mismatch with doping. Ag, increases with V dopingd;  some of the assumptions underlying the three-band model.
should decrease while the midgap states apdgrow. As  we have shown that the presence of a CDW and a finite
zy decreases with Mn or Fe doping; should increase while  glectron reservoir may dramatically alter the evolution of the
the midgap states shrink. Wheft =0 and the CDW is ab-  gnergy gaps from the C to the | phase of Cr alloys. Obser-
sent, the energy gaps; andA; change suddenly as a kink yation of the predicted temperature and doping dependence
develops in the centrél+b— band, even if the Cl transition of these energy gaps would provide additional confirmation
is second order. This is still the case for a small CDW. But if 5¢ the three-band model. We hope that the results presented

U’ is sufficiently large that the ®— branch crosses the , this paper will inspire future work in this area of funda-
upperab+ branch to the right of its minimum value, as antal physical importance.

pictured in Fig. 1c), then the energy gaps, and A; will
evolve continuously across a second-order CI transition.

These two different scenarios are demonstrated in Fig. 9,
where the reservoir powgr=2 is small enough to produce a
second-order CI transition at zero-temperature. The para-
magnetic energy mismatchy(Ty) here depends only on the
impurity concentration and not on the reservoir power. Fo
both\’=0.3 and 0.4, the Cl transition a'(Ty) is denoted
by a filled circle. To the left of the CI transition, the single
energy gap is given by the C value oAR0)~3.53T}; .

When the CDW is sufficiently large, such as for
N =0.4, the gap\,(0) andA;(0) are continuous. In this
caseA;(0) vanishe_s and (0) _approachesR(O) at the ClI APPENDIX: SPIN AND ELECTRON
phase boundary. Since the midgap states suddenly appear at NUMBER DENSITIES
the CI phase boundary,(0) approache a C value greater
than 2A(0). When\’'=0.3, A;(0) briefly exceeds &(0)
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This appendix generalizes the work of Jiang and Fisfiman

following the CI transition but prior to a discontinuous : :
change in both;(0) andA.(0). In the small window of Eioer?gi::\éi Egs(4) and (5) for the spin and electron number

dopant concentrations with 4.8%y(Ty)/Ty<4.45, the Within the random-phase approximation, the self-

SDW is incommensurate but only one large energy gaRgnsistent relations for the spin and charge-density-wave or-
A1(0)~2A(0) is seen.The discontinuous changes in the ger parameters are

energy gaps occur inside the | phaseith z,(Ty)
>27§!(Ty) =4.31TF, . This remains the case for all smaller
values of\" including\'=0. In fact, the separation between
z5'(Ty) and thezy(Ty) which marks the jumps in the energy
gaps increaseswith decreasing\’. For \'=0, A;(0) is
slightly less than A (0) within this window. Practically all
Cr alloys with modest values of' (the only possible excep-
tion being CrFe alloysshould obey this second scenario.

To test the possibility that the jumps in the energy gaps do
not coincide with the CI transition, optical measurements
should be performed on an | alloy which according to
neutron-scattering measurements is close to a second-order
or very weakly first-order Cl phase boundary. One possibil-These two relations imply thaiy=¢,—¢_ so that the
ity is to cool a Cr,_,Mn, alloys with 0.003<x=<0.01to just CDW phase equals the difference between the SDW phases.
below its Cl phase boundary. Optical measurements on suchhe free-energy differencAF(p,T) is obtained by inte-
an alloy should exhibit a large energy gap close to the @rating these self-consistent relations.
value of 380 meV. The creation and destruction operators for théand

Other techniques have also been used to probe thelectrons are given in terms of their Bloch functiangr) by

G2 (k,iv)), (A1)

<l -

grﬁ &ei¢’+= —-U
— k.l

<l -

s1e'V=—-U’ GPPT(k,iv)). (A2)

k.l
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ay; This can be written in terms of the Green’s functions ob-
a tained by inverting Eq(1) as
kl
W(r)=>, e K ruy(r) Dia (A3) 2 ab® i\ amiQl
=4 <O b | (Sn)=AT|u(N2X (G (kiime™'®
bk+T - L + L
by, +G2 (K,iv)e 10T+ GY Ak iv)el T
+GP, (K, iv)el- 1] (A8)
BT(f):; e*Tug(nlaf; .af; b b b b, Using Eq.(A1) we can express the expectation value as

(A4)

where ¥ (r) is a six-dimensional vector in band and spin
space andi(r) is normalized to one in volum¥. While
a,, and aL, destroy and create electrons on bamdvith
momentumk and spino, by, and b, destroy and create
electrons on bands.. . The spin and charge operators can

(S(r))= = gy Vpergm|u(r)|*{e'?+ 71 T4 gld- 1R

+e—i¢++iQ;-r+e—i¢_+iQ’_.r}

: fi -
now be written as =— Kvpehgm|u(r)|2{<:os(Q’+ T—¢,)
o* o o*° +cogQ. r—¢_)}. (A9)
fi o o o . . _
S,(r)= E\F*(r) | w(n), (A5) Choosing the SDW ordering wave vectors to lie along the
- o> o o*| z axis gives the second line of E().

Proceeding along the same lines, E5). can be derived
from the expectation value of the charge operator

p(D=210) CAUTIRGS (P(1)=8,, 2 {{big by, pe (@m0t

[
[
Nl

o - +(by by, el @~y
where the polarization direction of the spin is taken along the
z axis. Note that this axis may differ from the direction of the

: = b b (K ip)e QL —QL):
ordering wave vectorg), . —ZTKZI {GF” (Kjiv)e '
Summing repeated spin indices and ignoring the momen-
tum dependence of the Bloch functions, we find that the +G?T+b7(k,iv|)ei<Q'+‘Qi>"}

expectation value of the spin is given by

1
=— = Vpedu(r)[?cod (Q, —Q") -1

(S0 =2 lu(n) 207, {(al, by 1O o
r)Yy==u(r)|co a e !N+
2 p e —(¢— )], (A10)
+(al,by,)e ' T+ (b fay,) e T where Eq.(A2) has been used. The second line of Bj.is
Lt o obtained by again choosing the SDW ordering wave vectors

+(by, ax,)e="" (A7) along thez axis.
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