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Goldstone Modes and Low-Frequency Dynamics of Incommensurate Chromium Alloys
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This Letter reports the first solution for the low-energy spin excitations about the incommensurate
spin-density-wave (SDW) state of pure Cr and Cr alloys. The Goldstone modes evolving from the
magnetic satellites consist of transverse spin-wave modes and longitudinal phason modes, which are
associated with the rotational and translational symmetries of the SDW state, respectively. The phason
modes bend toward the zone bound&fybetween the satellites and produce the recently observed
60 meV peak in the longitudinal cross sectiorHat We also report a new class of collective excitation
which is associated with oscillations of the SDW wave vector.

PACS numbers: 75.30.Fv, 75.30.Ds, 75.40.Gb

Unlike the local magnetic moments of rare earth metalselectron and hole surfaces, and= z99’/29 controls
the spin-density wave (SDW) of chromium and its dilutethe incommensurability of the SDW. Herér is the
alloys consists of bound electron-hole pairs [1]. Since theshortest Fermi wave vector from the zone cenfeto
ordered magnetic moments may fluctuate in magnitude, thihe zone boundaryd. For pure Cr,zg = 375 meV and
spin excitations about the SDW state are more complex = 150 meV.
than the spin-wave (SW) modes in conventional antiferro- Translating the hole Fermi surface I3/. rather than
magnets. Although pure Cr and many of its alloys orderQ- worsens the nesting on one side of the Fermi surface
in an incommensurate (I) phase [1], in which the SDW is(so thatzo/2 — « > 0) while improving it on the other
incommensurate with the bcc lattice, all previous theoretiside (z9/2 + « < z9). The SDW wave vectorg)’, are
cal work on the spin dynamics is itinerant antiferromag-then determined by the competition between the nesting
nets [2—9] has employed a simplistic band structure onlyree energies on each side of the electron and hole Fermi
appropriate in the commensurate (C) phase. Butrecent esurfaces [15]. Doping with more than [1] 0.3% Mn or
periments [10-13] indicate that theoretical results for the2.4% Fe stabilizes the CSDW state with= 0. Pure Cr
C phase do not extrapolate well to the | phase. In this Let-
ter, we present the first detailed analysis of the Goldstone
modes of an | transition metal antiferromagnet.

Chromium metal is susceptible to the formation of a
SDW because of the almost perfectly nested electror
a and slightly larger holeb Fermi surfaces [1], both _
of which are roughly octahedral in shape. For pure
Cr, the mismatchy of the nesting wave vector@-. =
(G/2)(1 = 9) on either side ofG/2 = 27 /a is about
0.036. When Cr is doped with either Mn or Fe, the
electron surface grows and this mismatch decreases
doping with V enlarges the hole surface and incredses
As first envisioned by Lomer [14], the Coulomb attraction
V > 0 between electrons and holes produces a SDW
consisting of spin-triplet electron-hole pairs with order
parameteq.

As shown in Fig. 1(a), the actual wave vectors of
the SDW are given by, = (G/2)(1 £ 9’) where( =
9" < 8 . The short-dashed lines in Fig. 1(b) denote the
paramagnetic energies near an octahedral face of the
Fermi surface with normal andk, > 0; the long-dashed FIG. 1. (a) The electronaj and hole §) energies translated

horizontal line is the chemical potential. In this figure, by the SDW wave vector®’.. In (b), we expand the boxed

- PN e . region near the Fermi energy for the quasiparticle energies
z = vplk - A — kr) specifies the momentum difference above (short dashed) and below (solid) the Néel temperature.

from an octahedral face of the Fermi surfacg®,= In both (a) and (b), the chemical potential is denoted by a
47rdvp/+/3 a measures the energy mismatch between thaorizontal dashed line.

(b)
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and CrV alloys are in an ISDW state with > 0. The xi(qg,w) = x+(q@ — w,w) + x+(—q¢ — w,w), (3)
three domains for the SDW wave vectap$ correspond

to the possible directions for the nesting wave vectdrs (z = —2/V + [114(3 T it -1 (4
In this paper, we choose the SDW wave vectors to lie x=(4 @) / (1120 @) + (g, @)1 (4)
along thez axis.

. . . = here w = 27 d'/a)? d V>0 is the attracti
The spin associated with each ISDW at gttés where w = (270'/a)z and V >0 is the racive

Coulomb interaction between the electrons and holes. In

s . > > Egs. (2) and (3), the wave vect@r is measured from

S=(R) = mayg expli(Q= - R + ¢=)}, (D) (G/2)2. Hence, the crystal momentufnassociated with

fluctuations of wave vectof is p = g + (G/2)z. In

Eq. (4),1,- andt,+ are real functions off and w which

are given elsewhere [15]. Here we shall be primarily

concerned with their analytic properties. The transverse
nd longitudinal cross sections are proportional to the

wherea; = —2//V and the phase constants- may be

different for the two ISDW’s. Then the total spin Atis

given by S(R) = S+(R) + S_(R). The low-frequency

Goldstone modes of | Cr alloys are associated wit

the invariance of the free energy under translations an ; > >
. . i aginary parts ofy; (¢, w) and y;(¢, o).

rotations of the ISDW state in Eq. (1). While transverse  \yile the first terms in Egs. (2) and (3) have zero-

SW modes are associated with the free energy’s rotationa| . >

; . oo . frequency poles at the satellite wave veci@f,, the

invariance, longitudinal phason modes are associated wit flected t it o q th tellite ab’

its translational invariance. Both sets of modes evoIvJ:b ec eth erl{ln,s }Ntl Iy — tq pro Ece € sge 'E@*'

from the SDW ordering wave vector®’.. Another ove the » ee Ergpera u(rje],tE = fi- 6}? ?th'_ 2.

unexpected class of collective modes is associated Witﬁonsequen Yoxe = 2xi an € spin fluctuations are

oscillations of the SDW wave vectoéL. We call these ISotropic. B‘?'OW the Neel temperature, th? collective
L . » = modes are given by the zeros of the denominater+
new excitations “wavons.

I i1,~. By summing the contributions from each SDW,
We have analyzeq the excitations about the tWO.ISD.V\Eqs. (2) and (3) distinguish the collective modes about
states of Eg. (1) using the random-phase approximation .
N . ) . one SDW from the collective modes about the other.
(RPA). While it remains the simplest formalism to studyHence the collective modes abo@t, are not affected
the spin dynamics of any magnetic system, the RPA WaB " o > -
never applied to the full ISDW state for the following yAthg ip'n excnatlon: akilo@?. o . duced
reason. The spin dynamics of an itinerant antiferromagnet * Mch Spectrum of collective excitations Is produce

are driven by quasiparticle transitions. So to realistically?y & complex quasiparticle energies of | Cr alloys.

study the spin dynamics of | alloys, three bands must pd? this paper, we concentrate on the Goldstone modes

used for the quasiparticle energies: one for the electron\ghICh evolve from the SDW wave vectors and the new

a and two for the holed*. This greatly complicates wavon mode_s mentioned above. At Zero fr.e.quency,
the formulation of the RPA and makes Iow-frequencybOth the longitudinal and transverse susceptibilities have
or wave vector expansions unreliable. Our results wer@01€s atQ" with 7,:-(0,0) = -(0,0) = 0. At nonzero
obtained after a careful formulation [16] of the RPA frequencies, these pole_s develop into the transverse SW
within the three-band model for all temperatures andN©des and the longitudinal phason modes. Other modes
mismatch energies without any further approximations. associated with the oscillation of the SDW amplitueley

As plotted in the solid lines of Fig. 1(b) fok, >0, N Eg. (1) are discussed in a more Ie_ngthy treatment [16].
the electron and hole energies hybridize below the Néel The transverse SW modes have linear dispersios
temperature. AT = 0, ab+ pairs andb— holes com- ¢4 = wl with the same mode velocity = vr/V3 =
pletely fill the available states below the chemical poten- 500 meV A as in the C regime [8]. Because of the large
tial. In contrast to the simpler two-band model developediz€ ©Of this mode velocity, the splitting of each satel-
by Fedders and Martin [2], the three-band model by Young\je into side peaks is difficult to observe experimentally.

and Sokoloff [17] allows quasiparticle transitions between€asurements in the C phase [18,19], however, indicate
ab+ andab— condensates of electron-hole pairs. that the SW velocity is about 30% smaller than predicted.

For simplicity, we only consider spin fluctuations with But @s discussed in Ref. [16], the effective SW veloc-
wave vector along the? direction. Then spin fluc- 1Y Mmay be shifted by the background of incoherent ex-
tuations with frequencyw and momentumg corre- citations. Although the mode velocity is independent
spond to quasiparticle transitions with energy chamge ©f temperature, the strength of each SW mode, de-
and momentum difference specified by = vrg - 4 = fined as the integral overq of the SW delta function

. . . 2
vrqsgrik,)/~/3. This factor of+/3 eventually finds its N IMx:(¢, @), is proportional [16] tog"/w. So the SW
way into the SW mode velocity = vy /+/3. ;trength vanishes akapproached’y and decreases with
The ISDW state has two ordering wave vectors, sdncreasing frequency.

its spin susceptibility contains two sets of contributions BY contrast, Sato and Maki [4] found that within a
centered around each SDW wave vector: two-band model the SW mode velocity is proportional

to g and vanishes a§ — Ty. A similar result was
x:(g,0) =2[x-(g — w,w) + x-(—q — w,w)], (2) found by others [20,21] starting with a phenomenological
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free energy of local spins [22] obeying the canonical In Fig. 3, we graph the SW and phason modes evolving

commutation rules neaf’y. We believe that neither from the two ISDW satellites afl' /Ty = 0.5. The

of these approaches is appropriate for incommensuratnergy scalely =~ 80 meV is the Néel temperature of

itinerant antiferromagnets. perfectly nested Cr with’ = 9 = 0. Then the value
Phason modes are produced by the dynamics of the, = 47Ty = 375 meV used in Figs. 2 and 3 should

phases¢- (R, ) in Eq. (1). Supposingd, to be the roughly correspond to pure Cr. For these parameters,

equilibrium phase and setting$(R,1) = ¢-(R,7) —  the two satellites lie atqg = *cw = *«k =~ =1.903Ty.
¢, the change in local spin is given by As shown, the phason modes evolve linearly up to a
frequency of aboud.47y =~ 32 meV. Above0.75Ty =~
58S+ (R, 1) = iﬂiasgﬁcﬁ(ii’,t) exp[i(é’t R + b0)}, 60 meV, the phason modes become overdamped and

disappear. At this frequency, the inner phasons smoothly

() join another damped longitudinal excitation discussed in
Ref. [16]. The intersection of the inner phason modes
with ¢ = 0 (reciprocal lattice poinH) was very recently
Bbserved by Fukudat al.[13] as a 60 meV peak in
{De G/2 cross section. Although the peak will broaden

ith increasing temperature, the peak frequency should
<9|I|ange very little in the rangé < T/Ty < 0.7, where
the phason mode velocity is almost constant. The inner
phasons also bend the SW cones towatd as first
observed by Fincher, Shirane, and Werner [23].
Y An unexpected class of collective excitations called
wavons is associated with oscillations of the ordering
wave vectorsQ!. about their equilibrium values. If
the wave vector fluctuatiosQ(R, 1) = O(R,7) — Q.

which is parallel to the spin polarization directioh.
Hence, phasons are longitudinal excitations which evolv
from the ISDW wave vectors @’.. In the C phase, shift-
ing the phase of the CSDW will change the magnitude o
the spin on each sublattice. Hence, phason modes do n
appear [9] in the C dynamics.

Since the pole in the longitudinal susceptibility is
damped at nonzero frequencies so that(g, w) < 0,
the dispersion of the phason modes is determined b
the conditiont;+(¢, w) = 0. For small frequencies, the
phasons evolve linearly with mode velocity, < c. As
shown in Fig. 2, the phason mode velocity approache
mgresavsve\s/ele?ifr;t);higiwn;;fﬁellsz(?a%“ﬁ)s/ogngg?/c\;\%igrllso coincides with the variation einﬁthe polarization direction
grows linearly with the V concentration in CrV alloys. ~ {fom 7t to (R, 1) =/ + &m(R, 1), then the change in

The phason modes have often been mistaken for SWEPIn may be written
because they also evolve from the satellite wave vectors, - - -
and have velocities of ordesy. In the longitudinally 6S=(R.?) = a,g([/n + ém(R,1)]exgidQ(R, 1) - R} — rin)
polarized SDW state below 120 K for pure Cr, pinning % exp{i(é+ ‘R + b0)}, (6)
energies [10] of unknown origin constrain the spin fluctu- -

ations parallel to and Q.. So the low-frequency, lon- \hich contains both transverse and longitudinal compo-
gitudinal excitations observed by Burlet al.[10] were  pents. Transverse wavons involve the coherent oscillation
actually phason modes. By contrast, the low-frequencyy poth the spin polarization direction and the SDW wave
Fincher-Burke excitations [10,21] with velocities of order yector. This combination of infinitesimals is possible

vr/50 are probably unrelated to the phason modes. Wgcquse Eq. (6) cannot be linearizedd®. Wavons

are currently investigating the possibility that these loW-tyansform into SW's as8Q/ém — 0. So as shown
frequency modes are actually produced by the coupling

between the spin and lattice dynamics, mediated by an as- L RS VR R AN SRS RS
sociated charge-density wave.
08 ~ -
10 T T S L\ PN /
B —— e —— - /5 \ / \ /
0.95 E ] .z 0.6 / \ -
0.90 - E B
F ] ~
0.85 F E 8 04} -
L E
5 0.80F 3
© E
0.75F E 0.2 - 7
0.70 F E i
E E O-I-I||||.I.I.I L | I I
0.85F E -4 -3 2 - 0 1 2 3 4
0.60 e Lol by by lu b la bl lala1,] cq/Ty
01 02 03 04 05 06 07 08 09 1 ) . .
T/Ty FIG. 3. Normalized frequencw /Ty Vs wave vectorcg/Ty

) ) for the transverse SW (solid) and longitudinal phason (dashed)
FIG. 2. The phason mode velocity, normalized by the SW modes withzo/Ty = 4.7 and T /Ty = 0.5. Also shown are
velocity vsT /Ty for zo/Tx = 4.7 (solid) or 7.0 (dashed). wavon modes which terminate on the inner SW's.
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also disappear in the C limia’ — 0. Recently, Endoh
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