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Spin-wave gap and spin dynamics ofg-Mn alloys
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The magnetic phase diagram ofg-Mn alloys contains both collinear and noncollinear magnetic phases in fct
and fcc crystal structures. Using a two-band model which incorporates the magnetoelastic coupling, we find
that the gapDsw(T) in the spin-wave dispersion is proportional to the 3/2 power of the sublattice magnetization
M (T), in agreement with experiments on both the collinear and noncollinear magnetic phases. For the non-
collinear magnetic phases observed in MnNi and FeMn alloys, high-frequency excitations are predicted with

v(qW 50);D, where 2D is the energy gap in the quasiparticle spectrum.@S0163-1829~98!51834-6#
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A remarkable diversity of collinear and noncollinear ma
netic phases are supported byg-Mn alloys. Since the fcc
phase of pure Mn is only stable at very high temperatu
g2Mn is commonly produced by doping with Fe, Ni, or C
Many suchg-Mn alloys undergo a lattice distortion belo
the Néel temperatureTN. Whereas moderately doped alloy
become fct withc,a, the more heavily doped FexMn12x

@x.45% ~Refs. 1 and 2!# and Mn12xNix @x.22% ~Ref. 3!#
alloys remain cubic withc5a. For a narrow impurity range
between 17% and 22%, MnNi alloys become fct at low te
peratures withc.a. According to the phenomenologica
model of Jo and Hirai,4 these three crystal structures may
identified with the three magnetic phases sketched in Fig
Such an identification has been substantially confirmed
band-structure calculations5,6 and by experiments.7,8 In this
paper, we use a simple Hamiltonian which includes mag
toelastic interactions and two bands of quasiparticles to
dict the spin excitations about the single~S!, double~D!, and
triple ~T! spin-density wave~SDW! phases of Fig. 1. For an
of these magnetic phases, the gapDsw(T) in the spin-wave
spectrum is proportional to the 3/2 power of the sublatt
magnetizationM (T). We also report the existence of high
frequency, collective spin excitations associated with
DSDW and TSDW phases.

Moderately dopedg-Mn alloys2 have Néel temperatures
close to 470 K and magnetic moments of about 2.3mB . In
all known g-Mn alloys, the structural phase transitions3 are
either below or coincide with the Ne´el temperature, which
strongly suggests the importance of magnetoelastic effe
The excitation spectra of both fct~Refs. 9 and 10! and fcc
~Refs. 11 and 12! Mn alloys exhibit low-temperature energ
gapsDsw between 7 and 10 meV. Experimentalists12–14have
reported thatDsw(T) is proportional toM (T)a, where 1.5
<a<1.83. However, this temperature dependence has n
been satisfactorily explained.

Formally, the SSDW, DSDW, and TSDW phases may
written as

Si5Mẑ cos~Qz•Ri !, ~1!
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Si5
1

A2
M @ x̂ cos~Qx•Ri !1 ŷ cos~Qy•Ri !#, ~2!

Si5
1

A3
M @ x̂ cos~Qx•Ri !1 ŷ cos~Qy•Ri !1 ẑ cos~Qz•Ri !#,

~3!

where Qx52p x̂/a, Qy52p ŷ/a, Qz52p ẑ/c, and
cos(Qg•Ri)561. In Eqs.~1!–~3!, the sharply peaked Bloch
wave functions of thed-band electrons have been replac
by delta functions. The DSDW and TSDW phases are of
grouped together as multiple~M! SDW’s. For the TSDW of
Eq. ~3!, the spin points along the (1,1,1), (1,1,1)̄, (1,1̄,1),
and (1̄,1,1) directions. Unlike the SSDW and DSDW
phases, the TSDW does not violate cubic symmetry an
consistent with the magnetic fcc phase of FeMn and Mn
alloys. This phase may also occur in the fcc compou
USb.15,16

The band structure ofg-Mn alloys17 contains a large elec
tron Fermi surfacea centered at theG point and large hole
Fermi surfacesb at the six neighboringX points. Unlike the
more closely nested Fermi surfaces of Cr alloys,18 the Fermi
surfaces ofg-Mn alloys are sufficiently different in shap
that incommensurate SDW ordering is not possible. T
commensurate SDW’s constructed above are produced
the Coulomb attractionU between the electrons and holes

FIG. 1. The single, double, and triple SDW phases which
stabilized in different crystal structures.
R5912 © 1998 The American Physical Society
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the a and b Fermi surfaces. Our Hamiltonian also includ
the magnetoelastic interaction between the spin and the
tice:

H5H01Hcoul1Hme, ~4!

H05(
k,a

@ea~k!aka
† aka1eb~k!bka

† bka#, ~5!

Hcoul5
U

V (
q,k,k8,a,b

aka
† bk8b

† bk81qbak2qa , ~6!

Hme5VS 1

2
c11~exx

2 1eyy
2 1ezz

2 !1c12~exxeyy1eyyezz1ezzexx!

1
g

N(
i

~Six
2 exx1Siy

2 eyy1Siz
2 ezz! D , ~7!

whereaka
† andbka

† are the creation operators for electrons
the a andb bands. The strain components are given bye i i ,
c11 and c12 are the elastic constants, andg is the magneto-
elastic coupling strength. In terms of the Fermi operators,
spin operator is defined by

Sig5
1

2(a,b
~aia

† 1bia
† !sab

g ~aib1bib!, ~8!

wheresg are the Pauli matrices.
After minimizing the Hamiltonian with respect to th

strain components, it is easy to show that the average s
for each SDW configuration corresponds to the crystal str
tures identified by Jo and Hirai4 in Fig. ~1!. To proceed fur-
ther, we use the mean-field approximation to replaceHme
with

Hme8 52(
i

Bi•Si1 const , ~9!

where the effective fieldBi is given by

Bi522
V

N
g@exx^Six&x̂1eyy^Siy& ŷ1ezẑ Siz& ẑ#. ~10!

For each magnetic phase,Bi is parallel toSi . Since the strain
componentse i i are proportional toM2, Bi is proportional to
M3. Within this approximation, every electron and hole i
dependently experiences the effective fieldBi exerted by the
magnetoelastic interaction. For each of the three SD
phases, the interaction constantk is defined in terms ofc11,
c12, andg through the relation̂Hme8 &52NkM4. Whenk
exceeds a critical valuekc , the magnetic and structura
phase transitions become first order. Such a marten
transformation19 may be induced by the softening of a lattic
phonon and the resulting enhancement ofk.

It is now straightforward to use the random-phase
proximation~RPA! to formulate the equations of motion fo
the Fermi operators and for the imaginary time Green’s fu
tions

G~k,t!ab,aa52^Tt aka~t!akb
† ~0!&5dabG~k,t!aa ,

~11!
at-

e

in
c-
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-

-

G~k,t!ab,bb
g 52^Tt bk1Qga~t!bk1Qgb

† ~0!&5dabG~k,t!bb ,

~12!

G~k,t!ab,bb8
gg8 52^Ttbk1Qga~t!bk1Qg8b

† ~0!&

5~sg
•sg8!abG~k,t!bb8,

gÞg8 ~13!

G~k,t!ab,ab
g 52^Tt aka~t!bk1Qgb

† ~0!&5sab
g G~k,t!ab .

~14!

In Eqs.~12!–~14!, G(k,t)bb, G(k,t)bb8, andG(k,t)ab, are
independent ofg provided that the hole bandb has cubic
symmetry aboutX so thateb(k1Qg)[eb1(k) does not de-
pend ong. Due to the size difference between the electr
and hole Fermi surfaces, there is an energy misma
eb1(k)2ea(k)5z0/2 at the Fermi momentumkF of the a
Fermi surface.

After solving for the Green’s functions, we find that th
off-diagonal Green’s functionGab is responsible for the ap
pearance of an energy gap 2D(T) among the hybridizeda
andb quasiparticle energies. Remarkably,D(T) is identical
in all three magnetic phases:

D~T!5
N

2V
UM ~T!12kM ~T!3, ~15!

which is enhanced by the magnetoelastic interaction. T
energy gap 2D may be inferred from the activation of th
electrical resistivity or obtained directly from photoemissi
measurements. For a typicalg-Mn alloy with TN'450 K,
2D(0) should be about 100 meV, which is an order of ma
nitude larger than the SW gapDsw(0). However, because o
their disparate shapes, large portions of thea and b Fermi
surfaces will not be gapped.

The RPA for the spin correlation functions is quite simil
in all three SDW phases, except that differentQg are coupled
in the MSDW phases,20 in particular through the Green’
function G(k,t)bb8 defined above. We solve for the excita
tion spectrum after restricting the wave vectorq to lie paral-
lel to one of the ordering wave vectorsQg .

For the S (m51), D (m52), and T (m53) SDW
phases, spin-wave~SW! excitations about the magnetic sa
ellite Qg are given by the zeroes of the function
2U@x1(q,v)2mx2(q,v)#, where

x1~q,v!52
T

V (
k,l

G~k,in l !aa,bb8@G~k1q,in l2 ivn!

1~m21!G~k1q,in l2 ivn!bb8#U
ivn→v1 i«1

,

~16!

x2~q,v!52
T

V (
k,l

G~k,in l !abG~k1q,in l

2 ivn!abU
ivn→v1 i«1

, ~17!
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and q is measuredQg . Here, n l5(2l 11)pT and vn
52npT are Matsubara frequencies.

Because the magnetoelastic interaction violates rotatio
symmetry, the SW spectrum contains an energy gapDsw(T),
which is formally the same in all three magnetic phas
Near the Ne´el temperature, it is explicitly given by

Dsw~T!5
16

A2p
A kTN

rehU
coshS z0

8TN
D M ~T!3/2, ~18!

where reh is the two-spin density-of-states of the electr
and hole Fermi surfaces. Consequently, the spin-wave ga
proportional to thea53/2 power of the sublattice magnet
zation and grows with the mismatchz0 between the Ferm
surfaces. A power law ofa52 would be obtained from a
local-moment description ofg-Mn based on the Heisenber
model withe i i }M (T)2. By contrast, Sato and Maki21 used a
two-band RPA to predict thata51, which would follow
from a Heisenberg model with temperature-independ
strain.22 While Tajimaet al.12 observed a 3/2 power depen
dence for three different fcc FeMn alloys, more recent st
ies of fct MnCu ~Ref. 13! and MnNi ~Ref. 14! alloys find
power laws witha51.56 and 1.83, respectively. Howeve
the statistics of the latter study are not convincing.

For smallk, the SW dispersion may be closely approx
mated byvsw(q)5ADsw

2 1(cq)2, where the SW velocityc
is proportional to the Fermi velocity. This dispersion
sketched in Fig. 2, where single-particle excitations occu
the shaded portions. So the SW modes are undamped w
the RPA. Experimentally, the SW modes are damped wit
width proportional to the wave vectorq.9,12 This damping
may be produced either by impurity scattering or by the
cay of SW’s into single-particle excitations of the nongapp
portions of the Fermi surface.

FIG. 2. The SW~solid! and high-frequency collective~dashed!
modes ofg-Mn. The shaded regions contains single-particle ex
tations.
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Due to the coupling between differentQg , a MSDW sup-
ports an additional class of collective excitations given
the zeros of 12Ux3(q,v), where

x3~q,v!52
T

V (
k,l

G~k,in l !aa@G~k1q,in l2 ivn!bb

2G~k1q,in l2 ivn!bb8#u ivn→v1 i«1 . ~19!

For a MSDW, only 1/m of the holes on each of them nested
hole Fermi surfaces~connected byQg from each electron
Fermi surface! participates in the SDW condensate. The
maining holes have energies which are unperturbed by
SDW. This additional class of collective excitations is pr
duced by the Coulomb attraction between the noninterac
holes and the paired electrons on thea Fermi surface. By
contrast with the SW modes, all of these additional mod
are damped within our model. Forz050, one such collective
mode has the frequencyvc(q50)5A2D, as sketched in
Fig. 2. ForD'50 meV, vc should be close to 70 meV. A
more detailed discussion of these collective modes will
presented elsewhere.20

Such a high-frequency mode may have been observed
low the Néel temperatureTN5240 K of USb,15 where a
TSDW phase was conjectured and modeled by Jensen
Bak.16 Within their local-moment description, the high
frequency collective mode withvc'30 meV is a geometric
consequence of the TSDW structure.

A spallation source could be used to probe these col
tive excitations in the DSDW and TSDW phases ofg-Mn
alloys. Though their frequencies are identical in the MSD
phases, these collective excitations have a larger intensi
the TSDW phase. On the other hand, the SW modes sh
be less intense in the TSDW phase. Hence, it might be in
esting to study the change in intensity of these magn
excitations as the temperature falls through the fcc~TSDW!
to fct ~DSDW! transition3 in Mn12xNix alloys with 0.17,x
,0.22.

To summarize, we have studied the spin excitations ab
the three magnetic phases ofg-Mn alloys. While a SW mode
with energy gap proportional toM (T)3/2 was found in all
three magnetic states, high-frequency collective modes
predicted for the two MSDW states.

This research was supported by Oak Ridge Natio
Laboratory, which is managed by Lockheed Martin Ener
Research Corp. for the U.S. Department of Energy un
Contract No. DE-AC05-96OR22464.
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