RAPID COMMUNICATIONS

PHYSICAL REVIEW B VOLUME 58, NUMBER 10 1 SEPTEMBER 1998-Il
Spin-wave gap and spin dynamics ofy-Mn alloys
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The magnetic phase diagram#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 gap\4,(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
w(q=0)~A, where A is the energy gap in the quasiparticle spectr{&0163-1828)51834-§

A remarkable diversity of collinear and noncollinear mag-

netic phases are supported WMn alloys. Since the fcc $=LM[§< cos(Qx-Ri)ﬂ? cogQy-Ri) ], 2
phase of pure Mn is only stable at very high temperatures, V2

y—Mn is commonly produced by doping with Fe, Ni, or Cu.

Many suchy-Mn alloys undergo a lattice distortion below 1 . . .

the Neel temperaturdly. Whereas moderately doped alloys Si:ﬁM[X cogQy- Rj)+y cogQy-Rj)+z cogQ, R))],
become fct withc<a, the more heavily doped Ben;_, 3)

[x>45% (Refs. 1 and P and Mn,_,Ni, [x>22% (Ref. 3]

alloys remain cubic witt=a. For a narrow impurity range ..o Q.=27x/a, Q,=2myla —om3/c. and

between 17% and 22%, MnNi alloys become fct at low tem-..,q ,R_)Xz w1 In,Eqs (3’1)_(3) the shazrply peak’ed Bloch
yR)==*1 . ,

peratures withc>a. According to the phenomenological \yaye functions of thel-band electrons have been replaced
model of Jo and Hirat these three crystal structures may beby delta functions. The DSDW and TSDW phases are often
Such an identification has been substantially confirmed b% . . — -

] ) : 3 . d. (3), the spin points along the (1,1,1), (1,},%1,11),
band-structure calculation$and by experiments® In this and (11.1) directions. Unlike the SSDW and DSDW

e 0 eihases, ine TSOW oes ot vilate cutic symmetry and 1
dict the spin excitations about the sing®, double(D), and consistent with the magnetic fcc phase of FeMn and MnNi

triple (T) spin-density wavéSDW) phases of Fig. 1. For any 3';’3’%,@“‘3 phase may also occur in the fcc compound

of these magnetic phases, the gag(T) in the spin-wave
spectrum is proportional to the 3/2 power of the sublatticetro
magnetizationrM (T). We also report the existence of high-
frequency, collective spin excitations associated with th
DSDW and TSDW phases.

Moderately dopedy-Mn alloys’ have Nel temperatures
close to 470 K and magnetic moments of about2z3 In
all known y-Mn alloys, the structural phase transitidrese
either below or coincide with the ¢ temperature, which
strongly suggests the importance of magnetoelastic effects.
The excitation spectra of both f¢Refs. 9 and 1pand fcc
(Refs. 11 and 12Mn alloys exhibit low-temperature energy
gapsA, between 7 and 10 meV. Experimentaltéts*have
reported thatA,(T) is proportional toM(T)“, where 1.5
< a<1.83. However, this temperature dependence has neve
been satisfactorily explained.

Formally, the SSDW, DSDW, and TSDW phases may be

written as c<a
SSDW DSDW TSDW

The band structure of-Mn alloys'’ contains a large elec-

n Fermi surfacex centered at th& point and large hole
Fermi surface$® at the six neighboringk points. Unlike the
€more closely nested Fermi surfaces of Cr allythe Fermi
surfaces ofy-Mn alloys are sufficiently different in shape
that incommensurate SDW ordering is not possible. The
commensurate SDW'’s constructed above are produced by
the Coulomb attractiotd between the electrons and holes on

c>a ¢=a

. FIG. 1. The single, double, and triple SDW phases which are
S=Mz coqQ, R)), (1) stabilized in different crystal structures.
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the a andb Fermi surfaces. Our Hamiltonian also includes G(K,7)2gpb= —<TTbk+an( T)bl+ng(0)>= 8apG (K, pp,

the magnetoelastic interaction between the spin and the lat- (12)
tice:
H=Ho+Hcourt Hme, (4) G(k'T)Zf;rbb':_<T7bk+Q7“(T)bE+QY’B(O)>
=(07-0"")apG(K, Tty
HO: kE [Ea(k)alaaka—i_ Eb(k)blabka]v (5)
L v+ y' (13
U
HCOU|:V E alabl’ﬁbk’+qﬂak*tm' (6) G(k’T)Z,B,ab:_<TTaka(T)bI+Qyﬁ(o)>:UgBG(k’T)ab
a.kk @B (14

1 In Egs.(12—(14), G(k,7)pp G(K,)pp,» andG(k,7),p, are
Hime=V| 5 C1u( €yt €5y €5,) T Cio ExxEyyt €€, €,56,)  independent ofy provided that the hole band has cubic
symmetry abouK so thate,(k+Q,)=e€,. (k) does not de-
g pend ony. Due to the size difference between the electron
+ NZ (Slzxfxx+ Slzyeyy+ Slzzezz) , (7) and hole Fermi surfaces, there is an energy mismatch
: €p+ (K) — €5(k) =2,/2 at the Fermi momenturkg of the a

wherea/  andb], are the creation operators for electrons onFermi surface.

thea andb bands. The strain components are givenehy After solving for the Grgen’s functions, we find that the
¢y, andcy, are the elastic constants, agds the magneto- off-diagonal Green'’s functiots,, is responsible for t'he ap-
elastic coupling strength. In terms of the Fermi operators, th@€arance of an energy gap\@T) among the hybridizea
spin operator is defined by andb quasiparticle energies. Remarkab(T) is identical

in all three magnetic phases:

1
- t Lt b
Siy 2223 (@iat i) Tapl(@ip+big), ® A(T)=—2NVUM(T)+2KM(T)3, (15)

whereg are the Pauli matrices, which is enhanced by the magnetoelastic interaction. The
After minimizing the Hamiltonian with respect to the y 9 :

s componens 5 easy t show ihat e average a5 990 % ey e e o e sehaten o e
for each SDW configuration corresponds to the crystal struc- Y Y P

. = A ts. For a typicgtMn alloy with Ty~450 K,
tures identified by Jo and Hithin Fig. (1). To proceed fur- measuremen A
e L B 2A(0) should be about 100 meV, which is an order of mag-
ther, we use the mean-field approximation to repl nitude larger than the SW gag,,(0). However, because of

with their disparate shapes, large portions of ghandb Fermi
surfaces will not be gapped.
He=— E B;-S+ const, 9 The RPA for the spin correlation functions is quite similar
! in all three SDW phases, except that differ@ntare coupled
where the effective field; is given by in the MSDW phase® in particular through the Green’s

function G(k, 7),,r defined above. We solve for the excita-
\V; . . . tion spectrum after restricting the wave vectpto lie paral-
Bi= _ZNQ[EXX<SX>X+ €yy(Sy)Y+ €4S7)z]. (100 lel to one of the ordering wave vectog, .
For the S n=1), D (m=2), and T (m=3) SDW
For each magnetic phad®, is parallel toS . Since the strain phases, spin-wavéSW) excitations about the magnetic sat-
componentss; are proportional tM?, B; is proportional to  ellite Q, are given by the zeroes of the function 1
M3. Within this approximation, every electron and hole in- —U[ x1(d, @) —mx2(q,w)], where
dependently experiences the effective fiBldexerted by the T
magnetoelastic interaction. For each of the three SDW _ . . .
phases, the interaction constants defined in terms of;;, xi(40)==y ; Gk i) aapr[Glk+a.iv—ion)
C1», andg through the relatiofH/ )= —N«M*. When «
exceeds a critical valuec., the magnetic and structural
phase transitions become first order. Such a martensitic
transformatio® may be induced by the softening of a lattice
phonon and the resulting enhancemenikof (16
It is now straightforward to use the random-phase ap-
proximation(RPA) to formulate the equations of motion for
the Fermi operators and for the imaginary time Green'’s func-
tions

+(Mm—1)G(k+0q,iv,—iwn)pp]

3

iwnHeris'*'
T . .
X2(Q,0)=— V& G(K,iv))apG(k+q,iv,

; 17

ioon—>ou+is+

G(K, 7 up aa= — (Tr8kal AL 5(0)) = 8,5G(K, ) a, ~iwn)ap
(11)
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Due to the coupling between differe@t,, a MSDW sup-
ports an additional class of collective excitations given by
the zeros of +U y3(g,w), where

@A———-————'—"__—__-'

T . _
Xal(0,0)= =y 2 G(Kiv)ad G(K+ v —iwn)op

—Gk+a,ivi—ionbp lliv,~wriet- (19

cq

FIG. 2. The SW(solid) and high-frequency collectividashedl  hole Fermi surfacegconnected byQ,, from each electron

For a MSDW, only 1 of the holes on each of tha nested

modes ofy-Mn. The shaded regions contains single-particle exci-

i Fermi surfacg participates in the SDW condensate. The re-
ations.

maining holes have energies which are unperturbed by the
SDW. This additional class of collective excitations is pro-
duced by the Coulomb attraction between the noninteracting

- . . . i]oles and the paired electrons on thd-ermi surface. By
Because the magnetoelastic interaction violates rOtat'on%ontrast with the SW modes. all of these additional modes

and g is measuredQ,. Here, v,=(21+1)7T and o,
=2n7T are Matsubara frequencies.

symmetry, the SW spectrum contains an energy 5gg1), are damped within our model. Fag=0, one such collective
. o o : mode has the frequency.(q=0)=\2A, as sketched in
Near the Nel temperature, it is explicitly given by Fig. 2. ForA~50 meV, w, should be close to 70 meV. A
16 T
Ag(T)= ——= [KIN cosl‘(SZTO M(T)32 (18  presented elsewhef.

V27 ¥ pent N Such a high-frequency mode may have been observed be-
and hole Fermi surfaces. Consequently, the spin-wave gap ESDl\éV phas_e was conjectured and modgle_d by Jensgn and
proportional to thex=3/2 power of the sublattice magneti- 52K~ Within ‘their local-moment description, the high-
surfaces. A power law oftr=2 would be obtained from a coTeqUﬁnqe of the TSDV\lldstt:uctured be th "
local-moment description of-Mn based on the Heisenberg spallation source cou'd be used to probe these collec-
two-band RPA to predict thatv=1, which would follow aIrI]oys. Tn:)ugh thl?ir I_requen_(;iet_s arehidentic?l in th_etMSE_iV\l_
from a Heisenberg model with temperature-independen ases, these cofleclive excitations have a jarger intensity in
dence for three different fcc FeMn alloys, more recent Studpet!esstintepsae irtlhthe ISDW phaste. Hincef, itthmight be int?r-
ies of fct MnCu (Ref. 13 and MnNi (Ref. 14 alloys find ~ €StNg 10 Study the change in intensity of theseé magnetic
the statistics of the latter study are not convincing. tggcztz(DSDW) transitior? in Mn; _,Niy alloys with 0.17<x

For small«, the SW dispersion may be closely approxi- ~ -~
: . . ; T .2~ . _the three magnetic phaseswMn alloys. While a SW mode
is proportional to the Fermi velocity. This dispersion is with energy ggap prr())portiofal tM(T§/3/2 was found in all
the shaded portions. So the SW modes are undamped with :
the RPA. Experimentally, the SW modes are damped with edicted for the two MSDW states.
may be produced either by impurity scattering or by the deLaboratory, which is managed by Lockheed Martin Energy
cay of SW's into single-particle excitations of the nongappedResearch Corp. for the U.S. Department of Energy under

which is formally the same in all three magnetic phases.

more detailed discussion of these collective modes will be
where pqy, is the two-spin density-of-states of the electron!OW_the Neel temperatureTy=240K of USb;® where a
zation and grows with the mismatcly between the Fermi freguency collective mode with.~30 meV is a geometric
model withe; =M (T)2. By contrast, Sato and Ma®iused a tive excitations in the DSDW and TSDW phasesjeiMn
strain?2 While Tajimaet al2 observed a 3/2 power depen- the TSDW phase. On the other hand, the SW modes should
power laws witha=1.56 and 1.83, respectively. However, excitations as the temperature falls through the(lc8DW)
mated byw.,(q)= \/Km where the SW velocitg To summarize, we have studied the spin excitations about
sketched in Fig. 2, where single-particle excitations oCCUpYy oo magnetic states, high-frequency collective modes are
width proportional to the wave vectar.®>!? This damping This research was supported by Oak Ridge National
portions of the Fermi surface. Contract No. DE-AC05-960R22464.
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