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Spiral spin-density-wave ground state ofy-Fe calculated with spin stiffness correction
to the local-spin-density approximation
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Our recently derived spin stiffness correction to the local-density approximation has enabled us to calculate
spiral (S) spin-density waveSDW) vs wave-vector curves fog-Fe in significantly better agreement with
experiment than heretofore possible. This enabled us to come to two conclugjoRse neutron-scattering
peak atg=(2#/a)(1,0,0) is due to a local minimum in the energy and not an artifact arising from the overlap
of the tails of nearby peaksii) Neutron scattering cannot distinguish between a SSDW and multiple SDW's
polarized in different transverse directions. We confirm that the ground statd-efis a SSDW.
[S0163-182€09)50138-7

Spin-density wavegSDW’s) and spiral(S) SDW’s are  calculatiof was in close agreement but with=0.55. A
intrinsically different in that the former consist of out-of- generalized gradient approximatid@GGA) calculatior in
phase spin-up and spin-down charge-density waves wheregge ASA had the (£,0) minimum drop slightly below the
the eigenfunctions comprising the latter are spinors. Cr ig,=0.6 minimum whereas a full potential GGA calculafion
considered the prototypical itinerant SDW system and fcGound the absolute minimum at=0.5 but differed from all
iron (y-Fe), which can be precipitated as small clusters, isthe other calculations in that the=(27/a)(1,0,0) SSDW
considered the prototypical itinerant SSDW system. In faCtlay above the ferromagnetic statecpt 0. In every casegq
neutron-scattering experiments are unable to distinguish be=(27/a)(1,0,0), which should be an energy minimum to
tween a SSDW and SDW's with different transverse direc-account for the neutron-scattering peak, was a maximum.
tions of polarization in different domain(®r cluster$. Cris ~ We attributed this failure to the fact that both the LSDA and
believed to have a transverse SDW between 122 and 312 &GA depend on the magnitude of the magnetization along
but only because below 122 K it has a longitudinal SBW. the local axis of quantization and are oblivious to the fact
view of the fact that no previous SSDW calculatibrisof ~ that that axis is rotating.
y-Fe have even come close to finding the correct wave vector We’ then derived the exchange energy density functional
of the ground state, it is unclear why theFe ground state is  for jellium with a SSDW, exact to second order in the mag-
believed to be a SSDW. In this paper, however, we willn€tization. From this we _obtamed a term to be a_dded to the
present computational evidence that such is the case. LSDA exchange-correlation energy density functional,

Very small (up to 150 A diametérclusters ofy-Fe are .
precipitated out with the Cu lattice constant when a molten Exd{past]=ELsoalp+ o1+ Exd{papt], D)
CuFe alloy solidifies. Larger clusters have a distorted Iatticew
With the addition of 3% Co to the Fe, the fcc lattice remains
stable up to a 1000 A diameter. Elastic neutron scattfring 1N oce
resulted in broad peaks at=(2w/a)(1,+y,0) with y=0 paﬁ(ri):NZ > Bark(1) Whni(T7), )
and 0.1 for small clusters and in sharp peaksyat0 and k=1 n
0.13 fo_r the Co stabilize.d. clusters. A very broad backgrounda and 8 are spin indicesn andk are band and wave vector
scattering, probably arising from small clusters, accompai'ndices, ther; are the discrete points in the unit cell at which
nied the sharp peaks. Thél,+0.13,0 peaks were the /s are (:Jalculated
interpreted as arising from SSDW's and the small@r,0,0 '
peak from the overlap of tails from the peakg®0,0.13. It 1 \/1 >
seems to us that the sharp peaks are much too sharp and the  P=— 2pptp)ENT (P =P ) TP ©)
broad background much too broad to account for(th8,0
peak. We have believed that there might be a double mini-

here

mum and either some fraction of the clusters got trapped in R

the metastablé1,0,0 minimum or that because of some pa- EXC[{pa,;}]:j & (r)dr

rameter (Co concentration is one possibilitithe (1,0,0

minimum is the ground state for that fraction of clusters. The (pHVp”—p”VpH)Z

present calculation supports the double minimum conjecture. =—A PRI dar, (4

Two local-spin-density approximatiofLSDA) calcula-
tions in the atomic sphere approximatid{ASA) found the wherep=p;;+p, . Note that in the present cape;=p .

SSDW ground state|=(2w/a)(«,0,0) with «=0.6 and a We call E,{{p.z}] @ magnetic stiffness correction to the
local minimum atg=(2/a)(1,3,0). A full potential LSDA  LSDA because, noting thatf =p ;=|p; (r)|e'*") where
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¢(r) is the angle the rotating component of the magnetization —— ————————r —
(in y-Fe that is the total magnetizatiptakes in thexy plane,
we have

:
N

Exc[{paﬁ}]:Af [lp1,12(V )2 p*e]dr. ©)

Thus we see that this correction to the energy density is
proportional to the square of the rotating component of the -
magnetization and to the rate at which it rotatAswhose
value for jellium would not be expected to be appropriate for
a transition metal, is a dimensionless parameter.

For wave vectors whose group contains the inversion op- “

erator,p;, is real andEXC[{paB}]=O. Thus it has no effect

on SSDW's whosej is at thel’, X, or L points in the fcc
Brillouin zone and we had originally hoped that using differ-
ent values ofA we could make both the LSDA and GGA
minima occur at or neakK. However when we found the -5
GGA ferromagnet al” lay below the SSDW aX that be-
came impossible for the GGA. That the LSDA is correctable R T S S L
with the addition of a spin stiffness term while the GGA is r X w

not may be a consequence of the fact that, being local, at a FIG. 1. Energy of the spiral spin-density wave for wave vectors

given point the LSDA is independent of the direction of the long thel'(0,0,0 to X(1,0,0) line ancX to W(L.2.0) line relative

magnetlzatlpn .at. nelghb.o“ng points whereas this must b%) that of nonmagnetic fcc Fe at the same lattice constant of 6.822
includedab initio in deriving the GGA.

The details of the calculation are given in Refs. 4 and 5.b0hrs' The short line beginning Bis the high-field state.

Here we only give the additional terms in the potential ob-

E(mRy)

w

tained from made no attempt here to follow it beyoad=0.10. There are
three minima in the curve. That near=0.6 is the remnant
Qaﬁzgéxc/gpﬁa_ (6)  of the deep LSDA minimum neax=0.55. The minimum
] neary=0.19 and the absolute minimum Xtare new. For
We find perfect agreement with the neutron data we would like the

@) a~0.6 minimum to be somewhat higher or not to exist at all

Go(rY=0. (r)=—2% (r. _
Ui (r) =93, (r) = =3&(r)/p(r)) and they~0.19 minimum to be ay=0.13 and to be slightly

and lower so that it lay just barely below the minimum 4t
R - Nevertheless Fig. 1 is close enough to ideal to be convincing
Uy (rp) =V (rp) that the neutron-scattering peakXats due to a local energy

. N . ' minimum atX lying just above the absolute minima i,
—2AS pN(r')Z/’s)U(r') P (r)Vpy, (1) ++,0) and (1,0,=7) and not due to overlapping tails from

Ti P r)py (ri)py4(ri) those minima. Note that the SSDW Xtis commensurate
oV pi (1) with the crystal lattice and therefore is an antiferromagnet
NS RASIT) with up and down spins alternating betwelén0,0] atomic
apyy(ry) planes’ In Ref. 4 we found a second.,0,0] antiferromag-
netic state which is almost certaifllthe q=(27/a)(1,0,0)

X|Vp(rp)o(ri=ri)=p;(r;)

t(r.
_ M (80  SDW. This state has a different spin density than the SSDW

p1(ry) and was fountito lie 1.29 mRy above the SSDW Xt This
where is large compared to the energy differences between the

minima in Fig. 1. Therefore, now that our SSDW results are
IV (i) ) o . in good agreement with experiment, this energy difference is
W: —|q5(ri—rj)+§G: iGel"ar e T, (9) 4 strong confirmation of the experimentalists’ asseftibat
the ground state of-Fe is a SSDW and not a SDW.
and the last sum is over all reciprocal lattice vectors used in In Fig. 2 the integrated vector magnetization and its inte-
the calculation. Note that whegg | — 0, V, —; this made grated magnitude over the Wigner-Seitz cell are plotted vs
the iteration to self-consistency much more tedious than irwave vector. For reasons to be explained, except=al the
previous calculation$® two curves are much more nearly identical than they were
ChoosingA=0.350 (when the units ofr,; are Ry we without*® the spin stiffness correction. It is interesting to
obtained the energy per atofrelative to the paramagnetic note theq=(2/a)(1,0.1,0) point has a sharp minimum in
stat¢ vs wave-vector curve displayed in Fig. 1 faf  magnetization to go with its local maximum in energy but
=(2mla)(«,0,0) and (2r/a)(1,y,0). The high-field ferro- from that point toW the magnetization increases while the
magnetic ground state increases in energy much more ragnergy after a small but important dip becomes less negative;
idly as q departs from zero than it did in Ref. 4 where we this is just the reverse of the behavior without the stiffness
followed it out until it disappeared beyonad=0.19. We  correction.
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FIG. 2. Integral of the magnitude of the magnetic moment over
the Wigner-Seitz celldashed lingand of the vector magnetic mo-
ment(solid line) for spiral spin-density waves with along thel’X
and XW lines. The short line beginning &tis the high-field state.

FIG. 3. Phase of the spiral spin-density waveg) for q
=(2/a)(0.4,0,0) andr=pB(a/2,+a/2,0) or B(a/2,0,+a/2) with
(solid curve and without(dashed curvjethe spin stiffness correc-
tion added to the LSDA.

Figure 3 is a comparison of(r) for «=0.4 with and €nergy density functional consisting of the usual LSDA term
without the spin stiffness correction along a line from anPlus a spin stiffness term we have been able to calculate
atom at(0,0,0 to one at &/2,+a/2,0) or @/2,0+al2). SSDW vs wave vector curves foy-Fe in close enough

With the correctiony changes byxr from one neighbor to ~ 29reeément with experiment to enable us to draw two impor-
the other for anya whereas without the correction the tant conclusions. These are that the ground state is indeed a

change wasr only for «<0.5 and wasam— 27 for a SSDW and not a SDW and that the two different neutron-

=0.5. We see that the stiffness correction causes the magn (_:atterin_g peaks arise from a dout_)le minir_num in the curve.
tization direction to be nearly constant in each Wigner-Seit _urther Improvements in the de_nsny functional may be .d'f'
cell, with almost all the change occurring at the edge of th |cglt fo obtain. Th‘?y will require some sort of GGA In

cell where the magnetization is very small. This explainsWh.ICh the eIectromg wave fu_nct|ons are assumed o be
why the SSDW magnetizations and their magnitudes inte>P!NOrs frgm the pegmnmg. Un_Ilke our stiffness correctlon,' It
grated over the cell are nearly identical in Fig. 2. Note thatWIII contain gradients of the diagonal elements of the spin-

¢(r) is both the direction of the magnetization and the phaséjenSIty matrix as well as the off-diagonal.

of p1(r); when this phase is constant except wherg(r) These calculations were performed at the Texas Ad-
is small,E,[{p.st/A is small. Thus a#\ is made larger, its vanced Computing Center of the University of Texas at Aus-
effect saturates and further increase®\afause little change tin and were supported by the University and NPACI. The
in the energy of the SSDW's. research was supported by the Welch Foundatidouston,

In conclusion, using a very simple exchange-correlationTX) and the NSF under Grant No. DMR-9614040.
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