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Constrained density functional theory for first principles spin dynamics
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Constrained density functional theory is used to formulate a theory of general noncollinear spin
systems which makes it possible to implement first principles spin dynamics in a manner that is
firmly grounded in density functional theory. At each time step, local constraining fields are
calculated from a self-consistent algorithm. In addition to discussing the conceptual basis of the
resulting constrained local moment model we illustrate the theory by explicit calculations for the
relative rotation of the corner and body center moments of bcc iron19@9 American Institute of
Physics[S0021-89789)58508-3

I. INTRODUCTION In general, the distribution of moments at a particular SD
time step will be noncollinear. For example, a noncollinear
state in which the distribution of moments is more-or-less
random may be appropriate to Fe well above it's Curie tem-
perature. As already mentioned, the problem is that these

In a recent publication Antropoet al® proposed first
principles spin dynamic¢SD) as a general theory of the
dynamics of individual magnetic moments in itinerant mag-

tner;st In S[r)nnorrlle?UIlltbm\ljf’f?ﬁa| énorTetnt:? armagnet:: ‘T’\}/S states are not extrema of LSI¥AHowever, they can be
em(e.g., magnets above the Curie temperailyy evolve made so by using constrained density functional thedry

f_rom one tl_me step t_o the next according to a classwal_ €qU3hg the introduction of local, cell dependent, constraining
tion of motion. The instantaneous states, between which thg

. I . eld the purpose of which is to force the local moments to
classical Landau-Lifshitz equation evolves the system, an Purp

o . . . ) ) oint along the specific directions appropriate to the current
the effective field which drives their motion, are descnbedtime step of SD. The resulting constrained local moment

by local spin density approximatiofL.SDA).” Thus, SD is (CLM) states now form a proper basis for SD. The problem

;he 3nalog,;‘o;_thte mggne|t|c morr|1ent|or|egtat|ongl d?gretehs %t hand now is to find a sufficiently general algorithm to
reedom, of first principles molecular dynamics for the ... o0 vho constraining fields.

nuclear positional degregs of freedom. . For a noncollinear system the Kohn-Sham equations
Unfortunately, there is a fundamental problem with thetake the form
current formulation of SD. This results from the fact that
standard LSDA is a theory of the ground state and, for spin-
polarized systems, there are typically only a few magnetic
configurations that are extrema of LSDA. These correspond
to highly ordered moment configurations, e.g., ferromagnetic
and antiferromagnetic. An a_rbitrary_ nonc_ollinear state, such p(r)=— ifx deG(r,r:e)f(e—p), )
as may be encountered during a simulation of the paramag- ) -
netic state, does not generally correspond to a LSDA extre-
mum and is therefore not well defined.

(%V%e i—\A/eﬁ}é(r,r’;e)=ié(r—r'), )

- p(r'y OBy \.
Veir=| Vext €2 f dr’ +
of et lr—r’|  6p(r)
Il. THE CONSTRAINED LOCAL MOMENT MODEL SE
. o . o . +| Boyt =——| - 0. 3
First principles SD is based on the adiabatic approxima- ( ext 5M(r)) 7 )

tion for the transverse spin degree of freeddro define a A

magnetic moment on each lattice site, which points in thdn Eqg. (2) p(r) is the density matrix from which the charge
directione when averaged over times long compared to the,(r)=Tr p(r) and magnetizatiorM (r)=Tr ap(r) can be
intersite hopping timé.A distribution of such moments de- (qqily calculated. In these equatiddssignifies a matrix in
fines an orientational configuratide }, which is the instan- 5 5 spin space and Tr denotes a trace over spin. For a

taneous states of spin dynamics. These then evolve from ongcqnt review of LSDA techniques as applied to noncollinear
time step to the next according to a La”daU_L'fSh'thagnetic states see Sandrat&kii.

equatiort To properly formulate SD within density functional
theory, it is necessary to solve the LSDA equations subject to

dElectronic mail: véf@gmsis.ms.ornl.gov an appropriate constraint
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25 T T T T T 2.5
J Mi(r)xgdr=0; Vi, (4)
Q;
that ensures that the local magnetization has no components =
normal to the directions prescribed pg}. Such a constraint ;> <Q
can be introduced into LSDA by the method of Lagrange £ %
multipliers® A full description of how we introduce the con-  _ =
straints and a derivation of a self-consistent algorithm for & S
finding them will be described in a forthcoming article. Here, @ 3
we present a brief summary of the resulting CLM model that w =
highlights the important points and necessary formulas. z
In the CLM model the specific orientational configura-
tion is maintained by locatansverseconstraining fields that
are obtained self-consistently. The generalized energy func-
tional in the presence of the constraining field takes the form .
Ecod p(1);M(1);Beor1) 1= Eind p(r);M(r);Beor(r) ] 25 . 2.5
+f drM(r)-Beor). (5
=
Here E;,; is the internal total energy to be identified with % §
E({e}). The constraining fields are obtained from the con- % s
dition Iy =
o 3
J6E r);M(r);Beod(r w
col P(I) ( )i Beorl )]:0, Vi, ©6) s %
5é 11} =
w
Since the constraint in E@4) is an integrated one, we have ~
the luxury of choosing a functional form fdB.,(r) such
that

BL,{r)=CB.(r), (7)

wherec is transverse to the local orientatich Equations FIG. L. (Top) D d f scr raining field on th e bet
. . . .1 op epenaence o constraining tiela on the angle between

(4)_(6) result in a practlcal formula for the _CQ,nStrammg corner and body center moment8,,j. (Bottom) Dependence of the total
fields as follows. Let us assume we make an initial guess Ofnergy and magnetic moment @p .
the constraining fieldj,. Let us also assume the size of the
moment has already converged. Equati6nhthen provides
us with the following iterative algorithm for finding an im-
proved (new) guess of the constraining field to be put into
the next iteration:

sity, using Eq(8). Converged charge and magnetization den-
sities for ferromagneti€collinean Fe were used to initialize
the calculations and the constraining field was initialized to
Cinew: C:n_ (an. e)e _[eiout_ (e"out. e)el. (8)  zero. We found. that the constrgining field converged rapidly
[~ 10 self-consistent fieldSCH iterationg.
In Fig. 1 we show the dependence of the magnitude of
constraining fieldtop) and the total energy and magnetic
moment(bottom) on the relative angl®;,, between the two
moments. The constraining field is zero for the ferromagnetic
Ill. CONSTRAINED LOCAL MOMENT STATES OF BCC configurat?on; this is expected since this corresponds to a
FE unconstrained extrema. Close to the ferromagnetic 8ate
shows a linear dependence ép. This is consistent with Fe
In this section we investigate the nature of CLM statesbeing a “good” moment, quasi-Heisenberg, system close to
discussed above for a simple test case, namely, the relatithke allowed ground states. The magnetic moment changes
rotation of the moments associated with the corner and bodlttle as a function of;, and the total energy is quadratic for
center sites in bcc Fe. Results are based on the locally seléubstantial deviations~40°), again consistent with ap-
consistent multiple scattering.SMS)® method with an LIZ  proximate Heisenberg behavior.
of three-neighbor shells. While this is insufficient to give Although the constraint imposed through E@$) and
results that are fully converged with respect to LIZ size it is(7) is an integral one it is profitable to examine the extent to
sufficient to illustrate the CLM model. The three-neighborwhich the local moment rotates rigidly. Clearly, if it does
shell however becomes increasingly insufficient after 90° ohot, this brings into question the efficacy of the SD approach.
rotation. The constraining field was iterated to self-Rigid rotation implies that the constraint implicit in EQL)
consistency, along with the charge and magnetization derappliesr point by r point, which in turn implies that, in a

Thus, ase,,, converges to the constrained orientaten c,
also converges ta', thereby determining the constraining
field, Eq.(7).
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10 . . IV. CONCLUSIONS
e

©=10 degrees i i
B =(0.059.0,0,)] We have outlined a CLM model of general noncollinear

" spin systems which makes it possible to implement first prin-
=0.00052 . . . . . .
6L szooooooﬁﬁ i ciples spin dynamics in a manner grounded in constrained
: B . .
M =2.21600, density functional theory. We have presented a general algo-

] rithm for finding the local constraining fields responsible for
maintaining general noncollinear orientational configura-

Magnetization Density
Y

—--M_x
2t oMoyl tions. We have presented results for nonequilibrium noncol-

. - linear states in bcc Fe that demonstrate that CLM states exist.
0 7 ] Although not shown here, we have also obtained CLM states

in large unit cell(up to 1024 atorncalculations of Fe having

-2 ‘ ' ' randomly oriented moments. Similar calculations for Ni and
0-8 . ' Co are ongoing.
0.6 } ®e=10 degrees 1
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