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Exchange-Coupled Spin-Fluctuation Theory: Application to Fe, Co, and Ni
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Finite-temperature properties are modeled for the itinerant-electron ferromagnets Fe, Co, and Ni by
employing a spin-fluctuation theory where the modes are coupled by interatomic exchange interactions.
Our method is based on the density functional theory using the local density approximation.
The latter yields all parameters derived from constrained ground-state properties of noncollinear
spin configurations to calculatab initio the Curie temperatures, the magnetic susceptibilities, and,
furthermore, the hcp-fcc phase transition of Co. Our results are in fair agreement with experimental
data. [S0031-9007(96)00537-6]

PACS numbers: 71.15.Mb, 75.10.Lp, 75.30.Cr, 75.50.—y

The magnetic properties of transition metals at very lowobtain first-principles estimates for magnetic properties of
temperatures are well described by spin-polarized band@d metals on the basis of ground-state properties using
theory provided this is based on the density functionathe density functional theory. Assuming the adiabatic
formalism, a rather well-tested computational methodapproximation for magnetic moments, we separate slow
being the local density approximation [1,2]. In fact, and fast motion, the time scale for spin fluctuations being
spin-polarized band theory can be seen asahdnitio  much longer than typical electronic hopping times. In
version of Stoner-Wohlfarth theory [3,4] in which the particular, making the static approximation where the
magnetic moments are brought about by the itineranfluctuations are treated classically, we include transverse
d electrons whose spins align because of intra-atomias well as longitudinal spin fluctuations by using a mode-
exchange interactions. Recent reviews can be found, e.gnode coupling theory. Such a theory was first developed
in [5,6]. by Murata and Doniach [16] for weakly ferromagnetic

At finite temperatures, however, Stoner-Wohlfarth the-systems; it was generalized later [17—-20] to apply to
ory fails to account for the magnetic properties in mosta description of magnetic and magnetoelastic properties
cases, particularly so for Fe, Co, and Ni. The reason foof itinerant-electron materials. These authors assume the
this is that the magnetic moments are supposed to disapetal energy per atonkt at 7 = 0 is a function of the
pear through spin-flip excitations to the Stoner continuummagnetic momentl per atom,E(M), with a ground-state
a process that costs too much energy leading to unphysialue of Ey = E(My). Thermal effects are described
cally high Curie temperatures and a paramagnetic suscepy random variablean(r), and M = My + (m(r)) is
tibility that does not describe the experimentally observednterpreted as the thermodynamic magnetization, where
Curie-Weiss law. (m(r)) is the statistical mean value of the fluctuations

Awareness of low-energy excitations for explaining them(r). In a theory reminiscent of a Ginzburg-Landau
magnetic phase transition arose in the seventies predomapproach the Hamiltonian is expanded in powerbié{r)
nantly through the pioneering work of Moriya, Hubbard, where the expansion coefficients can be obtained by
Hasegawa, Korenmaet al., Gyorffy et al., Edwards [7— constrained calculations of the total energ¢M) [20].

12], and others; see, for example, [13,14]. The broad conFurthermore, in the limit of weak itinerant ferromagnets,
sensus reached [13] was that orientational fluctuations offhere the angle of the interactions is small in comparison
the local magnetization represent the essential ingredients the scale of the fluctuations, nonlocal effects are
to a thermodynamic theory. Still, the detailed approachetaken into account by a lowest-order gradient term,
seemingly differed considerably; thus, for instance, Gywhich describes the dispersion of the fluctuations [17,18].
orffy et al. [11] emphasized a picture of disordered localThese fluctuations are treated by Fourier-transformed
moments, whereas Korenman, Murray, and Prange usedcquiantitiesm(r) = > ,;, my expiik - r), where a cutoff
fluctuating-local-band picture [10]. In spite of the consid-parameterk, is introduced to avoid a divergence of the
erable progress in the formulation of the problem, actuaimean value of fluctuations. The expansion coefficient of
first-principles treatments of spin fluctuations that result inthe gradient term and the cutoff parameter describe
hard numbers for itinerant-electron systems are still rarephenomenologically the excitation modes and are fitted to
a notable exception is given by the work of Staunton andxperimental data.

Gyorffy [15]. In this work, the gradient term is generalized such

In this Letter, using an approach different from thatthat, for the first time,all coefficients defining the
of Staunton and Gyorffy, in particular, not making any Hamiltonian are obtained from first principles by total-
explicit assumptions about the local degree of order, wenergy calculations of constrained, noncollinear magnetic
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configurations. These latter are modeled by meanseversal symmetry):

of spin spirals whose intriguing symmetry properties _ o o

were discussed a long time ago by Herring [21]. Thus EM.q.0) = gA"M + gjﬂ(q’a)M - @
the magnetization at sit® is constrained to have the
form M(R) = M(codq - R)sind, sin(q - R) sind, cox)
whereq defines the spiral configuration. Our previously
documented ability [22,23] to compute the total energ ; . .
for these configurations by self-consistent calculations iAatte_r being expressed by_functlcmg(q, 6) which are pro-
the local density approximation using the ASW methodportlonal to the energy difference between the ferromag-

[24] allows us then to obtain the total-energy “Iandscape’neuc and the spin-spiral case and which we, therefore,
E(M,q,0). associate with the exchange energy. TFhéependence

In Fig. 1 the total energ¥(M, q, ) for Ni is shown as can pg shown to b?"(q’ 0) = sir’6J,(q) and,_for brevity
a function of the momenM for different configurations In WF'“”Q’ we confine ourselves to the leading terms, re-
and § = 90°. Curve FM applies to the ferromagnet "@MingA1 = A4, A; = B, and/i(q) = J(q):
[whereq = (0,0, 0)] with a ground-state energ§(M,) = E(M,q,0) = AM*> + BM* + sit0J(qQM?*, (2)
—2.9 mRy atM, = 0.61up, curve SM applies to a spin-

Here the first term on the right-hand side describes contri-
butions from collinear ferromagnetic spin configurations
nd the second term from noncollinear configurations, the

X , : = even though the actual calculations were carried out using
spiral configuration wherq = (0,0, 1/2), and curve AM terms up toM® which provide a sufficient degree of

applies to the antiferromagnetic configuration whegre: convergence. The quantities, B, and J(q) (plus the

0,0, l)t (g llstt.glven mt urtnts I?f ?T/a V\t/hetr(ia |st_theth higher order corrections) are all we need to carry out
fﬁgf& ?:ur\(’/jle Icgsgggzeasni t)s mir:isrr:umrgoart?ﬁe (?rini%lc}ee ;tlhe thermodynamic calculations which are described next.

- P . . ongin, 1.€., Nijote that this input is in principle temperature dependent.
cannot sustain a magnetic moment in an antlferromagn_etﬁowever’ for the temperatures of interest (i.e., far below
configuration. Indeed, the SM curve shows that startlnqhe Stoner continuum that sets the energy scale which for

at aboutq = (0,0,1/2), which implies angles of 90 the 3 metals is much higher than the Curie temperatures)

between the spins of nearest neighbors, the magnetg expect this dependence to be weak and therefore
moments vanish. For values of slightly smaller than rbeglect it

this the total energy POSSEsSSes a very b_road MINIMUM and e now use as the basic Hamiltonian which describes
thus leads to strong spin fluctuations with almost no cos

; . : #xchange—coupled spin fluctuations the expression
of energy as was pointed out before in calculations o
the susceptibility [25]; the situation is similar for fcc-Co _1 f Lr[AMA(r) + BMA(r) + - -]
the magnetic moments being, however, considerably more Vv

stable for bcc-Fe and hep-Co [25]. 1
We now expand the total energy(M,q, 6) in even + 7] d3rf dr'lJ(x —r)M(r) - M(r') + -],
powers of M2 (only those are needed because of time- 3)

whereA and B are defined above and, contrary to earlier
work [16—18], the gradient term is replaced by the more

2 1 general term containing(r — r’). Physically it describes
the energy changes due to exchange coupling between the
15 L 4 sitesr andr’. The classical fieldM(r) is decomposed
into the average magnetizatidh—which we define to
= AM be along thez direction—and the Fourier modes of the
€ or y longitudinal () and transversén.y, m,) fluctuations:
g 5L i M(r) = Me, + ijk expik - r)e; (]
W SM ik
o and the exchange constadi@ — r’) are connected with
the input quantitied (q) by
FM
s I = 33 Ja)explia - 1), ©)
0 0.2 0.4 0.6 038 1 1
M/ [ug] Since the spin-quantization axis is assumed to be constant

FIG. 1. Total energyE(M, q) in mRy of fcc-Ni as a function InSide the atomic sphere [22], the enetgiM, q) is solely

of the magnetic momer¥l in wj for different magnetic con- CQmposed of _ethange integral§R; — Rj.) between
figurations: ferromagnet (FM), spin spiral of = (0,0,%)27” different atomic sitesR; and R;, whereas intra-atomic
(SM), and antiferromagnet (AM). contributions cannot easily be considered. Thus the
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exchange constants(q) are periodic in the reciprocal usual by employing the Peierls-Feynman inequaffty=
lattice and the degrees of freedom are the number offsg = Fo + (H — Hy)o, where the HamiltoniardH
different mj,, the wave vectorsk being in the first is chosen as a quadratic forndH, = Zik ajklmjklz.
Brillouin zone. This defines the partition function as Here a;c are variational parameters arff is the free
Z = ([jxe1sz [ dmjx) exp(—H /ksT). energy calculated witl#H,. Thus the mean value of the

Since the functional integration of the partition function fluctuations is simply obtained dbnk|*)o = kzT/2ax
cannot be performed exactly, we resort to a meanand(|mx|*")o = (2n — 1)!|m;x|*)s. We thus calculate
field approximation and obtain the free enerdy as | the free energy of spin fluctuation$sg, as

kT

Fse(T) = — Z[l + In(ar{lmx1*0)] + Zf(k) (mx®o + AM? + 2m? + m})
jk ik

+ B(M* + 4M?im? + 6M*im} + 8t + 4’ + 3my)), (6)

where (|mx|*)o = (Imx|*)o = {Im,x|*)o describe trans-| tion M, the fluctuations#2, /7, and the local magnetic

verse and|mx|*) = (Im.k|*) longitudinal fluctuations. momentMy = /(M2(r)),. We wish to point out that,
Furthermore, the abbreviation? = Zk<|m.,-k|2>0 isused. due to the quadratic form af,, the temperature depen-
Finally, the coefficients ;x are given by those which min- dence of the calculated quantities is obtained incorrectly
imize the free energyd Fsg/da;x = 0. These equations for T — 0. Also, in some cases—for certain values of
constitute the self-consistency condition for the fluctuathe coefficientsA,, andJ, of Eq. (1) appropriate for other

tions{|mx|*)o and{|m|*)o and are metals—one obtains a phase transition of first order; see,
ksT 5 5 5 for instance, [13,19].
NP =A+ B2M~* + 8im; + 2mj) + J(k), (7) From the second derivative of the free enery:
k70 with respect to the fluctuations:;, we calculate the
kgT 9 A2 5 longitudinal (y; ') and transverséy, ') susceptibilities
2W|mu®o =A+BOM" + i + 6mp) +J (k). (8)  pejow Tc as well as the paramagnetic Curie-Weiss

: : .. _susceptibility (y, ') aboveTc. Our results are shown
Equations (6), (7), and (8), together with the condltlon.n Fig. 2(b). The paramagnetic inverse susceptibility

dFsr/OM = 0, give the temperature dependence of the" T . .
magnetization as well as of the fluctuations. ?th'OLl’SIV a}gr(ies :n forrg with rlneaSL;re(;I res;JItzs, bAl\Jt
Our results for Ni are shown in Fig. 2(a) where we € slope 1S 100 large by nearly a lactor ot -.

show as a function of the temperatufethe magnetiza- similar discrepancy was discussed in [1.5]' In Table |
we collect calculated values of the Curie temperature

Tc and the Pauli spin susceptibilityg, for Fe, Ni,
and Co and compare them with experimental results and
the calculated values given by Staunton and Gyorffy
[15], who obtained their results at high temperatures
approachingT. from above and making assumptions

g

s

= TABLE |. Calculated saturation magnetizatioi®,), Curie

= temperature$7¢), and Pauli spin susceptibilitielsy) for Fe,

oo Co, and Ni (calc.). Comparison is with data of Staunton and

Gyorffy (SG) [15] and experimental values (exp.) [26]. Also
the hcp-fcc phase-transition temperatfg.p/s..) of cobalt is

given.
R bce-Fe  fce-Ni hep-Co  fee-Co
o Mo (up) 220 061 152 1.61
X = Tc (K) Calc. 1095 412 995 1012
e e DX SG 1015 450
0 100 200 300 4(1)3[K] 500 600 700 800 ’ Exp 1044 627 1388
FIG. 2. (a) Relative magnetizatiod, relative transverse and Yoo (10762 Calc. 56.6 38.1 63.5 118.1
longitudinal fluctuations{|n,|*)o and{|m;|*), below T and mol Exp. 69-98 40-55 23-65
<|m,,k|2>0 aboveT¢, and relative local magnetic momem;
_Ni ey g -1 —1
(see ex forfcc N, (0)Inverse suscepibii | (00 e (0 Cale
c), andy, c Exp. 703
temperaturdl.
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about the local degree of short-range order. Our resultapproximation supplies total-energy surfages?, q) with

for T¢ are seen to be in good agreement with experimensufficient precision to encourage a quantitative description

for the case of Fe, whereas for the cases of Ni and Cof finite-temperature magnetism.
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