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Incommensurate and Commensurate Antiferromagnetic Spin Fluctuations in Cr and Cr Alloys
from Ab Initio Dynamical Spin Susceptibility Calculations
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A scheme for makingb initio calculations of the dynamic paramagnetic spin susceptibilities of solids
at finite temperatures is described. It is based on time-dependent density functional theory and employs
an electronic multiple scattering formalism. Incommensurate and commensurate antiferromagnetic spin
fluctuations in paramagnetic Cr and compositionally disorderggMgrand CpsRe; alloys are studied
together with the connection with the nesting of their Fermi surfaces. We find that the spin fluctuations
can be described rather simply in terms of an overdamped oscillator model. Good agreement with
inelastic neutron scattering data is obtained. [S0031-9007(99)08949-8]

PACS numbers: 75.40.Gb, 71.15.Mb, 75.10.Lp, 75.20.En

Chromium is the archetypal itinerant antiferromagnetcalculated from this basis. There have been several simple
(AF) whose famous incommensurate spin density wav@arametrized models to describe the magnetic properties
(SDW) ground state is determined by the nesting wave vemf Cr and its alloys [5]. All of these have concentrated
tors qnes identified in the Fermi surface [1]. Chromium on the approximately nested electron “jack” and slightly
alloys also have varied AF properties [1] and their paralarger octahedral hole pieces of the Fermi surface [1] and,
magnetic states have recently attracted attention owing, iat best, have included only the effects of all the remaining
part, to analogies drawn with the high temperature superlectrons via an electron reservoir. We find similarities be-
conducting cuprates especiallya.Sr,—.)»CuQ,. Thein- tween our results and results from such models but show
commensurate SDW fluctuations in these materials [2] aréhat a complete picture is obtained only when an electronic
rather similar to those seen in the paramagnetic phase daind-filling effect which favors a simple AF ordering at
Cr close toTy. Moreover “parent” materials L&EuUQ,, low temperature is also considered. We also find that the
in the one instance, and &Mns or CrysRes, in the other,  spin fluctuations are given an accurate description as over-
are simple commensurate AF materials which on lowerdamped diffusive simple harmonic oscillator modes which
ing the electron concentration by suitable doping develogre at the heart of theories of the effects of spin fluctuations
incommensurate spin fluctuations which may be promotedpon the properties of itinerant electron systems [6].
by imperfectly nested Fermi surfaces. Over the past few years great progress has been made

Here we examine the nature of damped diffusive spirin establishing TDDFT [4]. Analogs of the Hohenberg-
fluctuations in chromium above the Néel temperatiite = Kohn [7] theorem of the static density functional formal-
which are precursory to the SDW ground state. We alséism have been proved and rigorous properties found. Here
study dilute chromium alloys, GyRe; and CssVs, and ob-  we consider a paramagnetic metal subjected to a small,
tain good agreement with experimental data. For example¢ime-dependent external magnetic fieldyr, ) which in-
recent inelastic neutron scattering experiments [1,3] havduces a magnetizatian(r, ) and uses TDDFT to derive
measured incommensurate AF “paramagnons,” persistingn expression for the dynamic paramagnetic spin suscep-
up to high frequencies in the latter system. We explordibility x(q,w) via a variational linear response approach
the temperature dependence, the variation with doparf8]. Accurate calculations of dynamic susceptibilities from
concentration, and the evolution of the spin fluctuationghis basis are scarce (e.g., [9]) because they are difficult
in these systems from incommensurability to commensuand computationally demanding. Here we mitigate these
rability with increasing frequency and provide the first problems by accessing(q,w) via the corresponding
ab initio description of these effects. To this end we de-temperaturesusceptibility y (q, w,) wherew, denotes a
scribe a new scheme for calculating the wave vector antosonic Matsubara frequency [10]. We outline this ap-
frequency dependent dynamic spin susceptibility of metalproach below.
which is based on the time-dependent density functional The equilibrium state of a paramagnetic metal, de-
theory (TDDFT) of Gros®t al. [4] and as such is an all- scribed by standard DFT, has densipy(r) and its
electron theory. For the first time the temperature depermmagnetic response functiog(rz;r’t’) = {dm[b](r, 1)/
dent dynamic spin susceptibility of metals and alloys iséb(r’,#')}|,=0,, IS given by the following Dyson-type
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equation: approximation (CPA) [12]. Then the partially averaged

Green function{G(r,r’, z))rarg, Wherer,r’ lie within
xt;r't) = y,(ee;r't) + fdrl f dt f drzf dt, unit cells occupied byr and 8 atoms, respectively, can
be evaluated in terms of deviations from the Green func-
X xs(rt;r11) Ko (rit1;m0t2) x (1212, 1't') . tion of an electron propagating through a lattice of identi-
(1) cal potentials determined by the CPA ansatz [13].

is the maanetic r nse function of the Kohn-Sh To solve Eq. (2), we use the direct method of matrix
X, 1S € magnetic response function of the Ko aMhversion and local field effects are fully incorporated.
noninteracting system with the same unperturbed den-

- - , X(Q.q:w,) = (1/Vys) [dx [dx' e ) g (x, X', q, wy)
sity po as the full interacting electron system, and ;
Ko (et 0/1) = [8bye(,1)/Sm(r', 1)]lp—o,, i the func- can then be constructed. The most computationally

) s . . mandin rts of th Iculation are th nvolution
tional derivative of the effective exchange-correlatlonde anding parts of the calculation are the convolutio

magnetic field with respect to the induced magnetizationimegmlIS over the Brillouin zone which result from the
As emphasized in Ref. [4] Eq. (1) represents an exacﬁ]xpressmn fory; see Eq. (3). Since all electronic struc-

. ) / re quantities are evaluated at complex energies, these
representation of the linear magnetic response. The corres volution integrals have no sharp structure and can be

sponding development for systems at finite temperature i ; o ;
thermal equilibrium has also been described [8]. In prac-g\éggjraati?:;ﬂ]ghtforwardly by an application of adaptive

tife aptr;]roxig?ago?s tIK’“‘ Im(;JSt b.f made and thti_s WOLkL%n;' As discussed in Ref. [10], for example, we can define the
|[o4§)ysso ti;[ ?Afnlf(r(;f:f/t/)e:s{l d};fgf[roﬁnl? IYZ?I, ( 01/ ) retarded response functiariq, q, z) of a complex variable
e ; xe (LRI DI, z. Since it can be shown [10] formally that lim.. x(z) ~

/ 1y — /

gm(ll t),}lpf)g:otag _tF])SF(t — ! )t_ Ix}.(r)é(r_ta r’) X t 1/z% and we can obtairy (iw,) from the above analysis it
.(t ). n taking the Fourier transform with reSpect to ;o possible to continue analytically to valuexqfist above
time we obtain the dynamic spin susceptibilifr.r': w). 0 \earayis iez = w + . Inorder to achieve this we

For computational expediency we consider the COT%it our data tbérational funciioﬁr(q @) = x@l +
respondingtemperature susceptibility [10] y(r,r’; w),) M=2 0 @wkT + S D (q)w,k]’wil'zh the choice of
which occurs in the Fourier representation of the temper 6oke:f%‘iciekntsUn D ensumlg t];1at tﬁe sum rule involving
ture functiony(r7; r'7’) that depends on imaginary time . = "~ . sulgce];)tibility (@ is satisfied, i.e. y(q) =
variablesr, 7/ andw, as the bosonic Matsubara frequen-(z/w) 7 dw Im y( W))(/g We findtha{ vér"Xo%d fits
cies w, = 2nwkpT. Now y(r,r’;w,) = x(r,r’;iw,) re obtgined Wiﬁ1 g};léM ' Y9
and an analytical continuation to the upper side of the real For chromium and ité alloys, we find that = 2 is
w axis produces the dynamic sgsceptlbllm(rfr’;w). . sufficient to provide excellent fits to the calculations of
Using crystal symmetry and carrying out a lattice Fourier_

. i : ide range ofw,’s, so thaty !(q,q,w) =
transform we obtain the following Dyson equation for the)(_over a W'. 9 " X it
temperature susceptibility: e | X @1 — i(w/I'(q) — (w/Q(q@)?] (standard error

<3% of mean). For the systems studied here we find

XX, x' q,w,) = xo(x,x',q,wp) Q(q)/T(q) < 0.15 < 1 and so thespin dynamics can
be described in terms of a heavily overdamped oscil-
+ fXm)_(s(X,Xl,q,Wn)Ixc(Xl) lator model Evidently rsr(q) = i/T(q) represents a
B , relaxation time for a damped diffusive spin fluctuation
X x(x1,x',q,w,), (2)  with wave vectorq. Moreover, the imaginary part of
with x,x’ and x; measured relative to crystal lattice unit the dynamical susceptibility which, when multiplied by
cells of volumeVys. [1 — exp(—Bw)]™!, is proportional to the scattering cross
In terms of the DFT Kohn-Sham Green function of thesections measured in inelastic neutron scattering experi-
static unperturbed system, ments, is written Imy(q,q,w) = x(@wI' ' (q)/{1 -
| w/Q(q)*] + (w/T'(q))*}. We note that theories for
vuxx qw,) =— —Tr ZZG(X’XI’R’ Wt ivy) the spin fluctuation effects upon itinerant electron proper-
BN R m ties, including quantum critical phenomena, also invoke

I _ . iq'R such a model [6]. The smaf), = (q — qo), dependence
X GIX%, =R, (v + wa)le (3)’ of x (qo + Q) andI'(qy + Q) is of particular impor-
tance. {jo is wherey ~'(q) is smallest.]
whereR is a lattice vector between the cells from which Finite-temperature calculations were carried out for
andx’ are measuredy is the chemical potential, angd,  the static susceptibilities of the three systems, using
is a fermionic Matsubara frequenéyn + 1)wkzT. The the experimental bcc lattice spacing of Qg8 A, and
Green function can be obtained within the framework ofvon Barth—Hedin local exchange and correlation [15].
multiple scattering (Korringa-Kohn-Rostoker, KKR) the- We find that (i) Cr orders into an incommensurate AF
ory [11]. This makes this formalism applicable to disor- state below 280 K specified by, = {0,0,0.93}, where
dered alloys as well as ordered compounds and elementekperiment yield¥y = 311 K andqy = {0, 0,0.95} [1];
metals, the disorder being treated by the coherent potentiéii) CrosVs does not develop magnetic order at any
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temperature, as found in experiment [1,3]; and (iii) by a first-principles theory although found experimentally
CrosRes orders into a weakly incommensurate AF state[1,3]. For lower temperatures we find that jpiq, q, w)
below T = 410 K (qo = {0,0,0.96}), whereas experi- of CrysVs becomes a sharper function of and we can
mentally it forms a commensurate AF state belfwof  also infer that[1 — exp(—Bw)]™'Im x(q,q,w) should

570 K [1]. vanish for smallw whenT — 0 K. These aspects have
Our calculations for Iny(q,q,w) are shown in also been noted from experimental measurements [1].
Figs. 1(a) and 1(b) for G£Vs and CpsRes, respectively. It is striking that the alloy’s Fermi surface is well de-

Our calculation of Imy(q, q,w) for paramagnetic Cr at fined [12] despite impurity scattering although it is more
T = 300 K is broadly similar to that for paramagnetic Cr poorly nested (the difference between the sizes of the elec-
at7T = 0 K by Savrasov [9] so a figure is not presented.tron and hole octahedra is larger) than that of Cr owing to
It shows incommensurate spin fluctuations for smallits fewer electrons. Once again the peaks indfq, q, w)
frequencies which are signified by peaks inify,q,w)  occur at the nesting vectogg., = {0,0,0.9}. The spin
at qo which is equal to the Fermi surface nesting vectorfluctuations in the paramagnetic phase o%sQe; are
Quest- FOr increasingy the peaks move tq = {0,0,1};  shown in Fig. 1(b). Here adding electrons by doping
i.e., the spin fluctuations become commensurate. Thwith Re has improved the Fermi surface nesting so that
spin fluctuations at 300 K shown in Fig. 1(a) foro§rs,  quest = {0,0,0.96} and Imy(q, q, w) has a weight spread
on the other hand, remain incommensurate up to mucfrom q,.s; to {0,0,1}. The dominant spin fluctuations
higher frequencies maintaining intensity comparable tmow rapidly become commensurate with increasing
that at the peak at low. This qualitative difference We obtain a rather similar picture from the calculations
between the two systems has not been described befofer Cr by artificially raising the chemical potential by a
small amount. Interestingly when we account for ther-
@ mally induced electron-phonon scattering [5] by adding a
small shift 20 meV) to the Matsubara frequencigg in
Eq. (3), we find a tendency for the dominant spin fluctua-
tions to become commensurate at lowem both Cr and
Crg5Re;.

Some of these features also emerge qualitatively from
the simple parametrized models based on that part of the
band structure negit which leads to the nested electron
11 and hole octahedra at the Fermi surface [5]. Our “first-
principles” calculations, being based on an all-electron
theory, however, need some additional interpretation. As
analyzed by recent total energy calculations [16], bcc Cr
with the experimentally measured lattice spacing tends
to form a commensurate AF phase at low temperatures
500 which is modulated by a spin density wave of appropriate
wavelength. The overall AF instability of the paramag-
netic phase is promoted by the approximate half filling of
the narrow3d bands [17] which is further modified by a
weak perturbation coming from the Fermi surface nesting.
As dopants such as V and Re are added not only is the
Fermi surface nesting altered but also ¢heands become
either farther from or closer to being half filled.

The calculations can be summarized in terms of the
damped oscillator model. y "'(qo + Q) = x '(qo) +
cQ? for smallQ for Cr and CssVs whereas for GiRe;,

x '(q) is nearly constant for a range qfbetweenqp.
and {0,0,1}. We find the producty(q) of x(q) with
damping factor'(q) to be only very weakly temperature
dependent in these three systems andqg), a constant,
for small Q, yielding a dynamical critical exponent [6] of
500 2 typically assumed for antiferromagnetic itinerant elec-
tron systems. The nature of the spin fluctuations can be
FIG. 1. Imy(q.q.w) of () CBsVs at T=300K and  g,ceincily described via the varianée?(q)). From the
(b) CrsRes at T = 1.097y (450 K) in units of uzeVv™" for fluctuation dissipation th 2 — (1 [T %
wave vectorgy along the{0,0, 1} direction whereg is in units ~ uctuation dissipaton eorenfin”(q)) = (1/7) | _..
of w/a (a is the lattice spacing). The frequency axisis ~ dw[1 — exp(—Bw)] "Im x(q.q,w). Figure 2 shows
marked in meV. (m*(q)) at several temperatures for Cr where we have
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susceptibilities of metals and their alloys at finite tem-
peratures. At this point we add that the approach can also
be applied to the study of magnetic excitations in mag-
netically ordered materials. The first applications on the
AF spin fluctuations in Cr and GyRe; above Ty and
in paramagnetic GtV have found good agreement with
available experimental data.

We are grateful to F.J. Pinski, S. Hayden, and
R. Doubble for useful discussions.
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