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Oscillating exchange and spin wave stiffness in magnetic monolayers
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Spin waves in a ferromagnetic monolayer are investigated taking into account indirect exdRadgenan-
Kittel-Kasuya-Yosida(RKKY )] interaction mediated by electrons of a nonmagnetic metal substrate. Strong
anomalies are found in the spin wave stiffness when spin lattice-line distances are close to the RKKY wave-
length. Conditions for such coincidence and its relevance in epitaxial magnetic layers on fcc metals are
discussed taking into account realistic Fermi surface shapes, which further enhance the magnitude of the
predicted effect but may change its sifi80163-1829)03402-3

INTRODUCTION face shapes, with particular attention to the experimentally
well-known cases of noble metal matrices.
It has been known for decades that high quality ultrathin

magnetic films grown on metallic substrates retain ferromag- THE FREE-ELECTRON MODEL
netic order at finite temperatures, contrary to earlier predic- o )
tions of spin wave theory;among factors explaining this ~ The RKKY (free-electron approximatiofi for Joe{r) is
apparent paradox are magnetic anisotropy and long-range iffitten as
teractions of magnetic dipofaand magnetoelasfiorigin. It
has also been suspected that the proximity of a metal surface
influences the exchange interaction; this aspect has recently
been investigated from first principl&S.We examine an in-
tuitively simple picture of such a “proximity effect,” i.e., 3.2
the “indirect” [Ruderman-Kittel-Kasuya-YosidéRKKY )] :M
exchang® mediated by the induced oscillatory polarization 0 eF
of the surrounding nonmagnetic metal. This is of course in-

spired by the success of the RKKY picture in semiquantita-Where ke is the Fermi wave vectorge=7"k/2m is the

tive interpretations of interlayer exchange effé<Our in- _Ferml e_nergy,a—|a|, andA is _the strength of th(_e primary
terest was strengthened by curiosity about whether the Ion'&'t_eraCtlon P etween the localized and conduction electron
range of RKKY exchange can lead to substantial modificaSPins,S(R):H;=A&(R—1)s(R)-S; . _
tion of spin wave dispersion analogous to that observed ASsuming that the localized spins are ferromagnetically
when including magnetic dipolar effects. ordered due to sufficiently strong direct exchange, we obtain
We investigate simple models of a magnetic monolayethe magnon energy(k) from discrete Fourier transforms of
embedded in a metallic matrix. Wishing to look at excita-the exchange integral§, with two contributions &(k)
tions of the ordered state, we assume that the “indirect”= &d(K) + &osdK),
oscillating exchange is superposed on stronger ‘“direct”
near_est-ne_ighbor exchange, in qualitative accordance with Sd(k)ZZSJdZ (1—cosk-a), (33
the first-principles result® a
The model spin Hamiltonian is

Josd 1) =JoF (1), (2a)

F(r)=[sin(2ker)/2ker —cog 2ker)](a/r)3,  (2b)

3

ake , (20

4m

) eosdK) =253 >, F(r)[1—cogk-r)]. (3b)
A=-2 365 Sva= 2 Josd T =15 Svrr, (1) '
e rr’ For long waveska<1, Eq. (33 yields the parabolic law
wherer,r’ denote the nodes of the 2D spin lattieedenote ~ £a=Dg¢k* with Dy=(1/2)NSJa* N is the number of near-
the nearest-neighbor vecto, is the operator of spin local- €St neighbors. The behavior efs(k) of course strongly
ized at siter, andJy,J,sc are exchange integrals describing depends on the RKKY oscillation wavelength= /e,

“direct” (nearest-neighbprand oscillating(long-rangg in-  1-€., on the produckga. _
teractions. Figure 1 shows the numerical results for the long-wave

We deal first with the classicalfree-electrop RKKY  approximation to Eq(3b), Dos= (1/2)0% o5/ k? as a func-
model which shows some interesting analytic properties ifion of the produckga, for a square lattice. Also shown is
two dimensions. Applicability of the results is then discussedhe RKKY contribution to the mean-field energy in the uni-
in terms of the anisotropic modehcluding real Fermi sur- form stateE o= — S?J,2, .oF (r). An analogous figure with
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' ' ' Since ®"(x) is positively divergent atx=1+, negative
peaks inD,sc 0ccur when Re=G;; , i.e., when a spin-lattice

1 line distance is equal tor a multiple o the RKKY wave-
length A = mr/ke . The absolute values @&;; are (2rr/a)(i?
+i9)¥2in a square lattice and @a+3)(i%+j%—ij)*?in a
triangular lattice. Near the first singularity we get, expanding
®” for 2ke=(1—6)G1o,| 8| <1,

Dos= — (1/2NSJa%(268) Y2 for 2kg<Gyq (78

=(ml4NSIJa? for 2kg>G, (7b)

. for the contributions of th&,, 4, set, in both lattice types, in
accord with the full resulfFig. 1).

Divergence of the stiffness paramei®g. at the singular
points means that the dispersion law must be nonquadratic.
Indeed, expanding Eq6) at 2kg=G;y, with ®(1+ )
=1/2— B+ (11y2/47) B3 for >0, we derive a “3/2 law”

Square
lattice

0 1

FIG. 1. RKKY contribution to spin wave stiffnedd .. and to
the mean-field energy in the uniform staig,..

. . . . . Sosc(k):_CNS‘l)(ak)B/Zn (8)
the same vertical scales is obtained for the triangular lattice;
if the horizontal scale is set akga/m)\/3/2, the peaks are Wherec=1 is actually slightly anisotropic in both lattice
again at rational positions, as explained further below. types.

The mean field is a smooth function of the Fermi wave The asymmetry of the peaks D,scseen in Fig. 1 and in
vector or of the spin-lattice constant, oscillating with an am-Egs. (78),(7b) is a special feature of the RKKY problem in
plitude aboutNS?J,. Thus for a 2D spin system with direct two-dimensional(2D) spin lattices. It may be alternatively
and oscillatory exchange, the mean field alone would predicknalyzed in the direct summati¢8b) (as shown in the Ap-
ferromagnetic order for ankra as long as(roughly) Jq pendi¥, and it is also present in the case of a strictly 2D
>J,. However, the RKKY contribution to the exchange Problem in which both the spin lattice and the electron gas
StiffneSSDOSC shows deep negative peaks] in which the effec_are tWO-diansiOhal. The RKKY eXChange is then described
tive total D= D4+ D, may well be negative, indicating in- by Ed. (4@ with differently scaled], and®(x) replaced by
stability, even if the total mean field favors parallel order. the 2D kerne[see Ref. 11 for the explicilys(r) formulal

The peaks are, naturally, due to coherent interference of
the RKKY wave with the spin lattice. Their positions and Po(x)=1 for x<1

shapes may be analyzed using the integral 2D Fourier trans- 1
form of Eq. (2b) =1-\/1-— for x>1. 9
X

1
Josc(r)=ZJ0a3kFJ ®(g/2ke)expiq-r)d®g, (48  Itis easy to see that E46) now givesD <0 everywhere
(since 5+ dj/x is zero forx<1l and positive forx>1),
and very sharp asymmetric peaks are found at the same

1
d(x)=1- Exz for x<1 points as above(due to one-sided divergence ob}
+d)/x).
1 1 On the other hand, the singularity of the Fourier kernel in
= ;[(Z—XZ)arcsm)z +\x2—1| for x>1. the well-known 3D problefh
(4b) 11X 1+x
Py(x)= 5 + I In|1—x| (10

Then Eq.(3b) may be turned into a summation over the
reciprocal spin-lattice vectoiG;; : (and also in the 1D problel} is encountered on both sides

of x=1. We may finally note that Eq11) is simply con-
Gij+ k) nected with® (x) of our “mixed” problem

€osd K)=— SJoﬂ'szacle {CI)
i

ol G 2ol

8 o
<I>(X)=—2J D(VxZ+y?)dy 11
2ke 2ke w0

, ©)

a=1(:3/2) for a squardtriangulay lattice is the area per (which seems to be hard to prove by direct integration

spin in units ofa®. Expansion in smalk and average over
the (Gj; ,k) angle gives, withx;; = G;; /2K,

5 The large negative values 8fys./Jg implied by Eq.(7a
N [D"(x;)+ D' (x;)/x;;]. (6) when Xg approaches from below indicate long wave in-
i stability (Dy4+ Dos<0) if the relative distance of & from

DISCUSSION: ANISOTROPIC MODEL

ko
Dosc=—S Joa2

8a/k,:a
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Gypis 6<(Jp/Jg)?. In the case of exact equalitykp=G, use these estimates at least for some high-symmetry caliper
Eqg. (8) would indicate instability for long waves witk,  points of the anisotropic model.

<4(Jg/dg)?% such an equality could only be incidental, and  Following Bruno and Chappeftwe calculated the FS
might result in a strong perturbation of the electron system ashape corrections for Au, Ag, and Cu using the FS parameter

well. In an isolated laye(the “truly 2D” case), this would  setd? based on experimental data. In thel() plane, we
_be a Bragg_condmon for electr_ons on the Fermi level resultfind no caliper points wittv perpendicular td;, in Cu and
ing in opening of the 2D Fermi surface. For the 3D electronag: in Au, such a point is incidentally close to inflexion in

system, it is not the case if th@;; of the spin lattice do not ¢ (110) Fs section wherd,.(r) according to Ref. 9 and
coincide with remprpcal Iqtt_me vectorg .Of. the matrix 556 the direct summation estimates g {(r) appear to be
(substratg metal. This condition is fulfilled in important ep- strongly reduced. This seems to invalidate the spherical-FS
itaxial structures using noble metals as substrates for magb'redictions for layers ofil11) planes.
hetic Iay_ers. o . In the case of square lattices ¢@01) planes, the coinci-
The first monolaye_zr in ideal epitaxy on(a0]) or (11D gence of X, with G,o parallel to[110] is even closer than in
plane of a fcc metal is a square or triangular lattice, respegGyq spherical model: we findk2/G,o=1.050, 1.065, and
tively, with a=ap/2, if ay, is the lattice constant of the 1 541 for Cy, Ag, and Au, respectively. Near this coherence
substrate. The shortest reciprocal vectors of the monolayglyngition in the square 2D lattice, Bragg reflections in the
Gj1g, do not belong to the substra}qu set”and their direc-  3p matrix have an important consequence: apart frdq 2
tions are reasonably far.from the “necks” of Fhe Fermi sur- =(1+ 6)Gy,, Which is on the nonsingular side correspond-
face (FS. However, their lengthsG,,=27/a in a square ing to Eq.(7b), we must also include K =g;,0— 2kv = (1

lattice and 1.15% (27/a) in a triangular lattice, are close to : _ _ .

the free-electron approximation for the FS “belly” diameter, ha(\sl)eGﬁiog ilg;?r;lgtréizga\?v)e\/aajgslgtg [(%)O]W'ﬁ ttlk?es
j— 1/3 — 1 1

2kg=(12/7)"*% (27/a,,)=1.105< (27/a), i.e., close to appropriate enhancemef(it2) for the two contributions to

the coherence condition. : : ; 14 ;
The free-electron model thus predicts significant reduc2esc rom the two caliper pairs with 1z, = (1* 9)Gyo. With

. . 6=0.05 estimated above, the contributionDg,; from the
tion of exchange stiffness for monolayers grown @11 “resonant” peak of the dependeno@a (with negative
planes[according to Eq(7a giving a large negative RKKY pe: P 9
L Dosc/Jo) prevails over that from Eq.7b).
contribution, but not for layers grown on001) planes
[where Eq.(7b) would be appropriafe This qualitative pre The calculated absolute values of the relevant enhance-

diction is, however, quite dramatically changed when thement factorq12) are very large: for th¢110] FS tips we find

real FS shapes of foc metals are taken into account.  — pd®ete 200 Rl B e e e with the
Extension of the RKKY model to real FS shapessults 9 9 '

in anisotropicl..{r) in Eq. (1). For a given direction of difference in the FS neck sizes. With these values, the
TOPIC 0s o 5 g ' RKKY amplitudese;J, will be negative in Cu and Au, but
the decisive locus or “tip” of the FS is that whenrg the . . : : !
; oo P not in Ag. Thus the dominant first negative peakDgs./Jg
local Fermi velocity, is parallel to, long-range oscillations

: . seen in Fig. 1 would lead, in the anisotropic RKKY model,
of the asymptotic form coskgr)/r® as in Egs.(2a),(2b) are S . . i
found again but the value ofkg is replaced by B, , the to a significant enhancement of the exchange stiffness in lay

projection of the FS diameter connecting two such “tips” ﬁ]rslag;/reor\;vr;]rc())r\’f\l(:?é)nfaAcges of Au or Cu, but to its weakening
lc;réto“v; "smcr:,? th?rrf a}:]ethmany rsiugih %{;\i?etﬁ]rsz cr?nnecr;unr?] the The magnitude of the RKKY contribution to the exchange
( ‘thceérge Fr)gﬂeit'on)s e‘]per;) c%nta'r?su e oerglscaee-e stiffness cannot be determined absolutely. With the very
wi 99 : osd : N Wave- - rude estimate al, used in Ref. 8 we get estimatesDf;

Ier(ljgths().‘ The ;\mp;lltudel Oft each lsuch térm(zls).efnhar((ln_ed in monolayers on Au or Cu of the same order of magnitude
reduced over the free-electron valuk, in Eq. (2c): for cali- as the bulk value oDy in Fe.

per points connected by inversion symmetry the enhance- It would be tempting to extend this discussion also to the

ment factor may be written as mean-field energy. In the free-electron model the RKKY
mean field acts against the direct-exchange field fkg 2
h3|v|{ PPEn %) =G, (see Fig. 1L The enhancement and sign change of the
€= mke \ k2 k2 (12 RKKY amplitude derived above might correlate with recent
x y experiments reporting enhanced magnetic mon&iristhin
Fe layers on fcc metals. However, the long-range
¥pproximatior?, well applicable to the analysis of the singu-
lar behavior of the exchange stiffness, cannot be trivially
Oxtended to short-range interactions which decide about the
mean energy of a dense 2D lattighis is different from the
case of interlayer exchanff®across thick spacer layers

measuring the local effective mass from the electron energ
dispersionE(k):k, , are measured perpendicular ¥ in
the main normal section planes. This rule also accounts f
the phase shiffsn J,.(r): if the tips are saddle points; is
negative.

We recall that the singular features h,s/Jy, shown in
Fig. 1 were first obtained by numerical summation of the
direct-space serie8h). We have verified that they mainly
result from long-range partial summations in E8p) in nar-
row cones along perpendicular t@;; . Suitable approxima- The RKKY model offers an intuitively clear picture of the
tions in such direct summatior(see the Appendjxclosely  effect of a nonmagnetic metal matrix on the exchange stiff-
reproduce the analytical resulfga),(7b), which allows us to ness(and thus on the stability of ferromagnetic ordémn

CONCLUSIONS
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monolayers. The effect of weak oscillating exchange isdivergent partial summations arise along the lattice direc-
strongly enhanced if the RKKY wavelength is close to thetions[i,j] if kra=p/+i%+j? wherep is an integer; how-
distance between the spin-lattice lines, which would be thewver, such linear summations along neighboring parallel
case in ideal epitaxial monolayers on fcc metals. Only inlines (offset from the origin have alternating signs and prac-
special (singula) circumstances of exact coherence, thetically cancel unlesp=i?+j2. Thus divergent 2D summa-
model predicts a qualitative change in spin wave dispersionjons appear forkra= 771/i2+j2, arising mainly from the
from quadratic to 3/2 power law. close neighborhood of thi,j] lattice directions.

The enhanceme?ﬁ of the RKKY interaction due to the If JO does not vary much in such regionsy it may be re-
very low curvature of relevant parts of the Fermi surface ofplaced by a mean value and analytical approximations for
fcc metals would lead to significant enhancement of spinsych summations may be obtained near the singular points.
wave stiffness in layers of01) faces of Au or Cu but to its Setting kg=(1— 8)w/a as in Egs.(7a),(7b) near the first

weakening in layers on Ag. The practical relevance of suchsingularity, expandindR asm+n2/2m in a cone near the
predictions is admittedly limited by the simplifications inher- axis, |n|<N(m)<m, and approximating
ent to the RKKY modeldealing with spins instead of whole

magnetic atoms and also by the restriction of the model N gp2 N ,

situation to an ideal magnetic planar lattice in a matrix of a 21 COSWE 21 sin(rn</m)

different but ideal metaldisregarding all effects of structural n= "=

imperfection. =\m/2 forevenm
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APPENDIX or, in terms of the generalized Riemann functidis,z),

For the square lattice and the spin-wavelong x, the

long-range terms in the direct-space summationCfgy, ob- Dosc 1l -~
tained from Eq(3b) are 15327 {(3.20)——1/2J25 for 60+
DOS%_SJOaZE (mZ/RS)COSZRkFa), =— %g(%,1+25)—>073 for 6—0—,
m,n

in close agreement with Eqé7a),(7b). The anomalous dis-
where R=m?+n? and m,n are integers. The absolute persion(8) is also closely reproduced by an analogous but
value of the oscillating summand falls off only & * and  more involved analysis of partial summations in E8p).
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