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Magnon energy gap in a periodic anisotropic magnetic superlattice
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A periodic anisotropic magnetic superlattice is proposed, and the magnon energy band of this system is
investigated by local coordinates and a spin-Bose transformation quantum approach. A modulated energy gap
exists in the energy band §001] spin wave excitation, and the energy-gap—applied-field diagram has three
phases derived from quantum fluctuation. Furthermore, a complete band gap extending through the Brillouin
zone denoted as “spin crystal” can also occur in this system.
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The study of the periodic medium is an interesting topic.ods of energy gap in the above two papers are classical and
It has been well known that electrons as a “de Broglie wave”in the long-wavelength approximation. However, to discuss
in the periodic crystal potential form an energy band. Analo-the existence of a gap, one needs to research the short-
gous to this original idea, Yablonovittipioneered the con- Wwavelength cases in the Brillouin zone. On the other hand,
cept of the photonic crystal, denoted as electromagnetithe previous classical approaches ignore quantum fluctua-
waves in periodic dielectric material.Subsequently ex- tions that might significantly affect magnon excitation.
tended to other cases, a specia| energy gap was also inves-ﬁhGYEfOI’e, with consideration of both discrete efféreiated
gated in periodic elastic compositew periodic ferroelectric  to short wavelengthand quantum effect, it is further inter-
media? esting to study the spin wave spectrum and explore the mag-

Meanwhile, the magnon as a kind of spin excitation is annon gap from a discrete quantum spin Heisenberg model.
interesting and important magnetic research subject. Re- In the paper, the schematic structure of this PAMSL is
cently, Berget and SlonczewsRiproposed emission mag- composed of two kinds of ferromagnetieM) films F, and
nons at a magnetic multilayer interface as a spin wave inF2 with different anisotropy periodically arranged as indi-
duced by the driven current. Furthermore, based on up ofated in Fig. 1. The system is denoted{B§'D¥’}y, where
down spin freedom rather than only charge in traditionalN is the number of periodic superlattice cells, andD, are
electronics, spintronics becomes an intriguing and emergingerpendicular anisotropy of films, andF,, andt1l andt2
field.”®In view of all these inspiring findings, a natural ques- are theF; andF, monolayer numbers. For such system, the
tion is: What is the nature of the magnon gap in the periodidHamiltonian we will discuss 1§
magnetic multilayer?

In this paper, a periodic anisotropic magnetic superlattice

(PAMSL) is proposed, and the magnon energy band is inves- 1 ,

tigated by our previoukcal coordinates+ spin-Bose trans- H=- 2 % E F%, In.nSa(R) Sy (R)
formationslattice quantum approach. We find that a modu- o

lated energy gap appears in the energy band df@bé&] spin 2 5 "

wave excitation, and the diagram of the energy gap versus ‘% R D[ Sh(R)] _B§ % Sn(R). (1)

applied field has three phases derived from quantum fluctua-
tion. Furthermore, a complete band gap extending through
the Brillouin zone can also occur in this system. Herem denotes the number of superlattice unit cells, and

There have been a few papers about spin wave in uItrathi{h’n/} and{R,R'} denote the layer number and the vector of

magnetic films. Camley et al® in 11983 reported on an |agices in the unit celld>0 is the ferromagnetic interaction,
analysis of the long-wavelength spin waves originating fromDn is the perpendicular anisotropy, and the magnetic ld

dipolar stray fields in magnetic/_nonmagnetic multile_tygredis applied along the direction at the layer plane. Note that
structures..Hlllebrandéthen took into account magnetic in- only zero temperature calculations are presented and the di-
terface anisotropy and ex_c_hange contributions by add'n%olar interaction is neglected for simplicity here.

the"? o the bo_undary cond!tlon. Barﬁ%\showed_exchang_e- After spin-Bose transformation through the approach of
dominated spin waves with a transfer-matrix fo_rmallsmthe “local coordinatesLC) (Ref. 1§-+spin-Bose transfor-
method. These previous works were devoted to the important +ion » such as Holstein-Primakdff (HP) or the complete

study of magnon spectra, but unfortunately did not focus OfBose transformatiofCBT),*® the Hamiltonian in the har-
the magnon energy gap.

In fact, Vasseuet al® calculated the magnon band struc-
ture of two-dimensional periodic composites with evidence
of an energy gap. Krawczy&t all* computed a spin wave H=U-4+H:.+H )
with a gap in the layered composite materials. Up until now, o T
in the framework of the Landau-Lifshitz torque equation and
magnetostatic Maxwell equatiohthese theoretical meth- where

monic approximation S
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FIG. 1. The schematic structure of periodic anisotropic magnetic

superlattic PAMSL) {D!{'D%}y, 6 the angle between the spin and
the z axis.
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In first approximation, the ground-state energy can be
obtained from the minimum of), by means of a variation
method with the layer magnetization ang,} as the varia-

tional parameter. It yields the following nonlinear equations:

S, JpnsSiN( 0= 6,)+ 3D (25— 1)sin(26,) — B cosé,
n!

=0, n=1,2,--. (4)

The conditions of Eq(4) are just the same as fdit;=0.
After the Fourier transformation tk(k, Kk, ,k,) space, the
harmonic termH, becomes

Ho= 2 3 Frr(k,0)aq (K)a (k) + 2 X Goi(k,0)
X[ag (K)a, (—k)+a, (Ka, (=k)], (5)

where

Fn,n(ka 0) :Jn,nszl(l_ Yk1)

+Dn| S— %) (2 cog6,—sirt6,)+ 2,3, 1S

xXcoq6,—6,)+Bsing,, (6)

Fon(k 0)=— ;Jn,n/[lJrCOS( 0n—6n1) 122712,
(n#n"), (7)

and

Gn,n(k,a)=—%mmsin29n, (8)

Gnn(k,0)= ;SlJn,nf[l—COS( 0n=0n) 1227k,
(n#n’), 9
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FIG. 2. Magnon excitation spectrum in th@01] direction. For
the periodic anisotropy the case, magnon energy band bifurcates
two branches with an energy gafp). Energy gap 4) as the func-
tion of (D,—D,) shown by inset. Other parameters ake
=1.00,D,=0.01,B=0. (The[001] excitation is independent of
coupling within layerl ,.)

1
2 explik-8), o=z 2 explik: &),

1

Yk1 Z, % 2 5

(10)
where é; andZ, are the vector and number of the nearest-
neighbor sites in thex(y) plane,é, andZ, are those of the
nearest-neighbor sites along thexis, isl;=J, ,, the cou-
pling between the different anisotropy layers, ape J, , is
that within the same anisotropy layers. Here we will discuss
the {D1D3}100 PAMSL system in the simple-cubic structure
and set quantum spi®=1. The periodic boundary condition
is used. The Hamiltonian of E¢5) can be diagonalized by a
(U,V) transformatiort? then the magnon excitation energy
€, can be obtained.

Figure 2 illustrates the magnon excitation energy in the
[001] direction(perpendicular to the layersvithout applied
field for two cases: uniform and periodic anisotrofmprre-
sponding tdD =D, andD, # D, respectively. It is normal
that the energy band is continuous for the former case. By
contrast, in the later case, one distinct feature is #maén-
ergy gap(A) exists in the periodic anisotropic superlattice
energy bandAnd it clearly demonstrates that the energy
band of the magnon propagating in th@01] direction will
bifurcate two branches with a gap. Physically, this situation
is analogous to the phonon excitation gap of lattice vibration
( “acoustic mode” and “optical modeJ in the periodic
atomic chain with two different kinds of atoms in a unit
cell?° For uniform anisotropy, the magnon gap will disap-
pear naturally. The magnon gap as the function of anisotropy
(D;—D,) is shown by inset of Fig. 2.

Note the novelty that the energy band of PAMSL can be
modulated with the applied magnetic field. For the photonic
crystal or acoustic crystal, the energy band gap is determined
by the material proprieties and microstructure. In contrast, as
for PAMSL, the magnon energy band depends on not only
the material anisotropy and microstructure, but also on the
spin configuration. So with applied transverse magnetic field,
the reconstructing spin configuration will result in the modu-
lation of energy band gap.
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8 0081 excitations are combined by bok) andk, spin waves. In
0.04. ° lB*; this case, the energy band has a complete magnon band gap
(indicated by the shaded area in the figurghich extends
0.00 e . through the Brillouin zone. This magnon gap may be poten-
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Applied Fiekd(Unit: B,) E:ﬁlrlly useful for the application such as microwave absorp
FIG. 3. (a) Spin configuration dependent on {00 field. The The unit cell in PAMSL can also be extended to other

curve for 6, is displaced vertically for clarity. Magnetization satu- thickness cases. For th?D3},o, superlattice with two
ration field is denoted by critical fielB¢ . (b) Energy-gap—applied- atomic layers in each constituent, th@01] magnon excita-
field phase diagram. Tip fielB* and critical fieldB divides the  tion spectrum shown in Fig. 5 has four energy branches with
energy gap into three phases. Indg¢:+) andE(—) relationship  multiple gaps. For the real experimental sample, fluctuations
with field; hereE(+) andE(—) are the same as in Fig. 2. Param- due to surface roughness or layer thickness, in fact, possibly
eters: 1,=1.0,0,=0.20,D,=0.01 (independent of coupling influence the magnon spectrum through the occurrence of
within layerl ;). local states or a gap decrease in the energy band. But the
) . ) . . ) spectrum could be stable with such weak fluctuations, since
The spin configuration{6;,6,} relationship with the  fjyctuations might be suppressed by the gap for the lowest
[100] transverse field is presented in Figa Here the spin  ground-state excitation. In this case, the magnon gap with an
configuration is obtained from numerical calculations for theapplied field is complicated because several energy branches
nonlinear Eq.(4), andB¢ is the[100] saturated magnetiza- gsnhould be investigated.
tion field. Figure &) indicates the phase diagram of the  geveral points also should be discussed. The preceeding
energy gap via applied field for tH@01] spin wave excita-  discussion for simple-cubic structure can be generalized to

tion. The field @*) is associated with the tip energy gap. face-centered cubitfcc) or body-centered cubigbco) struc-
One obvious characterstic is that the fieBfsandBc divide  tyre. Also note that for the case of quantum sigr 3

the energy gap into three phases, i.e., energy(gajecreas-
ing with field; (ii) increasing with field(iii ) unchanging with 45
field. From the classical view, the periodic effective fields, 4.0]

i.e., {JScos@,—6,)—D;Scofd,—Bsing;, JScos@,—6) 3_5_/’/_\

—D,Scog6,—Bsind,}, will become a uniform effective field

{JS—B} above saturation magnetization field with; = 6, 22
=/2}. And the energy gap will monotonically reduce to %2_0_
zero with field. Thus the tip gap and platform gap in phases & 15]
(i) and(iii) are not expected. In fact, these effects should be 101

the result of quantum fluctuations, since the additional an-

) 2 ) 0.5

isotropy termS; has no classical counterpart after the LC 0.0] \//

+ spin-Bose transformatiotf:1%2 L : . . .
It is also worth exploring whether a complete gap can 10 08 90 05 1)9

exist in a three-dimension#BD) direction. Figure 4 demon- Reduced wave vector

strates the full band structure in this simple-cubic structure F|G. 5. Magnon excitation spectrum in th@01] direction with

Superlattice without applled field. ThHEM excitation is a multiple gaps in thquDg}lOO superlattice(two atomic layers for

[110] k; (in the layer$ spin wave; thel’X excitation is & each constituent The parameters arg=1,=1.00,D;=0.20,D,

[001] k, (normal to the layepsspin wave; andMR,XR  =0.01,B=0.
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PAMSL, the anisotropy term in the Hamiltonian will be only complete band gap extending through the Brillouin zone can
a constant of ground-state energy and the energy gap in traso occur. At present, how to create the PAMSL is still an
magnon band should disappear. With applied field, the 3mPPen issue experimentically. These theoretical predictions
energy band calculation method mentioned above will failare not only interesting for fundamental physics research, but
because spin configuration loses the crystal symmetry in relS0 can be tested experimentally by Brillouin light scatter-
sponse to the applied field. Also the first principle approacqld SPectra. We hope PAMSL magnetic media with a modu-
to verify the existence of the 3D magnon gap system denote@ed gap could link with a photonic crystal for electromag-
as “spin crystal” is still open, since our calculation is based"€!ic Wave propagation, and might shed light on the future of
on the harmonic approximation of spin excitation. spintronics.

_In summary, a periodic anisotropic magnetic superlattice QOne of the authors, D.S.D., is grateful to Dr. L. Zhou for

is proposed, and the main results of PAMSL éjea modu-  the helpful discussions on analytic calculation. This work is
lated energy gap exists in the energy band[@1] spin  supported by National Natural Science Foundation of China,
wave excitation;(ii) the energy-gap—applied-field diagram Shanghai Research Center of Applied Physics and a research
has three phases derived from quantum fluctuation; a  grant for nanomaterials science, Chinese Science Academy.

*Email address: rbtao@fudan.ac.cn 11B. Hillebrands, Phys. Rev. B7, 9885(1988.
L1E. Yablonovitch, Phys. Rev. Lets8, 2059(1987. 123, Barnas, Phys. Rev. &5, 10 427(1992.
2See, e.g., J. Joannoupoulous, R. Meade, J. W\ehotonic Crys- 133.0. Vasseur, L. Dobrzynski, B. Djafari-Rouhani, and H. Puszkar-
tals (Princeton Univ. Press, New York, 199%and references ski, Phys. Rev. B54, 1043(1996.
therein. M. Krawczyk, J.-C. Ley, D. Mercier, and H. Puszkarski, Phys.
3M.S. Kushwaha, P. Halevi, L. Dobrzynski, and B. Djafari- Lett. A 282 186 (2001).
Rouhani, Phys. Rev. Lett71, 2022 (1993, and references L. Landau and E. Lifshitz, Phys. Z. Sowjetuni8n153(1935.

therein. 16Ruibao Tao, Xiao Hu, and Yoshiyuki Kawazoe, Phys. RebG2B
4Yan-ging Lu, Yong-yuan Zhu, Yan-feng Chen, Shi-ning Zhu, Nai- ~ 6178(1995.

ben Ming, and Yi-Jun Feng, Scien284, 1822(1999. 1T, Holstein and H. Primakoff, Phys. Re%9, 1098(1940.
5L. Berger, Phys. Rev. B4, 9353(1996. 8Ruibao Tao, J. Phys. &7, 3621(1994.
6J.C. Slonczewski, J. Magn. Magn. Mat&B9, L1 (1996. 19 ei Zhou, Ruibao Tao, and Yoshiyuki Kawazoe, Phys. Re84B
"G.A. Prinz, Phys. Today8(4), 58 (1995. 9924(1996.
8G.A. Prinz, Scienc&82, 1660(1998; (unpublisheil 20M. Born and K. HuangDynamical Theory of Crystal Lattices
‘R.E. Camley and R.L. Stamps, J. Phys.: Condens. M&jtar27 (Oxford Univ. Press, Oxford, 1954

(1993. 21The S2 term with harmonic approximation i82= (S +S7)2
0R.E. Camley, T.S. Rahman, and D.L. Mills, Phys. Re\2B 261 =(S/2)+ (\2S(25—1)/4) (atat+a"a’)+(S—3)ata”

(1983. +0(ad).

104435-4



