Lecture 2. Magnetic Anisotropy Energy (MAE)

1. Magnetic anisotropy energy = f(T)
2. Anisotropic magnetic moment * f(T)

[111] T=300 K

500
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Characteristic energies of metallic ferromagnets

binding energy 1-10eV/atom
exchange energy 10 - 10° meV/atom
cubic MAE (Ni) 0.2 peV/atom
uniaxial MAE (Co) 70 peV/atom

200 -200G?

MAE ~ 2.10%erg/cm?® ~ 0.2ueV / atom

» lpeV/atom is very small compared to
» 10 eV/atom total energy but all important
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There are only 2 origins for MAE: 1) dipol-dipol interaction ~ (p, T)(fL* ) and
2) spin-orbit coupling ? L S(intrinsic K or DE, )
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O. Hjortstam, K. B. et a. PRB 55, 15026 (’97)

Structural changes by » 0.05 A increase MAE
R.Wuet a. MMM 170, 103 (" 97)

by 2-3 orders of magnitude (~0.2® 100ueV/atom)
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Body-Centered-Cubic Ni and lis Magnetic Properties
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The bosdy-centered-cubic (hoch phase of Mi, which does oo exist in nature, has been achievad as a thin
filim on GassOdld at 170 K via molacular beam epitaxy. The boo Ni s fermomagnetic with a Curie
bemperaiure of 436 Kool possesses a magnetic moment of 0052 = (k8. 5 fatom. The cubic magneto-
crystalline anisotmopy of boe Niis determined 1o be +4.0 % 1F enm - cm 7, a8 opposald o —5.7 %
10 ergs -em  for the naturally occuming Face-centered-cubic (fccy Mi. This sharp contrast in the
mEgnelic ansctropy is atiribuied o the different electonic band structures between boc Nioand foc Mi
which are determined vsing angle-resolved pholoemission with synchmoiron mdiation.
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Free energy density of MAE, K

(intrinsic, after substraction of 2pM?)

tetragonal [e.g. Ni, Co, Fe (001) / Cu (001) ]:

Eietr = - Ko a,° -y Kgn @, Mo Ky (a* + 2y + .. (B.Heinrich et al.)
= - K, cos“q - Y Kar cos?q -to Ky Y4 (3+c0s4j ) sin*g + ... (Babetal))
= (K2 + K4 sin’g - Yo (Kan + 314 K4s) sin®g -Yg Ks=cos4j sin*qg+ ...
= K, sin“q + Kgrsin®g + K4cos4j sing + ... (traditional)

hexagonal [e.g. Ni (111), Gd (0001) / W (110) ]:
Enex = K» Sinq + '/okoc0s2j sin’g + ka sin“g + ke sin®q + ke cos6j sinqg + ...

K = koY% +kamYs™+ ... Legendre polyn. (B. Cogblin)

each K; has a ,volume* and , surface“ contribution
Ki = Kiv + 2K|s/d
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Spin reorientation in bulk Gd

THE TEMPERATURE DEPENDENCE OF THE ANISOTROPY COEFFICIENTS p. 371
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Fig. 160. Experimental values of the anisotropy constants «,, k, and k, versus temperature in
Gadolinium. The circles (o for K, , ® for k, ) represent the data of Feron (Fig. 11 of Ref. 280), L | )

the triangles (A for k,, 4 for &, ) the data of Graham (Fig. 1 of Ref. 66) and the full lines 1K)
connect respectively the data of Feron and those of Graham. The dotted lines give the data of
Corner et al. (Fig. 5 of Ref. 70 modified by Ref. 661) for «,, x, and .

Gd ist not isotropic, it has K, K,, K1 0
Note also finite MAE above T
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Spin reorientation in bulk Ni und Co

SRT for hcp Co
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[76 A 1], 3: [69 F 2], 4: [77 B2]. Solid line is to guide the
eye through confidence limits [76 A1].

At the extremal value of K,
areorientation and second
maximum in ¢ appears
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Ferromagnetic resonance on Fe/V (001) superlattices
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For thin filmsthe Curietemperature can be manipulated
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Free energy density of MAE, K

(intrinsic, after substraction of 2pM?)

tetragonal [e.g. Ni, Co, Fe (001) / Cu (001) ]:

Eietr = - Ko a,° -y Kgn @, Mo Ky (a* + 2y + .. (B.Heinrich et al.)
= - K, cos“q - Y Kar cos?q -to Ky Y4 (3+c0s4j ) sin*g + ... (Babetal))
= (K2 + K4 sin’g - Yo (Kan + 314 K4s) sin®g -Yg Ks=cos4j sin*qg+ ...
= K, sin“q + Kgrsin®g + K4cos4j sing + ... (traditional)

hexagonal [e.g. Ni (111), Gd (0001) / W (110) ]:
Enex = K» Sinq + '/okoc0s2j sin’g + ka sin“g + ke sin®q + ke cos6j sinqg + ...

K = koY% +kamYs™+ ... Legendre polyn. (B. Cogblin)

each K; has a ,volume* and , surface“ contribution
Ki = Kiv + 2K|s/d
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2b abinitio calculations
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SP-KKR calculation for rigit fcc and relaxed fct structures

layer resolved DE,=SK; at T=0 " N, Cu; N, —e—R=0%
. o B e 3.5%
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The surface and interface MAE are certainly
large (L. Néel, 1954) but count only for one
layer each. Theinner part (volume) of a nano- : | : 1ant
structure will overcome this, because they e e SN g5 G0
count for n-2 layers.
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A. Berghaus M. Farle, Yi Li, K. Baberschke

K., /2PM2 O Niai1rough waio) | ~osolutedeterm. of the mag. anisotropy of ultrathin
O Ni(001)/Cu(001) Gd and N|/W(110)
Second Intern. Workshop on the Magnetic Properties of
1T @ 001] A Low-Dimensional Systems.
a) | San Luis Potosi, Mexico, Proc. in Physics 50, 61 (1989)
2
e “J/2PM" M. Farleet al., PRB 55, 3708 (1997)
) -
e Q™
17 (©) \ é
21K . [2pM? Only with K, Oa continues SRT is possible!
4

Do not use K 4= 2pM2—K ...
because f(T) and f' (T) are different.
Usetheratio K,/ 2pM2b f(T)/f (T)
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Oxygen surfactant assisted growth:
a new procedure to prepare ferromagnetic ultrathin films

. VT ' ] week ending
YVoLUME 92, NUMBER 14 PHYSICAL REVIEW LETTERS 9 APRIL 2004

Manipulation of Spin Reorientation Transition by Oxygen Surfactant Growth:
A Combined Theoretical and Experimental Approach

Jisang Hong and R Q. W
Department of Physics and Astronomy, University of California, Trvine, California 92697, USA

I. Lindner.” E. Kosubek, and K. Baberschke
Institut filr Experimentalphysik, Freie Universitat Berlin, Arnimallee 14, D-14195 Berlin-Dahlem, Germany
(Received 6 August 2003, published 5 April 2004)

e oxygen acts as surfactant for Fe, Co and Ni films on Cu(100)
e change of magnetic anisotropy by surfactant

e induced magnetic moment of surfactant
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Improved growth by oxygen surfactant
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C. Sorg et al., Surf. Sci. 565, 197-205 (2004)
M. Farle, Surf. Sci. Perspectives 575, 1-2 (2005)
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© Oxygen () first Ni layer

from AES P oxygen floats on top of Ni film

R. Nunthel et al., Surf. Sci. 531, 53-67 (2003)
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Local structure: Surface EXAFS Ni on O/Cu(100)

oxygen K-edge SEXAFS
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Electronic structure from X-ray absorption spectroscopy
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Interface K, (meV/atom) d. (ML)

Ni/vacuum -107 10.8
Ni/Cu -59 7.6
Ni/CO (van Dijkenetal.) -81 7.3
Ni/H, (van Dikenetal) -70 6.8
S1 S2 Ni/O (surfactant) -17 4.9
+
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DOS (states/eV»xatomsspin)

00 L

Density of states

Results of ab initio calculations

MAE along GX axis
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clean Ni film

the vicinity of X-point is

in surfactant oxygen

Jisang Hong et al., Phys. Rev. Lett. 92, 147202-1 (2004}

moment is basically unchanged

e O-induced surface state seen in

responsible for change in MAE

e theory reveals induced moment
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Induced magnetism in oxygen: Ni on O/Cu(100)

XAS (arb. units)
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Induced magnetism in oxygen: Co and Fe films
Co on O/ClJ(lo(?) BESSY: UE56/2-PGM2
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Conclusion

spin reorientation transition changes dramatically with surfactant
® surface anisotropy is strongly reduced in magnitude

Fe, Co and Ni induce magnetic moment in surfactant

fair agreement with ab initio calculations
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