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Lecturel

1. Para-to ferromagnetic phase transition, Curie temperature, finite size scaling, reduced
temperature T/T.=t.

2.  Spinreorientation transition (SRT). Isit aphase transition at al? Continuous or

discrete?
3. FM trilayers, do they have 2 Curie temperatures? Importance of higher order spin-spin
correlations.
Lecture?2

4.  Curie - Weiss susceptibility, c .. measured by means of mutual inductance, MOKE,
and XMCD.

5. How do we determine TC and the critical exponents?

6. Nonlinear c ., theinterpretation of higher harmonicsinc . .
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Prolog

In these two lectures we will focus on the physics of single domain magnetism.
For many ultrathin films a single domain is the thermodynamic ground state
(see textbooks e. g. Chikazumi), not necessarily in status nascendi.

For those films the concept of phase transitions, critical phenomenain two
dimensions will be lectured. Thisis useful to be discussed, before analyzing
multi-domain states and domain-wall features. Results of various experimental
methods (like SQUID, ¢ ., FMR, MOKE, XMCD) will be used. But the focus lies on
the measured observables and the concept, less on the details of the technique, itself.

Most of the examples used here, mainly from our own work, will elucidate the
Importance and novelty of magnetism in low dimensions. Unfortunately beautiful
experiments in ultrathin films are quite oven interpreted using simple models
(like MFA, etc.) which are good for bulk magnetism but insufficient for 1D or 2D.

note: citation with #xyz gives reference to our publ. list (web)
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1. Para-toferromagnetic phasetransition, Curie temperature,
finite size scaling, reduced temperature T/T¢ =1t.

Bulk Fe, Co, Ni have only one T, each (few % changes are possible).
For ultrathin films T can be manipulated from zero to TPuk,
New and Great !

How do we measure T.?c . increasesat T ; dc-MOKE vanishes!
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“Magnetism in thin films”
P. Poulopoulos, K. B., J. Phys. Condens. Matter. 11, 9495 (1999)
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J. Phys.: Condens. Matter 11, 9495 (1999)

Finite size scaling

Tc(¥)' Tc(d) :Cd-lln
T (¥)

Reduced temperature
1-t=cd ™"
n=0.705

critical exponent for correlation length

Finite size scaling is an asymptotic solution for d => 8.

It doesnot work ford=1,2,3, ... MLS
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Superconductor/ferromagnet proximity effect in Fe/Pb/Fe trilayers

Institut fiir Experimentalphysi
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Kazan State University, 420008 Kazam, Russian Federation

Yu. V. Goryunov, N. N. Garif vanov, and I. A. Ganfullin
Kazan Physicotechmical Institute, Russian Academy of Sciences, 420029 Kazan, Russian Federation
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FIG. 7. Dependence of the superconducting transition tempera-
ture on the thickness of the Pb-laver for four sample series listed in
Table I. The dotted and solid lines are the best fits using the theory
by Radowvié ef @l and the theory by Tagirov, respectively, with
parameters given in the figure subscripts of Figs. 10 and 11.

Finite size scaling is a general
phenomenon and not specific for FM.

The difference liesin the different
correlation lengths x.

X =X,(1- t)™"

Freie Universitat Berlin Swedish-German Summer School, Sweden 14.-19. Sept. 2008

6



Different T for Ni(111) and Ni(001).

How can this be explained ?

To() - To(d) _ _yoon
T (%)

For the same ferromagnet but different surface orienta-
tion, we keep the critical exponent v fixed to be v = 0.705
(Heisenberg). A 15%, rescaling for the different layer spac-
ing for the (111) film (@) was used. The only parameter left
to be adjusted for the 2 films [(111) dotted line, (001) full

line] 1s the coetficient ¢. The ratio of
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Fig. 7. Critical temperature T, for: Ni(111)yW (110) & [&], and Ni =
(001)/Cu (001) de-MCXD (W), ac-MCXD W [15], and O [14].
O [26]. <+ [25]. The solid and dorted lines are fits to (8) with values

for ¢ given in the text

agrees perfectly with:

J_jlji\'.."l:'ll'll 3

0.75.

K.B.#171

Early papers discussed different DOS. We think, it’s unlikely.
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Closeto T fluctuations increase, be it Gaussian or critical.
This increases the linewidth in magnetic resonance spectroscopy.
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YiLi,K.B., PRL 68, 1208 (1992) #126
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Hartmt Zabel Importance of reduced temperature t = T/Tx

age separation between atomic terraces. The temperature dependence of the
exchange coupling was measured over the interval from 77 to 400 K by Celin-
ski et al. [95] using the system Ag-substrate/9Fe/10,12bccCu/16Fc(001) and
by Lindner and Baberschke [35] over the temperature range from 55 to 350 K
using the system fece Cu-substrate/7Ni/5,9Cu/2Co(001). The integers repre-

SPRINGER TRACTS IN

ﬁd;:::;rf&ﬁiﬂ perature was reduced from 350 K to 55 K; moreover, thi:;-; increase was found

to scale with an inverse 3/2 power law in temperature [35]. It is interesting
to note that in the Ag-substrate/9Fe/10,12bceCu/16Fe(001)samples no evi-
dence of a 3/2 power law was found. In the Cu-substrate/TNi/5,9Cu/2Co(001)

With the highest T of 400K for thicker Fe films, t =T/T- will be = 0.4, only.

We know only about one experiment in which more or less the full range of
reduced temperature was used. For 3 different multi- and trilayer systems
(Ni/Cu/Co, Ni/Cu/Ni, and an Fe/\V multilayer) the reduced temperature
covers amost the total range of 0 < t = 0.9. All 3 cases show an almost
perfect power law behavior with a 3/2 exponent. K. B. # 330, Phil. Mag. 2008
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2. Spin Reorientation Transition (SRT).

|sit aphasetransition at all? Continuous or discrete?

Spin reorientation in bulk Gd

THE TEMPERATURE DEPENDENCE OF THE ANISOTROPY COEFFICIENTS p.371

from B. COQBLIN
NIGH, LEGVOLD, AND SPEDDING PR 132 1092 (63)
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Fig. 160. Experimental values of the anisotropy constants ,, k, and «, versus temperature in
Gadolinium. The circles (o for k,, ® for k) represent the data of Feron (Fig. 11 of Ref. 280),
the triangles (A for «,, 4 for x, ) the data of Graham (Fig. 1 of Ref. 66) and the full lines
connect respectively the data of Feron and those of Graham. The dotted lines give the data of
Corner er al. (Fig. 5 of Ref. 70 modified by Ref. 661) for Kq, K, and k.

40

Gd ist not isotropic, it hasK,, K,, Kt 0
Note also finite MAE above T,
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Spin reorientation in bulk Co und Ni
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Fig. 5. Temperature dependence of the_ angle 0 between|

the direction of spontancous magnetization and the c axis

of a single crystal of hcp Co [61 B5]. Points: data.
Curve: calculated from sinf=(—K /2K ,)!/2.

LB I, 193, p.45

SRT for hcp Co
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F16. 6. The variation of the initial susceptibility with
temperature in nickel.

Cniand T in Celsius

-7 -003
Ni \ \\
fcc

-6 -0.02 - §\

\ W
\x, /r.\\\\/rz
\ \ e
- Y \ -~
< \ \—o——""“\ /I

0
1 T/T=0.8
_3 \
K
2 X \ 1
o ) \
erg ks \
cm3 )
0 b .
1} 100 20 300 400 500 XK 600

b 7 ——

Fig. 7. Temperature dependence of magnetocrystalline
anisotropy constants of Ni.@@)K,. /: [68 F 1],2:[74T 1],
3:[77B2],4:[77 0 1]. Solid line: calculation [770 1].(b)
K,, K,, and K ;. Accuracy of data is considerably reduced
near T.: dashed lines in the insert [68 A 1].(c)K ;. / and 2:
[76 A1], 3: [69 F 2], 4: [77 B2]. Solid line is to guide the

eye through confidence limits [76 A'1].

At the extremal value of K,
areorientation and second
maximum in ¢ appears
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Free energy density of MAE, K
(intrinsic, after substraction of 2pM?)

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

Etetr = - K2 a,° - Kan @t o Kas(ax + ayt) + ... (B.Heinrich et al.)
=- K2 cOs“q - Yo Kan cos*q Y2 Kae s (3+cos4j ) sin“g + ... (Bab et al.)
= (K2 + Ka) sin“qg ~ Yo (Kar + 314 Kas=) sin’g - Kscos4j sin‘g + ...
=K sin’q + Karsin®g + Ka=cos4j sin’q+ ... (traditional)

hexagonal [e.g. Ni (111), Gd (0001) / W (110) ]:
Enex = ko sin?q + Yk, cos2j sin®g + k4 sin®g + kgr sin®qg + ke-- co0s6j sin®g + ...
K =koY2?+kamYs"+ ...  Legendre polyn. (B. Coqgblin)
each K; has a ,volume* and , surface” contribution
Ki=K;" + 2K*/d

M. Farle Rep. Prog. Phys. 61,755 (1998) and K. B. Handb. Magn. Magn. Mat. 3, 1617 (2007) # see web
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A. Berghaus, M. Farle, Yi Li, K. B.

Absolute determ. of the mag. anisotropy of ultrathin
Gd and Ni/W(110).

Second Intern. Workshop on the Magnetic Properties
of Low-Dimensional Systems.

Proc. in Physics 50, 61 (1989) #108

M. Farle et al., PRB 55, 3708 (1997) #176

Only with K, 0 acontinues SRT is possiblel
sing = (K/2K )2

Do not use K 4 = 2pM? — K ...
because f(T) and g(T) are different.
Usetheratio K;/2pM2b f(T)/ g(T)

Frele Universitat Berlin
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To analyze SRT in thin filmsis difficult and tedious because thereis T and 1/d dependence:

T/T.(d) and  K(T)=K, (T)+2K¢(T)/d
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G. André et al., Surface Science 326, 275 (1995)
K. B. and M. Farle, J. Appl. Phys. 81, 5038 (1997)

In aproper analysis, taking T/T-(d) in consideration, we always find alinear K=K, ,+2K J/d dependence.
A departure from this“ Néel argument” indicates changesin the x-tal structure.

M. Farle et ., Surf. Sci. 439, 146 (1999)
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SRT can be a discrete or continuous rotation of the easy axis.
It is caused by the temperature dependence of K, (T).
| would not call it a “phase transition of first/second order”.
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3. FM trilayers, dothey have 2 Curie temperatures?

| mportance of higher order spin-spin correlations.

(/8 \e\l/ (L3) =~ A trilayer is a prototype to
- study magnetic coupling in
853 eV(L3) s e multilayers.

ﬁ (féy' ‘ Co

T , .
‘ LL\«O.« . What about €lement specific

_I_N, kkkk & L k\;_.)‘ft:' L Curie-temperatures ?

C A N G . N . LTS ,"

COLLLUCE gguuup-
sub

Two trivial limits: (i) d., =0 P direct coupling like a Ni-Co alloy
(i) de, =large P no coupling, like a mixed Ni/Co powder
BUT Ao, »2ML P ?
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Element specific magnetizationsand T.'sin trilayers.
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M (arb. units)
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P. Poulopoulos, K. B., Lecture Notesin

PhyS| cs 580, 283 (2001) A. Scherz et a. PRB 65, 24411 (2005)

The large shift of T.N'can NOT be explained
by the static exchange field of Co.
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A whole variety of experiments on nanoscale magnets are available nowadays.
Unfortunately many of the data are analyzed using theoretical static mean field (MF)
model, e. g. by assuming only magnetostatic interactions of multilayers, static exchange
Interaction, or static interlayer exchange coupling (IEC), etc. We will show that such a
mean field ansatz is insufficient for nanoscale magnetism, and demonstrate the

Importance of higher order spin-spin correlations in low dimensional magnets.

Spin-Spin correlation function 1ﬂé§+ﬁrﬁ ®

S'S &5NS- HShS? 45 F S« -

~— RPA —
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Enhanced spin fluctuationsin 2D (theory)

P. Jensen et al. PRB 60, R14994 (1999)

JH. Wu et d. J. Phys.: Condens. Matter 12 (2000) 2847
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&51S, mean field ansatz (Stoner model) isinsufficient

to describe spin dynamics at interfaces of nanostructures Simple Hartree-Fock ansatz isinsufficient

Higher order correlations are needed to explain T.-shift
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My / My (T = 0)

Evidencefor giant spin fluctuations (A. scherz, C. Sorg et al. PRB 72, 54447 (2005))
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Theory of weakly coupled two-dimensional magnets
J. Phys. Cond. Matter 18,1 (2006)

a ) ]
Lars Berggvist!*? and Olle Eriksson'

! Department of Physics, Uppsala University, Box 530, 751 21 Uppsala, Sweden
= Institut fiir Festkérperforschung, Forschungseentrum Jilich, D-52425 ilich, Germany
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Figure 5. The spin-—spin pair comelaion funcion in-plane plotied as a function of distance
Figure 4. Susceptibility of the Coz/Cuy, /Niy trilayer system forain = 1.i{bjn = Zand (c)n = 3. l_l_ﬂL-l:lllL‘d in latice constants) n! _l_hL NiyfC RE Cog trilayer syslern for {a) T 225 K and (b)
plotted for three different lattice sizes (number of spins in plane is L = L. T =700 K. The notation of the different layers is the same as in figure 1.

“...the peak at low temperatures is associated with the disappearance of magnetism in the
Ni layers ... “

“...we come to the conclusion that two distinct temperatures are relevant ...and a lower
temperature where the Ni spin-spin correction ... undergoes an abrupt modification.”
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Crossover of M,(T) and M (T)
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Two order parameter of TN'and T°
A further reduction in symmetry happens at T 'ov

A. Scherz et al. J. Synchrotron Rad. 8, 472 (2001) #248, 245

Conclusion:

The magnetism of FM monolayersisavery reach playground.
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