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Higher harmonics of the ac susceptibility: Analysis of hysteresis effects in ultrathin ferromagnets

C. Rüdt,* P. J. Jensen, A. Scherz, J. Lindner, P. Poulopoulos,† and K. Baberschke
Physics Department, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin, Germany
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The initial ac susceptibility is used to monitor the higher harmonic susceptibilitiesxn(T,v0) as a function
of temperature. To our knowledge, for the first time we presentxn(T,v0) up to n511 for a (Fe2 /V5)50

superlattice in the ultrathin-film limit. A detailed analysis ofxn(T,v0) yields the full temperature-dependent
hysteresis loops, including the coercive fieldHC(T) and the saturation magnetizationMS(T), with high
accuracy close to the Curie temperatureTC . We show that this type of analysis allows for an independent
determination ofTC . In addition, thexn(T,v0) are calculated in the framework of a mean-field theory which
compares well with the experimental data.

DOI: 10.1103/PhysRevB.69.014419 PACS number~s!: 75.40.Cx, 68.35.Rh, 73.21.Cd
p

fe

rfu
ly

i

te
-

e

l
a

r

r

ill

em

of
al

ili-
g-

al

g-
pa-

gy
is

Fig.

-

tion
I. INTRODUCTION

Direct measurements of the magnetizationM (T) which
vanishes at the Curie temperatureTC are only sensitive to the
expectation valuêSz&. In contrast, the paramagnetic susce
tibility xpm(T) is superior due to its proportionality tôS2&
and its divergence on both sides of the paramagnetic to
romagnetic second-order phase transition according to1

xpm~«!5x0
6u«u2g. ~1!

x0
6 is the critical amplitude below and aboveTC , «5(T

2TC)/TC the reduced temperature, andg the critical expo-
nent. The measurement of the susceptibility is a powe
tool to accurately determineTC and has been extensive
used in the past.2–6 Nevertheless, the simultaneous determ
nation of all critical parametersTC , g, and x0

6 , Eq. ~1!,
leads to difficulties.

In this paper we show that an alternative method to de
mine TC independent of Eq.~1! is provided by the measure
ment and analysis of higher harmonicsxn(T,v0). Little
work investigating thesexn(T,v0) has been reported in th
past.7–10 For instance, Carre´ and Souletie10 predicted that the
coefficients xn(T,v0)5xn8(T,v0)1 ixn9(T,v0) of order n
exhibit universal power laws corresponding to Eq.~1! with
critical parametersgn andx0,n

6 , wherev0 is the fundamenta
frequency. Our work goes beyond these studies and
dresses~i! the fundamental understanding ofxn(T,v0), re-
sulting from the overall magnetic hysteretic response neaTC
in ultrathin ferromagnets, and~ii ! more importantly, the in-
dependent determination ofTC . We therefore present, to ou
knowledge, for the first time measurements ofxn(T)
[xn(T,v0) for ultrathin films up ton511, and an analysis
of ac susceptibility data in the vicinity ofTC . These higher-
order contributions contain important information. We w
show that with the knowledge ofxn(T) one has the ability to
extract temperature-dependent hysteresis loops close toTC
via a detailed Fourier analysis, and consequently the t
perature dependence of the coercive fieldHC(T) and the
saturation magnetizationMS(T). This information isnot ac-
cessible by measuring only the first component of theac
susceptibilityx(T)5x1(T,v0). TC can be evaluated via two
0163-1829/2004/69~1!/014419~9!/$22.50 69 0144
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independent methods, namely, by the disappearance
HC(T) at TC , and by the onset of the absorption sign
xn9(T).2

To understand the origin of higher harmonic susceptib
ties xn(T,v0) we first discuss the response of a ferroma
netic systemx„T,H(t)… due to a time-dependent extern
magnetic fieldH(t)5H0cos(v0t) nearTC . It is well known11

that x„T,H(t)… consists of both ferromagnetic and parama
netic contributions. In the paramagnetic phase the order
rameterM „T,H(t)…5uM „T,H(t)…u is proportional to the ex-
ternal magnetic fieldH(t) as shown in Fig. 1~a!, if the
amplitudeH0 is small as compared to the thermal ener
kBT, where kB is the Boltzmann constant. Hence, in th
temperature regimeM (t) follows the oscillating magnetic
field instantaneously without phase shift, as sketched in
1~b!, resulting in a purely paramagnetic susceptibility.

In contrast, in the ferromagnetic phase,M (T,H(t)) is no
longer in phase withH(t), but hysteresis effects are ob

FIG. 1. Sketch of the field- and time-dependent magnetiza
M „T,H(t)… subject to an oscillating magnetic fieldH(t) above and
below TC . ~a! and ~b! represent the paramagnetic case forT
.TC , whereas~c! and ~d! show the magnetic response forT
,TC . The time shiftDt betweenH(t) and M „T,H(t)… due to
hysteretic effects is indicated~d!. Note that they axis M and thex
axesH andt are not to scale. Small changes inM (H) are therefore
not visible.
©2004 The American Physical Society19-1
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served, see Fig. 1~c!. To reverse the magnetization, as ind
cated by the vertical dashed lines, the modulation amplit
H0 of the oscillating magnetic field has to be equal to
larger than the coercive fieldHC(T). In this case,M (t) fol-
lows a discontinuous, almost square-shaped function ex
iting a time shiftDt with respect toH(t), see Fig. 1~d!. The
temperature-dependent phase shiftDw(T) is given by Dt
5Dw(T)t0 /(2 p), with t052p/v0 the oscillation period.
The corresponding response functionx„T,H(t)… for T,TC
can be described by a Fourier sum over the real and im
nary parts of the complexnth order susceptibility coeffi-
cientsxn(T,v0)5xn8(T,v0)1 ixn9(T,v0):

x„T,H~ t !…5 (
n52`

`

xn~T,H0,v0!exp~2 inv0t !. ~2!

The Fourier componentsxn(T,v0) can be directly deter-
mined through measurements of theac susceptibility at mul-
tiples nv0 of the fundamental frequency. Note th
xn(T,H0,v0) is not field independent. As can be seen fro
Figs. 1~c! and 1~d!, the phase shiftDw(T) can be expresse
through sinDw(T)5HC(T)/H0. For T→TC

2 and constantH0

the area below the hysteresis curve as well asDw(T) and
HC(T) vanish. Obviously, forT,TC the magnetic respons
is a combination of both paramagnetic and ferromagn
parts,xpm(T) and x f m(T). We will show in Sec. III, how
these contributions can be separated in principle, and
the critical analysis can be improved. For a harmonic va
tion of H(t) and if no bias fields are present,M (T,H(t))
exhibits an inversion symmetry, therefore only odd coe
cients withn51,3,5, . . . appear in Eq.~2!.

The paper is structured as follows. After a short char
terization of the experimental details in the following secti
we present and discuss the results of the measuremen
xn(T,v0) in Sec. III. In addition, we compare these resu
to calculations of higher harmonic susceptibilities in the
cinity of TC in the framework of amean-field approximation
~MFA! which is described in detail in the Appendix. W
conclude with a short outlook in Sec. IV.

II. EXPERIMENTAL DETAILS

The (Fe2 /V5)50 superlattices consist of two monolaye
~ML ! of Fe and 5 ML of V with a repetition rate of 50. Thi
multilayer system was grown on a MgO~001! substrate
through sputtering in an Ar atmosphere of 431023 mbar at
630 K in situ in UHV. The structural and magnetic propertie
of our Fe/V samples are well known and have been inve
gated in detail by means of x-ray diffraction12,13 and ferro-
magnetic resonance.14 Lindner et al.15 showed that
(Fe2 /V5)50 exhibits a strong ferromagnetic interlayer e
change couplingJ8(T) through the V spacer layers, wit
J08'100 meV/atom atT'0, corresponding to a large effec
tive exchange field of'50 kOe. J8(T) vanishes forT
→TC according to a power lawJ8(T)}12T3/2 in the ferro-
magnetic phase. Furthermore, the decoupling of the Fe la
for T→TC

1 could be independently confirmed through t
absence of a dimensional crossover from two-dimensiona
3D behavior in these metallic superlattices.2 In favor of this,
01441
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ac susceptibility measurements on the same Fe/V sam
were carried out in an extremely small oscillatory field wi
amplitudeH0517 mOe. The critical analysis of the intern
paramagnetic susceptibilityxpm(T)5x1,pm8 (T) according to
Eq. ~1! yields a 2D Ising-like critical exponentg
51.72(18) above the Curie temperatureTC

5304.75(15) K. This value ofTC was determined indepen
dently by the onset of the absorption signalx19(T) and is
used in the following considerations.

Both real and imaginary partsxn8(T) and xn9(T) of the
complex quasistatic susceptibility are measured using a c
sical mutual inductance~MI ! bridge calibrated in SI units.16

In our particular setup,xn(T) is directly proportional to the
difference between the induction signals of two identical s
ondary coils, measured with and without the sample. The
setup is characterized by a high sensitivity of'1 ML of Ni
at H05275 mOe providing a minimum signal-to-noise rat
of 2:1. Oscillating magnetic fieldsH(t)5H0cos(v0 t) with
amplitudesH0 between 17 mOe and 1.6 Oe are accessi
After subtraction of a linear background all susceptibil
spectra were normalized to the field amplitudeH0, the fre-
quency, and the volume of the ferromagnetic layers. O
unique MI setup is calibrated with a paramagnetic substa
of well-known susceptibility. Therefore, thexn(T) are given
in absolute SI units which is not easily possible using alt
native magnetometries, e.g., the magneto-optical Kerr-eff

For the measurements of the Fe/V superlattices repo
here,xn8(T) andxn9(T) were simultaneously recorded at pa
ticular frequenciesn v0 at fixed excitation frequencyn0
5v0 /(2p)5213 Hz and amplitudeH050.8 Oe using
lock-in technique.H(t) was applied along the easy axis
magnetization which is the in-plane Fe@110# direction.2 The
use of very small field amplitudes, low oscillation freque
cies, as well as extremely small temperature rates~3–5
mK/s! is mandatory for an accurate determination of t
proper initial zero-field susceptibility. Remaining static lab
ratory fields, e.g., the earth-magnetic field, have to be co
pensated with sufficient accuracy, which in our setup is be
than 10 mOe using a pair of calibrated Helmholtz coils. A
alternative and indirect, but rather accurate, proof for b
compensation of such static fields is provided by the m
surement of the second harmonic coefficientx2(T) which
should vanish for a purely sinusoidal fieldH(t). This re-
quirement is fulfilled for all data sets presented here over
whole range of amplitudes of the oscillatory magnetic fie
up to 1.6 Oe. The measurements of the odd harmonics w
performed in a temperature range between 280 K and 36
corresponding to reduced temperatures 0.92,T/TC,1.2.
The relative accuracy of the temperature determination
obtained to be650 mK. The error bar for the absolute tem
perature is significantly larger, however is of no relevance
the present case.

We would like to give some general remarks concern
ac anddc measurements. Considering theac susceptibility, it
is important to note that if the amplitudeH0 of the oscillating
magnetic field is smaller thanHC(T), a ferromagnetic con-
tribution x f m(T) results from a partial reversal of magnet
domains. On the other hand, ifH0 is larger thanHC(T), a
9-2
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complete magnetic reversal will occur via domain-wall m
tion. Although in this casex f m(T) is correlated to the
temperature-dependent magnetic anisotropyK(T) of the
thin-film system, as given, e.g., by the phenomenolog
model of Callen and Callen,17 this magnetic reversal is fa
from being well understood since it is strongly dominated
the structural perfection of the investigated sample. Althou
measurements of thedc susceptibility18 do not deal with
effects resulting from oscillating magnetic fields, there ar
number of disadvantages, namely,~i! the measurement of th
vanishing order parameterM (T) which usually demands th
application of larger magnetic fieldsH0 and this in turn blurs
the phase transition,~ii ! the lack of an absorption signal tha
allows for an independent determination ofTC , and~iii ! the
usually smaller temperature resolution as compared toac
measurements due to technical reasons especially for
films.

III. RESULTS AND DISCUSSION

A. Higher harmonic susceptibilities

In order to fully understand the entire magnetic respo
on an oscillatory magnetic fieldH(t) in the vicinity of TC ,
we have performed temperature-dependent measuremen
a number of higher harmonic susceptibilitiesxn(T)5xn8(T)
1 ixn9(T) up to n511. Figure 2 shows the real and imag
nary Fourier componentsxn8(T) and xn9(T) determined for
Fe2 /V5. In order to obtain a similar scaling of they axis,
xn8(T) andxn9(T) have been multiplied by the factorn.

Due to the high sensitivity of our MI setup and the lar
number of Fe layers in the Fe/V sample it was possible

FIG. 2. Measured real partsxn8(T) ~solid lines! and imaginary
parts xn9(T) ~dashed lines! of the ac susceptibility for the
(Fe2 /V5)50 superlattice. These quantities are scaled by the ordn
as indicated by the magnification factors (3n). The Curie tempera-
ture TC5304.75(15) K is represented by the vertical solid lines
01441
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obtain nearly noise-free susceptibility spectra with a sign
to-noise ratio of better than 50:1. We emphasize thatTC is
not located at the maximum ofx18(T), but at the temperature
wherex19(T) vanishes.2 Moreover, the maximum ofx18(T)
results from the ferromagnetic contributionx1,f m(T) origi-
nating from magnetic reversals and/or domain walls driv
by the oscillating fieldH(t). The first harmonicx1(T) is a
positive quantity, with a maximum of 250 SI units and
full-width half-maximum~FWHM! of 6.5 K. The higher har-
monic susceptibilitiesx3(T), x5(T), etc. consist of both
positive and negative parts. Decreasing the modulation
plitude belowH0570 mOe decreases the width of the su
ceptibility peak to 3 K, which is the stable minimum
FWHM. In addition, a strong dependence between the or
n and the peak shape of the higher harmonic susceptibil
might exist due to the fact that the signals narrow with
creasingn. Furthermore, the number of oscillations ofxn(T)
is directly correlated ton. Each harmonic susceptibility ex
hibits (n13)/2 zeros and (n11)/2 extrema. In addition, the
amplitudes ofxn(T) scale with 1/n, as is visible in Fig. 2. To
our knowledge these are the first experimental results
senting such a large variety of noise-free higher-order h
monics of theac susceptibility for ultrathin ferromagnets.

The Fourier coefficients of the magnetizationMn(T)
5H0xn(T) are calculated in the Appendix with the help of
Heisenberg Hamiltonian. Analytical expressions for these
efficients, as well as for their zeros, can be deduced clos
the Curie temperature by application of MFA and addition
approximations. For the real and imaginary parts of
higher harmonics we obtain

Mn, f m8 ~T!5
2M0~T!

np
sin~nv0t* !, ~3!

Mn, f m9 ~T!52
2M0~T!

np
cos~nv0t* !. ~4!

A quartic anisotropy is assumed, corresponding to the
V~001! system under consideration. The anisotropy para
eterK4 is chosen in order to reproduce the strong increas
the response signal atT0 /TC.0.97, see Fig. 2, yieldingK4
50.0588 K/atom55 meV/atom57•105 erg/cm3. More-
over, a magnetic moment ofmFe52.25mB is assumed. Fig-
ure 3 shows the real and imaginary parts of the susceptib
coefficientsxn(T) for a field amplitudeH050.8 Oe. The
magnitudes ofxn8(T) and xn9(T) are scaled by a commo
factor in order that the maximum ofx18(T) coincides with
the measured one. Furthermore, these quantities are m
plied by the factorn, in correspondence with Fig. 2.

Obviously, although this simple mean-field approach do
not allow for a quantitative comparison to experiment, it r
produces quite well the main experimental findings. T
overall oscillating behavior, the relative order of the extrem
and the number of zeros ofxn(T) coincide, as does the 1/n
dependence of the amplitudes. Large values for bothxn8(T)
and xn9(T) are obtained in the temperature rangeT0,T
,TC where magnetic reversals over energy barriers are
fective. Evidently, this ferromagnetic response due to m
9-3
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netic rotation yields a much larger signal as compared to
paramagnetic one resulting from variation of the magnitu
of the magnetization. The latter response is present for
temperatures, yielding small but finite real partsxn8(T) and
vanishing absorption partsxn9(T). Since the field amplitude
is very small this contribution can hardly be observed on
scale as presented in Fig. 3. Furthermore, forT&TC the
zeros of the ferromagnetic coefficients are analytically giv
by Eq. ~A18!. However, for temperatures very close toTC
the approximation of Eq.~A8! breaks down since it yields
divergence ofx1,pm8 (T) at TC , see Eq.~A11!, which is not
present for the numerically obtained results as presente
Fig. 3. Also, finite values forxn,pm8 (T) with n.1 are present
which are not reproduced by this approximation. We note
passing that the only fitting parameter applied in the cal
lations is the value ofK4, whereas the other quantities a
provided independently.

We like to point out several shortcomings of the theor
ical results. The MFA is known to yield at least qualitative
correct results also for anisotropic 2D ferromagnets.19 Since
collective magnetic excitations are not taken into accou
the induced magnetization forT*TC is very small, which is
in fact an order of magnitude larger due to the alignmen

FIG. 3. Real partsxn8(T) ~thick solid lines! and imaginary parts
xn9(T) ~dashed lines! calculated numerically via MFA. The spectr
are scaled by a common factor in order that the maximum ofx18(T)
coincides with the measured one, see Fig. 2. Moreover,xn8(T) and
xn9(T) are multiplied byn. The zeros ofxn8(T) andxn9(T) as given
by Eq. ~A18! are indicated by the filled and open symbols, resp
tively. For comparison, the measuredx18(T) and x19(T) are also
plotted ~thin lines!.
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spin blocks rather than single spins as in the prese
calculations.20 Moreover, as mentioned in the Appendix, th
theory is not able to reproduce the left shoulders ofxn(T)
belowT0 /TC50.97, see Fig. 3. Although in this temperatu
range the field amplitudeH0 is smaller than the coercive
field HC , largexn8(T) and finite absorption signalsxn9(T) are
most probably caused by the formation and partial reve
of magnetic domains which is not included in the theory. T
calculation yields sharp kinks ofxn8(T) and xn9(T) at
T0 /TC.0.97, which are not present in the experimen
data. Moreover, the intensities of the measured lo
temperature maxima ofxn(T) are systematically dampe
with respect to the calculated ones, especially for the hig
harmonics. In particular, the first maxima ofxn9(T) at
T0 /TC50.97 decrease with increasingn and finally disap-
pear forn59 andn511, whereas theory predicts always
positive value forxn9(T0) at the onset of the magnetic reve
sal. This discrepancy between theory and experiment co
be caused by an intrinsic structural inhomogeneity of
Fe/V superlattice, resulting in layer-dependent strengths
the anisotropy and in different directions of the correspo
ing easy axes. Therefore, the magnetic reversals of the i
vidual Fe layers happen at slightly different magnetic fiel
Also, thermal assisted crossing of energy barriers may
present in this temperature range which is also not accou
for theoretically. These processes will reduce the maxima
xn8(T) nearT0 /TC . In addition, a finite absorption may oc
cur belowT0.

B. Coercive field close toTC

In this section we determine the hysteresis loops, the
ercive fieldHC(T), and the saturation magnetizationMS(T)
out of the measurements ofxn(T) in the vicinity of the Curie
temperatureTC with a large accuracy. As mentioned abov
the relative temperature resolution of our MI setup
'50 mK. Hence, thexn(T) data were taken in relative tem
perature intervals of aboutDT/TC'1.631024, yielding
nearly 200 hysteresis loops in a small temperature rang
'4% aroundTC . Furthermore, it is possible to increase t
accuracy by a factor of 5–10 through linear interpolation
xn(T). By performing a numerical Fourier analysis from th
measured data the magnetizationsM (t) andM (H) as func-
tions of timet and magnetic fieldH are shown in Figs. 4 and
5 for different relative temperatures ranging betweenT/TC
50.975 and 1.01. The presented time range corresponds
single oscillation periodt051/n0, with n05213 Hz, i.e., a
single hysteresis loop. Note that only Fourier coefficients
to ordern511 are considered, resulting at first glance in
very ragged magnetization behavior. Nevertheless, the m
features of theM (t) and M (H) curves can be easily ex
tracted. ForT/TC,1 the magnetizations follow an almos
square-shaped overall behavior, with a phase shift sinDw(T)
5HC(T)/H0 betweenH(t) and M (t) which decreases with
increasingT/TC . Below T0 /TC50.97 only minor loops re-
sult due to the limited modulation amplitudeH0. On the
other hand, in the paramagnetic phaseM (t) follows H(t)
instantaneously withDw(T)50, and exhibits an almos
sinusoidal overall behavior.

-
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The oscillations ofM (t) and M (H) observed in Figs. 4
and 5 result mainly from the fact that only a comparab
small number of Fourier coefficients have been used for
analysis. This so-calledFourier ringing will be present also
if much more susceptibility coefficients will be considere
In particular, the oscillations will become more pronounc
if the magnetization curves become increasingly rectangu
Nevertheless, we emphasize that the overall quantities s
asHC(T) andMS(T) can be determined with high accurac
also from a limited number of Fourier coefficients.

In Fig. 6 the saturation magnetizationMS(T) and the co-
ercive fieldHC(T), which have been extracted from Figs.
and 5, are presented as a function of the reduced temper
T/TC . As a matter of fact, these quantities exhibit the sa
large temperature resolution of about 1024 like the suscepti-
bilities, and an excellent signal-to-noise ratio which can
be achieved in the vicinity ofTC using conventional direc
magnetization measurements. For comparison, also the
responding quantities calculated by MFA are given.MS(T)

FIG. 4. Time-dependent magnetizationsM (t) calculated via a
Fourier analysis of the measured susceptibility coefficientsxn(T),
see Fig. 2, for reduced temperatures 0.975,T/TC,1.01 as indi-
cated. Fourier coefficients up to ordern511 have been used. Fo
the sake of clarity only an assortment of square functions is sho

FIG. 5. Hysteresis loopsM (H) for different reduced tempera
turesT/TC corresponding to Fig. 4.
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shows a broad maximum atT/TC'0.98 located between th
maxima of x18(T) and x19(T). Obviously, below this tem-
peratureH0 is not large enough to saturate the Fe/V samp
Moreover,MS(T) exhibits a significant nonzero contributio
aboveTC up toT/TC'1.015 induced by the oscillating mag
netic field. Theoretically,MS(T) is defined asMS5@M (t
50)2M (t5t0/2)#/25@M (H5H0)2M (H52H0)#/2,
which almost vanishes forT,T050.97TC . The very small
induced magnetization aboveTC is not visible in Fig. 6.

The coercive fieldHC(T) as determined from measure
ments exhibits a maximum atT/TC50.97. Evidently, for
T/TC.0.97 the amplitudeH050.8 Oe of the oscillating
magnetic field is larger thanHC(T). In this temperature
rangeHC(T) decreases almost linearly, and vanishes foT
→TC . Very close toTC a curvature is observed. Below
T0 /TC50.97 a finiteHC(T) is obtained which is most prob
ably caused by partial reversals of magnetic domains.

From the theoretical point of view we like to point out
qualitatively different behavior ofHC(T) obtained from the
uniaxial and quartic in-plane anisotropy. Here, the param
K2 is assumed in order to obtainT0 /TC50.97, resulting in
K254.4331024 K/atom, which is two orders of magnitud
smaller than the applied value forK4 . HC(T) as obtained
from the uniaxial anisotropy exhibits anupwardcurvature. In
contrast, HC(T) calculated from the quartic anisotrop
shows alinear behavior over a wide range of reduced tem
peratures, and approachesTC with a downwardcurvature. As
can be seen from Fig. 6, the calculatedHC(T) for a quartic
anisotropy compares much better to the measurement, w
is evident from the underlying in-plane symmetry of the F
V~001! superlattice.

C. Paramagnetic and ferromagnetic contributions

We show in the following that theac susceptibility can be
separated into the paramagnetic and ferromagnetic contr
tions x f m(T) and xpm(T) both in theory and, in principle
experimentally.

n.

FIG. 6. Comparison of theoretically and experimentally det
mined saturation magnetizationMS(T), normalized to unity~left
axis!, and the coercive fieldHC(T) in units of Oe~right axis! as a
function of the reduced temperatureT/TC . HC(T) has been calcu-
lated for both a uniaxial (K2) and a quartic (K4) in-plane anisot-
ropy.
9-5
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Theoretically,xpm(T) is determined from the calculation
by not allowing for the magnetization jumpM (T)
→2M (T), x f m(T) being then simply the difference be
tween x(T) and xpm(T). This analysis can be performe
independently for all ordersn of the Fourier coefficients
xn(T). In Fig. 7~a! the results forx18(T) are depicted. In
order to obtain a sizeable paramagnetic contribution,
have applied a large modulation amplitudeH05800 Oe.
Clearly, asx1,f m8 (T) vanishes forT→TC , x1,pm8 (T) exhibits
a maximum atTC as expected from general consideratio
Since the latter contribution is small, this maximum does
appear in the full susceptibilityx18(T). For other parameter
an additional~small! maximum of x18(T) may show up at
TC . Making use of the approximation of Eq.~A8!, the fer-
romagnetic and paramagnetic parts ofx(T) are given ana-
lytically by Eqs. ~3!, ~4!, and ~A11!. This approximation
yields a paramagnetic contribution for only the (n51) coef-
ficient, which diverges atTC .

Experimentally, the separation ofx(T) into a ferromag-
netic and a paramagnetic part can be performed through
measurements ofxn(T) as presented in Fig. 2. Therefore, th
corresponding hysteresis loops, see Fig. 5, are approxim
by ideal rectangular loops. The subsequent Fourier ana
yields the ferromagnetic susceptibility coefficientsxn, f m(T).
The paramagnetic partsxn,pm(T) can be obtained from the
loops of Fig. 5 either through the linear background or
subtracting the ferromagnetic contribution. Since we ha
not finished our analysis yet, we do not present the sep
tion into xn, f m(T) andxn,pm(T) from experimental data ex
plicitly. Merely, a simplified procedure can be done by su
tracting thecalculated xn,pm8 (T), see Fig. 7~a!, from the
measuredxn8(T) for T,TC , assumingxn,pm8 (T)5xn8(T) for
T>TC . The result forn51 is shown in Fig. 7~b!. Both
contributions are characterized by the hatched areas.

Although the study of critical phenomena in the vicini
of Tc is not the focal point of our work, we discuss a futu
application of measured higher harmonic susceptibility da
The analysis of critical phenomena can in principle be i

FIG. 7. Separation of the first harmonic coefficientx18(T)
5x1,f m8 (T)1x1,pm8 (T) into a ferromagnetic~long dashed! and a
paramagnetic part~short dashed!. ~a! Theory and~b! Experiment. In
~b! the paramagnetic and ferromagnetic contributions~hatched ar-
eas! are drawn by a simplified procedure, see text.
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proved considerably by taking advantage of two propert
First, an accurate fit ofxpm(T) according to Eq.~1! needs the
separate knowledge ofTC . In our analysisTC is determined
independently by the temperature whereHC(T) disappears.
Moreover, it is proven thatTC is not located at the maximum
of x18(T). It is important to note that the maximum~or sin-
gularity! of x18(T) is located exactly at the Curie temperatu
TC only for infinitesimal small fields. Furthermore, the de
nition of TC as the temperature where the absorption sig
x19(T) disappears2 is confirmed. Second, the separation
xn(T) into xn, f m(T) and xn,pm(T) close toTC yields the
possibility to determine the critical exponentg, Eq. ~1!, on
both sides of the phase transition. Note that this is poss
for every higher harmonicxn,pm8 (T).

IV. CONCLUSION AND OUTLOOK

We have performed temperature-dependent measurem
of the higher harmonic susceptibilitiesxn(T) up ton511 for
ferromagnetic Fe2 /V5 superlattices. A detailed Fourie
analysis of theac susceptibility data yields hysteresis loop
in the vicinity of the Curie temperatureTC as a function of
temperature. The coercive fieldHC(T) as well as the satura
tion magnetizationMS(T) are accessible in a very small tem
perature range of'4% aroundTC with a large temperature
resolution ofDT/TC5231024 and a signal-to-noise ratio
which is hardly accessible using direct magnetization m
surements. We have shown the following.

~i! The detection and analysis ofxn(T) allow for an inde-
pendent determination ofTC via the temperature dependen
of HC(T). Obviously,TC is not located at the maximum o
x18(T), which confirms our previous determination ofTC via
the onset ofx19(T).2

~ii ! This analysis in principle gives the possibility to sep
rate the para- and ferromagnetic parts of the susceptib
with experimental means.

For comparison, we have calculatedxn(T) within a
mean-field approach, as well asHC(T) andMS(T). The sim-
plicity of this method allows for an analytical representati
of the Fourier coefficientsxn8(T) and xn9(T), and of their
zeros close toTC . A satisfactory agreement between theo
and experiment is obtained. A different behavior ofHC(T)
results by considering a uniaxial and a quartic in-plane
isotropy.

The use of the MFA is expected to give qualitative corre
results of the magnetic properties also for anisotropic
systems. For a quantitative comparison one has to apply
proved methods, e.g., a Green’s function theory.19,21 In par-
ticular, for layered systems the consideration of collect
magnetic excitations~spin waves! is very important. As a
drawback, analytical expressions for, e.g., the magnetiza
coefficientsMn(T) are not easily accessible within these im
proved theories. In correspondence with the Fe/V~001! sys-
tem, we have considered a quartic anisotropy whose e
axis coincides with the direction of the external magne
field. The consideration of an angle between easy axis
field direction is also feasible. If a constant bias field is a
plied or if the oscillating field contains higher harmonic
9-6
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even Fourier coefficients for the magnetization will appea
Future experimental work has to improve the interp

between the use of smaller modulation amplitudesH0
,0.8 Oe and the sensitivity of the MI setup, in order to yie
a larger number of higher harmonic susceptibilities withn
.11. Furthermore, the separation of theac susceptibility
into ferromagnetic and paramagnetic parts out of the exp
mental data has to be performed. These facts, including
use of even smallerH0, provide the possibility to determin
the critical behavior from susceptibility data on more sa
ground as compared to previous work. In particular, an
curate determination of the proper critical exponentg of the
paramagnetic susceptibility seems to be possible by ana
ing the higher harmonic responsexn(T) within a single ex-
periment with high accuracy.
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APPENDIX: THEORETICAL MODEL

The Fourier coefficientsMn(T,v0) of the magnetization
M (T,H), which is time dependent through the oscillatin
magnetic fieldH(t), are given by

Mn~T,v0!5
1

t0
E

0

t0
dtM~T,H !exp~ inv0t !, ~A1!

yielding the real~in-phase! and imaginary~out-of-phase! co-
efficientsMn(T)5Mn8(T)1 iM n9(T) to ordern. For this pur-
pose a Heisenberg-type Hamilton is applied, considering
simplicity classical spins22 with unit lengthuSi u51 on lattice
sitesi:

H52
J

2 (
^ i , j &

SiSj2K2(
i

~Si
z!22K4(

i
~Si

x!2~Si
z!2

2m0m(
i

H~ t !Si
z . ~A2!

J.0 is the ferromagnetic exchange coupling betwe
nearest-neighbor spinsi and j. For the sake of compariso
both uniaxial and quartic in-plane anisotropies are con
ered, whose strengths are denoted byK2 and K4. Positive
values of these quantities indicate an easy axes dire
along the cardinal (x or z) axes of the square lattice. Th
proper symmetry of this in-plane anisotropy should cor
spond to the underlying lattice symmetry,23 which is the
quartic one for the Fe2 /V5(001) superlattice.K2 or K4 are
used as fit parameters in order to reproduce the meas
coercive fieldHC . The oscillating external magnetic fiel
H(t)5H0cos(v0t) with amplitudeH0 and frequencyv0 is
directed along thez axis,m is the atomic magnetic momen
andm0 the vacuum permeability.

The Hamiltonian, Eq.~A2!, is solved by a MFA, assuming
a ferromagnetic order characterized by the magnetiza
01441
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M (T,H)5m^Si
z&. Depending on the relative strength o

magnetic field and anisotropy one has to distinguish t
cases. First, the1z- and 2z directions, referring to the in-
plane anglesf50 andf5p, represent a minimum and
maximum of the free energyF(T,H,f). Second, these two
directions are both minima ofF(T,H,f), separated by an
energy barrier. If the magnetic field is too weak to overco
this energy barrier, the effect ofH(t) results in a small varia-
tion of the magnetization around the remanent magnetiza
M (T,0)5M0(T). In this case no magnetic hysteresis w
occur, nor an energy dissipation. On the other hand, if
some instant of time the oscillating fieldH(t) is strong
enough to surpass the anisotropy barrier, a magnetic reve
takes place and magnetic hysteresis accompanied by en
uptake occurs. It is important to notice that thermal assis
crossing of energy barriers is not considered within t
study. Also, since a uniform system is assumed, magn
reversals mediated by domain-wall movements cannot
taken into account. Moreover, thermal fluctuations above
Curie temperatureTC , which may result in energy dissipa
tion, are neglected by the MFA.

In general, the determination of the free ener
F(T,H,f), as well as the magnetizationsM (T,H) and
Mn(T,v0), is performed numerically, see Fig. 3. Analytic
expressions for these quantities are derived as describe
the following sections.

1. Small anisotropies

Since for 3d transition-metal magnets the exchan
interaction is much stronger than the anisotropy, i.e.,J
@K2 ,K4, the latter is handled as a small perturbation. In t
case the magnitude of the magnetization is given by
Langevin function M „T,H(t)…5m@coth(x)21/x#, with x
5@qJM„T,H(t)…1m0mH(t)#/(kBT) andq the coordination
number. Within this approximation the Curie temperature
given bykBTC5qJ/3.

The anisotropies are considered by a thermodynamic
turbation theory,24 yielding the effective, temperature
dependent anisotropy coefficientsK2(T,H)5K2f 2(T,H) and
K4(T,H)5K4f 4(T,H). The functionsf 2(T,H) and f 4(T,H)
depend on temperature mainly through the magnetiza
and read

f 2~T,H !512
3

x
coth~x!1

3

x2
, ~A3!

f 4~T,H !512S 10

x
1

105

x3 D coth~x!1
45

x2
1

105

x4
. ~A4!

Note thatK2,4(T,H)→K2,4 for T→0, andK2,4(T,0)→0 for
T→TC . The decreasing effective anisotropiesK2(T,H) and
K4(T,H) account for the fact that with increasing temper
ture the ability of the anisotropies to maintain a particu
direction of the magnetization decreases. Moreover, t
good approximation theangle dependentpart of the free en-
ergy is given by24
9-7
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F~T,H,f!52m0mH~ t !M ~T,H !cosf2K2f 2~T,H !cos2f

2K4f 4~T,H !~cos4f2cos2f!. ~A5!

Here a weak dependence ofM (T,H) on f is neglected.
Minimization of F(T,H,f) with respect tof yields the
~meta!stable directions of the magnetization. The conditi
that both directionsf50 andf5p refer to minima requires
that m0mH(t)M (T,H)12@K2f 2(T)1K4f 4(T)#.0. The
time instantt* within an oscillation periodt052p/v0, at
which a magnetic reversal happens, depends on temper
and is given by

cos~v0t* !52
2@K2f 2„T,H~t* !…1K4f 4„T,H~t* !…#

m0mH0M „T,H~t* !…
.

~A6!

For a harmonic oscillation and if no bias field is present,
backward magnetic reversal happens at timet* 1t0/2. The
effect of the magnetic field can be separated into~i! a varia-
tion of the magnitude~length! of the magnetizationM (T,H)
and ~ii ! a magnetic reversal~jump! with constant length.
Whereas the former is present for all temperatures, the la
is nonvanishing only in those temperature rangesT0,T
,TC where an anisotropy barrier is present and which
be surmounted during the field oscillation, resulting in
magnetic hysteresis. Only in the presence of a magnetic
teresis an absorptive partx9(T).0 of the susceptibility ex-
ists, if no other processes such as partial domain reversa
thermal assisted crossings of energy barriers are consid
The temperatureT0 is implicitly given by

m0mH0M ~T0 ,2H0!

52@K2f 2~T0 ,2H0!1K4f 4~T0 ,2H0!#. ~A7!

In the following section the two contributions~i! and~ii ! are
studied separately.

2. Small magnetic fields

For small Zeeman energies~small field amplitudesH0) as
compared to the thermal energykBT nearTC the Langevin
function is expanded to first order inH(t):

M ~T,H !.M ~T,0!1DM ~T,H !5M0~T!1x~T,0!H~ t !.
~A8!

Here M0(T) denotes either the positive@M0(T).0# or the
negative value@M0(T),0# of the remanent magnetizatio
during the hysteresis loop as sketched in Fig. 1~c!. The sus-
ceptibility x(T,H)5]M (T,H)/]H within MFA is calculated
for classical spins to be

m0m2

x~T,H !
5

kBTx2sinh2~x!

sinh2~x!2x2
23kBTC , ~A9!

wherex is given in the text above Eq.~A3!. For T.TC and
H050 the limiting behavior x(T,0)5(m0m2)/@3kB(T
2TC)# results. Note that the approximation Eq.~A8! is not
valid for temperatures very close toTC . Here a nonlinear
behavior ofM (T,H) with respect toH is present, given by
01441
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M (TC ,H).H1/d, with the critical exponentd53 within
MFA.1 Calculations show that this nonlinear behavior dom
nates for 0.995,T/TC,1.005.

First we consider the rectangular part ofM (T,H) in the
temperature rangeT0,T,TC . As function of t the magne-
tization jumps betweenM0(T)↔2M0(T) at time instants
t* andt* 1t0/2 during an oscillation period. This rectangu
lar function is shifted byDt with respect to theac field, see
Fig. 1~d!. As can be seen from Eq.~A6!, within the employed
approximationst* is given by

cos~v0t* !.2
2@K2f 2~T,0!1K4f 4~T,0!#

m0mH0M0~T!
. ~A10!

The Fourier transformation of the rectangular functi
yields the real and imaginary partsMn, f m8 (T) andMn, f m9 (T)
given by Eqs.~3! and~4! in the main text. We call these part
the ferromagnetic contribution,since they result exclusively
from a reversal of the magnetization. Only odd coefficie
appear (n51,3,5, . . . ), the even coefficients (n
50,2,4, . . . ) vanish due to inversion symmetry ofH(t). The
amplitudes of the Fourier coefficients vary with increasi
order as 1/n. Both real and imaginary Fourier coefficien
Mn, f m8 (T) and Mn, f m9 (T) vanish for T→TC , since M0(T)
→0. Finally, one observes that the zeros of the Fourier
efficientsMn, f m8 (T) coincide with the extrema ofMn, f m9 (T),
and vice versa. These zeros will be discussed in the follo
ing section.

The Fourier transformation ofDM (T,H), see Eq.~A8!,
yields a contributionM1,pm8 (T) only to the real part of the
n51 –coefficient. This is aparamagnetic contributionsince
it originates exclusively from the variation of the length
M (T,H). M1,pm8 (T) does not depend onv0 and is present
for all temperatures:

M1,pm8 ~T!5 1
2 x~T,0!H0 . ~A11!

Note thatM1,pm8 (T) exhibits a singularity atT5TC which is
an artifact of the approximation, Eq.~A8!. The total realn
51 –Fourier coefficient is the sum of Eqs.~3! and ~A11!.

3. Zeros of the Fourier coefficients

In this section we derive analytical expressions for t
zeros of the Fourier coefficientsMn, f m8 (T) and Mn, f m9 (T),
see Eqs.~3! and ~4!, as functions of temperature. The zer
of Mn, f m8 (T) are given by the condition

nv0t* 5 lp, ~A12!

with l an integer ranging fromn/2, l<n. Similarly, the ze-
ros of Mn, f m9 (T) coincide with

nv0t* 5~ l 11/2!p. ~A13!

Here the integerl ranges from (n21)/2, l<(2n21)/2.
Since we consider the temperature rangeT0,T,TC

close to the Curie temperatureTC , the magnetizationM0(T)
and the functionsf 2(T,0) and f 4(T,0) are expanded for
M0(T)!1. From the Langevin function one obtains
9-8



-

-

ta

-

r
an

s:

-

K

J

gn

S.

wa

.

e,

e,

gn.

gn.

. B

hys.

ior,
ions
nd

rth
,

HIGHER HARMONICS OF THEac SUSCEPTIBILITY . . . PHYSICAL REVIEW B69, 014419 ~2004!
M0
2~T!.

5

3 S T

TC
D 2

«, ~A14!

with «5(TC2T)/TC , yielding the mean-field critical expo
nentb51/2. Similarly, from Eqs.~A3! and~A4! one obtains
for H50

f 2~T,0!5
3

5 S TC

T D 2

M0
2~T!, ~A15!

f 4~T,0!5
3

35S TC

T D 4

M0
4~T!. ~A16!

Obviously, forT&TC the functionsf 2(T,0) andf 4(T,0) de-
crease more rapidly than the magnetizationM0(T), and thus
also the effective anisotropiesK2(T) andK4(T) with respect
to the Zeeman energy}M0(T). This is the reason why hys
teresis loops can be obtained close toTC also by comparably
small magnetic fields. Using these replacements, one ob
from Eq. ~A10!

cos~v0t* !'
22

m0mH0

TC

T
A«~K2a21K4a4«!, ~A17!
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