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Higher harmonics of the ac susceptibility: Analysis of hysteresis effects in ultrathin ferromagnets
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The initial ac susceptibility is used to monitor the higher harmonic susceptibiliti€d, ) as a function
of temperature. To our knowledge, for the first time we presgfil,wy) up to n=11 for a (Fg/Vs)so
superlattice in the ultrathin-film limit. A detailed analysis gf(T,w,) yields the full temperature-dependent
hysteresis loops, including the coercive fidit}(T) and the saturation magnetizatidig(T), with high
accuracy close to the Curie temperatlie. We show that this type of analysis allows for an independent
determination ofT - . In addition, they,(T,wq) are calculated in the framework of a mean-field theory which
compares well with the experimental data.
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[. INTRODUCTION independent methods, namely, by the disappearance of
Hc(T) at T¢, and by the onset of the absorption signal
Direct measurements of the magnetizatdi{T) which  x/(T).?
vanishes at the Curie temperat(rg are only sensitive to the To understand the origin of higher harmonic susceptibili-
expectation valuéS?). In contrast, the paramagnetic suscep-ties y,(T,w,) we first discuss the response of a ferromag-
tibility x,m(T) is superior due to its proportionality {®?  netic systemy(T,H(t)) due to a time-dependent external
and its divergence on both sides of the paramagnetic to femagnetic fieldH (t) = Hocos(gt) nearTc. Itis well known'
romagnetic second-order phase transition accordihg to that x(T,H(t)) consists of both ferromagnetic and paramag-
netic contributions. In the paramagnetic phase the order pa-
rameterM (T,H(t))=|M(T,H(t))| is proportional to the ex-
ternal magnetic fieldH(t) as shown in Fig. (), if the
amplitudeH, is small as compared to the thermal energy
kgT, wherekg is the Boltzmann constant. Hence, in this
Femperature regimd(t) follows the oscillating magnetic
ield instantaneously without phase shift, as sketched in Fig.
1(b), resulting in a purely paramagnetic susceptibility.
In contrast, in the ferromagnetic phad¢(T,H(t)) is no
longer in phase withH(t), but hysteresis effects are ob-

(b)

Xpm(8)=X§|8|77- ()

Xo is the critical amplitude below and abovi., £=(T
—T¢)/T¢ the reduced temperature, andhe critical expo-
nent. The measurement of the susceptibility is a powerfu
tool to accurately determin&: and has been extensively
used in the past.® Nevertheless, the simultaneous determi-
nation of all critical parameter3¢, y, and xo , Eq. (1),
leads to difficulties.

In this paper we show that an alternative method to deter- (a)
mine T independent of Eq.1) is provided by the measure-
ment and analysis of higher harmonigs(T,wg). Little
work investigating thesg,(T,wg) has been reported in the
past’~°For instance, Carrand Souleti&’ predicted that the
coefficients (T, o) = xn(T,wo) +ixn(T,wo) of order n
exhibit universal power laws corresponding to Eg). with
critical parameters,, and Xén, wherewy is the fundamental
frequency. Our work goes beyond these studies and ad-
dressedi) the fundamental understanding gf(T,w,), re-
sulting from the overall magnetic hysteretic response figar (©)
in ultrathin ferromagnets, an@) more importantly, the in-
dependent determination @f. . We therefore present, to our T<T,
knowledge, for the first time measurements gf(T)
=xn(T,wq) for ultrathin films up ton=11, and an analysis
of ac susceptibility data in the vicinity of .. These higher-
order contributions contain important information. We will -\~ 1 gyatch of the field- and time-dependent magnetization
show that with the knowledge of,(T) one _has the ability to M (T,H(t)) subject to an oscillating magnetic fielti(t) above and
extract temperature-dependent hysteresis loops clo§@ t0 pejow T.. (@) and (b) represent the paramagnetic case Tor
via a detailed Fourier analysis, and consequently the tems 1 \whereas(c) and (d) show the magnetic response far
perature dependence of the coercive field(T) and the  <T.. The time shiftAt betweenH(t) and M(T,H(t)) due to
saturation magnetizatioé 5(T). This information isnotac-  hysteretic effects is indicate). Note that they axis M and thex
cessible by measuring only the first component of #te  axesH andt are not to scale. Small changesNh(H) are therefore
susceptibilityyx(T) = x1(T,wg). T¢ can be evaluated via two not visible.

T>T,
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served, see Fig.(&). To reverse the magnetization, as indi- ac susceptibility measurements on the same Fe/V sample
cated by the vertical dashed lines, the modulation amplitudevere carried out in an extremely small oscillatory field with
Ho of the oscillating magnetic field has to be equal to oramplitudeH,=17 mQe. The critical analysis of the internal
larger than the coercive fieldc(T). In this caseM(t) fol-  paramagnetic susceptibility,(T) = x1 ,n(T) according to
lows a discontinuous, almost square-shaped function exhil=q (1) yields a 2D Ising-like critical exponenty
iting a time shiftAt with respect td-!(t), see F_ig. ld). The _ 1.72(18) above the Curie temperatureTe
temperature-depend_ent phase sWitp(T) IS given by ?“ =304.75(15) K. This value of ; was determined indepen-
=A¢(T)7o/(2m), with 7o=2m/w, the oscillation period.  4ohyy by the onset of the absorption signgdl(T) and is
The corresponding response functig@r,H(t)) for T<T¢ used in the following considerations
can be described by a Fourier sum over the real and imagi- : . y "

Both real and imaginary partg,(T) and x,(T) of the

nary parts of the complexth order susceptibility coeffi- o - s
cients xn(T, wg) = x1(T, wo) +i X"(T, wo): c_omplex qua_S|stat|c SUSCGpthI“ty are _measur_ed using a clas-
sical mutual inductancév) bridge calibrated in Sl unit¥
* In our particular setupy,(T) is directly proportional to the
x(TH1)= X xn(T.Howo)exp—inwet). (2 difference between the induction signals of two identical sec-
e ondary coils, measured with and without the sample. The Ml
The Fourier componenty,(T,w,) can be directly deter- setup is characterized by a high sensitivity=el ML of Ni
mined through measurements of thesusceptibility at mul- at Hy=275 mOe providing a minimum signal-to-noise ratio
tiples nwy of the fundamental frequency. Note that of 2:1. Oscillating magnetic fieldsi(t) =Hycosgt) with
xn(T,Hg,wg) is not field independent. As can be seen fromamplitudesH, between 17 mOe and 1.6 Oe are accessible.
Figs. 1c) and 1d), the phase shifs o(T) can be expressed After subtraction of a linear background all susceptibility
through sidg(T)=H¢(T)/Ho. For T—T¢ and constanH,  spectra were normalized to the field amplitudg, the fre-
the area below the hysteresis curve as welllagT) and quency, and the volume of the ferromagnetic layers. Our
Hc(T) vanish. Obviously, folf <T. the magnetic response Uunique Ml setup is calibrated with a paramagnetic substance
is a combination of both paramagnetic and ferromagneti®f well-known susceptibility. Therefore, the,(T) are given
parts, xpm(T) and x¢,(T). We will show in Sec. Ill, how in absolute Sl units which is not easily possible using alter-
these contributions can be separated in principle, and howative magnetometries, e.g., the magneto-optical Kerr-effect.
the critical analysis can be improved. For a harmonic varia- For the measurements of the Fe/V superlattices reported
tion of H(t) and if no bias fields are presemdl(T,H(t))  here,x,(T) andx,(T) were simultaneously recorded at par-
exhibits an inversion symmetry, therefore only odd coeffi-ticular frequenciesn wy at fixed excitation frequency
cients withn=1,3,5 ... appear in Eq(2). =wol/(27)=213 Hz and amplitudeH;=0.8 Oe using
The paper is structured as follows. After a short characlock-in techniqgueH(t) was applied along the easy axis of
terization of the experimental details in the following sectionmagnetization which is the in-plane [R&0] direction? The
we present and discuss the results of the measurements wu$e of very small field amplitudes, low oscillation frequen-
xn(T, ) in Sec. lll. In addition, we compare these resultscies, as well as extremely small temperature rat@s5
to calculations of higher harmonic susceptibilities in the vi-mK/s) is mandatory for an accurate determination of the
cinity of T¢ in the framework of anean-field approximation proper initial zero-field susceptibility. Remaining static labo-
(MFA) which is described in detail in the Appendix. We ratory fields, e.g., the earth-magnetic field, have to be com-

conclude with a short outlook in Sec. IV. pensated with sufficient accuracy, which in our setup is better
than 10 mOe using a pair of calibrated Helmholtz coils. An
Il. EXPERIMENTAL DETAILS alternative and indirect, but rather accurate, proof for best

compensation of such static fields is provided by the mea-

The (Fe/Vs)so superlattices consist of two monolayers surement of the second harmonic coefficign{(T) which
(ML) of Fe and 5 ML of V with a repetition rate of 50. This should vanish for a purely sinusoidal field(t). This re-
multilayer system was grown on a M¢@1) substrate quirement is fulfilled for all data sets presented here over the
through sputtering in an Ar atmosphere 0k40™° mbar at  whole range of amplitudes of the oscillatory magnetic field
630 Kin situin UHV. The structural and magnetic properties up to 1.6 Oe. The measurements of the odd harmonics were
of our Fe/V samples are well known and have been investiperformed in a temperature range between 280 K and 360 K,
gated in detail by means of x-ray diffractién® and ferro-  corresponding to reduced temperatures €.92T.<1.2.
magnetic resonancé. Lindner etal’ showed that The relative accuracy of the temperature determination is
(Fe;/Vs)s50 exhibits a strong ferromagnetic interlayer ex- gbtained to ber 50 mK. The error bar for the absolute tem-
change coupling)’(T) through the V spacer layers, with perature is significantly larger, however is of no relevance in
Jy~100 neV/atom atT~0, corresponding to a large effec- the present case.
tive exchange field of~50 kOe. J'(T) vanishes forT We would like to give some general remarks concerning
—T¢ according to a power law’ (T)<1—T¥?in the ferro-  ac anddc measurements. Considering thesusceptibility, it
magnetic phase. Furthermore, the decoupling of the Fe layeis important to note that if the amplitudi, of the oscillating
for T—»T¢ could be independently confirmed through the magnetic field is smaller thaH (T), a ferromagnetic con-
absence of a dimensional crossover from two-dimensional t&ribution x¢,(T) results from a partial reversal of magnetic
3D behavior in these metallic superlatti¢es favor of this, domains. On the other hand, Kf, is larger thanH(T), a
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<1 <3 obtain nearly noise-free susceptibility spectra with a signal-
200 PR, to-noise ratio of better than 50:1. We emphasize thats
‘s \ . not located at the maximum of; (T), but at the temperature
0 T\ where x/(T) vanishe€. Moreover, the maximum of;(T)
200 T, ' '.' T, resylts from the ferromagnetic contributim,fm(T) origi-.
ve nating from magnetic reversals and/or domain walls driven
by the oscillating fieldH(t). The first harmonicy((T) is a
2 200 . X3 x7 positive quantity, with a maximum of 250 Sl units and a
g AN full-width half-maximum(FWHM) of 6.5 K. The higher har-
5 0 TR L A e g monic susceptibilitiesys(T), xs(T), etc. consist of both
= ',v positive and negative parts. Decreasing the modulation am-
22 -200 b plitude belowH,=70 mOe decreases the width of the sus-
ceptibility peak to 3 K, which is the stable minimum
200 ; x9 x11 FWHM. In addition, a strong dependence between the order
A:' [ n and the peak shape of the higher harmonic susceptibilities
0 e LA Sem, - might exist due to the fact that the signals narrow with in-
B, :v creasingn. Furthermore, the number of oscillations af(T)
-200 i is directly correlated ta. Each harmonic susceptibility ex-
' hibits (n+3)/2 zeros andr{+ 1)/2 extrema. In addition, the
0.98 1.00 0.98 1.00

amplitudes ofy,(T) scale with 14, as is visible in Fig. 2. To
T/T. our knowledge these are the first experimental results pre-
senting such a large variety of noise-free higher-order har-
monics of theac susceptibility for ultrathin ferromagnets.

The Fourier coefficients of the magnetizatiov,(T)
=Hux,(T) are calculated in the Appendix with the help of a
Heisenberg Hamiltonian. Analytical expressions for these co-
efficients, as well as for their zeros, can be deduced close to
the Curie temperature by application of MFA and additional

tion. Although in this casey;,(T) is correlated to the approximations. For the real and imaginary parts of the

temperature-dependent magnetic anisotrdpyT) of the higher harmonics we obtain
thin-film system, as given, e.g., by the phenomenological
model of Callen and CalleH, this magnetic reversal is far M/, (T)= ZMO(T)sin(nw ) 3)
from being well understood since it is strongly dominated by n.fm T or
the structural perfection of the investigated sample. Although
measurements of thdc susceptibility® do not deal with 2My(T)
effects resulting from oscillating magnetic fields, there are a M7 im(T) = —
number of disadvantages, namely,the measurement of the
vanishing order parametét (T) which usually demands the A quartic anisotropy is assumed, corresponding to the Fe/
application of larger magnetic field$, and this in turn blurs  \/(001) system under consideration. The anisotropy param-
the phase transitiortii) the lack of an absorption signal that eterK, is chosen in order to reproduce the strong increase of
allows for an independent determinationTef, and(iii) the  the response signal @, /T-=0.97, see Fig. 2, yielding,
usually smaller temperature resolution as compare@do =0.0588 K/ators=5 ueV/atom=7-10° erg/cny. More-
measurements due to technical reasons especially for thigver, a magnetic moment @fr.=2.25 ug is assumed. Fig-
films. ure 3 shows the real and imaginary parts of the susceptibility
coefficients y,(T) for a field amplitudeH,=0.8 Oe. The
magnitudes ofy/,(T) and x,(T) are scaled by a common
factor in order that the maximum of;(T) coincides with
the measured one. Furthermore, these quantities are multi-

In order to fully understand the entire magnetic responsgyjied by the factom, in correspondence with Fig. 2.
on an oscillatory magnetic fieldl(t) in the vicinity of T, Obviously, although this simple mean-field approach does
we have performed temperature-dependent measurements @it allow for a quantitative comparison to experiment, it re-
a number of higher harmonic susceptibilitigg(T)=x,(T)  produces quite well the main experimental findings. The
+ixn(T) up ton=11. Figure 2 shows the real and imagi- overall oscillating behavior, the relative order of the extrema,
nary Fourier componentg,(T) and x.(T) determined for and the number of zeros of,(T) coincide, as does theri/
Fe,/Vs. In order to obtain a similar scaling of theaxis, dependence of the amplitudes. Large values for hqifi)
xn(T) and x(T) have been multiplied by the factor and x;(T) are obtained in the temperature rangg<T

Due to the high sensitivity of our MI setup and the large <T. where magnetic reversals over energy barriers are ef-
number of Fe layers in the Fe/V sample it was possible tdective. Evidently, this ferromagnetic response due to mag-

FIG. 2. Measured real paryg,(T) (solid lineg and imaginary
parts xn(T) (dashed lines of the ac susceptibility for the
(Fe& /V )5 superlattice. These quantities are scaled by the arder
as indicated by the magnification factors ). The Curie tempera-
ture Tc=304.75(15) K is represented by the vertical solid lines.

complete magnetic reversal will occur via domain-wall mo-

cognNwy*). (4)

IIl. RESULTS AND DISCUSSION

A. Higher harmonic susceptibilities
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spin blocks rather than single spins as in the present
calculations® Moreover, as mentioned in the Appendix, the
theory is not able to reproduce the left shouldersypfT)
belowT,/T=0.97, see Fig. 3. Although in this temperature
range the field amplitudéd, is smaller than the coercive
fieldH¢, largex,(T) and finite absorption signajg.(T) are
most probably caused by the formation and partial reversal
of magnetic domains which is not included in the theory. The
calculation yields sharp kinks of,(T) and x.(T) at
To/Tc=0.97, which are not present in the experimental
data. Moreover, the intensities of the measured low-
temperature maxima of,(T) are systematically damped
with respect to the calculated ones, especially for the higher
harmonics. In particular, the first maxima of (T) at
To/Tc=0.97 decrease with increasimgand finally disap-
pear forn=9 andn=11, whereas theory predicts always a
positive value fory, (To) at the onset of the magnetic rever-
sal. This discrepancy between theory and experiment could
be caused by an intrinsic structural inhomogeneity of the
Fel/V superlattice, resulting in layer-dependent strengths of
the anisotropy and in different directions of the correspond-
ing easy axes. Therefore, the magnetic reversals of the indi-
vidual Fe layers happen at slightly different magnetic fields.
Also, thermal assisted crossing of energy barriers may be
present in this temperature range which is also not accounted
T/ T, for theoretically. These processes will reduce the maxima of
Xn(T) nearTy/T¢. In addition, a finite absorption may oc-
cur belowT,.

200

-2001

X a (ST units)
s o 8

2001

-2007

0.98 1.00

FIG. 3. Real partg,(T) (thick solid lines and imaginary parts
xn(T) (dashed linescalculated numerically via MFA. The spectra
are scaled by a common factor in order that the maximurp; 6T)
coincides with the measured one, see Fig. 2. MorequdiT) and
xn(T) are multiplied byn. The zeros ofy,(T) andx;(T) as given In this section we determine the hysteresis loops, the co-
by Eqg.(A18) are indicated by the filled and open symbols, respec-ercive fieldH(T), and the saturation magnetizatityhy(T)
tively. For comparison, the measurad(T) and x1(T) are also  out of the measurements gf(T) in the vicinity of the Curie
plotted (thin lines. temperaturel ¢ with a large accuracy. As mentioned above,

the relative temperature resolution of our MI setup is
netic rotation yields a much larger signal as compared to the.50 mK. Hence, they,(T) data were taken in relative tem-
paramagnetic one resulting from variation of the magnitudeEerature intervals of abouAT/Tc~1.6x10 4, yielding
of the magnetization. The latter response is present for afearly 200 hysteresis loops in a small temperature range of
temperatures, yielding small but finite real pagf(T) and  ~49 aroundT. Furthermore, it is possible to increase the
vanishing absorption partg;(T). Since the field amplitude accuracy by a factor of 5-10 through linear interpolation of
is very small this contribution can hardly be observed on they,(T). By performing a numerical Fourier analysis from the
scale as presented in Fig. 3. Furthermore, Tof Tc the  measured data the magnetizationgt) and M (H) as func-
zeros of the ferromagnetic coefficients are analytically givertions of timet and magnetic fieltH are shown in Figs. 4 and
by Eqg. (A18). However, for temperatures very closeTg 5 for different relative temperatures ranging betwdéi
the approximation of EQA8) breaks down since it yields a =0.975 and 1.01. The presented time range corresponds to a
divergence ofy; ,n(T) at Tc, see Eq(A1l), which is not  single oscillation periodro=1/v,, with vo=213 Hz, i.e., a
present for the numerically obtained results as presented isingle hysteresis loop. Note that only Fourier coefficients up
Fig. 3. Also, finite values fop(,’]’pm(T) with n>1 are present to ordern=11 are considered, resulting at first glance in a
which are not reproduced by this approximation. We note irvery ragged magnetization behavior. Nevertheless, the main
passing that the only fitting parameter applied in the calcufeatures of theM(t) and M(H) curves can be easily ex-
lations is the value oK,, whereas the other quantities are tracted. ForT/Tc<1 the magnetizations follow an almost
provided independently. square-shaped overall behavior, with a phase shift g(m)

We like to point out several shortcomings of the theoret-=H(T)/H, betweenH(t) and M(t) which decreases with
ical results. The MFA is known to yield at least qualitatively increasingT/T.. Below Ty/Tc=0.97 only minor loops re-
correct results also for anisotropic 2D ferromagréSince  sult due to the limited modulation amplitudé,. On the
collective magnetic excitations are not taken into accountother hand, in the paramagnetic phadét) follows H(t)
the induced magnetization f@r= T is very small, which is instantaneously withA¢(T)=0, and exhibits an almost
in fact an order of magnitude larger due to the alignment okinusoidal overall behavior.

B. Coercive field close toT ¢
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0 FIG. 6. Comparison of theoretically and experimentally deter-

t (ms) mined saturation magnetizatid 5(T), normalized to unity(left

. o . axis), and the coercive fieltH(T) in units of Oe(right axi9 as a

FouFrIiSr. :ﬁa-ll—;/g]iz-gfe?heen(rfgésr:re:agdnzﬂztf:lggggitli)tycicgflﬁegg (\sflr? & function of the reduced temperatuféT . H(T) has been calcu-
i lated for both iaxial d ti in-pl isot-

see Fig. 2, for reduced temperatures 09713T-<1.01 as indi- rze or both a uniaxialkz) and a quartic K,) in-plane aniso

cated. Fourier coefficients up to order 11 have been used. For 24

the sake of clarity only an assortment of square functions is shown. .
yony a shows a broad maximum @t T-~0.98 located between the
n

The oscillations ofM(t) and M (H) observed in Figs. 4 Maxima of x3(T) and xi(T). Obviously, below this tem-
and 5 result mainly from the fact that only a comparablyPeratureHy is not large enough to saturate the Fe/V sample.
small number of Fourier coefficients have been used for théoreover,Mg(T) exhibits a significant nonzero contribution
analysis. This so-calleBourier ringing will be present also aboveTc up toT/T¢~1.015 induced by the oscillating mag-
if much more susceptibility coefficients will be considered. netic field. TheoreticallyM(T) is defined asMs=[M(t
In particular, the oscillations will become more pronounced=0)—M(t=70/2)]/2=[M(H=Hg)—-M(H=—H)]/2,
if the magnetization curves become increasingly rectangula¥vhich aimost vanishes foF <T;=0.97 T¢. The very small
Nevertheless, we emphasize that the overall quantities sudAduced magnetization abovig: is not visible in Fig. 6.

asH¢(T) andMg(T) can be determined with high accuracy ~ The coercive fieldHc(T) as determined from measure-
also from a limited number of Fourier coefficients. ments exhibits a maximum &k/T-=0.97. Evidently, for

In Fig. 6 the saturation magnetizatidhg(T) and the co- T/T¢>0.97 the amplitudeH,=0.8 Oe of the oscillating
ercive fieldH(T), which have been extracted from Figs. 4 magnetic field is larger thamc(T). In this temperature
and 5, are presented as a function of the reduced temperatui@geHc(T) decreases almost linearly, and vanishesTor
T/Tc. As a matter of fact, these quantities exhibit the same—Tc. Very close toT¢ a curvature is observed. Below
large temperature resolution of about fQike the suscepti- To/Tc=0.97 a finiteH(T) is obtained which is most prob-
bilities, and an excellent signal-to-noise ratio which cannotbly caused by partial reversals of magnetic domains.
be achieved in the vicinity oT ¢ using conventional direct From the theoretical point of view we like to point out a
magnetization measurements. For comparison, also the cogualitatively different behavior ol o(T) obtained from the

responding quantities calculated by MFA are givihs(T) uniaxial and quartic in-plane anisotropy. Here, the parameter
K, is assumed in order to obtaify/T-=0.97, resulting in

K,=4.43<10 * K/atom, which is two orders of magnitude
smaller than the applied value f&t,. Hc(T) as obtained
from the uniaxial anisotropy exhibits aqpwardcurvature. In
contrast, Ho(T) calculated from the quartic anisotropy
shows alinear behavior over a wide range of reduced tem-
peratures, and approachig with a downwardcurvature. As

can be seen from Fig. 6, the calculatdd(T) for a quartic
anisotropy compares much better to the measurement, which
is evident from the underlying in-plane symmetry of the Fe/
V(001) superlattice.

=4

M (arb. units)

C. Paramagnetic and ferromagnetic contributions

We show in the following that thac susceptibility can be
separated into the paramagnetic and ferromagnetic contribu-
tions x¢n(T) and x,m(T) both in theory and, in principle,
experimentally.

FIG. 5. Hysteresis loopM (H) for different reduced tempera-
turesT/T. corresponding to Fig. 4.
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proved considerably by taking advantage of two properties.
First, an accurate fit of ,,(T) according to Eq(1) needs the
separate knowledge df. . In our analysisT is determined
independently by the temperature whétg(T) disappears.
Moreover, it is proven thal ¢ is not located at the maximum
of x1(T). It is important to note that the maximufor sin-
gularity) of x;(T) is located exactly at the Curie temperature
T¢ only for infinitesimal small fields. Furthermore, the defi-
nition of T as the temperature where the absorption signal
x1(T) disappearsis confirmed. Second, the separation of
Xn(T) into xn tm(T) and x, pm(T) close toT yields the
possibility to determine the critical exponent Eq. (1), on
both sides of the phase transition. Note that this is possible
for every higher harmoniqg’pm(T).

@

200+

100+

X', (SI units)

B

T/T,

FIG. 7. Separation of the first harmonic coefficienf(T)
=X1tm(T) + X1pm(T) into a ferromagnetialong dashed and a
paramagnetic patshort dashed (a) Theory andb) Experiment. In IV. CONCLUSION AND OUTLOOK
(b) the paramagnetic and ferromagnetic contributi@mstched ar-

- We have performed temperature-dependent measurements
eas are drawn by a simplified procedure, see text.

of the higher harmonic susceptibilitigg(T) up ton=11 for
, ) , ) ferromagnetic Fg/Vs superlattices. A detailed Fourier
Theoretically,x,(T) is determined from the calculations 4n4)ysis of theac susceptibility data yields hysteresis loops
by not allowing for the magnetization jumpM(T)  in the vicinity of the Curie temperaturgc as a function of
——=M(T), xim(T) being then simply the difference be- (emperature. The coercive fieklo(T) as well as the satura-
tween x(T) and x,m(T). This analysis can be performed oy magnetizatioM ¢(T) are accessible in a very small tem-
independently for all orders of the Fourier coefficients perature range of4% aroundT¢ with a large temperature
xn(T). In Fig. 7@ the results fory;(T) are depicted. In  regojution of AT/Tc=2x10"* and a signal-to-noise ratio
order to obtain a sizeable paramagnetic contribution, Weynich is hardly accessible using direct magnetization mea-
have applied a large modulation amplitue,=800 Oe.  gyrements. We have shown the following.
Clearly, asy; ;n(T) vanishes forT—Tc¢, x1,m(T) exhibits (i) The detection and analysis gf(T) allow for an inde-
a maximum affc as expected from general considerations.pendent determination df. via the temperature dependence
Since the latter contribution is small, this maximum does nobf H(T). Obviously, T is not located at the maximum of
appear in the full susceptibility;(T). For other parameters ! (T), which confirms our previous determinationT via
an additional(smal) maximum of y;(T) may show up at the onset ofX’l’(T)_Z
Tc. Making use of the approximation of E¢A8), the fer- (i) This analysis in principle gives the possibility to sepa-
romagnetic and paramagnetic parts)dfT) are given ana- rate the para- and ferromagnetic parts of the susceptibility
lytically by Egs. (3), (4), and (All). This approximation with experimental means.
yields a paramagnetic contribution for only the<{1) coef- For comparison, we have calculateg,(T) within a
ficient, which diverges afc. mean-field approach, as well Hg:(T) andMg(T). The sim-
Experimentally, the separation af(T) into a ferromag- plicity of this method allows for an analytical representation
netic and a paramagnetic part can be performed through thst the Fourier coefficients, (T) and x’(T), and of their
measurements of(T) as presented in Fig. 2. Therefore, the zeros close ta.. A satisfactory agreement between theory
corresponding hysteresis loops, see Fig. 5, are approximateghq experiment is obtained. A different behaviortg(T)
by ideal rectangular loops. The subsequent Fourier analysigsults by considering a uniaxial and a quartic in-plane an-
yields the ferromagnetic susceptibility coefficiemtssm(T). isotropy.
The paramagnetic partg, ,,(T) can be obtained from the  The use of the MFA is expected to give qualitative correct
loops of Fig. 5 either through the linear background or byresults of the magnetic properties also for anisotropic 2D
SubtraCting the ferromagnetic contribution. Since we hav%ystems_ For a quantitative Comparison one has to app'y im-
not finished our analysis yet, we do not present the separgyoved methods, e.g., a Green’s function thé8if.In par-
tion into x, rm(T) @nd xn, pm(T) from experimental data ex- ticular, for layered systems the consideration of collective
plicitly. Merely, a simplified procedure can be done by sub-magnetic excitationgspin waves is very important. As a
tracting the calculated x,, ,(T), see Fig. 7a), from the  drawback, analytical expressions for, e.g., the magnetization
measuredy,(T) for T<T¢, assumingy,, pm(T)=xn(T) for  coefficientsM ,(T) are not easily accessible within these im-
T=Tc. The result forn=1 is shown in Fig. ®). Both  proved theories. In correspondence with the FeDd) sys-
contributions are characterized by the hatched areas. tem, we have considered a quartic anisotropy whose easy
Although the study of critical phenomena in the vicinity axis coincides with the direction of the external magnetic
of T, is not the focal point of our work, we discuss a future field. The consideration of an angle between easy axis and
application of measured higher harmonic susceptibility datafield direction is also feasible. If a constant bias field is ap-
The analysis of critical phenomena can in principle be im-plied or if the oscillating field contains higher harmonics,
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even Fourier coefficients for the magnetization will appear. M(T,H)=u(S/). Depending on the relative strength of
Future experimental work has to improve the interplaymagnetic field and anisotropy one has to distinguish two
between the use of smaller modulation amplituddg cases. First, the-z- and —z directions, referring to the in-
< 0.8 Oe and the sensitivity of the Ml setup, in order to yieldplane anglesp)=0 and ¢=, represent a minimum and a
a larger number of higher harmonic susceptibilities with  maximum of the free energly(T,H, $). Second, these two
>11. Furthermore, the separation of the susceptibility directions are both minima df(T,H,¢), separated by an
into ferromagnetic and paramagnetic parts out of the experienergy barrier. If the magnetic field is too weak to overcome
mental data has to be performed. These facts, including thiis energy barrier, the effect #f(t) results in a small varia-
use of even smalled,, provide the possibility to determine tion of the magnetization around the remanent magnetization
the critical behavior from susceptibility data on more safeM(T,0)=M(T). In this case no magnetic hysteresis will
ground as compared to previous work. In particular, an aceccur, nor an energy dissipation. On the other hand, if at
curate determination of the proper critical expongrdf the  some instant of time the oscillating field(t) is strong
paramagnetic susceptibility seems to be possible by analyznough to surpass the anisotropy barrier, a magnetic reversal
ing the higher harmonic respongg(T) within a single ex-  takes place and magnetic hysteresis accompanied by energy

periment with high accuracy. uptake occurs. It is important to notice that thermal assisted
crossing of energy barriers is not considered within this
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F(T,H,¢), as well as the magnetizationg (T,H) and
APPENDIX:  THEORETICAL MODEL M (T, wo), is performed numerically, see Fig. 3. Analytical

The Fourier coefficientd ,(T,w,) of the magnetization expressions for these quantities are derived as described in
n 1

M(T,H), which is time dependent through the oscillating t€ following sections.
magnetic fieldH(t), are given by
1. Small anisotropies

1 (7
Mn(T,a)O)=—f OdtM(T,H)exp(inwot), (A1) Since for 3 transition-metal magnets the exchange
ToJo interaction is much stronger than the anisotropy, ik.,

y|e|d|ng the rea(in_phase and imaginar»{out_of-phas¢co_ >K2,K4, the |at'FeI‘ is handled as a Sma” .pert_urba.tion. In this
efficientsM ,(T) =M/ (T) +iM’(T) to ordern. For this pur-  Case the magnitude of the magnetization is given by the
pose a Heisenberg-type Hamilton is applied, considering fok@ngevin function M(T,H(t))=u[coth¢)—1/x], with x
simplicity classical spirfé with unit length|S|=1 on lattice ~ =[9IM(T,H(1))+ ouH(t) J/(ksT) andq the coordination
sitesi number. Within this approximation the Curie temperature is
given bykgTc=0qJ/3.
J The anisotropies are considered by a thermodynamic per-
HZ_z@Z} SSj—Kin (32)2—K4Z (89%(sH? turbation theory* yielding the effective, temperature-
! dependent anisotropy coefficierits(T,H) =K,f,(T,H) and
, Ka(T,H)=K,f4(T,H). The functionsf ,(T,H) andf,(T,H)
—pon 2 HOS. (A2)  depend on temperature mainly through the magnetization
' and read
J>0 is the ferromagnetic exchange coupling between
nearest-neighbor spirisandj. For the sake of comparison 3 3
both uniaxial and quartic in-plane anisotropies are consid- fo(T,H)=1— —coth(x) + —, (A3)
ered, whose strengths are denotedKyyand K,. Positive X X2
values of these quantities indicate an easy axes directed
along the cardinal X or z) axes of the square lattice. The
proper symmetry of this in-plane anisotropy should corre- fu(T,H)=1—
spond to the underlying lattice symmetfywhich is the
quartic one for the FgV5(001) superlatticeK, or K, are
used as fit parameters in order to reproduce the measurétbte that/C, ,(T,H)—K, 4 for T—0, and/C, T,0)—0 for
coercive fieldHc. The oscillating external magnetic field T—T.. The decreasing effective anisotropieg(T,H) and
H(t) =Hgcoset) with amplitudeH, and frequencywy is  K4(T,H) account for the fact that with increasing tempera-
directed along the axis, i is the atomic magnetic moment, ture the ability of the anisotropies to maintain a particular
and uq the vacuum permeability. direction of the magnetization decreases. Moreover, to a
The Hamiltonian, Eq(A2), is solved by a MFA, assuming good approximation thangle dependemtart of the free en-
a ferromagnetic order characterized by the magnetizatiorrgy is given by

+ > t +45+105 A4
R e e
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F(T,H,¢)=— uouH(t)M(T,H)cos¢—K,f,(T,H)coS ¢
—K4f4(T,H)(cosp—cog o). (A5)

Here a weak dependence bf(T,H) on ¢ is neglected.
Minimization of F(T,H,¢) with respect to¢ yields the

PHYSICAL REVIEW B 69, 014419 (2004

M(Tc,H)=HY with the critical exponents=3 within
MFA.! Calculations show that this nonlinear behavior domi-
nates for 0.995.T/T-<1.005.

First we consider the rectangular partMdf(T,H) in the
temperature rang€,<T<T.. As function oft the magne-

(metastable directions of the magnetization. The conditiontiZation jumps betweemM(T)— —M,(T) at time instants

that both directiongp=0 and¢ = 7 refer to minima requires
that weuHA)M(T,H)+2[Kyfo(T) +K,4f4(T)]>0. The
time instant7* within an oscillation periodro=27/w,, at

7 and7* + 74/2 during an oscillation period. This rectangu-
lar function is shifted byAt with respect to thec field, see
Fig. 1(d). As can be seen from EGA6), within the employed

which a magnetic reversal happens, depends on temperat@8Proximationsr* is given by

and is given by

2[Kofo(T,H(7)) + Kyf 4 (T,H(7¥))]

coswor) == popHoM (T, H(7%))

(AB)

2[Kofo(T,0)+Kyfy(T,0)]
moHoMo(T)

The Fourier transformation of the rectangular function

! n

yields the real and imaginary pamé, ;(T) andM ¢.(T)

coq wg7T*)=— (A10)

For a harmonic oscillation and if no bias field is present, thegiven by Egs(3) and(4) in the main text. We call these parts

backward magnetic reversal happens at titfig- 74/2. The
effect of the magnetic field can be separated iint@ varia-
tion of the magnitudélength of the magnetizatioM (T,H)

and (i) a magnetic reversaljump) with constant length.

the ferromagnetic contributionsince they result exclusively
from a reversal of the magnetization. Only odd coefficients
appear 0(=135...), the even coefficients r
=0,2,4 ...)vanish due to inversion symmetry Bf(t). The

Whereas the former is present for all temperatures, the lattesmplitudes of the Fourier coefficients vary with increasing

is nonvanishing only in those temperature randgs<T

order as Ii. Both real and imaginary Fourier coefficients

<Tc where an anisotropy barrier is present and which caM | ;(T) and M ((T) vanish forT—T¢, since My(T)
be surmounted during the field oscillation, resulting in a—0. Finally, one observes that the zeros of the Fourier co-
magnetic hysteresis. Only in the presence of a magnetic hysfficientsM, ;,(T) coincide with the extrema d¥1|, ;.(T),

teresis an absorptive payt' (T)>0 of the susceptibility ex-

and vice versa. These zeros will be discussed in the follow-

ists, if no other processes such as partial domain reversals g section.
thermal assisted crossings of energy barriers are considered. The Fourier transformation ciM(T,H), see Eq.(A8),

The temperaturd is implicitly given by

mopuHM (Tg, —Hog)
=2[Kyf5(Tg,—Hg) +Kuf4(To,—Hg)]. (A7)

In the following section the two contributior{s and(ii) are
studied separately.

2. Small magnetic fields

For small Zeeman energiésmall field amplitude$l,) as
compared to the thermal energyT nearT. the Langevin
function is expanded to first order k(t):

M(T,H)=M(T,00+AM(T,H)=Mq(T)+ x(T,00H(t).
(A8)

Here M(T) denotes either the positiiev o(T) >0] or the
negative valug My(T)<0] of the remanent magnetization
during the hysteresis loop as sketched in Fig,).1The sus-
ceptibility x(T,H)=dM(T,H)/dH within MFA is calculated
for classical spins to be

[.L()[.L2 _ kBTXZSinhz(X)
X(TH)  sink(x)—x?

wherex is given in the text above E¢A3). For T>T. and
Ho=0 the limiting behavior x(T,0)=(mou?)/[3kg(T
—T¢)] results. Note that the approximation E@8) is not
valid for temperatures very close .. Here a nonlinear
behavior ofM(T,H) with respect toH is present, given by

—3kgTc, (A9)

yields a contributionM i,pm(T) only to the real part of the
n=1-—coefficient. This is garamagnetic contributiosince

it originates exclusively from the variation of the length of
M(T,H). Mi,pm(T) does not depend ow, and is present
for all temperatures:

Mi,pm(T):%X(TaO)HO- (A11)

Note thatM i,pm(T) exhibits a singularity al =T which is
an artifact of the approximation, E¢A8). The total realn
=1—Fourier coefficient is the sum of E¢®) and (A11l).

3. Zeros of the Fourier coefficients

In this section we derive analytical expressions for the
zeros of the Fourier coefficients! (T) and M ;(T),
see Eqgs(3) and(4), as functions of temperature. The zeros
of M} ¢m(T) are given by the condition

Nwo7* =1, (A12)

with | an integer ranging fromn/2<<I<n. Similarly, the ze-
ros of M, ;(T) coincide with

Nwor* = (1+1/2) . (A13)

Here the integel ranges from —1)/2<I<(2n—-1)/2.
Since we consider the temperature ranbe<T<Tc
close to the Curie temperatufe , the magnetizatio o(T)
and the functionsf,(T,0) and f,(T,0) are expanded for
My(T)<1. From the Langevin function one obtains
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5 2 with a,= 3/5 anda,= \5/147 for classical spins. The ze-
MoM=3|7-] & (A14)  rosT/ of M/, (T) are given by
C 1

with e=(Tc—T)/T, yielding the mean-field critical expo-

nentB=1/2. Similarly, from Eqs(A3) and(A4) one obtains , -2 1 -
for H=0 cog wq7.) =cog|m/n)=c, =—H—,\/1—t,[K2a2
MomHo
3(Tc)? K gag(1—t] A18
f(T.0)= §<?) M(T), (A15) saa(1-t)], (A18)

To\ wheret/ =T|/T¢. In general, this is a quartic equation for
f4(T,0)=3—5(?) Mg(T). (A16) t/. ForK,=0 it reduces to a quadratic equation which can
easily be solved,
Obviously, forT=<T the functionsf,(T,0) andf,(T,0) de-

crease more rapidly than the magnetizatidg(T), and thus

also the effective anisotropids,(T) and/C,(T) with respect , Koa, |2 | momHoc) 2

to the Zeeman energyMy(T). This is the reason why hys- =2 worHoC! 1+ Koa -1
: . oMol 202

teresis loops can be obtained clos&toalso by comparably

small magnetic fields. Using these replacements, one obtains
from Eq. (A10)

(A19)

Similarly, the zerog]'=T|/T¢ of M ;(T) are also given by
Egs. (A18) and (A19), if one replaces| by c¢|'=cogn(2l
+2)/(2n)].

.
—_— V& 2a2+ 2404 ),
CJe(Koap+Kaage), (AL7)

cof woT* )~
swor) momHe T
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