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Magnetization reversal dynamics in epitaxial spin-valve structures
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We report the dynamic hysteresis behavior of epitaxial single ferromagnetic NiFe, Co layers, and
NiFe/Cu/Co spin-valve structures investigated as a function of field sweepi tatd/dt) in the range 0.01—
270 kOe/sec using the magneto-optic Kerr efféntsitu reflection high-energy electron-diffraction images
confirmed that the NiFe, Cu, and Co layers grew epitaxially in (tt@) orientation where the fcc NiFe,
Co(110 in-plane directions correspond to the(Z5i0) directions. For Cu/60 ANiFe/Cu/Si (H,=5 Oe) and
Cu/40 A Co/Cu/Si (H,=104 Oe) single magnetic layer structures, the hysteresis loop Avieafound to
follow the scaling relatiorA«H® with a~0.13 and~0.02 at low sweep rates anel0.70 and~0.30 at high
sweep rates, respectively. This result indicates that the NiFe and Co layers in the spin-valve structures can be
expected to show distinct scaling behavior at high sweep rate. We found that the “double-switching” behavior
which occurs at low sweep rates transforms to “single switching™~dt54 kOe/sec and-192 kOe/sec,
respectively, for the single and double spin valves due to the different dynamic response of the NiFe and Co
layers. Our results provide direct experimental evidence that the magnetic anisotropy strength affects dynamic
hysteresis scaling in ultrathin magnetic films, in contrast with the predictions of current theoretical models.

[. INTRODUCTION can be attributed to different measurement methods or to
intrinsic differences in the dynamic response of the sample
The search for a universal thedry®'® (and its experi- according to the magnetization reversal mechariistf®
mental verificatiofr =1} of magnetic hysteresis in ultrathin The reversal mechanism is known to be sensitive to growth
films continues to be of central importance in magnetismconditions, e.g., thickness, film homogeneity, roughness,
Over the past decade the dynamics of magnetization reversaubstrate or capping lay&r!?For instance, the values of the
has attracted significant attention as a test of universalitgcaling exponents for Co/Q01) (Refs. 10 and 1Pobtained
hypotheses and scale-invariant descriptions of the enerdgy different groups exhibit surprisingly large differendes
loss per cycle(the hysteresis loop argas a function of =/B~0.67 in Ref. 104=0.15,8=0.01in Ref. 12 Inreal
external parameters, e.g., applied magnetic field strefgth magnetic systems, the current key issues are the universality
frequency(), and temperaturd. Recent theoretical studies of hysteresis scaling behavior, the values of the exponents

based on a continuous spin systefrand a mean field Ising 2Nd the possible correlation betwearand 8 in Eq. (1). In
modef*5 demonstrated that the hysteresis loop atefal- prior experiments, dynamic scaling behavior was found to be
lows the scaling relation independent of film thickness* although thickness does

affect magnetic anisotropy to some ext&hin order to test

the universality of dynamic scaling behavior in ferromag-
netic ultrathin films and to clarify the effect of magnetic
wherea, B, andy are exponents that depend on the dimen-2nisotropy strength on the c_jynarr_lic hysteresis scaling, we
sionality and symmetry of the system. Phenomenologicaf0S€ to study fcc epitaxial NiFe and Co grown on
model€” and Monte Carlo simulatiofisvere also performed CU/S1001). We take advantage of the striking difference in
on the basis of domain wall motion and nucleation. On théh€ cubic magnetocrystalline anisotropy f|eléjos, which differ
other hand, comprehensive experimértéhave been car- PY more than 1 order of magnitudeHy ~°=2K;/Ms

ried out to describe the dynamics of magnetization reversat844 Oe,Hy NF°~50 08.%° HereHy , K1, andM, denote

in ultrathin and thin ferromagnetic films, e.g., Fe(@01,°  cubic magnetocrystalline anisotropy field, anisotropy con-
Co/Cu001),'%*? Au/Co/Au/MoS,,” Fe/W110,™ polycrys-  stant, and saturation magnetization, respectively. A further
talline NiggFey, ' and Fe/GaA®01).* In addition, a few motivation in studying spin-valve structures consisting of
studies have been devoted to the dynamics of magnetizatianiFe and Co layers with very different magnetic anisotropy
reversal in small-sized systems such as Co single-domaistrengths is that it allows us to compare the dynamic reversal
nanoparticles? Au/Co/Au dot arrays? and micron-sized behavior for ultrathin films deposited on the same substrate
NigoFeyo disks”’ with a multidomain or a vortex structure. with the same fcc structure. In this way we can largely elimi-
However, critical values of the dynamic scaling exponents ohate uncertainties due to intrinsic differences associated with
ultrathin ferromagnetic films obtained froim sitw>"*?andex  the substrate or growth conditions.

situ’** experiments significantly differ for different mate-  In this paper, we present the dynamic hysteresis behavior
rials and for different dynamical regimes. The discrepanciesn epitaxial single ferromagnetic layers with different mag-

AxH{QAT Y, (1)
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netic anisotropy strengths and in epitaxial spin-valve struc- (a) ' ' '

tures as a function of field sweep ratein the range 0.01— | 4
270 kOe/sec investigated with magneto-optic Kerr effect
(MOKE). We find that the scaling exponent in the NiFe film - .
is greater than that in the Co film at high sweep rates, illus-
trating that the dynamic response in the NiFe film is slower
than that in the Co film. We also demonstrate that for spin-
valve structures “double-switching” behavior which occurs
at low sweep rates transforms to “single switching” at high
sweep rates due to the different dynamic response of the
NiFe and Co layers. This result indicates that NiFe and Co
layers with different magnetic anisotropy strengths show dis-
tinct scaling behavior at high sweep rate.

MOKE and MR (arb. units)

Il. EXPERIMENTS

The single ferromagnetic film&NiggFe,g and Co with
nominal structures, G680 A)/NiFe(60 A)/Cu(700 A)/Si(001)
and Cu50 A)/Co(40 A)/Cu(700 A)/Si(001), respectively,
were grown on the same HF-passivate@081) surface in
order to remove the influence of the substrate. The sample
was grown at room temperature by molecular beam epitaxy ) ) )
(MBE) under ultrahigh vacuum conditiondJHV) with a -400 200 0 200 400
base pressure of3x 10" *®mbar. The single and the double H (O¢)
spin-valve  structures: @80 A)/Co(40  A)/Cu(60
A)INiFe(60 A)/Cu(700 A)/Si(001) (Refs. 20 and 21 and FIG. 1. MOKE hysteresis loops obtained at ¢ for single
Cu50 A)/NiFe(60 A)yCu60 A)/Co(40 A)/Cu60  ferromagnetic layer filméCo: solid line; NiFe: dotted ling and
A)INiFe(60 A)/Cu(700 A)/Si(001) (Ref. 22 were also MOKE loops(solid) and MR curvegdo) for the single spin valve
grown under similar conditions. Prior to the deposition of the(P) and the double spin-valve structui@. All data were obtained
magnetic materials a 700 A thick @01) seed layer was w?th magnetic fields _applied parallel to the10] axes of the Co and
deposited on $001) using a Knudsen cell with a typical NiFe layers(easy axis
evaporation rate of5 A/min. The NiFe and Co layers were
deposited on to the Q001 surface using electron beam €Ver, the anisotropy field is very weak Compared with the fcc
evaporation and the typica| evaporation rate wasA/min. Co film. This result is in qualitative agreement with the re-
The deposition rates were calibrated using a quartz microbapults of Brillouin light scattering(BLS) in our previous
ance, which has an accuracy ef+10%. Epitaxial growth Wwork?® Very recently, Loet al*® reported that the induced
was confirmed usingn situ reflection high energy electron uniaxial anisotropy in the fcc epitaxial NiFe/Cu/@01) is
diffraction (RHEED). The images obtained showed that theascribed to a 6% lattice mismatch. In contrast to the NiFe
NiFe, Cu, and Co |ayers grew epitaxia”y in the00) orien- film, we found that the fcc epitaxial Co shows fourfold cubic
tation where the fcc NiFe, Gb10 in-plane directions cor- anisotropy with a very weak uniaxial anisotropy, consistent
respond to the $100) directions. with prior BLS results (2K;/M¢s~—8440e, X,/Mq

Magnetic hysteresis loops were measueadsituat room  ~21008.%° The anisotropy constants are defined such that
temperature using MOKE magnetometry with a probing la-Positive values make the ¢@00] axis easy. In Fig. (), one
ser beam spot of diameter2 mm. The applied magnetic can see a striking difference in the coercive field between the
field was driven by a time-varying current at a frequencyNiFe(H.=5 Oe) and the Co filmsH.=104 Oe). The two
between 0.01 Hz and 1 kHz. A Hall probe in the frequencysystems are thus of interest for the study of the effect of
range studied was used to detect the effective magnetic fielghagnetic anisotropy strength on the dynamic scaling behav-

at each frequency. ior.
We previously found that a Cu spacer thicknesg, (

=60A) gives rise to “double switching” in the single spin
valve?* The sharp double switching is clearly seen in the

In Fig. 1, we present dc MOKE hysteresis loops obtainecsingle and double spin valvd§igs. 1b) and ¥c): solid
(a) for Sing|e ferromagnetic |ayer Samp|@o: solid line; Iine]. For the NiFe and Co Iayers, the coercive fields in the
NiFe: dotted ling, and MOKE loops (solid) and MR  single spin valve arély" °= 28 Oe ancH{°=90 Oe, while in
curves(dot) for the single spin valvéb) and for the double the double spin valve they arél)™=250e andHS°
spin-valve structurg(c). All data were obtained with the =500Oe, respectively. Compared It for the single mag-
magnetic field applied parallel to tH&00] axis of the sub- netic layer films, the increase ¢f, for the NiFe layer and
strate, i.e., Co and NiFgL10] (easy axis The fcc epitaxial the decrease for the Co layer in the double spin valve can
NiFe film is found to exhibit a broken fourfold symmetry probably be attributed to coupling between the magnetic lay-
due to a uniaxial anisotropy induced during deposition asers, e.g., magnetostatic “orange peet>'?® The normalized
determined by rotary vector MOKE magnetometry. How- MR curves in which the plateaux correspond to an antipar-

Ill. RESULTS AND DISCUSSION
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(a) ever, it is noticeable that there is a significant difference in
the dynamic response to the sweep rate between the NiFe
Cu/NiFe/Cu/Si and Co films. At 0.4 kOe/sedi? of the NiFe film is much
0.4 kOe/s 14.4 kOe/s 38.4 kOe/s 115 kOef/s

smaller than that of the Co film, btt? of the NiFe film gets
JNIJ j close to that of the Co film with increasing sweep rate as
seen in Fig. £a). Distinct dynamic reversal behavior in both
CulCo/CulSi films is clearly observed in the log-log plot b} against the

{ / mg sweep rateH [Fig. 2(b)]. We found that the exponent in

300 e Eq. (3) varies with the sweep rate, but two distinct regions
— are seen in which approximately linear behavior occurs but

with different values ofx for the NiFe and the Co films. This

behavior is qualitatively compatible with previous wdrk:

(b) where differing values o are attributed to a change of the

5L C"/Coofgufiioom + oo0cmm oOM i magnetization reversal process with increasing field sweep

rd rate. Domain wall motion dominates the magnetization re-

m

=)

e .."’ versal at low sweep rates, but becomes less significant with
(=

o0

<

1 | Cu/NiFe/Cu/Si - 4 increasing sweep rate. Very recently, Lyuksyuehal® car-
s sgad * ried out numerical Monte Carlo simulations of dynamic hys-
teresis scaling based on domain wall motion, nucleation, and
0 . ' L ! retardation of the magnetization, showing that the theory is
2 - o 1 2 3 compatible with available experimental data. However, the
log H (kOe/sec) critical transition from low to high values of reported in
revious work'** and observed in the present work is be-
ieved to result from the competition between domain wall
motion and nucleation processes but is not currently well
understood. For the NiFe and Co films, the hysteresis loop

allel configuration of the two magnetic layer magnetizations2r€aA is found to follow the scaling relation with~0.13

are in good agreement with thé-H loops for the single and nd~0.02 at low sweep rates ane0.70 and~0.30 at high
double spin valve§Figs. Ab) and 1c): dotted lind. The  SWeep rates, respectivelisee Table ). Consequently, a
MR ratios are 0.3% and 1.2%, respectively, for the singlecrossover at which the dynamic coercive fields of the NiFe
and double spin valves. and Co films are identical is found to occur at 245 kOe/sec

Zhong and Zhargproposed that, in the limit of lowd,  [see Fig. 2v)]. The corresponding transitions from low to

andQ in Eq. (1), the field is a linear function of timewith ~ high values ofe are found to occur at-3 kOe/sec and 40

a proportionality coefficienHy) and thusa=g. In this  kOe/sec, respectively, for the NiFe and Co films. The values

FIG. 2. (a) Evolution of sweep-rate dependent hysteresis loop
and (b) log-log plots of dynamic coercive fieldH;) against field

sweep rateH for the NiFe and Co single magnetic layer films.

case, for a sweep raté(dH/dt),>° of the exponenta for the NiFe and the Co films at high
sweep rates are comparable with that of polycrystalline NiFe
Ho=Ht, 20 films®[a~0.9,3~0.8 in Eq.(1)] and that of Fe/GaA§01)
films'* (a~0.33—0.40), respectively, observed in our previ-
AccHe. (3  ous work:>*

The observed crossover in the variationHjf against the

sweep rateH for the NiFe and Co films supports the view
that the dynamic scaling behavior at high sweep rate is de-
) i o endent upon the magnetic anisotropy strength which is in
loop areaA in thl|g gﬁe for the de'term|nat'|on Qf the expo- (F:)ontrast WiFt)h the predigtions of currenﬁ))t/heoret?cal models. In
nents in Eq.(1).">*"The dynamic coercive fieldsHZ)  oger 1o explore the influence of magnetic anisotropy
were determln.ed for varying fr_equenues and fixed field am'strength on the dynamic response of the NiFe and Co films,
plitudes at which the hysteresis loops are saturated. we studied the dynamic hysteresis behavior in epitaxial
Figure 2 displaysa) the evolution of the hysteresis 100ps gjngle and double spin-valve structures comprising the two
and(b) log-log plots of the dynamic coercivityHt) against  magnetic layers. Figure 3 shows the evolution of representa-
field sweep ratéd for the NiFe and Co single magnetic layer tive hysteresis loops against field sweep rate for the sif@yle
films. TheM-H loop areaA increases with increasing sweep and doublgb) spin valves. First, it is seen that both the spin
rate until it reaches a maximum. As the sweep rate increases@lves show clear “double-switching” behavior at low
further, theM-H loops eventually can no longer be saturatedsweep rates. However, the “double-switching” behavior
with the available field, and then collapse gradualiypt which occurs at low sweep rates gradually becomes less
shown in Fig. 2 as predicted in theoretical wdrk® and  clear as the sweep rate increases and then transforms to
demonstrated experimentafly®*141"The magnetizations “single switching” at ~154 kOe/sec and-192 kOe/sec,
of the NiFe and Co films are unable to respond immediatelyespectively, for the single and double spin valves. The
to the rapidly varying field and this effect becomes progres-‘single switching” in the double spin valve is more pro-
sively more pronounced as the sweep rate increases. Howmounced than that in the single spin valve, since for the

Previous experimental wotk'* has demonstrated that the
exponenta is identical toB from Eq. (1). We used the fact
that dynamic coercive fieldH}) is proportional to thev-H
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TABLE |. Experimental dynamic scaling exponentsAire H* for the single magnetic films and the single
and double spin valves.

Critical
At low sweep At high sweep  H. (O¢ transition

System rates rates at dc (kOelset
CU/NigoFezo/CU/S(OOl) "“013 "“070 5 3
Cu/Co/Cu/Si001) ~0.02 ~0.30 104 40
Single spin valve NiFe ~0.06 ~0.58 28 17
E:Ol:)/(]:):O/CU/NISOFGZO/CU/SI Co 003 %
Double spin valve NiFe ~0.04 ~0.60 25 14
CuMiggFe,o/CulCo/Cu/
NiggFe,/Cu/Si001) Co ~0.05 ~0.46 50 68

single spin valve the value dfi} for the Co layer exceeds Comparison with the available current theoretical models
the available magnetic field strength, giving rise to roundeds difficult, since physical insight into the validity of the cur-
tips of theM-H loop. rent theoretical models is still lacking, although previous ex-
p p

In Fig. 4, we present the log-log plots &f*™NF® and  perimental studi€s®**!" demonstrated scale-invariant de-
H:<CO) against sweep rate for the single and double spirscriptions of the dynamic scaling behavior. In earlier
valves. We find that for the single spin valvelX©® in.  theoretical models such as the 2D Ising spin modekand

. iC . . . . .

creases monotonically with the sweep rate with no criticafN€ continuous spin systerh”the magnetic anisotropy is not
transition. This behavior is likely to be due Hy (CO being considered. However, the Ising model is expected to be of
greater tharH, at high sweep rates. In contr;st to the COrelevance to hysteresis in thin films with a strong uniaxial
layer in the single spin valve, the dynamic response of thgnlsotropy, v_vhereas th? continuum r_nodel is expected to _be
NiFe layer is comparable with that of the single NiFe film rel_evant o single domain particles .W'th very small magnetic
(see Fig. 2 The values ofx at low and high rates are0.06 am:_sotropyl. Vgry recently, a theor_etlcal modeiased on do-
and 0.58, respectively, which are in good agreement wit am nucleat_|on and vv_aII _dynam|c§ has beer! used to show
that of the single NiFe filnisee Table)l. A critical transition hat the sca_llng beha_mor n th‘? Ising model in the case of
is also found to occur at 17 kOe/sec. On the other hand, fo eak (domam wa_ll W|dthw>lgtt|ce constant) anq strong
the double spin valve the dynamic response of both the NiF w§a) an|sotrop|es, respectwe]y, beco”.‘es equivalent after
and Co layers is very similar to that of the single NiFe and® simple rescallng: They cc_JnS|der a spin cluster of a size
Co films (see Table )l Dynamic magnetoresistand®R) equal to the domain wall width as an elementary spin, but
measurements for the spin valves are in progress obtain the same scaling exponents in each case. Our results,
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FIG. 3. Evolution of sweep-rate dependent hysteresis loops for 0 ) . , .
the single(a) and doubleb) spin valves. The “double-switching” 2 A 0o 1 2 3
behavior which occurs at low sweep rates gradually becomes less log,o H (kOe/sec)

clear as the sweep rate increases and then transforms to “single .
switching” at ~154 kOe/sec and-192 kOe/sec, respectively, for FIG. 4. Log-log plots oH:’N'Fe and H:’CO against sweep rate
the single and double spin valves. for the single and double spin valves.
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however, indicate that magnetic anisotropy strength influsweep rates aneé-0.70 and~0.30 at high sweep rates, re-
ences the dynamic response to field sweep rate in the sarmsgectively, for the single NiFe and Co films. This result in-
dynamic region, which therefore differs from the prediction dicates that the NiFe and Co layers in the spin-valve struc-
of the theoretical model in Ref. 8. Although the specific re-tures can be expected to show distinct scaling behavior at
versal mechanism may be associated with either domain walligh sweep rate. For the spin-valve structures, the “double-
motion or nucleation, itis ||ke|y that both the wall VeIOCity Switching” beha\/ior Wh|Ch occurs at IOW Sweep rates trans-
and pinning energy are affected by the magnetic anisotropyyrms to “single switching” at~154 kOe/sec and-192

strength. Therefore, since the structure and quéliy, num- | oe/sec for the single and double spin valves, respectively,
ber of defectsare comparable for the two films in our struc- 4o to the different dynamic response of the NiFe and Co
tures, we attribute the difference in scaling behavior t0 thg,yers tg a time-varying magnetic field. We conclude that the
differing magnetic anisotropy strengths. dynamic response is dependent upon the magnetic anisotropy

strength.
IV. CONCLUSION
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