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Time domain dynamics of the asymmetric magnetization reversal in exchange biased bilayers
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We have explored the dynamics of magnetization reversal asymmetry in exchange biagdet Helgyers

using subnanosecond time-resolved Kerr magnetometry. The data reveal an increase in the characteristic
precession frequency with decreasing temperature, even above the Néel temperature of the antiferromagnet,
which we interpret in terms of the previously observed anisotropy enhancement due to antiferromagnetic spin
fluctuations. Below the Néel point the magnetization precession is strongly suppressed due to the damping
provided by exchange coupling to the antiferromagnetic layer. Dynamic hysteresis loops measured at a fixed
delay between the magnetic field pulse and the optical probe pulse reveal distinct reversal asymmetry that is
not observed in the corresponding static loops. The asymmetry takes the form of a suppression of the Kerr
rotation signal in the part of the hysteresis loop where nucleation of reverse domains is energetically favorable.
The formation of reverse domains prevents the magnetization from rotating coherently on nanosecond time
scales. The temperature dependence of this dynamic asymmetry is found to be nonmonotonic and appears to be
correlated with the coercivity.
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I. INTRODUCTION the origin of the symmetry breaking in the magnetization

Arich phenomenology accompanies the exchange shift ofeversal. These ideas were exparided determine the in-
the hysteresis loops in antiferromagn@tF)/ferromagnet terfacial coupling strength and the density of uncompensated

(FM) bilayers'2 Almost 50 years of research on the ex- SPins, which are responsible for the exchange Bfa$.
change bias probletrhas revealed some fascinating addi- Despite this interest in the magnetization reversal mecha-
tional phenomena including coercivity enhanceménts,® nisms and the general interest in magnetization dy-
high field rotational hysteresi€10 training effectsi21t  namics3®“Csweep rate dependent coercivity?and thermal
memory effectd; 21213 positive exchange bids1415  stability in exchange biased systeffsittle has been done to
exchange bias in the paramagnetic stafé,and a measure- investigate the dynamics of these reversal mechanisms. Fre-
ment technique dependent®!®-29 Recently, considerable quency domain techniques such as Brillouin light
attention has been paid to the magnetization reversal mechacattering®>** and ferromagnetic resonarf€e’® have fo-
nisms in AF/FM bilayer$!-32 primarily due to the realiza- cused primarily on investigations of the spin wave damping
tion that the reversal modes can be asymmetric, i.e., thand ferromagnetic anisotropy, as opposed to direct study of
mechanisms of magnetization reversal are different orhe reversal mechanisms. In the time domain, picosecond
the two sides of the same hysteresis loop. This is an interestps) time resolved measurements have been used to probe the
ing consequence of the existence of an exchange inducdésponse of AF/FM bilayers to ultrashort laser pulses de-
anisotropy and has been investigated in numerous systenséggned to dynamically disturb or temporarily “unpin” the ex-
using methods such as magneto-optical microsédpglar-  change coupling? but again magnetization reversal modes
ized neutron reflectometr§PNR),11-2223 anisotropic magne- were not studied specifically. In this paper we describe the
toresistance(AMR),23:30.31 magnetic viscosity®3? Lorentz ~ results of subnanosecond time-resolved Kerr effect
microscopy?* and decoration techniqués. measurement$>' to probe the dynamics of the asymmetric
Although many systems show some form of reversalreversal modes in FgH-e bilayers.
asymmetry, the transition metal difluoride AFs have been

shown to exhibit a particularly simple form of the effect in Il. EXPERIMENTAL CONSIDERATIONS
which the reversal occurs largely by rotation on the left side _ _
of the hysteresis loofthe descending field branclnd by Samples were deposited by high vacuum electron beam

nucleation of reverse domains on the right sittee ascend- evaporation using methods described previofights.22.23

ing field branch.?22339-34This was understood in terms of Samples of structure MgQ00)/FeF,(110/Fe(poly)/Al

the interplay between the fourfold anisotropy in the FM layerwere used, with layer thicknesses of 800, 120, and 30 A,
due to perpendicular coupling to a twinned AF, and the unitespectively. The heterostructures were characterized by
directional anisotrop$?-23Krivorotov et al. were able to un- wide-angle x-ray diffraction and grazing incidence reflectiv-
derstand this phenomenon in greater detail using the anisity. The FeR, has a twinned “quasiepitaxial” structuféthe
tropic magnetoresistance to measure the anisotropy of thee overlayers are polycrystalline with10) texture, and the
FM layer3! These measurements reveal threefold terms innterfacial roughness is-6 A. For comparison MgQ.00)/

the anisotropy, which were demonstrated unequivocally to b&nF,(110)/Fe(poly)/Al samples were also growriwith

1098-0121/2005/7118)/1844127)/$23.00 184412-1 ©2005 The American Physical Society



ENGEBRETSONEet al. PHYSICAL REVIEW B 71, 184412(2005

Probe Pulse
e

FeF,/Fe ZnF,/ Fe

l 300 Oo’o‘ +StaIIC 1 300
0 250/ 4o ---O--- Dynamic] 250
K © : ©
O 2001 ¢} 1 200 Q,
Current Pulse = 190 il o
100 1100
501 150
o "0
_>H StripLe & 1 1 —
Sample » b O al ] 8
MgO [010] =5 g_ 2 o
T I hogie
FIG. 1. (Color onling. Schematic showing the geometry used in oot 1
: . . 201 2
the time resolved Kerr effect experiments. The current pulse in- o o
jected down the stripline directly underneath the sample induces ¢ 0 20 40 60 80 100120140 0 50 100 150 200 250 3¢
field pulse labeledd,. This induces an out-of-plane magnetization TIK TIK]
componen{the magnetization vectdvl and the out-of-plane com-
ponent due to the tipping pulséM are both labeled which is FIG. 2. (Color onling. Temperature dependence of the exchange
probed through the Kerr rotatiofk of the plane of polarization of  pjas (Hg) (top panel and the coercivity(Hc) (bottom panel for
the probe pulse. FeR/Fe (AF/FM) (left pane) and Znk/Fe (nonmagnetic/FM bi-

layers (right panel. Solid points are from conventional SQUID
similar layer thicknessto determine which phenomena are magnetometry while the open points are from dynamic hysteresis
due to the exchange coupling between the FM and AF layer9ops as discussed in the text.
(ZnF, is not magnetically ordered but is isostructural with
FeF,). The geometry for the time-resolved Kerr magnetom-
etry measurements is shown in Fig. 1. The technique me

sures the c'han'gaM, in the out-of-plane compo.ner'n of the monotonic increase with decreasing temperature b@lpas
magnetization mduceq by an u!trafast magnetic f'e_ld puls(:V‘/vell as a broad peak iH¢ nearTy. The Znk/Fe data reveal
Hp. The temporaI_W|dth of th|s pulsg IS z_ipproxmately zeroHg, as expected, and a weak monotonic increagddn
120 ps at half maximum, and its magnitude~$ Oe. The i, ecreasing temperature. The pealdig(T) nearTy has

pulsed field is applied along the Mgl@01] direction and is been observed before in these difluoride s

: ; . g ysterh@s well
perpendicular to the applied dc field, which is along the 5357 . ;
[010] direction. The sample is placed with the ferromagneticfpJls other material>>"has been studied theoreticaliand

film on top of a tapered microstripline mounted on the cold'> due to the losses that occur in the AF layer when the FM
finaer of :fhelium Ifalow crvostat TF()) implement the measure_magnetization is reversed as the Néel point is approached.
9 y ' P The basic idea is that the losses that occur in the AF part of

oot e syt & eng 1800 o AT llayer ncrease rediy AS Ty s aproached
-Sapp P 9 9 Plfrom below the AF anisotropy decreases rapidly, meaning

into two beams. One pea}m Is focused on a fast photodpde ®at reversal of the FM can induce more spin reorientation in
generate the magnetic field pulses. The second beam is d&

layed by a variable timest and is focused to a-25 xm e AF layer, and the coercivity increases. This continues

: ) S until Ty where the AF order is lost and the coercivity begins
diameter spot on the sample. The optical spot is Sllghtlyto decrease again. Hence the broad peak centered afqund

;maller than the width of the S”‘p“r?e- The polar K?" rOta'Various scenarios have been proposed for the exact mecha-
tion 6 of the reflec_:ted probe beam is mea;ured using a ba'ism for energy loss in the AF. This can be pictured as a
anced detectorf is measured as a function of the time consequence of the reduction in anisotropy rBgin uni-
delay At k_)etween the pump and probe pulses_, angqthe resul%rm AF layers, leading to an increase in the “dragging” of
at each time step are averaged over approximatelyak@r the AF spins with the FM during reversahlternatively, the

pulses. energy losses could arise from reorientation of “loose” or
weakly pinned AF spins at grain boundaries, point defects, or
Ill. RESULTS AND DISCUSSION _twin boundaries. Finally, it has.been proposttht irrevers-
ible energy losses take place in the AF layer and that these
Figure 2 shows the temperature dependence of the exare responsible for the peak kih(T).
change biagHg) and coercivity(Hc) for the FeR/Fe (left Time resolved measurements on the gie “control”
pane) and Znk/Fe bilayers(right pane) after field cooling layers are discussed first in order to provide an example of
in 2 kOe. The data shown are from conventional superconthe behavior typical of a thin Fe layer, with no exchange
ducting quantum interference devi¢8QUID) magnetom- coupling present. The data of Fig. 3 show the time evolution
etry (solid pointg and dynamic hysteresis loops measured byof the Kerr rotation from 295 K down to 10 K, for ZpFA-e

the time resolved Kerr effedbpen points The results are
similar to that observed in previous work on samples with
%imilar thickness and structure. In FdFe He displays a
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FIG. 4. (Color onling. Temperature dependence of the charac-
teristic precession frequency for FgFe (solid points and
ZnF,/Fe (open points for applied dc magnetic fields of 300, 500,
and 700 Oe. These data are extracted from curves of the type shown
in Fig. 3 after Fourier transformation of the raw time dependence
data.
0 1 2 1 2 The right panel of Fig. 3 shows that the situation is dif-
Time [ns] Time [ns] ferent for Fek/Fe. A similar behavior is observed at 295 K,

well aboveTy, but as the temperature decreases the preces-
FIG. 3. Time dependence of the Kerr rotatigi, for ZnF,/Fe  sion frequency shows a marked increase, even abg\ysee
(left pane) and FeR/Fe (right panel. The data were taken from Fig. 4). The simplest interpretation of these data is that, even
295 K (top) to 10 K (bottom. The applied dc magnetic field is at T> Ty, the anisotropy of the FM layer increases with de-
400 Oe. creasing temperature. Such an effect has been observed be-
fore in FeR/Fe, both in the temperature dependence of the

bilayers(left pane) and Fek/Fe bilayergright pane). Start-  coercivity and the anisotropy determined from ferromagnetic
ing with the 295 K Znk/Fe data we observe a clear coher- resonancéFMR), where it was interpreted as an enhance-
ent precession of the magnetization vector in response to tHeent of the FM anisotropy due to AF spin fluctuatidns.
tipping pulse. Note that thén-plang tipping pulse is ori- Additionally, the time resolved Kerr response of Fig. 3
ented perpendicular to the applied dc field of 400 Oe. Theghows a dramatic suppression of the precession signal below
resulting torque tips the magnetization vector out of planeln, where the AF order sets in and the FM layer exchange
and the Kerr signal observed is sensitive only to this out ofouples to the A8 The amplitude of the precession signal
plane component. These data therefore only probe the fraglecreases by a factor of 3 on cooling from 100 to 10 K and
tion of the magnetization that coherently rotates out of planét the lowest temperatures no precession can be observed
in response to the pump pulse. The ZHFe precession fre- beyond 500 ps. This is consistent with previous measure-
guency has a weak temperature dependence, as illustratedments of the FMR linewidtt® and current understanding
Fig. 4. This frequency is obtained via Fourier transformationof the coercivity enhancement in AF/FM bilayér$he pre-

of the raw Kerr rotation data, and is directly related to thecession signal is decreased by the additional damping pro-

applied dc field and the anisotropy of the FM layer. Specifi-vided by the exchange coupling to the AF sptfsThe
cally, the precession frequency is giverrby mechanisms by which this occurs will be discussed in more

detail below. It is also possible that inhomogeneous d%phas—
N ing contributes to the suppression of the precession stjnal.
0 =|N\{Ho+ g()4nMeH{Ho+ [1+H()J47Mgt, (1) | ither case the additional damping is absent in ZRE
) o ] bilayers(see Fig. 3, which show no significant change in the
wherey is the gyromagnetic ratid, is the external dc field precession signal as a function of temperature. In this case
(in-plang, Ms is the saturation magnetization, agty) and  the precession can be described by a Gilbert damping param-
f(¢) are functions of the azimuthal angieof the magnetic  eter, «=0.013+0.002, which is temperature independent.
field relative to the crystal axes. For an isotropic thin film, As mentioned in Sec. | the motivation for our work is to
9(¢)=f(¢)=0, but they will be nonzero in the presence of yse the time resolved Kerr technique to probe the dynamics
magnetocrystalline or exchange-induced anisotropies. In thef the magnetization reversal mechanisms, which are known
cases considered herffé¢) < 1.5° For constanty, as in this  to be asymmetric in these systems. One simple way to probe
case, the data of Fig. 4 on Zpfe imply a temperature- the field dependence is to acquire isothermal “dynamic hys-
independent anisotropy, consistent with the weak temperaeresis loops” by measuring the field dependence of the Kerr
ture dependence of the coercivifyght panel, Fig. 2 rotation at a fixed delay between the tipping pulse and the
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06l ') D' n lmi ) S ] the existence of a distinct asymmetric appearance to the dy-
eria)Lynamic namic hysteresis loopfNote that our prior work has shown
that the static hysteresis loops appear symmetric despite the

04} (] - . )
—_ ’ strong asymmetries revealed by more direct probes such as
2 osk ] PNR?? and AMR]?330:31.33The asymmetry observed in the
s " I 20-9-¢ | dynamic loops below  is observed on the ascending branch
£ 00 / of the loop (the right side, and at negative magnetization.
S, | T=40K ] This is the point at which the prior investigations of the static
< 02l , ~ i reversal asymmet?flv?3'3°—33nave shown that the angular de-
At=30psec ] pendence of the anisotropy energy constrains the system to
04l J nucleate reverse domains. It can be seen from K. that
1.0 4ty the asymmetry manifests itself as a suppression of the Kerr
) ) rotation, indicating a reduction in the coherent response to
(a) Static the tipping pulse. This is a direct consequence of the known
0.5- i static reversal asymmetry, which dictates that at this point on
the hysteresis loop the favored reversal mode is the nucle-
<’ ation of reverse domains, which would not contribute at all
~ 0.0 to the Kerr rotation signal. Therefore, due to reverse domain
= formation the magnetization is unable to respond by coherent
rotation on the subnanosecond time scale. The Kerr rotation
-0.54 1 is close to zero at an applied dc field dflg, indicating that
at this point the coherent precession is completely sup-
1.04 i pressed. This is consistent with previous PNR
1000 -500 O 500 1000 measurements detecting no coherent rotation on the right
H [Oe] side of the hysteresis loop for FglFe.

Similar dynamic loop measurements performed between
FIG. 5. (a) Dynamic hysteresis loop for FeFFe atT=40 K. 120 K (aboveTy) and 10 K(Fig. 6) reveal an unexpected
These data were taken at a fixed delay between field and proltemperature dependence of the asymmetry. As expected, the
pulses of 30 ps(hb) Static hysteresis looffrom SQUID magnetom- asymmetry disappears aboVg, but the temperature depen-
etry) at T=40 K. dence is nonmonotonic below this. The maximum asymme-
try occurs at 40 K and becomes noticeably weaker at 10 K.
optical probe pulse, as shown in Figabat T=40 K. These This is shown more clearly in Fig. 7 which plots the tem-
data were taken at a small delay of 30 ps, which correspondgerature dependence of the dynamic asymmetry paraiieter
to the first peak in the precession signal. As noted in Fig. 1This quantity is defined by =[1-(6ascend Ogescend], Where
the changeAM in the magnetization during the pulse is ap- fascend,descer@€ the Kerr rotations & =-Hg on the ascend-
proximately equal to the integral of the torque during theing and descending branches of the hysteresis loops, respec-
probe pulse. In small fields, the measured Kerr signal shoultively. The asymmetry parameter is therefore 0 for a com-
therefore be proportional to the magnetization averaged overletely symmetric loop and 1.0 in the extreme case where the
the optical spot size, provided that the magnetization carferr rotation becomes exactly zerotht —Hg on the ascend-
rotate coherently during the pulse. At large magnetic fieldsing branch(right side of the dynamic loop. Figure 7 also
significant precession occurs during the pulse and the Kemeveals an intriguing correlation betweErand the coerciv-
rotation measured at very short delays decreases. When tlig. Specifically, the dynamic reversal asymmetry is maxi-
precession frequency exceeds the bandwidth of the pulse atized at the point at which the coercivity reaches a mini-
very large fields, the dynamic magnetization approachesum. As previously discussed, the peakHg(T) at Ty is
zero. The net result of these effects is a signal with the apthought to be a signature of energy losses in the AF layer due
pearance of a conventional hysteresis loop superimposed da the reversal of the FM layérThis could be due to drag-
a decaying background at higher fields. It must be emphaging of “loose” or weakly pinned AF spins when the FM
sized that the hysteresis loops measured in this manner al&yer reverses, or, as a result of irreversible losses in the AF
only sensitive to the part of the magnetization that is able tdayer when the FM layer reverses magnetization due to the
undergo coherent rotation on subnanosecond time scales, archange coupling between the tWdhis effect is reduced
essential difference to conventional “static” hysteresis loopswith decreasing temperature beloly. At lower tempera-
The dynamic loops givelg andH¢ values very similar to  tures the model of Stiles and McMich@aluggests that the
those measured by convention@tatio magnetometry, as coercivity is then dominated by losses within the FM layer
shown by the agreement between open and solid points idue to inhomogeneities in coupling to the AF. In essence,
Fig. 2. Itis likely that the small deviations are due to the useinhomogeneous local barriers to magnetization reversal exist
of different cooling fields for the two data sets.1 kOe for  in the FM layer due to spatial inhomogeneities in the AF/FM
dynamic and 2 kOe for stadicor unavoidable differences in coupling strength. This effect leads to the usual increase in
magnetic field alignment in the two experiments. The un-coercivity with decreasing temperature. The different tem-
usual phenomenon revealed by the data of Hig), svhichis  perature dependencies of the two coercive mechanisms
not observed in the corresponding static lofigig). 5(b)], is  therefore result in the existence of a minimuntHg at some
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) loop asymmetry parameter, as defined in the téeft axis, solid
0.4} points. The coercivity extracted from conventional magnetometry
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20K
cession frequency which is enhanced only bel6yw The
first and second observations are likely due to the smaller
'8:1: ' ' ' ' ' exchange induced anisotropy, and therefore exchange bias
10 K (by a factor of~4) in MnF,/Fe compared to FeFFe. The
0.0l ){ final observation is consistent with prior FMR d¥tahow-
FeF,/Fe ing an increase in resonance frequency only belgwThe

S . , , . absence of FM anisotropy enhancements abiqyes due to
1000 -500 O 500 1000 the lower susceptibility of the MnfAF, which would reduce

H [Oe] the spin fluctuation effects. Note that the coercivity enhance-

= .
FIG. 6. Temperature dependence of the dynamic hysteresirg?g?ém?y?gl Ty has only been observed in FEFM

loops for Fek/Fe. These data were taken in a similar manner to
those shown in Fig. 5. IV. SUMMARY AND CONCLUSIONS

. ) ] . ] ~In summary, we have investigated the time domain dy-
intermediate temperature. It is at this point that the dynamigamics of the magnetization reversal asymmetry in,FEE.
reversal asymmetry is maximized. Although the nonmono4n addition to an increase in FM anisotropy above the Néel
tonic temperature dependence of the dynamic asymmetry i@mperature of the AF, the data reveal a strong suppression of
not entirely understood it is clear from these data thaf at the magnetization precession beldy due to the increased
<40 K, where the coercivity begins to increase again withdamping provided by exchange coupling to the AF layer.
decreasing temperature, the dynamic asymmetry is reduceBynamic hysteresis loops show a distinct asymmetry, which
Within the framework of the Stiles and McMichael coerciv- does not occur in the corresponding static loops. The asym-
ity model this suggests that at low temperatures, when thaetry is due to the suppression of coherent rotation at the
losses are confined to the FM layer and do not occur in thé&hagnetic fields where reverse domain nucleation is known to
AF, the asymmetry is decreased. It is possible that in thi®e favorable. This dynamic reversal asymmetry has a non-
regime, when the static field is increased beyond the poinfnonotonic temperature dependence which, although it is not
where reverse domain nucleation occurs on the ascendir@tirely understood, displays correlations with the tempera-
field branch, the magnetization within the individual do- ture dependence of the coercivity.
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