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Asymmetry of the magnetization reversal mechanism probed by relaxation measurements
in La-Ca-Mn-O ferromagnetic/antiferromagnetic multilayers
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In exchange-coupled ferromagnetic/antiferromagnetigsi@a, 4gVINO3(FM)/Lag 34L&, 6 MNO5(AF) multi-
layers the magnetization reversal mechanism is probed by magnetic viscosity and remanence measurements
below (5 K) and abovg80 K) the blocking temperaturég=70 K. The magnetic relaxation follows the {p(
behavior at 5 K, which is a universal feature of a slow relaxation process, whereas at 80 K the time decay
requires an additional exponential term. Beldy, the observed loop asymmetries in the irreversible suscep-
tibility ( xi,;) and the magnetic viscosit{) reveal two inequivalent reversal mechanisms between the field
increasing and field decreasing branches of the hysteresis loop.
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The construction of complex layered structdrésat con-  magnetization over energy barriers, which define the magne-
sist of Lay g7A0.3IMN0O; (A= Ca, Sr) ferromagnetiM) per-  tization process in a film and is usually applied for the study
ovskites is one of the hottest topics in magnetism today duef the magnetization reversal mechanism. In FM films that
to ever increasing demand for nanostructured sensors arhibit a wide range of energy barriers the magnetization
magnetic storage nanodevidesThe exchange bias time decay follows a Inf behaviot®'” only below a block-
phenomenor, through which the exchange coupling be- ing or freezing temperatur€, resulting from the superpo-
tween a FM and an antiferromagnetitF) layer can cause a Sition of many exponential decays with different magnetic
unidirectional anisotropy at the FM/AF interface, is often rélaxation times. The slope of the magnetization time decay
used in thin-film devices to pin the magnetization in a de- "ePresents thenagnetic viscositys= —(JM/dIn )|, which

sired direction. Exchange biasing can be observed when tHga" be conviently expressed in percent moment decay per
FM layer is field cooled through the Neel temperature of thedecadel.. An irreversible change of the magneuzaﬂdrM

AF phase and it appears as a displaced FM hysteresis loo an be induced as weII_ by a change qf the externfal_f_|eld by
Today there are a lot of questions that remain open in unde ;}?gyl\ﬁﬁnﬁha%e}cfc&g&e ;[ir: d'rz\;est:gﬂz;?ﬁggpggﬂwe”
standing the intriguing microscopic reversal mechanisms in hich aristeé from thermal fluctuation effetts H '
exchange-biased films where a large variety of interfaciaY:VS/ This H. can be estimated by macrosconic rfnea-
spin structures can be stabiliz2d® The explanation of the Xirr - f y P

b g2 v in th | hanism bet surements and can provide further insight into the magneti-
observe asymmetry in the reversal mechanism beWeen, o4, revesal mechanism. In addition, it is used to evaluate

the field increasing and field decreasing branches of the hy$ga 5ctivation volume for the magnetization reveral
teresis loop remains one of the great challenges in these sys-

tems. KT
Of particular interest are the exchange bias properties in Vi=_—b
(La,Ca)MnQG AF/FM bilayers and multilayers because they MsH¢
exhibit some distinct exchange coupling featdite® rela-
tive to their transition-metalcounterparts. Exchange biasing  However, the observed@g in exchange-biased films is
has been detected below a blocking temperalige 70 K mainly associated with the stabilization of the unidirectional
in bilayers® and multilayer$® consisting of alternating FM  anisotropy at the FM/AF interfaces. Thus, on application of a
and AF (La,Ca)Mn@ layers for a variety of C& field below Tz in AF/FM systems, the time dependence of
concentration$? A distinct asymmetry of the magnetization the magnetization measures the thermal activation over en-
reversal mechanism has been obsef&d(i) the magnetiz-  ergy barriers originating from the unidirectional anisotropy.
ing field dependence of the lef() and right H,) coercive  Thus far, time dependence measurements on AF/FM systems
fields where the film magnetization goes to zero on the fielchave been explained by using different modéf€?! In
decreasing and increasing branches of the loop respectiveMnF,/Fe bilayers? the observed asymmetry of magnetiza-
and (ii) the pronounced asymmetry in the field decreasingion reversal is attributed to coherent rotation in the one loop
and increasing branches of isothermal magnetoresistanside and to domain nucleation on the other loop side. In
loops measured beloW . This asymmetry dissapears above NiO/NiCoFe or FeMn/NiCoFe bilayef$ the observed de-
Tg, indicating that it is related only with the exchange bias-crease oHgg(t) has been interpreted as a thermally assisted
ing mechanism. reversal of the staggered magnetization directions of mag-
The time dependence of the magnetization under a cometic domains in the AF layer. For the case of the pinned
stant external field measures the thermal activation of th&eMn/NiCoFe layer of a spin-val%e complex time-
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dependent effects occur in the Ridinned layer due to sig- oab ., o ]
nificant reversal in the AFpinning layer during the time of 0'2 C// //
measurement. “r /r' ]
In this study the asymmetry of the reversal mecha- 0.0
nism is probed by magnetic viscosity and remanence 0.2 | —e— M
measurements in  [(FM)Lag gfCa 4gVINO3(4 nm)/ -0.4 + —o— M
(AF)Lag 3Ca ¢MnO3(4 nm|;5 multilayers, where the s’ T
maximum exchange biasing fieltHgg) is observed? The <
multilayers were prepared by pulsed laser deposition of bulk 0.6 :_J_ <=3 ]
stoichiometric targets on (001) LaA}JLAO) single-crystal 0.4 / f ]
substrates. The beam of an LPX105 eximer lds@mbda 8'§ L ]
Physio, operating with KrF gasN=248 nm), was focused 0.2 '.../ // ]
on a rotating target. During deposition the substrate tempera- 04 ]
ture was stabilized at 700 °C and the oxygen pressure in the 0607 ;‘? L,
chamber was 0.3 Torr, resulting in a deposition rate of 8 4 0 4 8
0.03 nm per pulse. The multilayers were grown on a 40-nm- H (kOe)
thick Lag 3LCa sMNO3 AF buffer layer due to better lattice
matching with the LAO substrate used. FIG. 1. M(H) (open circles and Mg(H) (solid circles curves

The epitaxially strained growth of these multilayers hasat 5 K. The upper panel depicts longitudinal bias measurements and
been revealed by low-angle and high-angle x-ray diffractiorthe lower panel perpendicular bias measurements.
(XRD), conventional, and high-resolution transmission elec-
tron microscopy (TEM) measurements in previous 50 kOe, then the field was reversed tb0 kOe, and the
studiest**° The XRD spectra show a strong texturing alongM(H), Mg(H) curves were measured as before.
the pseudocubi¢001) direction of the perovskite unit cell. ~ Figure 1 showsVl(H) andMg(H) curves performed with
Both XRD and TEM measurements show that the out-of-Hj andH, at 5 K. In M(H) curves withH| we observe a
planed spacings are 0.382 nm for the A6.381 nm in bulk  loop displacemenHgg(|[)=—(H;+H,)/2=0.64 kOe, and
and 0.390 nn{0.3858 nm in bulk for the FM layerst®> This a loop half-width H(|)=—(H;—H;)/2=1.26 kOe,
out-of-plane lattice expansion indicates that the FM layewhereadd (L)=2.1 kOe,Hgg(L)=0.57 kOe, and the M
carries a stress-induced anisotropy which adds to the totdbop is more symmetric foH, . These results show that the
magnetic anisotropy energy. Since the magnetic easy axis l§) measurement is performed along a hard axis in the FM
along the direction of tensile strain in strained (La,Ca)MnO layers. It is worth noting that th&1g(H) curves are very
epitaxial films?? the FM layers would exhibit an out-of- different from theM (H) curves only for theH; case, exhib-
plane, stress-induced, uniaxial anisotrop§his anisotropy iting very high reversibility. In addition, the pronounced re-
is revealed when isothermal magnetization and remanenaoeersibility of the field decreasing branch of the loop leads to
measurements are compared with the field applied parallel very asymmetric remanence curve, withHnexceeding 6
(Hj) and perpendicular (B to the film plane, as indicated kOe, implying an extra contribution from the exchange bias
by experiments?® that study the reversal modes in field.
exchange-biased AF/FM multilayers with an out-of-plane Magnetic relaxation measurements have been employed
easy axis. along with the remanence measurements to probe the asym-

Magnetic relaxation measurements were performed in anetry of the magnetization reversal fidj andH, . Figure 2
Quantum Design MPMSR2 superconducting quantum intershows typicalM (t) measurements at 5 K for the field in-
ference devicéSQUID) magnetometer. For these measure-creasing and field decreasing branches of the loop ijth
ments[M(t)] the sample was initially saturated by field The field increasing branch is measuredHat —1.5 kOe
cooling (FC) in 50 kOe from 300 Ka 5 K or 80 K.Subse- and the field decreasing branchtat=1.0 kOe, due to the
quently the field was reduced to a constant value between bop shift. In both cases the magnetization exhibits a linear
and —5 kOe, and the magnetization was measured as dependence with It} This indicates that during the reversal
function of time. During theM(t) data collection the tem- in the FM layer there is no significant reversal in the AF
perature was stabilized within 20 mK. To collect relaxationlayers which would lead to a variable exchange field acting
data for the field increasing branch the sample was exposezh the FM domain$’ Similar M (t) measurements were per-
to —50 kOe after the field cooling in 50 kOe and then theformed in various fieldsH to construct theS(H) curves
field was fixed to the desired value where Mét) data were  shown in Fig. 3 fortH; andH, . The x;,(H) was estimated
collected. Remanent magnetizatibhy(H) curves were ob- from the first derivative of the S-shapedg(H) curve,
tained for the same fields and temperatures for which relaxd Mg(H)/dH, and is shown in Fig. 3. Since we have used the
ation measurements were performed. ThusM@(H) mea-  percent ofM g moment change per decade of time units for
surements the multilayer was field cooled in 50 kOe, then th&S(H), we express;,, in units normalized tdM g to obtain a
M(H) magnetization was measured first at a fiell3  direct estimation of the fluctuation field from their rdfio
=-5 kOe, and subsequently the field was set to zero an#éli;=S(H)/[ 100 In(10);,, (H)]. Both theS(H) and y;,, (H)
the Mg(H) was detected for the same fields. For the fieldcurves are “bell shaped,” exhibiting their maxima in fields
increasing branch of the loop the sample was field cooled invhich are close tdH; and H, coercivities(dotted vertical
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V* as a function of the applied field. Upper panel is féy and

FIG. 2. Magnetization as a function of time for the field decreas-lower panel forH, .
ing (upper paneland field increasinglower panel branches of the
loop. The measurements were performéd & and the field was

applied in the film plane. assembly of randomly oriented, single-domain particles

where the magnetization reversal takes place by coherent ro-
) i tation. However, it cannot be considered as unambiguous
lines). Such bell shaped curves are usually obsetvedFM ¢, /iqence for such a reversal mechanism. This similarity may

materials. ; . ; ;
: . arise from the strain-induc&tiperpendicular anisotropy that
Amarlt<e(_zl dt|r1:ferlence§F|g. 4 be:weter:n ;[hGHH andH, m;?' dominates the magnetic reversal mechanism.

surements 1S the fargeé asymmetry that appears o By ) On the other hand, thel; measurement reveals thif
andy;,, (H) curves for the field increasing and field decreas-__, - . . ,

) . . : exhibits a different field dependence between the two
ing branches of the loop withi| . This reflects the different branches of the loop, where the relatively high values

otential barriers imposed to domain wall motion during the”. ’ )
P b 9 give a smallervV* (less than 30 ni) than forH, . It is

magnetization reversal fromtM to —M and from—M to : i
worth noting that the largefl; values(or smallerV*) with

+M state in the two parts of the loop witH;. Another < e
relaxation study? reports a small deviation from the tp( H) are obtained for the magnetization reversal from e
to —M state, where the strength of the pinning forces is

behavior and a sharp peak 8{H) curves for the left loop ] 4 )
side, both providing evidence for a rotation mechanism withenhanced from the uniderectional anisotropy at the AF/FM
asmalldistribution of barriers to reversal. In our results nei- interfaces. The obtained activation voluié has a typical
ther of these effects are observed. Figure 4 shows that for size of about 20 nrthat results in a diameter of less than 4
the H¢(V*) curves exhibit a minimum near by thé¢; and nm if we consider domains with a spherical shape. This size

H, coercivities which is reminiscent to that obserieid an  fits well across a FM layer thickness and is comparable with
a correlation length of a partial domain wall in exchange

coupled AF/FM interfaces. It was shotrthat Eq.(1) holds

31+ 7171 +1—25 ) . ; . o
| : - . for single-domain particles or strong domain wall pinning
5 120 whereas in the case of weak pinning th$ is smaller by a
115 factor of 2. In accordance, the obtained differences in acti-
T 410 §-i vation volumes between the increasing and decreasing field
g I 1s = parts of the loop(Fig. 4) suggest different reversal mecha-
D g Jdo =
3° ' < -0.10
2 | 430 & . HRRRALY AR | T
= ] 8 T=80 K
w0 2 i =)
420 — qEJ
1 -0.11 |
! 110 3
0 L ], lo =
6 4 -2 0 2 4 8 042 Lot vl
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FIG. 3. Magnetic viscosityopen symbolsS(H) and irrevers-
ible susceptibilityy;,, (H) curves at 5 K. Upper panel is féf; and FIG. 5. Magnetization as a function of time at 80 K. A field of
lower panel forH, . The dashed lines indicate the positiontbf —1 kOe was applied in the film plane. The solid line is a fit with a
andH, coercivities. function that includes a logarithmic and an exponential term.
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nisms. Such differences between the increasing and decreas-In summary, it was shown that th&(H) and ;. (H)
ing field part of the loop may arise from the unidirectional curves differ substantially between the longitudinal and per-

anisotropy at the AF/FM interfacEsin longitudinal bias ex- ~ pendicular bias experiments due to strain-driven perpendicu-
periments. lar anisotropy in the multilayer. Both curves exhibit a large

In contrast to pure logarithmic time dependence of the@Symmetry between the increasing and decreasing field parts

magnetization at 5 KFig. 2) the M(t) decay at 80 K shows of a loop in longitudinal bias experiments, evidencing two

; A S . inequivalent reversal mechanisms. However, 8fel) and
a different behaviofFig. 5. The data in Fig. 5 can be fitted Yirr (H) curves are symmetric in perpendicular bias experi-

with a funct|7on that includes logarithmic and exponentialiyants  indicating that the equivalent reversal modes appear
decay term$] as expecteld for M(t) measurements above i the increasing and decreasing field parts of a loop due to
Tg. The major contribution originates from the exponentialthe strong contribution of the perpendicular anisotropy. Fi-
component which accounts for the 70% of the total magnenally, the dominance of an exponenthd(t) decay abovdg
tization decay within the observed time window. However,reveals a crossover between the)litgw when the exchange
the coexistence of two time decay components does not abias sets in and the exponential relaxation whdpg

low a reliable estimation o¥/* values abovdg. vanishes.
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