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Antiferromagnetic spin flop and exchange bias
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The effect of the antiferromagnetic spin flop on exchange bias has been investigated in antiferromagnetic
(MnF,) —ferromagnetigFe) bilayers.Cooling and measuringin fields larger than the antiferromagnetic spin-
flop field, Hgg, causes an irreversible reduction of the magnitude of the exchange biasHieldThis
indicates that, contrary to what is normally assumed, the interface spin structure does not remain “frozen in”
below Ty, if large enough fields are applied.

Exchange biasHg, is the shift of the hysteresis loop spin structure also remains “frozen” beloy, i.e., positive
along the field axis in systems with ferromagnefféV)—  exchange bias systems do not exhibit training effétts.
antiferromagneti¢AFM) interfaces: This shift is induced by If an AFM bulk system is subject to a very large magnetic
a unidirectional exchange anisotropy created if the FM/AFMfield applied along its anisotropy axis there is a threshold
system is cooledor grown in a static magnetic field to field above which having the spin sublattices parallel and
below the Nel temperature of the AFNI-° Despite the tech-  antiparallel to the applied field is energetically unfavorable.
nological interest in these structures for spin valve dedicesThus, the spins “flop” to a configuration where both sublat-
there is little basic understanding of the phenomenon. Frorfices are perpendicular to the applied figldHowever, if the
the theoretical point of view, theories based on AFMfield is applied away from the AFM anisotropy axis the ef-
domains’ ! spin waves? FM domainst3~*° or uncompen- fect is drastically reducetf. This transition, denotesbpin flop
sated interface spifshave been proposed to explain ex- (SP. has been extensively studied in MnFsingle
change bias quantitatively. Also, recent experimental studie%ryStalg_ > amongst other AFM'S; . .
aimed at understanding basic phenomena, such as 90° FM- In this paper we dlscuss_ the effect of the AFM spin flop in
AFM coupling}”8the role of the FM transition temperature, exchange b.|ased I\/_I@FFe b|Iayers._We opserve that crossing
Tc,*® memory effect€®? reversible techniques to measure the AFM spin-flop fieldHsg, both in cooling and measuring
He ,152223 or artificial AFM-FM systemg* have been re- below Ty has a strong, irreversible, effect in exchange bias,

ported. Of special interest, both theoretically and experimen[nalnly reducing the magnitude 6f¢ . The results indicate

tally, is the interface spin structuteHowever, although it that contrary to what is commonly assumed, the "frozen in”
3{)’ bl irol hp bi I'tti is K ’ b %'t - interface spin structure can be changeeversiblybelow T
probably controls exchange bias, little is known about it. For,, \ - crossing the SF-AFM phase boundary.

example, it is commonly assumed that the AFM spin struc- The spin-flop phase diagram of Mg is shown sche-
ture at the interface, due to the AFM/FM exchange couplingaiically in Fig. 1. As can be observed in the figure, when
IS flrozen in” when crossing the AFM Nel temperature, |oyering the temperature from abotig,, MnF, exhibits a
Ty.” Therefore, the exchange bias field, for AFM samplesyaramagneti¢PM)-AFM transition in the field range @H

with large grains, usually remains independent of the numbek 120 kQe. For larger fields, the transition becomes PM-SF.
of flux reversals, i.e., ntraining effectis observed. More-  \well below Tn, MnF, undergoes two transitions with in-
over, it has been shown tleglt large cooling fields can affecgreasing field, from AFM to SF and at larger fields from SF
the exchange bias fiefd *® For example, FefFFe and to PM. For example, af=10 K the AFM-SF transition
MnF,-Fe bilayers cooled in large fields exhibit hysteresisoccurs atHagy_sp~90 kOe, while Hapy—_se~110 kOe
loops that shift in the direction of the applied figlce., posi-  and Hapy—sp~120 kOe forT=50 K and T=61 K, re-
tive exchange bigs’>~% contrary to what is observed in most spectively. The SF-PM transitions take place at much larger
systems. Thus, the interface spin structure can be modifiefields (not shown in Fig. L In this study we performed two
with the cooling field in some systems. However, this newtypes of experimentdi) field cooling experiments, consist-
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FIG. 1. Schematic field versus temperature phase diagram for ) )
MnF, single crystalgRef. 32, where PM, AFM and SF correspond FIG. 2. Dependence of the exchange bias fi¢ig, on the

to the paramagnetic, antiferromagnetic and spin-flop phases, respe%Q?"ng field, Hec, at.T=;LO K When cooling along 0°@) and
tively. The dotted lines show different cooling path#i e 45° (V) for large cooling fields. The inset shows the dependence of

=100 kOe andHr:=120 kOe), where the squares indicate the HE on Hec a_tT: 10 Kwhen cooling along 0° for small fields. The
AFM-SF transition, while the circles show the SF-AFM transition lines are guides to the eye.

in the field cooling procedure. ) . . .
crystalline. Note that we will refer to the 0° direction as the

ing of cooling in different fieldsHgc, from aboveTy, to  AFM anisotropy axis (001)) and its corresponding twin,
the measuring temperatur&£ 10, 50, and 61 K When the  while the 45° direction is the one at 45° of the AFM anisot-
measuring temperature is reached, the field is reducetl to ropy axis and its corresponding twin.
=0.6 kOe and a hysteresis loop with maximum applied field The magnetic measurements were carried out using Vvi-
of Hya=*0.6 kOe is carried out(ii) maximum applied brating sample VSM Kl,,,,=120 kOe) and superconduct-
field experiments, in which the sample is cooled in a smaling quantum interference device(SQUID)  (Hpax
field, Hec=2 kOe, toT=10 K, where consecutive hyster- =70 kOe) magnetometers. The samples are cooled from
esis loops of increasing maximum applied figdg,,, are 150 K [i.e., aboveTy(MnF,)=67.3 K] to the measuring
carried out. In the field cooling experiment we follow differ- temperature in the presence of different cooling fields{
ent horizontal dotted line&ooling pathsin Fig. 1 until the  =0.10-120 kOe) along the 0° or 45° directions. Hysteresis
measuring temperature is reached, after which we follow théoops were measured at several temperatures with different
vertical dotted line tdd=0.6 kOe. Thus, depending di-c maximum applied fields in the rand¢,,,,=0.6—120 kOe.
andT we cross different phase transition lines. For exampleNote that the remanent fields of both apparatus were care-
for Hgc=100 kOe we cross the PM-AFM line at  fully measured and correcteadposteriori
~67 K while at T=25 K we cross the AFM-SF line We should point out that in some systems magnetization
(shown with a square in Fig.)1Finally, at certain tempera- measurements only give a lower limit of the interfacial
tures, when reducing the field we cross again the SF-AFMoupling’® The strong anisotropy in the AFM and the ab-
line (shown with a circle in Fig. )l Note that depending on sence of training effects imply this is not the case here.
Hec and T we either cross only the PM-AFM phase line  For the field cooling experiment, @t=10 K, Hg exhib-
(e.g., Hec=100 kOe for T=50 and 61 K andHgc its a strong dependence on the cooling fi¢lgd, for mod-
=120 kOe forT=61 K in Fig. 1) or the PM-AFM, AFM-  erate cooling fields Hi,c<70 kOe) applied along the 0°
SF, and SF-AFM linese.g.,H-c=120 kOe and 10 kOe for direction, as can be seen in the inset of FigH2. changes
T=10 KandHg-=120 kOe forT=50 K in Fig. 1). Inthe  monotonically from negative exchange bias to positive ex-
maximum applied field experiment we follow the horizontal change biagfor H.c>10 kOe), similar to what is observed
dash-dot line in the cooling procedure, crossing the PMwhen cooling along 4527 However, if Hgc along 0°, ex-
AFM line. At T=10 K we follow the vertical dash-dot line. ceeds 90 kOe, the magnitude lat exhibits a sharp reduc-
Note that depending on the maximum applied field, we eithetion (Fig. 2). Moreover, if the cooling field is applied along
remain in the AFM phase or cross the AFM-SF phase line.45°, going beyond cooling fields di;c=90 kOe has no
The growth of the Mnk-Fe bilayers on Mg@QL00) has evident effect(Fig. 2). As shown in Fig. 3, if the sample is
been described elsewhéreBriefly, the different layers were cooled along 0° toT=50 K (instead of toT=10 K) in
grown by sequentisd-beam evaporation, MgR65 nm ata different Hgc, Hg increases steadily up toHgc
rate of 0.2 nm/sat Ts=300°C and Fg14 nm at a rate of =110 kOe, while showing a decrease kg for Hgc
0.1 nm/$ grown atTg=150°C. A buffer layer of ZnF (25 =120 kOe. In turn, if the sample is cooled along 0°Tto
nm at a rate of 0.2 nmysvas grown affTs=200°C to im- =61 K in differentHgc, Hg exhibits no anomalyFig. 3)
prove the crystallinity of the AFM layer. Finally, the bilayers up to H-c=120 kOe. Looking at the spin-flop phase dia-
were capped by 3 nm of Al at a rate of 0.05 nm/sTat gram(Fig. 1), at T=10 K the spin-flop field is about s¢
=150°C, to prevent oxidation. The MgFlayer grows ~90 kOe, coinciding with the onset of the downturnkbg
“guasiepitaxially” (twinned in the (110 direction with a at T=10 K (see Fig. 2 Moreover, Hgg(T=50 K)
rocking curve width of about 2°, while the Fe layer is poly- ~110 kOe, consequently the step lix(Hgc) occurs for
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FIG. 3. Dependence of the exchange bias fiéld,,
cooling field, Hg, along 0° toT=50 K() or T=61
The lines are guides to the eye.

Hec>110 kOe (see Fig. 3. Similarly, Hge(T=61 K)

~120 kOe, thus no anomaly iHg(Hgc) is observed when
the sample is cooled t6=61 K (see Fig. 3. If a new spin
structure was “frozen in” for largeH -, one would expect
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FIG. 4. Dependence of the exchange bias fi¢ld,, on the
maximum field of the hysteresis loopd,,.x, after cooling toT
=10 KinHg:=2 kOe along 0°. The arrow shows the change in
exchange bias fieldi ¢, for aH,,,=0.6 kOe(solid symbo] hys-
teresis loop measured after thé,,,=120 kOe hysteresis loop.
The lines are guides to the eye.

The lack of discontinuities iltHg(Hge) or He(Hpmay

changes irHg at each measuring temperature. However, agvhen cooling or measuring along 45° for MaFe or when

shown in Figs. 2 and 3 foH =100 or 110 kOe there is
only a reduction irHg for T=10 K. This indicates that the

cooling along 0° for FejFe confirms once more the spin
flop to be the origin of the Mnf-Fe results. If the cooling or

step inHg(Hec) is notinduced affy, but when crossing the measuring field is applied away from the AFM anisotropy
SF-AFM line at the measuring temperatuigee circles in  axis one would not expect to have a spin-flop transition,
Fig. 1. The results also indicate that contrary to the AFM consequently there should be no anomalyin. Moreover,
spin-flop transition for single crystals, the AFM spin flop due to its large anisotropy, Fglas its spin-flop fieldHgg

probed by exchange bias mot reversible. In summary, the =400 kOe, thusH=120 kOe should not affedi, as ob-
AFM (or FM) spin structure at the interface dogstremain  gerved.
frozen belowT,, but changes irreversibly when crossing the

AFM-SF phase boundary.

These results indicate that spin-flop transitions can be eas-
ily studied in AFM thin films using exchange bias. The sen-

It could be argued that crossing the AFM-SF line at highgitivity of most other techniques would become inadequate

temperaturegsquare in Fig. L and then crossing the SF-
AFM line at low temperaturegcircle in Fig. ) are not

equivalent, and this could induce irreversibility. Thus, we

carried out the maximum applied field experiment.

Figure 4 shows that after cooling in a small field (-
=2 kOe) toT=10 K the exchange biasig, is indepen-
dent of the maximum field reached during the measuremen
of the hysteresis loops up tbl,,,=80 kOe. For larger
maximum applied fields the magnitude Hfz decreases to
about half. If after aH,,,=70 kOe H<Hgg) hysteresis
loop a H,,,=0.6 kOe is sequentially measureldg dis-
plays no change. However, if one carries outHg,.x
=0.6 kOe hysteresis loop after & ,,,=120 kOe H
>Hgp) one,Hg is almost zero, i.e., drastically different from
both the original Hy,,,=0.6 kOe Hg~—37 Oe) and

when the AFM layers become very thin. However, exchange
bias relies on the magnetization of the FM layer in a FM/
AFM couple, thus, in principle, this technique should work
independently of the AFM layer thickness.

The origin of the irreversibilities itHg is more puzzling

tt%ecause the AFM-SF-AFM transitions are reversible in AFM

single crystals$! However, although the SF transitionrisac-
roscopically reversible, it may bemicroscopicallyirrevers-

ible. This microscopic irreversibility may give us a clue on
possible mechanisms for the behavior ldt. Following
Malozemoff's model, if the AFM layer breaks up into do-
mains and the size of these domains is larger when crossing
the SF-AFM boundary than when crossing the paramagnetic-
AFM boundary, this could lead to a reduction it . Also,

Huma= 120 kOe Hg~—20 Oe) loops. Hence, as shown if crossing the SF-AFM phase boundary changes the orien-
in Fig. 4, irreversibility is also found when carrying out hys- tation of the AFM interface spins due to the different inter-
teresis loops of increasing maximum field. In this case, thexction between the AFM and FM spins before crossing the
SF-AFM (AFM-SF) line is crossed at the same temperature different phase boundaries, this could leaddpa change in

It is noteworthy that the coercivitytic, shows only small the interface coupling, which based on Kodtrsodel could
anomalieq(usually within the experimental ernowhereHg reduceHg, or (b) a reduction in the number of uncompen-
shows discontinuities. Some of these experiments were alssated AFM interface spin®.g., by a change in AFM domain
carried out for Fef/Fe bilayers[at T=10 K Hge(FeR)  size which according to the model of Takart al® should
=400 kOd. None of the experiments showed any anomalyreduceH . Finally, following the model of Kiwiet al,*3*®

for cooling or measuring fields in the range 50 kQOe¢rc  the changes in the AFM spin structure in the SF phase would
<120 kOe. modify the FM spin structure at the interface which in turn
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would affectHg. Note that the last case does not really change of the interface spin structure is assumed. Note that
assume an irreversible change of the AFM spin structure buhese results can be interpreted as exchange bias being a
an irreversible change of the FM interface structure. “minor” loop effect, i.e., exchange bias systems should only

In conclusion, we have observed that the effect of coolingexhibit reversible loop shiftsie , for fields smaller that the
and measuring in fields larger than the AFM spin-flop fieldAFM spin-flop field. This could be particularly relevant for
in exchange biased AFM(Mnf-FM(Fe) bilayers is to re- epitaxial or single-crystal AFM’s with low anisotropies.
duce Hg irreversibly. The results can be qualitatively ex-  This work was supported by the U.S. DOE. J.N. thanks
plained using some exchange bias models if an irreversiblthe Spanish Government for its financial support.
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