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Competing interfacial exchange and Zeeman energies in exchange biased bilayers
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The exchange bias in antiferromagnet (MyiferromagnetFe) bilayers has been studied as a function of
temperature, cooling field, and interfacial roughness. Positive exchange bias is observed under certain condi-
tions, along with a nonmonotonic roughness dependence. The unusual cooling field dependence can be under-
stood within a simple model in which the exchange bias is determined by a competition between a roughness-
dependent average exchange energy and a Zeeman energy for the antiferromagnet surface spins. Our results are
consistent with the existence of a domain wall parallel to the interface in the Fe layer, contrary to earlier
theoretical modeld.S0163-1829)08541-(

Exchange anisotropy at the interface between ferromagaesses were nominally 25, 55, 12, and 3 nm, respectively.
netic (FM) and antiferromagneti¢AF) materials has re- The ZnF, layer serves as a buffer layer, while the Al is used
ceived renewed attention in recent yehts. addition to the s g capping material to prevent oxidation. The deposition

fundamental interest in exchange bias, interest has be&gmperatures are 200, 275-375, 150, and 150°C, respec-
stimulated by the use of exchange pinned ferromagnetic lay; L : ' o
ers in hybrid spin valve magnetic field sensbiBespite the tively. The deposition temperature of the Mnfayer is var

recent revival and its discovery over four decades there led to control t.he |nterfaC|aI'roug_ane$sf. Rej. 19. The
is little quantitative understanding of exchange bias. Severd}2Se Pressure in the system is 30"~ Torr, er"?e the pres-
theoried=® have been advanced to explain exchange bia§Ure during fluoride deposition is arounck@7"  Torr. Af-
(Hg) quantitatively, while recent experimental work has in- ter growth, the films were characterized by low- and high-
vestigated the situation where the Curie temperatligg 6f ~ angle x-ray diffraction and reflection high-energy electron
the FM is lower than the N temperatureTy) of the AF?  diffraction (RHEED). X-ray refinement based on the SU-
memory effecté-,l uncompensated interfacial Spﬂ'ﬁnd the PREX mode]|5 were used to extract the interfacial rough—
related phenomenon of exchange spring magnefishur-  nesses from low-angle x-ray data. Hysteresis loops were
ther experimental input is required to ascertain the effect omeasured in a superconducting quantum interference device
important material parameters éf . In this paper, we ex- (SQUID) magnetometer from 4.2 up to 120 K and in mag-
amine the behavior oHg in the simple epitaxial bilayer netic fields up to 70 kOe. Note that it has been suggested that
system Mnk/Fe, as a function of temperature, cooling field, measurement dfig via a hysteresis loop is likely to give a
and interfacial roughness. We observe an unusual coolintpwer bound for the value ofi¢.'® On a similar note, we
field dependence as well as a nonmonotonic roughness dewould like to point out that no magnetic training effect was
pendence oHg. The cooling field dependence can be ex-observed under any of the experimental conditions reported
plained within a simple model of competing exchange cou-n this paper. Checks for training effects were made by mea-
pling and Zeeman energieg the interfacial exchange suring three consecutive hysteresis loops in the limit of low
coupling is assumed to evolve from AF to FM with increas- (234 O¢ and high(70 kO8 Hgc, and at the extremes of
ing roughness. This behavior is confirmed by a nonmonofoughness attained in this study. No training effect was ob-
tonic roughness dependence, where the magnitudty-of-  served within the experimental uncertainty.
flects the magnitude of the coupling. Ordinarily, AF/FM  High angle#-26 x-ray diffraction profiles show only the
bilayer hysteresis loops are shifted along the field axis in th€110) orientation of Znk and MnF, with a full width at half
opposite direction to the applied cooling figl(fnegative” maximum that corresponds to a grain size equivalent to the
exchange bigs Positive exchange bias can also be observedilm thickness. Rocking curves through thEl0) MnF, re-
under certain condition¥, and is thought to be a conse- flection have full widths at half maximum from 2.0° to 2.6°,
quence of AF exchange coupling between the FM and ARndicating that we can control the roughness over a wide
layers. The roughness-dependent exchange coupling disange without significantly changing the crystallinity.
cussed in this paper leads to a remarkable situation IRHEED images of the surface of the ZiMnF, layers sug-
MnF,/Fe where different behavior is observed in differentgest “quasiepitaxial” (twinned#) growth, whereas the Fe
roughness regimes. Note that in this paper we adopt the sanoeerlayers are polycrystalline. Figure 1 shows the low-angle
model to interpret data on positive exchange bias as Ref. 14-ray diffraction data for three representative sampgtaser
ZnF,/MnF,/Fe/Al thin films were grown or{100) MgO 30 were grown, characterized, and measyreith varying
substrates by sequential electron beam evaporation. Thickaterfacial roughnesses. The short-period oscillations are due
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FIG. 1. Low-angle x-ray diffraction data on three representative 0.5 1.0 1.5 20 25 3.0
samples of Zng/MnF,/Fe/Al (solid lines along with fits (dashed o [nm]
line) based on the model described in Ref. 15. Each fit is labeled
with the corresponding value of the rms roughness. FIG. 3. Roughness dependence of the exchange bias energy per

unit area, evaluated at=10 K andHg-=2 kOe. Inset, tempera-
to the thickness of the Fe layer while the long-period oscil-ture dependence of the exchange bias from 4.2 K up to 120 K for
lations are due to the fluoride thickness. Quantitative analysithe o=1.8 nm sample shown in Figs. 1 and 2-4tc=2 kOe. The
of all of the samples in this study leads to Mnfhicknesses solid line is aS=§ Brillouin function fit. MnF, thicknesses are in
in the range 55.5—-61 nm and Fe thicknesses between 10t@e range 55.5—-61 nm while the Fe thicknesses are between 10.6
and 12.6 nm. Here, the roughness is controlled by varyingnd 12.6 nm.
the deposition temperature from 275 to 375°C, although ) o )
similar results can be obtained by changing the Zbifer close to the expecteby=67 K. This behawor.ls obsgrved in
layer thickness. The roughness can be varied from 0.6 nm u@ll samples, regardless of the value of the interfacial rough-
to approximate'y 4 nm. The roughness determined by thé]ess The SO|.|d line |!’] this f|gure represents a f|t tO.the data
x-ray refinement is an rms value of the vertical thicknesswith @ Brillouin function for He(T). Such behavior is ex-
fluctuations on the relatively long lateral length scale probed?ected if the magnitude of the exchange bias is proportional
by grazing incidence reflectivity. to the AF sublattice magnetizatidhNote that the tempera-

He exhibits a strong dependence g as shown in Fig.  ture dependence of the Fe magnetization is neglected here, as
2. Typical Hg values are between 20 and 60 Oe. TheTc>Tn. Models based on the formation of a domain wall
smoothest samples(= 0.6 nm shows a negativel at low parallel to the interface in the AF layer predict thag is
cooling field crossing over to positive in a field of less ~controlled by a factor AK)Y* whereA is the AF spin stiff-
than 10 kOe, and saturating at around 60—70 kOe. ThBESS andk is the AF anisotropy. In this case one expects that
roughest samplec=1.8 nm shows a very different behav- He(T) would be given by A(T)K(T)]"? whereas if the AF
ior, with He saturating at a negative value. The temperaturéNisotropy plays no role one would simply expect to see the
dependence ofig(Hgc=2 kO® for the o=1.8 nm sample témperature dependence of the A_F suplattlce magnetization
is shown in the inset of Fig. 34 approaches a constant S observed here. We return to this point later.

value at low temperatures €30 K), and falls to zero very Further interesting behavior is observed in the roughness
dependence of the low cooling fielz as shown in Fig. 3.

Initially, increasing the roughness from 0.6 nm results in a

60T = 16 K ' ' 0.6 nm . de(_:reased value of _th_e exchange bias energy per unit area,

which reaches a minimum around 1.2 nm, eventually in-
40 0.8 nm 7 creasing for larger roughnesses. To our knowledge, this re-
markable behavior is the first observation of a nonmonotonic
dependence of the exchange bias energy on interfacial rough-
ness.It should be noted that the roughness at which the
energy reaches a minimum corresponds to the maximum
roughness value for which positive exchange bias effects are
. observedi.e., the pointo~1.2 nm delineates two distinct
regimes of behavior. Below this value of roughness all
samples show positive exchange bias at Hitfy . Above
this value of roughness the samples exhibit only negative
H_. [kOe] exchange bias with no tendency towards positive bias up to

FC Hec=70 kOe.
FC

FIG. 2. Cooling field dependence of the exchange bias for the An exhaustive study of exchange bias in F#fe
three samples shown in Fig. 1 from 234 Oe up to 70 kO at bilayers* showed thaHg decreases rapidly with increasing
=10 K. The curves are labeled with a value for the interfacialroughness. Moreover, positidg was observed for large
roughness. The solid lines are guides to the eye. Hec and explained in terms of AF exchange coupling be-

H, [Oe]
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tween the AF and the FM. For loW ¢, the interfacial FM  HcM.te{ o), where Fig. 3 shows an initial decrease to a
and AF spins align antiferromagnetically in an energeticallypoint whereH g almost falls to zero, followed by an increase
stable state that leads to the usual negative bias. For large H. at higher values of.

Hec it was postulated that the AF surface spins couple to the We point out at this stage that we are taking the previ-
applied magnetic field and overcome the AF exchange bepusly advanced model for positive exchange Yiasd ex-
tween AF and FM. An unstable state is frozen inTaf,  tending it to incorporate the data on MyiFe. To do this we
leading to positiveHg. In essence there is a competition are forced tcassumethat the intrinsic exchange coupling is
between the exchange coupling energy and the Zeeman ejeaker for Mnk/Fe than for Fef/Fe leading to the cross-
ergy for the AF surface spins. It was further observed thabver from AF to FM coupling with increasing roughness.
positive Hg existed only for rough interfaces. In samples The roughness dependence lbf is completely consistent
with smooth interfaces the exchange coupling is so large thagith this inferred crossover from AF to FM coupling and
it always dominates over the Zeeman energy for the AF surmust be taken as strong evidence for it. Further evidence that
face spins. Random roughening of the interfaces leads to the assumption on the size dfyar is reasonable is pro-
formation of FM coupled regions, which lowers theagni-  vided by the relative magnitudes bif: andH.. in FeF,/Fe
tude of the average exchange couplindy, . As a result, and MnR/Fe. Note that the smoothest MsiFe sample in
Jav, which is still negative, has been reduced to a leveknis study(o=0.6 nm has the same Fe layer thickness as the
where the Zeeman energy dominates at gl , leading to  smoothest FeffFe in Ref. 14 ¢=0.6 nm. Hg~450 Oe
positiveHe . The AF coupling as well as an increasing FM (4_.=2 kOg for FeF, compared tdHg~50 Oe for MnF.
coup_ling with roughngss can be qualitatively understooql assince Hg is proportional to Jewar, We expect
suming the AF coupling is due to superexchange medlategFerlFe/JMnFZ/FEN9_ Then, HEc=Jpwar/Oacms implies

by F~ ions at the interfac&® . . o
There are several clear experimental differences betwee at Hec for FeR and Mnk; are in the ratio 9:1. For the

the MnR/Fe and the FefFe systems. In FeffFe the _smoothest samples thi_s ratio&s?:l(get_e Fig.2and_R_ef. 14
smooth samples show no positit: up to 70 kOe, while " good agree.ment with our prediction. The origin of. the
the rough samples crossover to positig at around 10 reducedlgyyar In MnF,/Fe is unclear although it is possml_e
kOel* This is apparently opposite to that seen in Mfffe that weakened superexchange between Mn and Fe ions
(Fig. 2. Also, in FeR/Fe even the curves that show only across the interface is partly responsible. A reduction in su-
negativeHe might cross theH ¢ axis at over 70 kOdthe ~ Perexchange interaction energy foFé=-Mn?* compared
largest measured fieldwhile in MnF,/Fe the negativédz ~ to FE€'-F-F€" can be estimated from the Anderson super-
saturates at 50—60 kOe. Note that Mrifas a very similar exchange modéf, by calculating the intersite hopping inte-
crystal structure, spin structure, and magnetic properties tgrals and the Coulomb repulsion energy. It should also be
FeF, but a very different anisotropy fielfK =7 kOe in  noted that thea axis lattice parameter of MpHs signifi-
MnF, (S=3) compared to 149 kOe in FeRS=2) (Ref.  cantly larger than Fef so possible effects of interfacial
19)]. strain cannot be dismissed.

First we address the seemingly opposite dependence of The intriguing issue that remains is the effect of the re-
He(Hec) on the interfacial roughness, when compared toduced anisotropy on the exchange bias. As discussed above,
the case of Fef This can be explained using a simple modelpositive exchange bias is observed despite the low anisot-
based on competition between the AF coupling at the FM/Afgpy field. Moreover, the smaller exchange bias in Wiffe
interface and the Zeeman energy of the AF surface spins. Eompared to FefFe can be accounted for by a decrease in

the intrinsic coupling between the FM and the AF layers isihe value oflpy,ac. This is further supported by comparing
significantly lower in Mnk/Fe than Fek/Fe, the AF surface H*

) . in the two systems. This seems to imply that the re-
spin Zeeman energyghrugHrc) dominates over the ex- ¢ y Py

. . . duced value oK 4¢ has little effect on the magnitude bffg .
change coupling across the interfack\ar). Hence posi-
. : * Also, the temperature dependencetyf can be adequately
tive Hg will occur at a valueHg-=Jgwar/9arp - HOW-

. f . 1[accounted for by the AF sublattice magnetization alone,
ever, when the interface is rough and regions 'without the AF anisotropy field. A possible explanation for
ferromagnetic coupling occujust as in Fek/Fe), the mag- by - AP P

nitude of the average exchange coupling is reduced, eventl.t]r—‘e lack gf senS|t|V|ty to the AF anlsotr.opy Is that the ex-
ally passing through zero and becoming positive., a net change bias energy is stored in a domain wall parallel to the

FM exchange coupling At this point, positive exchange interfacein the Ee _Iayer gather than in_the Mnflay_er. This

bias is prohibited since, within this model, it requires theWas found by Kiwiet al,” based on micromagnetic calcula-
existence of AF exchange coupling. This is exactly the belions and theoretical modeling of the F¢Fe system. Fur-
havior shown in Fig. 2, where the rough sample shows 0n|)Iher evidence for the existence of a domain wall in the Fe
negativeH . Moreover, this simple model naturally explains comes from the observation of a vertical shift in the ex-
the nonmonotonic dependence of the exchange bias energjange biased hysteresis loops and neutron scattering mea-
on roughness, as shown in Fig. 3. In a simple model, theurement in FefiFe?

value ofHg is proportional to the magnitude of the exchange In summary, we have measured the dependence of the
coupling energyJay|, which, according to the above argu- exchange bias in MnfFe bilayers on temperature, cooling
ment, is finite at lows (whereJ,y<0), falls to zero at a field, and interfacial roughness. The effect of roughness on
critical o, and increases again at high valuescofwhere  Hg(Hgc) can be explained in terms of a competition be-
Javy>0). This is exactly the observed behavior intween a roughness-dependent average exchange coupling
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and a Zeeman energy of the AF surface spins. This simple This work was supported by the U.S. Department of En-
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reduction in the coupling between the layers rather than th&itzsimmons, C. L. Chien, and J. C. Walker are gratefully
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