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Ferromagnetic domain distribution in thin films during magnetization reversal
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It is shown that polarized neutron reflectometry can determine in a model-free way not only the mean
magnetization of a ferromagnetic thin film at any point of a hysteresis cycle, but also the mean-square
dispersion of the magnetization vectors of its lateral domains. This technique is applied to elucidate the
mechanism of magnetization reversal of an exchange-biased Co/CoO bilayer. The reversal process above the
blocking temperaturdy, is governed by uniaxial domain switching, while beldy the reversal of magneti-
zation for the trained sample takes place with substantial domain rotation.

DOI: 10.1103/PhysRevB.65.224417 PACS nunider75.25+z, 75.60.Jk, 75.76:i

Polarized neutron reflectomet(i?PNR) was introduced in Conventionally, a fitting procedure allows a model mag-
the beginning of the 1980s to map the magnetic profiles ofetic profile to be obtained from the spin-dependent reflec-
thin films and multilayers=3 This technique has been ap- tivities. However, simple and transparent relations are avail-
plied to study systems in which the magnetic structure conable, linking the magnetization to the reflectivities. When the
sists of a stack of laterally uniform magnetic layers. Thedirection of magnetizatioM and the applied f|9|d are in the
experiments reveal the depth dependence of the magnetizBm’s plane, andM is at an anglep with H, then?
tion, in size as well as in direction: this is the information . o N _
needed to characterize magnetic interactions between differ- R (@) =R""(¢) _ R'(¢)—R"(¢) _cose, (1)
ent layers. Polarized neutron reflectometry can also be instru-  R; "(0°)—R; "(0°) RJ(0°)—R;(0°) @
mental in understanding a different, but still outstanding
problem in magnetism: the breakdown into domains of a R™ " (o) .
ferromagnet during the hysteresis cytl&hile neutron re- W:sm2 @. 2
flectivity studies are limited to samples in the form of thin s
flat films, this is the form of many magnetic systems createdhese relations are valid at all valuesoqgfabove the critical
in recent years for diverse applications, from magnetic reedge for total reflection, provided that the direction\ofis
cording to magnetic memory to sensors. Magnetic domainsonstant along the thickness of the film. The normalizing
significantly impact the performance of these devices. ImuantitiesRg(0°) and Rs(90°) refer to reflectivities mea-
most applications the ferromagnetic layers are so thin thasured withM aligned parallel and perpendicular to the neu-
only a single magnetic domain can be energetically stabléron polarization, respectively. The single-superscript reflec-
through the thickness. While passing through a hysteresigvities are those measured without polarization analysis, i.e.,
loop, however, the film may break down into a collection of R"=R**+R*~ andR™=R™~+R~ " (for this configura-
magnetic domains within the film plang.e., lateral do-  tion of fields,R" =R~ 7).
maing, each characterized by a size and a direction of mag- When a film breaks down into lateral domains, the effect
netization. In spite of the progress made in the use of microen the reflectivity will depend on the size of the domains.
scopic and scattering probes, the problem of observing thedafinitely large domains specularly reflect plane waves. For
domains—especially at some distance below the surface-finite domains the reflected beam has some divergence,
remains difficult. Yet, as demonstrated in this paper, a statiswhich is inversely proportional to the domain size. Since the
tical measure of the domain distribution can be obtained diincident beam itself has some divergence, for each instru-
rectly from PNR. ment there is a minimum size of the domains for which there

In a PNR experiment, the intensity of the neutrons re-is a recognizable broadening. For domains larger than this
flected from a surface is measured as a function of the comength, the intensities reflected from different domains super-
ponent of the momentum transfer that is perpendicular to thénpose incoherently in the specular beam. In this case, the
surface,q,=4m sind/\, where 6 is the angle of incidence terms in¢ of Egs. (1) and (2) can now be interpreted as
(and reflectionand\ the neutron wavelength. Sincg is a  averages across the sample plane. While the t@ose)
variable conjugate of the dep#from the surface of the film, may be measured as well by conventional magnetometery,
a scan over a suitable range @f provides excellent infor-  {sir? ¢) provides information leading to the mean-square dis-
mation on the chemical and magnetic depth profile of thepersion of the domain orientationg:
film. When the incident neutrons are polarized along an ap-

plied magnetic fieldd, and the polarization after reflection is x*=(cos ¢)—(cose)?

analyzed along the same axis, four reflectivities are recorded: 4 N e

R™", R"7, R™", R™~. The first(second sign refers to the { - F\; ((PZ ]_[ RH (‘f) R”(‘Pz 3)
incident (reflected neutron polarization with respect t. (90°) Rs (0°)—Rg (0°)
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These quantities are constant, and independent, off the
domains extend through the entire thickness of the film. As a
comparison with (transversg magneto-optic Kerr effect
(MOKE), one can measurécose) and (sing), but not 107 ¢
(sir? o).
Recapitulating the universality of the method, it can be -
stated that PNR can be applied to measure the mean magn73
tization and the mean-square dispersion of domains on thirg
films, provided that the following hold. & 0%
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(1) The film is flat and smooth enough to reflect neutrons. ;54| °
(2) The reflectivity with neutrons polarized perpendicu- ]
larly to the film's magnetization in the saturated state can be
obtained. In the case in which a direct measurement is no 0.00 0.02 0.04 0.06 0.08 010
possible, the reflectivity curve can, in principle, be calculated At
from a model of the saturated film that has been derived q, (A7)
th.rough qther means, for instance, reflectivity meqsurgment FIG. 1. Polarized neutron reflectivity of a Co/CoO bilayer on Si
with the film saturated parallel to the neutron polarization.

105 L . L L

in a saturating field of 5 kOe. Both measured points and calculated
The two quantitiesM and x? that have been extracted lines are presented for incident neutrons polarized pardt&) @nd

from the data are valid provided that: antiparallel R ) to the applied field. The inset shows the scattering
length density profile calculated for the two spin states. The layer
(1) (cose) and(sir? ¢) are independent af,. thickness for Co and CoO were found to be 130 and 45 A, respec-
(2) The reflected beam is not appreciably broader than thévely, with a half-width roughness of 15 A between the two and 15
incident beam. A at the film surface.

Although a robust analysis of the limits of validity has not
been devised yet, some rules of thumb are provided belowoercive field and a characteristic temperature béigu/* If
for a practical example. the sample is field cooled to below the “blocking tempera-

These ideas have been applied in the study of the magure” Ty ,12 exchange bias appears—the hysteresis loop is no
netic behavior of a partially oxidized Co fififi that exhibits  longer symmetric with respect to the applied field. Figure 2
exchange bia8.A nominal 120-A-thick polycrystalline Co shows the hysteresis loops of our film above and belgw
film was deposited on a silicon substrate by magnetron sput=130 K, at 140 and 10 K, respectively, after field cooling in
tering. Its surface was then oxidized in ambient atmosphere-5 kOe from room temperature. The cooling and measure-
to form an~30-A-thick CoO top layer. Since the Co layer ment fields were along the same axis, parallel to an arbitrary
was thinner than a domain wah-500 A),* only one domain direction in the film surface. At 140 K, the hysteresis loop is
was expected along the sample’s thickness. At the same timeymmetric with a coercive fieltd =100 Oe. At 10 K, the
the shape anisotropy constrained the magnetization to be initial reversal after field coolingA2—B2) has a sharply
the plane of the film. The neutron measurements were carriegbjuared shape and a large reversal figlid € — 1.1 kOe).
out at the POSY | reflectometer at the Intense Pulsed NeuSubsequent loopsthrough C2, D2, etc) exhibit a more
tron Source of Argonne National Laboratory. POSY | is agradual S shape, withH,=+300 Oe at one side and,
time-of-flight reflectometer, utilizing neutron wavelengths
comprised between 2 and 14°At is equipped with an ana-

lyzer consisting of a polarization splittétFor the evaluation (a) T=140K (bLEO;Ié
of (sir? ¢) in relation (2), we useR™* from measurements 61 = ’ 4
with the analyzer. For the evaluation ¢fose) in relation 4t [

(1), we useR"™ andR~ measured without the analyzer. Fig- & J f y l / f

ure 1 shows th&®" andR™ reflectivity pattern of the film at § °f B1 c1 B2 | D2 c2
saturation. The reflectivity was taken at 10 K. The fitted pro- 5 0

file of the scattering amplitude densities gives the thickness< jﬁg .

of the layers, the interface roughness between the ferromag2 s¥,

netic (FM) Co and the antiferromagnetié&F) CoO layers, 4 Egg .

and the ferromagnetic contribution from Co. The AF order of 6 0 "te) ]

CoO is not considered in the analysis, because for this rangi | ° 4‘&%”7“ ‘ |

.0 -05 0.0 05 10 15
H (kOe) H (kOe)

of g, the scattering properties are averaged over a lengtf 02 00 02 04 06 15

scale that well exceeds the antiferromagnetic period of CoO.
Films of this type have been found to have three magnetic

phases. At temperatures higher than theelNemperature FIG. 2. Hysteresis curve) aboveT, at 140 K and(b) below

Ty, the magnetization follows a square hysteresis loop. AF, at 10 K. The labels(A2 at M =saturation, others al=0)

the temperature is lowered, the hysteresis loop becdines indicate locations where neutron reflectivities are measured. The

shaped and exhibits a scaling behavior as a function of thset shows the temperature dependence of the bias| fig[f)|.
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FIG. 3. Contour plots of the specularly reflected begaimstate "
at T=10K, at saturation, the reversal poiB2 of the untrained o r
film, and the reversal poin€2 of the trained film. The reflected 102L ¥
beam is reflected, at all wavelengths, at an ar@jlequal to the o B2
angle of incidence. While the specular peak width has not increased [ o C2
significantly, Yoneda scattering emergesBi andC2. - © D2
10° & Ex: I115"'(90") 1 | |
=-—500 Oe at the other side, giving a bias field, 0.008 0012 0016 0020 0024  0.028
=—100 Oe. The inset of Fig. 2 shows the temperature de- (A-l)
pendence of the bias field of the trained sample, for which 4,
Tp,~130 K.

To elucid h hani f | of th . FIG. 4. The spin-flip reflectivitieR™* (a) at 140 K, at the
0 elucidate the mechanism of reversal of the magnetlzar' versal point§B1 andC1); (b) at 10 K, at reversal points of the

tion, PNR measurements were taken close to the IeVerSghtrained film B2) and the trained filniC2 andD2), compared to

points whereM =0, as marked in Fig. 2, as well as at satu-hose measured with the magnetization saturated along the field
ration. The width of the reflection lines in all cases was NOtR-+(0°) (A2) and perpendicular to the fieR *(90°) (E2).

appreciably broader than expected on the basis of the instru-
mental resolution, as it can be seen in Fig. 3. The instrumen- o N B )
tal width of the reflection line is such to make difficult the the reflectivities at saturatioRs (0°) andR, (0°), with the
evaluation of domain sizes exceeding 20. In addition to  Neutron quantization axis parallel to the magnetization. To
the specular beam, a faint off-specular scattering, of thavithin measurement erroR” andR™ at the reversal points
Yoneda type® was found when the sample was not in aare identical, giving/cosg)~0 over the entireg range. The
saturated stateWhile the details of this scattering are the g, dependence of? (Fig. 6) was obtained by processing the
subject of a separate investigation, its size is such, nevespin-flip intensitiesR™* according to Eq(3) and correcting
exceeding a few percent of the reflected beam, that neglecter the efficiencies of the instrument.
ing it does not affect the conclusions reached here. The spin-flip reflectivity (Fig. 4 and consequently(z
The spin-flip reflectivitiesR™ " (before correcting for in-  (Fig. 6) is very dependent on temperature and training. To
strument efficiency are presented in Fig. 4. They are ob- put in perspective the results, let us consider the extreme
tained from measurements at both the ascending and dgases(Fig. 7) for M=0 ({cosg)=0). x?’=0 means that
scending reversal points. The spin-flip reflectivity measuredsir? o)=1, so all the moments are oriented perpendicular to
at saturatiorR; *(0°) (ideally equal to Dis indicative of the  H, implying that the reversal occurs through magnetic do-
polarizing efficiency of polarizer and analyzer. In order tomain rotation. In contrasf®=1 means{sinz ¢)=0 so that
obtain the normalizing reflectiviyR; *(90°), the sample half of the moments are parallel and half antiparallel to the
was field cooled irH=2000 Oe to 10 K. Then the field was field: the reversal occurs by uniaxial domain switching. For
brought to zerda guide field of a few oerateds in a perpen- an isotropic distribution of the domaing?=0.5. While ay?
dicular direction was sufficient to orient the neutron spins,value between 0 and 1 does not uniquely identify a particular
but too weak to affect the magnetizatjothe procedure was distribution, it indicates an angular spread of the domains. As
made possible because for this sample the remnant magnesieen in Fig. 6a), x> measured at the reversal points at 140 K
zation after field cooling is close to the saturated value(B1 andC1) deviates only slightly from unity: abové,,
R "(90°) obtained was used to normalize the measurementie magnetization reversal occurs primarily through uniaxial
at the reversal points at both temperatures, as the reflectivibomain switching. Similarly, in Fig. ®) reversal of the un-
ties from a saturated film as such do not change between I€ained film at 10 K B2) givesy? close to unity. In contrast,
and 140 K. The reflectivitie®R* and R~ measured at the the y? values are much smaller for the trained film at the two
reversal points are presented in Fig. 5. It was trivial to obtairreversal point<C2 andD2. The pertineny? values, ranging
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FIG. 5. ReflectivitieR" andR™ at 140 K, at the reversal points 0.012 0.016 0.020 ) 0.024 0.028
(B1 andC1); and at 10 K, at reversal points of the untrained film q, (A' )
(B2) and the trained film{C2 andD2). The reflectivities are dis-
placed by factors of 10 for clarity. FIG. 6. Mean-square dispersion of lateral domain orientation

o . . . (a) at 140 K, at the reversal point81 andC1); (b) at 10 K, at
from 0.50 to 0.65, indicate a breakdown in domains with &eyersal points of the untrained filnB2) and the trained filnfC2

substantial angular spread of their magnetic orientations. andp2).

The present results substantiate a model recently
proposedf for the magnetic behavior of Co/CoO. Above the formed with their sublattice magnetization rigidly aligned
blocking temperature, th&shaped hysteresis loop has beengiong two perpendicular axes. Consequently the orientation
interpreted in terms of a modified Ising model. The FM Cof the ferromagnetic domains of polycrystalline Fe, grown
layer is comprised of a number of domains for which thegn the top of Fef, had to be more constrained at the
applied field determines the direction of the magnetizatfon. — o points of the hysteresis loop, as it was confirmed by
Their reversal takes place over a finite interval of fields beomparing the experimental reflectivities with those calcu-
cause of a range of coupling strengths with different antifery,teq for a model structure with appropriate distributions of
romagnetic CoO domainS.The orientation of the sublattice g4omains.
magnetization of the AF domains is not fully locked by the \ye have shown that a model-free analysis of reflectivity

crystalline anisotropy and the coupling between different AFyeasurements on a thin film composed of a collage of mag-
domains. BelowT,,, however, the AF domains are stabilized.
re W

The orientation of the sublattice magnetization of CoO now
strongly influences the direction of the FM domains. Unless
a strong external magnetic field is present, the FM domaing
turn their magnetization in the direction optimizing both the | —
coupling with the AF domains and the Zeeman enéfdy,
giving rise to the rotation of domains we observed.

The results obtained fof <T, may be compared with
those obtained on a different exchange-bias system: ferro

magnetic Fe coupled with antiferromagnetic Fef The ::f;szﬁf:ffzg Soos 9> =0 Seos g 20
. . . = <sin =
type of neutron measurements carried out in the two cases i y2=¢ £= ” ;s;“xf’:f

similar: the four spin-dependent reflectivities have been mea-
sured close to tht1 =0 points of the hysteresis loop. The
results reflect the inherent difference of the two physical sys- F|G. 7. Schematic diagrams illustrating some possible magnetic
tems. In the polycrystalline Co/CoO bilayer, a fairly isotropic configurations in the thin film and the corresponding values of
ferromagnetic domain distribution of Co implies that the AF (sir? ¢) and x? (all have(cose)=0): (a) single domain(b) collin-
domain distribution of CoO is equally isotropic. In FEeF ear domains with magnetization along the applied figldc) do-
grown semiepitaxially on MgQ00, AF domains are mains with a dispersion of magnetic orientations.

(@) (b) ©)
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that the reversal mechanisms are different above and below

0
10 the blocking temperature. The applicability of this method
partly relies on the possibility to obtain the normalizing
107 ¢ quantity appearing in Eq2), R; *(90°). Furthermore, with
2 respect to the domain size issues, it may be possible to apply
% 102 b the method for small domains, provided that all neutrons
2 scattered in a broader reflectivity line are properly counted
&’ 10 and correlation effects between the magnetization of adjacent
] domains are taken into accoufitThe weak, but nonzero
dependence of? on g, that is observed for Co/CoO could
104 | indicate that the direction of magnetization is not completely
uniform throughout the thickness. The simulations shown in
Fig. 8 give a measure of the sensitivity of reflectivity to a
08 magnetic structure in which the direction of magnetization is
depth dependent. Although a general theoretical basis for in-
0.6 terpreting all reflectivity patterns is not available yet, the
04l experiment itself seems to offer a number of checks on the
) validity of the procedure.
W o2l If used as described above, PNR does not need detail
' structural modeling to obtaifcose) andy? at any point of a
0.0 hysteresis cycle. Technically it is becoming feasible to mea-
sure a reflectivity curve in a matter of minutes, a data-
-0.2 acquisition rate comparable to that of conventional magneti-
\ zation measurements. Bothose) and xy? measured by PNR
04} ) ) , ) ) ] can then be compared with the results of micromagnetic
0.010 0.015 0020 0025 0030 0035 0040 calculation® Even more desirable is the development of a
A'l theoretical framework along the lines of the work done to
q, (A7) extract information from the magnetization—as obtained by

passing with minor hysteresis loops through different paths
22 N
silicon) of which the surface laye10 A) is magnetized at an angle qf metastablezstatéé. If not only th.e average magnetlza.
tion but alsoyx“, the mean-square dispersion of the domain

with the applied field. The bottom picture shows how the mis"Jllign'orientations is available, how much easier or more realistic
ment of magnetization of a small region may affect the determinas ’ ’

. - : i izati ?
tion of 2. The crossing point of the envelope of calculajéds at becomes the analysis of the magnetization process"

=0.035 A1, at a value 2/d given by approximatelyi.e., in the ;
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FIG. 8. Reflectivity calculated for a 140-A thin film of Qon
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