JOURNAL OF APPLIED PHYSICS VOLUME 85, NUMBER 8 15 APRIL 1999

Domain formation near the reorientation transition in perpendicularly
magnetized, ultrathin Fe/Ni bilayer films  (invited )
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Ultrathin films with perpendicular magnetization convert from a single domain state into a
multidomain structure as the reorientation phase transition to an in-plane magnetization is
approached. Reorientation transitions in magnetic ultrathin films result from the interplay of
interfacial magnetic anisotropy, the dipolar interaction, and two-dimensional thermodynamics.
These transitions can be driven by changing either the film thickness or temperature. Experimental
and theoretical studies of this effect are briefly discussed in the context of the thickness—temperature
phase diagram of the reorientation transition. We then describe magnetic susceptibility experiments
on ultrathin Fe/Ni111) bilayers. Our experiments indicate an exponential increase in domain
density of a multidomain structure with temperature and identify the region of the thickness—
temperature reorientation transition phase diagram where this condensation is most pronounced. The
temperature dependence of the domain density agrees quantitatively with theoretical predictions.
Films that are slightly too thin to exhibit the reorientation transition with temperature are a special
case. They undergo a ferromagnetic-to-paramagnetic transition from the perpendicularly
magnetized state and exhibit domain-like behavior many tens of Kelvin above estimates of the Curie
temperature. This surprising observation is interpreted using the two-dimensional dipolar Ising
model. © 1999 American Institute of Physids$§0021-897@9)78408-3

I. INTRODUCTION effect was observed by Pappetsal®> The temperature driven

reorientation is then interesting because 2D thermodynamics

Three factors can contribute to unique domain formatiorp|ay a more explicit role than in the thickness driven transi-
phenomena in perpendicularly magnetized ultrathin films..

tion.

Yafet and_Gyorg§/ ident.ified the first factor; they predicte_q High temperature studies of perpendicularly magnetized,
that domain structures in these films would be very sensitive i . . . . . )

. . . . Ultrathin films are discussed here in conjunction with studies

to changes in magnetostatic energy if the effective perpen- . . . . .
dicular anisotropyK , . were very weakK , o« includes both of domain formation nea'r the reorientation transition. 'The

the interfacial anisotropgfavoring perpendicular magnetiza- 9€neral features of the thickness—temperature phase diagram
tion) and the magnetostatidipole) interaction(favoring an ~ for the reorientation transition are introduced in Sec. Il. Ex-
in_p|ane magnetizati(jn The domain structure’s Sensitivity perimental studies of domain formation in various regions of
to energy changes is due to the magnetostatic eneigy’s the phase diagram are reviewed in Sec. Ill. The emphasis of
sensitivityto changes in the domain structure when the latthe article is on the new magnetic behavior revealed by our
eral extent of the domains is much greater than the filnmagnetic susceptibility measurements of ultrathin Fe/Ni bi-
thickness. layers. These films exhibit perpendicular magnetism, a reori-
The second factor is that, ¢ can change sign due {0 entation transition, and domain formation. Section IV sum-
changes of the film thickness. A zero crossing@ts driveS  marizes the theoretical prediction for the temperature

the reorientation phase transition from a perpendicular to inaependence of the domain-wall-motion magnetic susceptibil-

plane magnetization direction. This transition proceeds with . : . .
: . . . ity. Section V contains an overview of our experiments
increasing thickness as the dipolar term overwhelms the per- dqf i ts of th lts. O It
pendicular interfacial anisotrogy. and focuses on two aspects of the results. One new result is

The third factor is temperature. In the ultrathin limit, that the domain density increases exponentially with tem-
two-dimensional(2D) thermodynamics prevail, producing an Perature in quantitative agreement with the theory of
unusually strong connection between magnetic anisotropifashuba and Pokrovsky. Another new issue arises in the
and magnetic order. Indeed, ferromagnetic order in 2D igase of strictly perpendicular films that have a wédks
stabilized by magnetic anisotropyJensen and Bennenfan but do not exhibit a reorientation transition with temperature.
first argued that 2D thermodynamic effects would produce aJnder these conditions, the Curie temperatligemay not
temperature-driven reorientation in ultrathin magnetic filmshave its usual meaning. Specifically, the magnetic suscepti-
with suitably weak perpendicular magnetic anisotropy. Thispility remains domain-like to temperatures well above the
best estimates of ¢, for which no signature is apparent in
dElectronic mail: stephen.arnold@boulder.nist.gov the data.
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Single domain states are either metastablsypported by
defects which hinder domain-wall motion, or are possible
because the lateral sample dimensions are less than the equi-
librium diameter of the domain's. The vanishing perpen-
dicular magnetic anisotropy in the approach to the reorienta-
tion transition reduces the energy cost of inserting domain
walls and an exponential condensation of the domain struc-
ture occurs® Magnetic-imaging experiments by Allenspach
and Bischof verified this type of domain condensation quali-
tatively at a number of discrete temperatutemd Speck-
thickness mannet al. observed a similar effect in the thickness-driven
transition'® Those experiments correspond to vertical and

FIG. 1. A sketch of the temperature—thickness phase diagram of an UItrathiHOFiZOHta| slices through the reorientation boundary of Fig
film with perpendicular magnetic anisotropy shows regions of perpendicular, '

(L) and in-plang(=) ferromagnetism and paramagneti§#M). Horizontal 1. ) . . )
and vertical trajectories through theand= boundary correspond to thick- Single-domain behavior has been observed in some per-

ness and temperature driven reorientation phase transitions, respectively.;ﬁendicularly magnetized ultrathin films. For example, a few
line of Curie temperatures separatesnd PM phases. The two boundaries perpendicularly magnetized ultrathin film/substrate systems
meet at a multicritical poin{-). Solid lines indicate parts of the topology . . . .
qualitatively verified in experiments by Qet al. (Ref. 7). _have_been '_5tud|ed to deterr_nme t_helr Cgrle temperatures and
identify their thermodynamic universality classé$® The
temperature dependence of the magnetization in these ex-
Il. TEMPERATURE-THICKNESS PHASE DIAGRAM OF periments was consistent with the 2D Ising model. Referring
THE REORIENTATION TRANSITION again to Fig. 1, these experiments correspond to magnetiza-

tion measurements along vertical slices through the line of

scribes both thickness- and temperature-driven transitions. ﬁ,urle temperatures on the low thickness side of the diagram.

is based on a Heisenberg model modified by a uniaxial an- In 'other ex'penments studying pgrpendlcular!y magne
: . ) ' tized films at high temperatures, deviations from ideal criti-
isotropy that favors a perpendicular orientation of the mo- .
. ! ) ) cal behavior were observed closeTg. Kolheppet al. ob-

ments. The dipolar field and its spatial dependence was : . .
. . : Served a substantially different behavior for the temperature

partly incorporated into the model, although domain forma- :
tion was excluded. The model predicts a perpendicular ferdependences of the remanent and saturation mor(t)
’ P berp andM(T), of Co/Cy11]) resulting in a difference of~10

romagnetic phase at low temperature and thickness, an in;: in the respective Curie temperature determinatfriEhe

plane fgrromagnenc phase at_ higher ~ coverage anuthors attributed this effect to sample imperfections. More
intermediate temperature, and a high temperature paramag: S .
cently, Poulopoulost al. argued that a similar difference

netic phase. In principle, the boundary between out-of-plan%etweenMr(T) and M (T) for 8-10 ML Ni/CU(100) films

and paramagneﬂc phase§ 'S a "T‘.e of Curie temperature\%/.as due to domain formation close to, but beldw,.'* We
Also, a single reorientation-transition boundary separates

. . show in Sec. V that domain formation is most prolific in
out-of-plane and in-plane phases. The two boundaries me S . )
. : I : e/Ni bilayers at thicknesses marginally less than those
at a point which we refer to here as the multicritical point.

) . . . -where a temperature-driven reorientation occurs. These films

Horizontal and vertical cuts through the reorientation transi- . . S

. . correspond to the shaded intermediate region in Fig. 1, where

tion boundary correspond to the thickness and temperaturg. 7
: 7 . . o &u et al.’ did not report results.

driven transitions, respectively. Portions of this diagram

were verified by Qiuet al. for Fe/Ag100),” as indicated by

the solid boundal’.les.' The actual phase dlagram of th?v THE DOMAIN-WALL-MOTION SUSCEPTIBILITY OF

FeAg(100 system is slightly skewed compared to the theo-aAN OUT-OF-PLANE, ULTRATHIN FILM

retical diagram. Specifically, the experimental reorientation .

boundary appears shifted to lower temperatures relative to Kashuba and Pokrovsky considered the response of a

the T boundary of the perpendicular phase. This differencedomain structure to an applied fielftiAt a given thickness

is not significant in the following discussion for which Fig. 1 and temperature, the equilibrium configuration of their per-
provides a context. pendicularly magnetized films was a stripe domain structure
of alternating “up” and “down” magnetization. The appli-
cation of a small magnetic field in the up direction causes the
up domains to grow at the expense of the down domains,
thus producing a magnetic response. Energy minimization
Domain formation in the perpendicularly magnetizedthen determines the perpendicular susceptibility of the do-
phase plays a prominent role near the reorientationmain structure, which is found to vary inversely with the
transition®1° and at high temperatufé='3 Theories of do-  stripe linear density. The dipolar and exchange interactions
main formation in this context are now highly and interfacial anisotropy determine the equilibrium stripe
developed#~?°Indeed, the ground state of a perpendicularlydensity. 2D thermal fluctuations renormalize these terms to
magnetized, ultrathin film is not the single domain state, butemperature-dependent quantities. The effective perpendicu-
is instead a multidomain state such as a striped patterfar anisotropy crosses 0 at the reorientation transition. A

Temperature

Figure 1 is a phase diagram after Poétial.® that de-

Ill. EXPERIMENTAL OBSERVATIONS OF DOMAIN
FORMATION IN ULTRATHIN FILMS
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vanishing effective anisotropy produces an exponential in- 1.5 ML Fe/1 ML Ni/W(110)
crease in the linear density of the domain structure. This, in 1000 —————————r s
turn, produces an exponential decrease in the perpendicular ;(a) ]
susceptibility. Using the T-dependent expressions of Abanov 800 ¢ Re (%70} E
et al,> and expanding to first order in the temperature, a 600 | Kiwos ]
simple exponential decay of the perpendicular susceptibility : ]
is obtained*? 400 | Re{y 1x10 ]
[ 1
¥, (T)ocexp — aT). (1) g‘ 200 | \ | ]
A more detailed description of this derivation is found '% 0 bt ™ . e
elsewheré* The same expression was recently obtained by 8 1500 1-.5 ML Fg{Z ML.N!/W(HQ). .
De'Bell et al. for the 2D dipolar Ising ferromagnet using é L (b)
simple scaling arguments, although the constant un-
physically large in that calculatioff. 1000 | Re{y,}x10 ]
This approximation is valid folf <Tg, the temperature [ ]
where reorientation occurs, or far< T in the case of per- 500 -
pendicularly magnetized films that does not exhibit a reori- [Tm{y,}x10 Re{x110}
entation transition. Using values appropriate &€2 ML Fe I \
film investigated in Sec. V, wherB;=300 K, we expect the 0 : E—
decay exponent is to be approximately 0.07*Ky, is pre- 150 200 250 300 350 400 450

dicted to drop by an order of magnitude every 35 K. This
rate of decay is much slower than that of an in-plane suscep-

tibility in the temperature range just above the CurieriG. 2. Magnetic susceptibilities ¢8) anin-planemagnetized 1.5 ML Fe/1

temper{;l_turé,z'ﬂ_29 ML Ni film and (b) anout-of-planemagnetized 1.5 ML Fe/2 ML Ni films on
W(110 illustrate the qualitatively different magnetic responses of in- and
out-of-plane magnetized ferromagnetic films. Both figures show the suscep-

V. MAGNETIC SUSCEPTIBILITY EXPERIMENTS ON Fibility withihe applieq field perpendicular'tg'the filnp, and along the
ULTRATHIN Fe/2 ML Ni/W (110) FILMS m—plgne W(ﬂO) d|re<_:t|on_X_]10. The susceptlblhty along the WW0O) direc-
tion is omitted for simplicity, but was 0 in both casds) measures the
ritical susceptibility at the ferromagnetic-to-paramagnetic transition while
(b) measures domain wall motion.

Temperature(K)

The thickness—temperature phase diagram of ultrathi
Fe films grown @ a 2 ML Ni buffer was investigated using
magnetic susceptibility measurements. Ultrathin films of Fe
were grown in ultrahigh vacuum by electron-beam evaporatechniqué® using a frequency of 210 Hz. A single phase
tion on a 2 ML Ni buffer on the(110 face d a W single  lock-in amplifier was used to measure the r@alphasé and
crystal. The preparation methods and film structure havémaginary(quadraturecomponents separately. The field am-
been studied and published previou$lyThe face of the 2 plitude was 1300 A/m for thg, measurements, and ranged
ML Ni buffer is nearly identical to the bulk N111) and from 150 to 500 A/m for the in-plane measurements. The
provides a template for fcc Fe growth. The Fe structure wai-plane susceptibilities are labelgd;o and yqqo for fields
slightly strained fcc for thicknesses less than 3 ML, and aapplied along the in-plane VVQD) and W100) directions,
gradual transition to bcc proceeded at greater thicknessefespectively?®
The films were ferromagnetic at low temperatures, with a  Figure 2 contrasts the susceptibility results for an in-
moderate perpendicular magnetic anisotropy. 1 ML Ni buff-plane magnetized 1.5 ML Fenoa 1 ML Ni film with a
ers were not suitable as fcc templates. Presumably, this iserpendicularly magnetized 1.5 ML F@ @ 2 ML Ni film.
because the first monolayer on(¥0 is strained further The in-plane Rfyiior of Fig. 2@ has a half width at half
from the Ni11J)) structure than the second monolayer. Femaximum (HWHM) of only a few kelvins and peaks to
grew on the 1 ML buffer in a strained bcc fashion and ex-nearly 1000 in SI units. Furthermore, Bewo(T)}) is well
hibited poor long-range order. Fe on 1 ML Ni films were described by a universal divergenceT«T,) ?. T,
magnetic, however, with an in-plane magnetization along the-343.9K andy=1.78+0.09 were determined for the in-
W(110) direction. plane film. The susceptibility of the in-plane film is therefore

Magnetic susceptibilities were measured in a small, athe critical susceptibility associated with the order—disorder
field for three orthogonal field orientations: two in-plane ori- transition between ferromagnetic and paramagnetic states at
entations and one perpendicular to the film plane. The con¥-. The critical exponent is in good agreement with the 2D
vention here will be to label the susceptibilities according tolsing value of 7/4.
the direction of the applied field. Hence, the susceptibility  Figure Zb) shows a markedly different behavior fgr
corresponding to the perpendicular field orientatiogis In  of the out-of-plane film. It peaks at about 130 Sl units and
contrast to the remanent magnetization, that is small or evehas a HWHM of about 30 K. Structural studies proved that
zero the magnetic susceptibility of the domain structure ighe order of the in-plane films was considerably worse than
expected to be finite or even large. Complex magnetic sushat of the out-of-plane fim& Indeed, we find that the peak
ceptibilities y=x' +ix” were measured as a function of value of the susceptibility for 1.5 ML Fe/1 ML Ni/N¥L10) is
temperature with the ac magneto-optic Kerr effecta factor of 10 less than that of in-plane magnetized Fe/
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. ) . ) FIG. 4. An approximate phase diagram demarcates regions of perpendicular
FIG.3. A se_mllog plot o_f the real data of Fig(l#} indicates a b'road region  and in-plane magnetism. The solid line connects open cit€®@bounding
of exponential decay, with a decay constant of 0.04.KAssuming a mag-  regions of in- and out-of-plane remanence as indicated. Solid points joined
netic response due to domain wall motion, exponential decay is the Signagith the dashed line mark maximum values in the out-of-plane susceptibility
tu_re of a multidomain film with a domain density that grows exp_on‘entlally at each thickness. These points track the phase diagram indifeethRefs.
with temperaturgsee Ref. 15 The value of the decay constant is in rea- »5 ang 25, The greyed region consistently gives a broad range of exponen-
sonable agreement with theoretical estimate for this film of 0.07 (see tial decay in Rex, ] and is identified as a domain phase. The circled region
Ref. 15. labeled MP is thought to be the multicritical point of this reorientation

transition phase diagram.

W(110, which has much better structural order. The nar-
rower susceptibility peak in(2) compared to @) is there-  in-plane remanence as determined from the imaginary parts
fore not due to a difference in structural quality. of the susceptibility. The dashed line connects the tempera-
Arguments based upon the demagnetizing field predictures where Rig,} reaches its maximum value. We specu-
that Figs. 2a) and 2b) should be fundamentally different. |ate that this marker tracks the reorientation transition bound-
The external susceptibility.,,—=dM/dH,, whereH, is re-  ary indirectly, through the dependence of an activation
lated to the internal susceptibility;,, by energy on the vanishing magnetic anisotropy. The
Xint greyed region consis_tentl_y exhibit_s a simplt_a equnential _de-
Xext= 11 Ny’ (2) cay of Rdy,}. This diagram is described in detail
Xint elsewheré?
whereN is the demagnetizing factor. The internal suscepti- The focus in the present work is the greyed area identi-
bility neglects the dipolar interaction in this calculation, andfying the condensing domain region in the strictly perpen-
instead incorporates dipolar effects through the demagnetizalicular 1-2 ML Fe coverage range. As shown in Figs. 2 and
tion field. For the in-plane casge= xint- USing the same 3, y does not possess a clear signature of the Curie tempera-
Xint in the perpendicular geometry with=1, we expeciy.,;  ture. The determination of ;~325K for the reoriented, in-
to be always less than unity and almost independent of tenplane 2.2 ML Fe film suggests th@it is less than 325 K for
perature. This shows that the mechanisms of magnetic rehe 1.5 ML Fe film'? On the basis of the whole phase dia-
sponse in Figs. (@) and 2Zb) are different. gram, we expect 300K T-<340K. Rdy, } exhibits simple
Instead of a broadN=1 susceptibility or a universal exponential decay and is greater than 1 Sl unit well below,
divergence, the Rg,} exhibits an exponential decay in a within and well above this range. Indeed, all of the out-of-
broad range of temperature, as demonstrated in the semilgdane films that we have studied have large perpendicular
plot of Fig. 3. This is the signature of the condensing domairsusceptibilities (R, }>>1) for several tens of kelvins above
phase as described in Sec. Il. The experimental decay comvhere remanence ceases and, indeed, above reasonable esti-
stant of 0.04 K ! is reasonably close to the value of 0.07'K mates of the Curie temperature. The exponential decay of
which is estimated for this film using the theory of Abanov is an approximation valid fof <T.. This suggests a ques-
et al}* This behavior does not persist below about 225 K,tion: why is there no deviation from the exponential behavior
where a peak is formed in the susceptibility, and this is atwith increasingT?
tributed to relaxation effects as previously describedhe A possible answer with theoretical basis is that the
range of exponential decay exceeds that expected from theondensing-domain phase, which is technically paramag-
expansion described above, indicating domain-like behavionetic, melts gradually and continuously into the completely
to 370 K. disordered state with no obvious Curie temperature. Recent
An approximate phase diagram was constructed from &lonte Carlo simulations of the 2Bipolar Ising model show
series ofy vs T measurements at thicknesses ranging frorthis behavior® Again, this model includes the usual ex-
0.25 ML Fe to 3.25 ML Fe and is shown in Fig. 4. Solid change interaction and dipolar interactions between perpen-
lines connect the temperatures bounding perpendicular anticularly oriented moments. In the simulations, critical fluc-
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tuations occur in the domain walls, rather than the interiorsdomain-wall motion. The domain density of this phase in-
because of the large local exchange energy. The divergenceeases exponentially with temperature in a manner quanti-
of the fluctuation—correlation length is then truncated whertatively consistent with theor}y. At Fe thicknesses slightly

it grows comparable to the domain size. At this point, alower than that for which the reorientation transition is first
transition in domain topology is expected, and the condensasbserved, where the perpendicular anisotropy is weakest, this
tion with increasing temperature proceeds along with in-domain phase exists for a broad range of temperature. This
creasing disorder. The expected transition is analogous to trehows that high temperature models for perpendicularly
progression of transitions between smectic, nematic, and tenagnetized, ultrathin films must explicitly include the
tragonal liquid crystal phases, where domain walls unbindipolar interaction and 2D thermodynamics. Our experi-
and domain positional order is lost (smeetinematic) and ments show qualitative and quantitative agreement with the
finally orientational order is lost (nematietetragonal). The 2D dipolar models presently available and underscore the
topological transformation does not interrupt the spatial conneed for high temperature theories more appropriate for real
densation of the domain structure. Such a transformation ilms.

probably not observable in a spatially averaging measure-

ment like the macroscopic magnetic susceptibility. The high
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