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Magnetic susceptibility measurements near the multicritical point of the spin-reorientation
transition in ultrathin fcc Fe „111…/2 ML Ni/W „110… films
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Department of Physics and Astronomy and Brockhouse Institute for Materials Research, McMaster University,
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~Received 3 March 1997; revised manuscript received 12 June 1997!

Iron films grown on a two-monolayer Ni/W~110! substrate undergo a temperature-driven spin reorientation
which can be followed experimentally from a low-temperature, perpendicularly magnetized monodomain state
all the way to the high-temperature paramagnetic state without a significant change of the atomic structure.
Measurements of the magnetic susceptibility, using the magneto-optic Kerr effect, give the entire temperature
vs thickness phase diagram for the spin reorientation, including measurements close to the multicritical point
where the reorientation and Curie temperatures are equal. The technique is particularly sensitive to the forma-
tion of the perpendicularly magnetized domains associated with the spin reorientation and reveals that films
with a thickness in the neighborhood of the multicritical behavior also display a maximum in the temperature
at which domain formation begins. Thinner films undergo the transition from ferromagnetic-to-paramagnetic
behavior directly from the domain state, but no signature of the critical temperature itself is seen in the
magnetic susceptibility.@S0163-1829~97!03937-4#
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I. INTRODUCTION

The spin-reorientation transition is a fascinating magne
ultrathin-film phenomenon which depends on the interplay
perpendicular magnetic anisotropy, spin fluctuations, and
main formation. Following an early prediction of Ne´el,1 ex-
periments have shown that the reduced symmetry of an
trathin film can lead to a magnetocrystalline anisotro
which favors a perpendicular orientation of the magnetic m
ment and is even able to overcome the shape anisotrop
very thin films. Numerous studies2 have further shown tha
as the film thickness is increased at constant temperature
relative magnitudes of the magnetocrystalline and sh
anisotropies are reversed, leading to a reversal of the sig
the perpendicular anisotropy, so that the magnetic mom
reorients to lie in plane. While the change in the shape
isotropy with film thickness is relatively simple to calculat
the magnetocrystalline anisotropy is usually treated as a
nomenological functional which depends implicitly on th
film structure, strain, temperature, and other variables. T
one may speak loosely of spin-reorientation transitio
which are driven by, for example, structural transition3

strain in the film,4 or temperature.5–9 The first two categories
are examples of the complicated interplay between fi
structure and magnetism which is of great current inter
The last category is in a sense more fundamental, since
spin reorientation results from thermodynamic consid
ations within a fixed structure and is inherently related to
role of fluctuations in a two-dimensional magnetic syste
As a result, a great deal of effort has been expended on
theoretical description of the temperature-driven sp
reorientation transition.10–13 It has been possible to study i
detail only a relatively few experimental systems show
this behavior.

Pappaset al.5 provided experimental evidence of tem
perature-driven spin reorientation, using fcc Fe/Cu~001!
560163-1829/97/56~13!/8169~6!/$10.00
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films grown at low temperature. They found that the te
perature at which the reorientation occurred decreased
thickness and that a temperature rangeDT;20 K of negli-
gibly small remanence accompanied the reorientation.
reduced remanence was subsequently shown by s
polarized electron microscopy to be due to an instabi
against the formation of small domains6,10 of perpendicular
magnetization below the spin-reorientation temperatureTR

and not due to a loss of magnetization.12 Studies of fcc Co/
Au~111! also demonstrated the importance of domain form
tion in spin reorientation,14 but these studies were made as
function of film thickness because of the thermal instabil
of the films. A temperature-driven reorientation is observ
for bcc Fe/Ag~001!.7 For this film system, Qiuet al.8 were
able to plot a partial temperature vs thickness phase diag
showing the magnetic order-disorder~i.e., ferromagnetic to
paramagnetic! phase boundary at low thicknesses and
spin-reorientation phase boundary at greater thicknesses
temperature vs thickness phase diagram has also been i
tigated theoretically. A continuum, mean-field theory of t
perpendicularly magnetized domains found three distinct
main structures in the approach toTR from below.10 Renor-
malization group calculations,11 which neglected domain ef
fects, predicted an intermediate thickness range contain
both a maximum inTR and a multicritical point where the
order-disorder and spin-reorientation transition bounda
meet. Unfortunately, there are no measurements in th
thickness and temperature ranges.

The present paper reports a study of the magnetic pro
ties of fcc Fe~111! films grown on a two-monolayer~2-ML!
Ni~111!/W~110! substrate. This system proves to be an e
ample where a single film may be followed through both t
spin-reorientation transition and the subsequent ord
disorder transition as the temperature is raised. A comb
tion of structural stability and weak intrinsic magnetocryst
line anisotropy moves the critical Fe film thickness for sp
8169 © 1997 The American Physical Society
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8170 56C. S. ARNOLD, H. L. JOHNSTON, AND D. VENUS
reorientation to much lower values than in other systems
that the Curie temperature remains below the limit of fi
stability and allows the complete temperature vs thickn
diagram to be investigated, including the multicritical regio
In this study, the magnetic characterization is accomplis
by measuring the magnetic susceptibility of the film. Sin
this quantity is sensitive to magnetic orientation, domain f
mation and motion, and critical phenomena, it is a powe
probe of the reorientation transition. The paper is divid
into three further sections. In Sec. II, the film structure a
method for measuring the magnetic susceptibility are
viewed. Section III contains the experimental results and
cussion, and Sec. IV presents conclusions.

II. EXPERIMENTAL METHOD

Use of a Ni~111!/W~110! substrate for the growth of F
films was undertaken as part of a search for a method
grow fcc Fe films which displayed a simpler growth proce
than that observed using a Cu~001! substrate.15 Use of the Ni
buffer film results in good wetting and reduces the mixing
Fe into the substrate.16 Use of the~111! orientation matches
the surface plane to the crystallographic transition front
the martensitic transition in bulk Fe, so that the inevitable
to bcc transition in the Fe films occurs through a continuo
evolution of the surface cell geometry and stacking positi
rather than through the complicated faceting and roughen
process seen for Fe/Cu~001!.17 Angle-resolved Auger elec
tron spectroscopy and scanning tunneling microscopy18 con-
firm that an annealed, 2-ML Ni buffer permits the growth
high-quality fcc Fe, but that a 1-ML Ni buffer gives growt
similar to the bcc Fe observed for growth directly o
W~110!. The first 3 ML of Fe grow in a nearly layer-by-laye
fashion on the 2-ML Ni/W~110! substrate.16 The propagation
of strain from the bcc W~110! substrate results in a slightl
strained fcc~111! lattice which has twofold in-plane rota
tional symmetry, similar to the Ni buffer.19 At an Fe cover-
age of 4 ML, a surface cell intermediate to fcc and bcc fi
appears. Other details of film growth and structure have b
reported elsewhere.16

Previous magnetic studies of Ni/W~110! films using a
magnetic resonance technique20 indicate that a 2-ML film
has an in-plane moment with an order-disorder tempera
TC approximately at room temperature. The 2-ML Ni film
used in this study showed no order-disorder transition in
susceptibility at temperatures above 200 K. Because
finite-thickness scaling of the Curie temperature is very st
in this thickness range, a small difference in thickness c
bration may account for the discrepancy. A prelimina
survey18,21 of the magnetic properties of the Fe/2 ML N
W~110! films showed that they are perpendicularly magn
tized at and below a coverage of 1 ML. The present m
surements of the external magnetic susceptibilityxext
5]M /]Hext were made using the Kerr effect22 to detect the
variation ]M upon application of a small external fiel
modulation ]Hext. An existing dc Kerr apparatus23 was
modified for the ac Kerr effect measurements by incorpo
ing lock-in amplification techniques with special attention
optimization of the signal-to-noise ratio.24 Stray magnetic
fields were eliminated to order 10 mG by three pairs of lar
mutually perpendicular coils.In situ magnet coils generate
o

s
.
d

e
-
l

d
d
-

s-

to
s

f

r
c
s
,
g

t
en

re

e
e
p
i-

-
-

t-

,

a 210-Hz ac field withHext oriented along one of three mu
tually perpendicular directions labeled with respect to
W~110! substrate, givingx' , x001, and x 1̄10. Real and
imaginary parts were measured sequentially. Applied fi
amplitudes were usually 15 and 6 Oe for perpendicular
in-plane measurements, respectively. The optically calibra
measurements gave rms Kerr rotations of order of 1mrad.
Approximate SI magnetic calibrations were made by assu
ing the magnetization of bulk Fe and comparing the ca
brated Kerr rotation to the rotation per monolayer in sa
rated hysteresis loops.

For low coercive fields, the real~in-phase! part of the
susceptibility measures the saturation magnetization, w
the imaginary~quadrature! part measures the remanent ma
netization or, equivalently, the presence of dissipat
through hysteresis.22 Both components fall off when the co
ercive field grows much larger than the applied field. At t
Curie temperature of an order-disorder transition, the inter
susceptibilityx int5]M /]H int diverges. In thin films, the in-
ternal field is itself strongly influenced by the magnetizati
through the demagnetization field,H int5Hext2NM, where
N is the demagnetization factor.25 As a result,

xext5xint /~11Nx int!. ~1!

For an infinite, flat film,Ni50 for HextiM in plane, and at an
order-disorder transition Re$xext% diverges to form a narrow
peak of order 103– 104 SI units, located close to the critica
temperatureTC . Im$xext% has a peak just belowTC , where
the coercive field is less than the applied field and goes
zero when remanence disappears atTC . The in-plane sus-
ceptibility may be measured using the longitudinal geome
for the Kerr effect. ForHextiM normal to the surface, the
polar Kerr effect is used. SinceN'51, the divergence ofx int
at an order-disorder transition causesxext→1/N''1, so that
the measurement is insensitive to the transition. In contr
far below an order-disorder transition the susceptibility
derived from changes in the domain-averaged magnetiza
due to domain wall motion which is driven byHext. The
demagnetizing factor in Eq.~1! does not play a role in this
process. For perpendicular magnetization, the polar sus
tibility due to domain effects does not saturate and, theref
dominates the total signal. For in-plane magnetization
in-plane susceptibility due to domain effects is dwarfed
the presence of a diverging critical susceptibility. The tw
measurement geometries are therefore most sensitive to
ferent magnetic phenomena. Measurements ofx are particu-
larly well suited to the study of the spin-reorientation tran
tion, since they are sensitive to domain formation a
domain wall motion in perpendicularly magnetized films.

III. RESULTS AND DISCUSSION

Figure 1 presents the real~a! and imaginary~b! parts of
the magnetic susceptibilities for all three field orientation
for a 2.25-ML Fe film on 2 ML of Ni/W~110!. The measure-
ments are reversible as long as the temperature does no
ceed 400 K. The polar susceptibilities have been multipl
by a factor of 70 so that they can be viewed on the same
as the in-plane measurements. At low temperatures, i
clear from Im$x% that the film displays remanence in th
polar susceptibility, but not the in-plane susceptibility, and
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56 8171MAGNETIC SUSCEPTIBILITY MEASUREMENTS NEAR . . .
therefore perpendicularly magnetized. Although the mag
tude of Re$x'% is relatively small, it is nonetheless muc
greater than unity and, taken in conjunction with remanen
must represent the presence of perpendicularly magne
domains. This is consistent with the broadness of the pea
Re$x'%. To interpret this peak as an order-disorder transit
is unphysical, as it requiresN'<0.05 in Eq.~1!. A perpen-
dicular remanent magnetization is detected in Im$x'% up to
280 K, after which there is a gap from 280 to 322 K in whi
no remanent magnetization is detected. At higher temp
tures, remanence reappears in plane, as indicated by a
in Im$x001%, demonstrating that the spins have reorien
along W@001# or, equivalently, the@011̄# direction of the
strained fcc Fe. Comparison to the low-energy electr
diffraction ~LEED! pattern16 shows that the magnetizatio
lies along the direction of in-plane compressive strain in
films and perpendicular to the direction of in-plane tens
strain. These strains are apparently sufficient to crea
uniaxial in-plane anisotropy. The form ofx001 conforms to
that expected near an in-plane order-disorder transit
Im$x001% goes to zero very near to the temperature of
peak in Re$x001%, giving TC534262 K. The considerable
width @full width at half maximum~FWHM!525 K# of the
latter peak is attributed to the large ac field of 6.0 Oe used
this particular measurement.26 In the region of zero rema
nence, there is also a purely real response inx 1̄10, which is
discussed later.

In overview, it is clear that a spin-reorientation transiti
occurs at an Fe film thickness of only'2 ML, whereas at
least 4–6 ML are required for Fe/Ag~001! ~Refs. 7 and 8!
and Fe/Cu~001!.5–7 This indicates that the perpendicul
magnetic anisotropy of this system is rather weak and s

FIG. 1. Magnetic susceptibility of a 2.2-ML Fe film grown on
2-ML Ni/W ~110! substrate.x is measured for applied fields or
ented along three mutually perpendicular directions referred to
surface of the W substrate. The estimated scale assumes the
magnetization of iron.
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gests that there is some cancellation of the contributi
from the three surfaces involved~UHV/Fe, Fe/Ni, and Ni/
W!. This seems reasonable, as Ni/W~110! films have nega-
tive ~i.e., favoring in-plane! surface anisotropy and the pos
tive surface anisotropy of Fe/Cu~111! is roughly half as large
as that of Fe/Cu~001! or Fe/Ag~001!.27 Because the Fe film is
thinner when reorientation occurs, the Curie temperatur
relatively low and allows the spin-reorientation and ord
disorder transitions to be observed sequentially on the s
film without altering the metastable structure. The detai
behavior of the susceptibilities can be interpreted using
domain model of Abanovet al.10 They calculated a reduce
~i.e., unitless! magnetizationm, which results from the dif-
ference in the spin-up and spin-down domain widths up
the application of a reduced external magnetic field stren
h. In this mean-field domain model, the external polar s
ceptibility in the limit of smallh is

x'5]m/]h5@~p/4!Vn* ~T!#21, T,TR , ~2!

whereV is the dimensionless scale of the dipole interact
energy andn* (T) is the linear density of domains. The au
thors show that near the spin-reorientation temperature
the perpendicular anisotropy approaches zero,n* (T) grows
exponentially, giving a temperature rangeDT of complicated
domain patterns which exhibit greatly reduced remanen
Figure 1 givesDT'40 K, in rough agreement with measur
ments using small fields on other Fe film systems.5,7,8 Equa-
tion ~2! shows that Re$x'% decreases as the domain dens
increases in the approach toTR , in agreement with Fig. 1. At
lower temperatures, the model predicts a single-domain s
At sufficiently low temperature, the experimental Re$x'% is
governed by the coercive field and increases with temp
ture. A peak in Re$x'% is formed at the intersection of thes
two limiting behaviors and should be a reliable, althou
approximate, indicator of the formation of the domain pha
from the single-domain state.

The purely real response inx 1̄10 near the spin reorienta
tion is likely related to imperfections in the 2-ML Ni buffer
LEED ~Ref. 16! results indicate that Fe grown on a 1-ML N
buffer is poorly ordered, and scanning tunnelin
microscopy28 images show that the growth morphology
similar to that seen for bcc growth directly on W~110!. Fig-
ure 2~a! shows Re$x% measured for a 1.5-ML Fe film grown
on a 1-ML Ni buffer. Re$x1̄10% indicates an in-plane magne
tization along W@ 1̄10#, as is seen for Fe grown directly o
W~110!.29 The width of the peak at the order-disorder tra
sition at 345 K is consistent with Eq.~1! with Ni'0 and the
smaller ac field modulation of 2.0 Oe used in this expe
ment. Data for Fe grown on 1.5 ML Ni~not shown! reveal
simultaneous remanence along the surface normal
W@ 1̄10#, consistent with distinct magnetic behavior on t
regions of 1 and 2 ML Ni. Although use of an ideal 2-ML N
buffer should result in only fcc Fe, scanning tunneling m
croscopy images18 of a 2-ML Ni buffer show small regions
of size ,10 nm of 1- and 3-ML Ni thickness, comprisin
about 5% of the film. We speculate that Fe grown on 1 M
Ni in these regions may continue to give a weak, nonrem
nent response in Re$x1̄10% when surrounded by the predom
nant fcc Fe portion of the film. As can be seen in Fig. 1, t
response displays a broad peak just belowTR . Apparently,
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8172 56C. S. ARNOLD, H. L. JOHNSTON, AND D. VENUS
the properties of these small regions of the film become
fluential close toTR where the direction of magnetization
not otherwise well defined.

Figure 2~b! presents magnetic susceptibilities measu
ments for 1.5 ML of Fe on a 2-ML Ni buffer. Compariso
with Fig. 1 shows that the low-temperature peak inx' asso-
ciated with the domains of perpendicular magnetization
present, but that there is no signature of the in-plane re
entation or the order-disorder transition inx001. Since do-
main formation has begun, but spin reorientation has not
occurred, the order-disorder transition in this film must p
ceed directly from the perpendicularly magnetized dom
phase. The Curie temperature cannot then be detecte
measurements ofx' , as was discussed earlier. Even if
well-defined Curie temperature exists, the demagnetiza
factor N'51 in Eq. ~1! produces only a very broad, sma
peak in theexternalsusceptibility and the measurements a
insensitive to the transition.30 The fact that remanence is de
tected in Im$x'% makes it clear that the Fe is not antiferr
magnetic, as has been found for Fe/Cu~001! films grown at
room temperature,3 since the fcc~111! surface of antiferro-
magnetic Fe exposes equal numbers of sites of each
orientation.

The absence of the spin-reorientation transition at l
coverages is supported by the systematic dependence o
magnetic susceptibility on the Fe thickness, as summar
in Fig. 3. Measurements for all three applied field orien
tions were performed at thicknesses of 1.5, 2.0, 2.25,

FIG. 2. ~a! Magnetic susceptibility of a 1.5-ML Fe/1-ML Ni/
W~110! film indicates in-plane magnetization along W@ 1̄10#. ~b!
Magnetic susceptibility of a 1.5-ML Fe/2-ML Ni/W~110! film indi-
cates normal magnetization at low temperatures and no spin r
entation. An order-disorder transition from the perpendicula
magnetized state would produce a maximum Re$x'% of 1 and would
not be detected.
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0,

and 4.0 ML, and individual susceptibility components we
measured at other thicknesses. Solid dots represent the
positions of Re$x'%, and the dashed lines connecting the
are guides to the eye. Open circles represent the points w
remanence vanishes or appears and are joined by a solid
The regions on the diagram are labeled according to whe
perpendicular, in-plane, or no remanence was observe
Im$x%. For Fe thicknesses 2,x<3 ML, TC.TR , and the
order-disorder transition proceeds from the reorienta
phase. Thus the solid line indicating the appearance of
plane remanence in Fig. 3 in this region may be labeled
giving TR , and the solid line indicating the disappearance
in-plane remanence may be labeled as givingTC . Three
markers of the spin-reorientation process—the tempera
where in-plane remanence appears, the upper limit of p
pendicular remanence, and the peak in Re$x'%—all decrease
with increasing thickness in this regime. For 1,x<2, the
order-disorder transition occurs from the perpendicular
main phase and, since it cannot be observed inx' , the line
giving TC cannot be shown. However, in this thickne
range, the two markers of the spin-reorientation processin-
creasewith increasing thickness. Since the spin-reorientat
transition is not observed forx52 and first seen atx
52.25, the multicritical point of the system must be at valu
intermediate to these and at approximately 335 K, as in
cated by a circle in Fig. 3. The data in Fig. 1 are therefore
observation of the magnetic susceptibility in the neighb
hood of the multicritical point where the spin-reorientatio
transition and the order-disorder transition lines meet. I
interesting to note that this occurs at the thickness where
markers of the spin-reorientation transition have maxima

ri-

FIG. 3. Schematic phase diagram of the spin-reorientation t
sition in Fe/2 ML Ni/W~110!. The solid dots connected by a dash
line are the peak positions of Re$x'% and are a rough marker of th
formation of the perpendicularly magnetized domain phase.
open circles connected by a solid line are locations where
imaginary part of either the perpendicular or in-plane susceptib
becomes zero. The boundaries of the in-plane phase are label
the reorientation temperatureTR and Curie temperatureTC . Re-
gions of the diagram are marked as having perpendicular, in-pl
or no remanence. A circle indicates the multicritical region whe
the perpendicular, in-plane, and paramagnetic phases meet.
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56 8173MAGNETIC SUSCEPTIBILITY MEASUREMENTS NEAR . . .
agreement with the prediction of Politiet al.11 This behavior
is at least consistent with the partial phase diagram of
Ag~001! reported by Quiet al.,8 where only the regions re
moved from the multicritical point were investigated.

At 1 ML Fe, there is a sudden change in the temperat
at which the peak in Re$x'% occurs, suggesting that films les
than 1 ML thick form a qualitatively distinct region. Fo
submonolayer Fe films, Re$x'% ~not shown! again has a
broad peak consistent with domain wall motion. Since
films have perpendicular remanence down to a thicknes
least as small as 0.25 ML Fe, the Ni moments in the 2-M
buffer must be actively participating in the formation of th
perpendicular magnetization~particularly when the Fe is
lands are below the percolation limit!. It is remarkable, but
not unique,31 that such a small coverage can greatly alter
magnetic properties of a film. Taken together, these obse
tions suggest that properties of submonolayer Fe films
determined by the formation of the Fe/Ni interface. Mon
layer Fe islands on a Ni film are a reasonable approxima
to ultrathin fcc ~111! films of alloys made of equivalen
amounts of Fe and Ni, which have been shown to hav
perpendicular magnetization.32 The fact that the peak pos
tion of Re$x'% changes very close to 1 ML Fe tends to co
firm that the films grow with good layer completion an
suggests that the magnetic behavior of the thicker films
dominated by the Fe overlayer, and not by the interface.
not clear whether or not the order-disorder transition te
peratureTC also shows an abrupt change at 1 ML Fe. Furt
experiments are required to examine this region of the ph
diagram.

IV. CONCLUSIONS

In summary, measurements of the ac magnetic susc
bility of fcc Fe/2 ML Ni/W~110! films have allowed a sys
tematic investigation of the spin-reorientation process
ch
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produced a complete, schematic temperature vs thickn
phase diagram. For thicker films, there are experime
markers for the perpendicular phase, the formation of
perpendicular domain phase, a reorientation to the in-pl
phase, and the order-disorder transition from the in-pla
phase to the paramagnetic phase. For thinner films, the or
disorder transition proceeds directly from the perpendicu
domain phase and there is no clear marker of the Curie t
perature in the magnetic susceptibility. Measurements in
cate that the multicritical point where the in-plane, perpe
dicular, and paramagnetic phases meet is at a thickn
between 2 and 2.25 Fe ML and a temperature of about
K. The film thicknesses in the multicritical region whe
TR'TC display a temperature maximum for the formation
the domain phase. There is evidence that submonolaye
films form a distinct region where the magnetic propert
are governed by the formation of the Fe/Ni interface. T
film system is well suited to further studies of the details
spin reorientation, including a search for experimental e
dence of domain melting phases close to reorientation,
nature of and universal behavior in the multicritical regio
and the description of the transition from the perpendicu
domain phase to the paramagnetic phase. Furthermore
magnetic properties of films>4 Fe ML, where a rather con
tinuous fcc to bcc transition occurs, have yet to be inve
gated. Finally, the present studies show that measuremen
the magnetic susceptibility are a useful, and more wid
accessible, complement to spin-polarized microscopy for
serving spin reorientation.
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