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Hard-axis magnetization of ultrathin Ni(111) films on W(110): An experimental method
to measure the magneto-optic Kerr effect in ultrahigh vacuum
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A setup to measure the magneto-optic Kerr rotation in ultrahigh vacuum from ultrathin fer-
romagnetic films in magnetic fields of up to 1.4 T is described. Hard-axis-magnetization loops of
10-30-A thin Ni(111) films are recorded in situ with the magnetic field applied normal to the
film plane. The anisotropy energy of 10-A Ni(111) is = —10° erg/cm? at room temperature,
more than 1 order of magnitude larger than in the bulk. Square hysteresis loops are recorded
with the field parallel to the film plane. This yields an easy axis of magnetization in the plane
oriented along the W(100) direction. The shape of the hard-axis loops depends critically on the
perfect alignment of the applied field with respect to the film normal.

The surface magneto-optic Kerr effect (SMOKE) in ul-
trahigh vacuum has recently been established as a valu-
able probe to investigate the magnetic properties of ul-
trathin ferromagnetic films in situ. The spontaneous mag-
netization Mg (7T) of monolayers and its orientation with
respect to the film plane can be detected in situ up to the
thickness-dependent Curie temperature Tc(d).!~* This
demonstrates the high sensitivity of the technique. In the
case of Fe monolayers on Ag(100),*> Cu(100), Pd(100),
and Ru(0001) (Ref. 4) it has been found that Mg, (T) is
oriented perpendicular to the film plane for certain growth
conditions, temperatures, and film thicknesses 4. In gen-
eral, however, the magnetization is found to lie parallel to
the film plane, e.g., Ni,> and Co.> To understand that
peculiar behavior of Fe and to compare it to theoretical
calculations, one needs to determine the magnetic anisot-
ropy quantitatively, which drives the switching of the
magnetization in or out of the plane. For thin films in lab-
oratory air this is routinely done in ex situ magneto-optic
Kerr effect (MOKE) measurements.®’ Large magnetic
fields (> 1 T) can easily be generated under ordinary lab-
oratory conditions and oriented in any direction with
respect to the film. If a magnetic field H is applied and in-
creased along the hard-axis direction, the magnetization
rotates out of the easy axis until it is perfectly aligned
along the hard axis. The anisotropy field H,, is directly
given as the applied field H at which the magnetization is
parallel to the hard axis. The magnitude of the necessary
field H=H,, to saturate M(H,T) along the hard axis is
estimated from two contributions of Ha,: (i) The demag-
netization field Hy=4z(N, — N, )M (H,T) (Ref. 8) of
Ni equals 6.4 kG with the saturation magnetization
M(T=0 K) =510 G. H, always favors alignment in the
film plane. (ii) The magnetocrystalline anisotropy field
Hryse (Refs. 9 and 10) is usually smaller and depending
on its sign favors a perpendicular orientation or enhances
the in-plane orientation of M,(7). For a sample in ul-
trahigh vacuum (UHV), however, field strengths of a few
hundreds gauss have only been generated so far, at most
=3 kG in Ref. 3, and = 1 kG in Ref. 4. This allows the
determination of the easy-axis orientation and of the usual
small coercive fields H, along that axis. But H, is a com-
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plicated quantity related to domain-wall nucleation and
movement, and contains no information on the out-of-
plane anisotropy.

Here we present an experimental setup to measure in
situ the magneto-optic signal of ferromagnetic mono-
layers in magnetic fields of up to 1.4 T. The magnetic
field can be rotated in a plane normal to the film plane and
by a slight modification of the setup also in the film plane.
For 10-30-A thin Ni(111) films on W(110) magnetic
hard-axis loops are recorded at room temperature with the
magnetic field applied normal to the film plane. From this
we determine the anisotropy fields Ha and H cryse as func-
tion of film thickness.

Our experimental apparatus consists of a conventional
UHV chamber equipped with an Auger/low-energy-
electron diffraction (LEED) system, sputter gun, and
electron-beam-heated evaporation source. At the lower
end of the UHV chamber a quartz finger tip (25 mm in
diameter) is attached.!! This quartz finger reaches into
the pole caps of a 12-in. Varian electromagnet usually em-
ployed for ferromagnetic resonance (FMR) and electron
paramagnetic resonance (EPR) studies.®'"!? This has
the advantage that the magnetic field is created ex situ
contrary to some other UHV compatible SMOKE setups.
Its magnitude is not limited by considerations necessary
inside UHV chambers. Depending on the type of pole
caps installed, magnetic fields of up to 2.3 T are available.
The Kerr effect is detected in the usual way.'*!* Linearly
polarized light (5 mW HeNe laser) passes through a pho-
toelastic modulator and is reflected from the sample posi-
tioned in the quartz tube. The intensity change due to the
change in ellipticity and the rotation of the polarization is
detected with a linear analyzer and a photodiode. The in-
cident laser light is polarized normal to the scattering
plane (s polarized), that is in the film plane. In Fig. 1 we
schematically show the two configurations of our experi-
ments. The conventional longitudinal Kerr effect (H in
the film plane and parallel to M) is depicted in Fig. 1(a).
The angle of incidence ¢; = 16° yields a reduced sensitivi-
ty compared to a larger angle, as has been calculated pre-
viously,'>!6 but it is still sensitive enough for Ni mono-
layers. Figure 1(b) shows our setup for experiments in
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FIG. 1. Schematic of the geometry in our experiments: (a)
longitudinal and (b) polar configuration, as discussed in the text.
E,k(E'k') are the electric field and the wave vector of the in-
cident (reflected) light.

UHYV. H is aligned normal (¢, =90°) to the film plane.
Only in very large fields, that is H= H,,, M is aligned
perpendicular to the film and the polar Kerr effect is ob-
served. For technical reasons we use almost grazing in-
cidence (¢; = 74°). This again is not the best geometry
for maximum sensitivity.'>'® The quartz finger tip of the
UHYV chamber, as described in Ref. 11, has obviously the
advantage of the use of different geometries for the exter-
nal magnetic field, the film plane, and the scattering plane
of the light. On the other hand, the intensity change
detected at the photodiode also contains the Faraday
effect of the quartz glass in large fields. Fortunately, this
is linear as a function of external field and is subtracted
from our experimental data shown in Figs. 2-4. In addi-
tion, our present setup makes it very easy to switch be-
tween (a) magnetic resonance,'? (b) ac susceptibility, !’
and (c) magneto-optic measurements on the same sample
in UHV. The microwave resonator (a) and the induction
coil (b) have central excess holes into which the quartz
finger fits.

10-30-A thin Ni(111) were grown in 10 ™' Torr ul-
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FIG. 2. Longitudinal Kerr signal of 13-A Ni(111)/W(110)
with H applied in the film plane. Relative gain factors are
given. The time constant is reduced at higher 7. H.(T) equals
230, 71, and 41 G.
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FIG. 3. (a) Hysteresis curve of 10-A Ni(111) on W(110) at
299 K, as described in the text. H. =190 G. (b) Magneto-optic
signal of the same film, recorded with H applied normal to the
film plane (¢, =90°). Ha.n=1.03£0.05T.

trahigh vacuum and characterized by LEED and Auger
spectroscopy as described earlier.'? The films grow layer
by layer with a nominal layer thickness of d =2.035 A.

In Figs. 2 and 3(a) we show square hysteresis loops of
13- and 10-A Ni(111) on W(110). The magnetic field is
applied in the film plane along the W(100) direction. As
one expects from the temperature-dependent magnetiza-
tion, the signal height and the coercive field H, decrease
with increasing temperature (Fig. 2). The temperature
dependence of these easy-axis SMOKE signals had been
analyzed previously for Ni on Cu(100) and Ag(100).3
Here we will not focus on this in detail. The high accura-
cy in the proportionality between the complex Kerr rota-
tion Aps; and the magnetization M, (T) necessary for a
precise analysis is not guaranteed in our setup at present.
But a rough estimate from Fig. 2 yields 7. = 460 K.

The sensitivity of our apparatus is estimated from Fig.
3(a). The hysteresis loop of five atomic layers Ni(111)
(10 A) yields a Kerr signal-to-noise ratio S/N =8 at
T/Tc=0.68, Tc (10 A) =440 K.'® Using the known
temperature dependence of the magnetization of thin
Ni(111) films'® we estimate the detection limit (S/N
=1) of our present setup as one-monolayer Ni at
T/Tc=0.8. This detection limit compares very favor-
ably to the best available SMOKE data of ultrathin Ni
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FIG. 4. Hard-axis magnetization loops of 30-A Ni(111) as a
function of the angle ¢» between the film plane and the applied
field H. Note the small changes in ¢5. At ¢» =90° one gets
H.,=0.593£0.01 T.

where we use the demagnetization factors N, =1, Ny=0
(Ref. 8) and the magnetization data M (T) from Ref. 18.
The effective anisotropy constants for our films are given
in Table I. K.g is negative, which means that the tenden-
cy of M to lie in the film plane is favored. This tendency
increases with decreasing thickness. The latter is caused
by larger strains in the thinner samples due to the lattice
mismatch of Ni(111) and W(110). In our case K is re-
lated to the volume anisotropy energy of a hexagonal
structure whose ¢ axis is perpendicular to the film plane’

Ean=K,sin?0+ K 4sin*0+ K & sin®0cos6y , )

where 0 is the angle between the magnetization and the ¢
axis and y is the basal plane angle relative to the a axis.
With this definition one obtains K»(T) =Kg(T) (Ref.
20) in Eq. (1). The second-order anisotropy constant K4
and the in-plane contribution K¢ cannot be determined in
measurements at ¢, =90°. Tilting the applied field by
0.1° away from the normal opens up the magnetization
curve and hysteresis is observed. The characteristic
change of this hysteresis as a function of ¢ (Fig. 4) shows
the presence of an in-plane anisotropy.

To obtain an estimate for the magnitude of this in-plane
anisotropy, we use the coercive fields H. [Figs. 2 and

films.> These authors obtain S/N=2.7 for one- 3(@)]. H.isrelated to the in-plane anisotropy K (.Y
monolayer Ni/Ag(100) at T/ T¢ = 0.63 (T¢c =175 K). §(T)
. : ‘ 2|ké(T)|
In Fig. 3(b) the Kerr signal of the same film is mea- . s—_——M(T) 3)

sured with H normal to the film (¢, =90°). The anisotro-
py field H,,=1.03 T is determined in the usual way as the
kink field of the perpendicular-magnetization curve.'’
The Kerr signal of 30-A Ni(111) on W(110) at room
temperature is plotted in Fig. 4 (¢, =90°). We find
H,,(30 A) =0.63 T in the same way. This represents the
first quantitative in situ determination of H,, of ultrathin
ferromagnetic films by the magneto-optic Kerr effect.
The 30-A value is reduced by almost 50% compared to 10
A. This decrease is even larger if one takes into account
that T/ Tc¢ of 30 A is lower and should have a higher mag-
netocrystalline anisotropy (Table I). No hysteresis is ob-
served as is expected for hard-axis loops. From H,, one
obtains an effective anisotropy energy K.g (Ref. 9) ac-

To be precise Eq. (3) is correct only if the magnetization
of the film switches as a single domain by coherent rota-
tion. In the limit of ultrathin films with an in-plane mag-
netization single domain, formation upon remanently
magnetizing the sample is very likely. This is supported
by the experimental observation that freshly evaporated
Co films (3-20 monolayers) form a single magnetic
domain.?! Nevertheless the magnetization reversal of a
single-domain film will occur by the nucleation and
motion of domain walls. This lowers the experimentally
determined H, from the value given by Eq. (3). In the
case of our fcc Ni films we find rather high coercive fields
when compared to bulk Ni [H, =10 G (Ref. 19)]. We

TABLE 1. Experimental results for Ni(111)/W(110): The anisotropy field Ha, is determined as
shown in Figs. 3(b) and 4. Magnetization data and Curie temperatures T¢(d) are taken from Ref. 12
and 18. The in-plane anisotropy K¢ determined in Eq. (3) is negative. This is seen as follows: Our
LEED data show that the g axis (Ref. 9) of our quasihexagonal fcc (111) film is parallel to W(100), the
easy in-plane axis. This means that E ., (2) must be lowest at y=0°, 8 =90° yielding a negative K§.

d Tcld) M H. Han ¢4 Ker
A K T/Tc(d) G G kG 10* erg/cm? 10° erg/cm?®
10 490 0.61 311 190 10.3 —2.95 -9.9
13 510 0.59 358 225 10 —4.03 —9.8
20 550 0.54 389 s 8.0 s —6.1
25 583 0.51 413 130 6.30 —2.68 =23
30 588 0.51 430 151 5.93 —-3.25 —1.1
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take this as an indication that M rotates in a large domain
and use Eq. (3) to determine K&(T). Interestingly,
K& (T) values (Table I) calculated with the magnetization
values given in Ref. 18 correspond reasonably well to the
known anisotropy energy of bulk Ni (= 4x10* erg/cm?).
This leads us to use H, as a lower estimate for the in-plane
anisotropy K§(T) of Ni(111) films on W(110).

In conclusion we have presented an experimental setup
to measure the magneto-optic Kerr effect in UHYV in mag-
netic fields of up to 1.4 T. Large anisotropy fields of ul-
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trathin Ni(111) films are determined in situ as a function
of film thickness. The magnetocrystalline anisotropy en-
ergy of Ni(111) favors alignment in the plane along
W (100) and increases with decreasing thickness.
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