
VOLUME 79, NUMBER 25 P H Y S I C A L R E V I E W L E T T E R S 22 DECEMBER 1997

802

4550

5

Magnetic Instability of Ultrathin fcc FexNi12x Films
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The “invar effect” in FexNi12x alloys occurs when the Fe content approaches 65%. At this point, the
magnetization falls to zero, and a martensitic structural transformation from a fcc to a bcc lattice occurs.
This paper addresses the question: “What happens if the structural transformation is suppressed in an
ultrathin alloy film?” We present results to this effect, showing the variation of the magnetization with
changing composition in ultrathin films grown on Cu(100). We find a new low-spin, ferromagnetic
phase of matter, which is a sensitive function of the atomic volume. [S0031-9007(97)04889-8]

PACS numbers: 75.70.Ak, 75.50.Bb, 79.60.Dp
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Recent experimental results of the properties of
FeyCu(100) have stressed the importance of the corre
tion between magnetic properties and the atomic volu
[1–4]. These moment-volume instabilities for fcc Fe h
been calculated a few years ago [5] and were the driv
force for many subsequent experiments. Moment-volu
instabilities are also known in fcc FexNi12x alloys. In
the bulk, FexNi12x alloys show anomalous behavior at
Fe content of,65%, which is usually referred to as th
“invar effect” [6]. It has been observed that the structu
changes from the fcc into the bcc phase as the Fe con
increases. Simultaneously the Curie temperatureTc and
the magnetic moment collapse [6]. The question ari
whether a moment collapse still takes place if the f
phase stability is extended beyond 65% Fe. This ques
has been theoretically answered by Abrikosovet al. [7].
They find that a moment collapse still takes place at a
content of 75%, which is accompanied by a reduction
the atomic volume of,9%. Experimentally an extended
regime of fcc stability can be achieved via epitaxy on
Cu(100) substrate [8] which allows us to test the pred
tion of Abrikosovet al.

In this Letter we report on the concentration depe
dence of the magnetic dichroism of the Fe3p core
level in photoemission with linearly polarized light [x-ra
magnetic linear dichroism (XMLD)] for metastable fc
FexNi12x alloy films and the correlation to their atomi
volume [9].

We will show that a moment-volume instability exist
but the atomic volume changes are significantly sma
than predicted. We will also show that the mome
stays finite since we observe a ferromagnetic respons
the form of surface magneto-optic Kerr effect (SMOKE
hysteresis loops and XMLD. Moreover, our results stre
the importance of a changing atomic volume on t
magnetic instability of fcc FexNi12x alloys and indicate
the existence of magnetic phases not considered
Abrikosovet al.
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We performed extensive studies on the structural a
magnetic properties of FexNi12xyCus100d alloys films,
which we found to grow layer by layer [8]. Details o
the apparatus can be found elsewhere [8]. The dichroi
experiments were performed at the SpectroMicrosco
Facility on Beamline 7 at the Advanced Light Sourc
Berkeley [10]. The alloy films were grown at300 K and
the concentration and thickness were determined usin
MgKa source. For photoemission of the3p core levels
we utilized 190 eV photons (p-polarized) and collected
electrons in normal emission with an angular resolution
2±. The angle of incidence of the photon beam was 6±

with respect to the surface normal and the magnetizat
was in the “transverse” geometry [11] which is sensitiv
to an in-plane orientation of the magnetization. A fie
pulse from a coil near the sample magnetized the sam
along theh001j direction. Magnetization reversal could
be achieved by reversing the direction of the field puls
SMOKE experiments have shown that FexNi12x films with
the magnetic field along theh001j direction have almost
square loops. We performed two series of experimen
First we grew uniform films with a given thickness an
concentration; then, in order to explore the thickne
dependence at a given concentration, we grew wedg
samples with a gradient of,2 MLymm. The spot size
of the light was,100 mm which results in a thickness
resolution of,0.2 ML (monolayers).

We have systematically changed the concentration
fcc FexNi12x alloy films and measured the dichroism
of the Fe3p core level. In Fig. 1 the result for a
7 ML Fe59Ni41 film is shown in which we observe
dichroism in both the Ni and the Fe3p levels. Similar
spectra were obtained with the focus on the Fe-rich si
The results are displayed in the upper panel of Fig
[12]. The distinctive feature is a high asymmetry fo
concentrations below,60% followed by a transition into
a low asymmetry at higher Fe concentrations [13]. T
lower panel of Fig. 2 shows the concentration dependen
© 1997 The American Physical Society
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FIG. 1. Difference spectrum and single spectrum of a 7 M
Fe59Ni41 alloy film taken at 300 K. Dichroism is also observe
for the Ni 3p core level.

of the atomic volume of6 ML thick alloy films as
determined by low-energy electron diffraction (LEED
and reflection high-energy electron diffraction (RHEED
The perpendicular lattice constant has been dedu
from the Bragg peaks of thes0, 0d LEED spot [14].
This simple kinematic picture has been shown to
sufficiently accurate for determining the perpendicu
lattice constant for two different phases in fcc FeyCu(100)
[2]. The in-plane lattice constant was measured
the peak separation of thes1, 0d and s21, 0d RHEED
beam [15]. We have observed that for up to 66%
content, FexNi12x alloys grow pseudomorphically on th
Cu(100) substrate [16]. But Fe80Ni20 alloys show a

FIG. 2. The upper panel shows the concentration depend
of the Fe3p asymmetry at300 K; the film thickness was
5.5 9.0 ML. Solid line is a fit as explained in the text. Th
dashed vertical lines separate the different regimes labele
II, and III. The lower panel shows the atomic volume of6 ML
thick alloy films.
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gradual decrease of the in-plane lattice constant of,0.7%
between 1–4 ML.

We now want to discuss what we can learn from th
variation of the atomic volume. First we extrapolate th
atomic volume for the pure Fe case and compare it w
the results of a full LEED I-V analysis of FeyCu(100)
[1]. Müller et al. found12.1 Å3 for films up to 4 ML and
11.4 Å3 for the interior of thicker films [1]. Interestingly
our values derived from Fig. 2 (12.0 and11.5 Å3) are in
good agreement with Mülleret al. and show that our sim-
plified structural analysis is essentially correct. In the ca
of FeyCu(100) the two atomic volumes are representati
for two different magnetic phases; the larger volume refe
to a ferromagnetic high spin (HS) state and the smaller
an antiferromagnetic low spin (LS) state [3,4] in agreeme
with theory [5]. We can immediately see that if Fe wer
to stay in a HS state for all concentrations the atomic v
ume would follow the curve which extrapolates to12.0 Å3

for pure fcc Fe. Since the atomic volume curve deviat
towards smaller values we conclude that a ferromagne
LS state exists for concentrations beyond,70% Fe. It
should be noted that we are able to observe hystere
loops and magnetic dichroism, so we can rule out a fu
antiferromagnetic phase. In fact, the results of Keavn
et al. suggest that a coexistence of phases is a possibi
They observed that by increasing the lattice constant of
substrate the average moment increases froms0.3 2.0dmB

[3,17]. However, they found that the hyperfine field is n
systematically dependent on the lattice constant. They
scribed this as a change in the population of two coexist
phases. For Fe concentrations above 80% the atomic
ume changes only very little due to the fact that the atom
volumes of Fe and Ni are now very similar. From th
atomic volume plot in Fig. 2 we can now derive a mod
for the Fe asymmetry. For concentrations up to,65% Fe
we expect a constant value followed by a transition regi
to smaller values. Finally, a regime at constant value sta
at ,80% Fe content. The solid line in the upper panel o
Fig. 2 is a fit to the data by assuming two regimes of co
stant asymmetry joined by an intermediate regime with li
early varying asymmetry [18].

We can distinguish three regimes; for Ni-rich alloys w
observe a high asymmetry of,8% followed by a tran-
sition regime towards smaller values which finally sta
constant at,1%. These regimes have been indicated
Fig. 2 as I–III.

We clearly observe a close connection between
magnetic asymmetry and the atomic volume which sho
in the transition interval a reduction by,2%. This con-
firms the expected moment-volume instability. Howeve
the variation of the atomic volume is significantly smalle
than predicted by Abrikosovet al. [7].

In order to further explore the volume instability
we have investigated the thickness dependence of
asymmetry for concentrations near the boundary
regimes II and III. We were guided by ancillary SMOKE
5167
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experiments on a Fe75Ni25 alloy which have shown a
change in the thickness dependence ofTc at around
4 ML [8]. In Fig. 3 we show the results for two
Fe concentrations of 72% and 80%, respectively.
both cases we notice that by reducing the thickne
the asymmetry reaches a value of,8% 10% which
coincides with the value for Fe concentrations belo
60%; see Fig. 2. In other words the reduction of th
asymmetry is suppressed at a thickness of 2–3 M
If we indeed observe a moment-volume instability fo
FexNi12x alloys, we have to expect an increase
the atomic volume if the thickness is decreased fro
,7 to ,2 ML. This is exactly what we have observe
and we compare in Fig. 4 the atomic volume for
and 6 ML films [19]. We see that an increase of th
atomic volume by,3% 4% is sufficient to result in an
increased asymmetry. As pointed out before these res
are in agreement with the observation of Keavneyet
al. although they could not give a value of the change
the atomic volume [3].

Again we observe that the magnitude of the asymme
depends in a very sensitive way on the atomic volum
We therefore conclude that our data show the existence
two magnetic phases which are separated by a small va
tion of the atomic volumes,3%d. This is significantly
smaller than the prediction of Abrikosovet al. and also
smaller than the change observed for FeyCu(100) [1,2].

The observed close connection between the magn
asymmetry and atomic volume clearly suggests that
element specific asymmetry tracks the average mome
In fact, we find that the element-specific asymmetry f
CoxNi12xyCus100d alloy films is independent of the con
centration. Recently it has been shown experimenta
that XMLD of the Fe3p core level probes the magneti
zation [11,20], which agrees with the findings of van d
Laan [21], and the data shown in Fig. 2 would sugges
strong variation of the average Fe moment. As shown

FIG. 3. Thickness dependence of the Fe3p asymmetry for
wedge-shaped films of Fe80Ni20 (squares) and Fe72Ni28 (circles)
alloys taken at,250 K.
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Fig. 3 the asymmetry increases by a factor of,6 when
reducing the thickness from,7 to ,2 ML for Fe con-
centrations of 72% and 80%, respectively. This fact
is more or less what Keavneyet al. observe for the aver-
age moment (or magnetization) upon increasing the latt
constant [3]. We can make this point clearer by conside
ing the following. In the Ni-rich regime we can assum
the value of,2.5mB for Fe; this follows from Abrikosov
et al. and the variation of the atomic volume shown i
Fig. 2. With this “calibration” we get a value of,0.4mB

in the limit of pure FeyCu(100). This is in fair agree-
ment with the result of Keavneyet al. [3]. In other words,
extrapolating the magnetic asymmetry signal towards t
pure Fe case results in a variation which is strongly corr
lated to the magnetization.

Although the available cooling was rather limited
(250 K) we can rule out variations inTc as the cause
of the asymmetry behavior. Our SMOKE measuremen
have shown thatTc increases only slowly with thickness
for Fe75Ni25yCus100d (after a steep initial increase) and
is above 250 K for thicknesses larger than,2 ML [8].
In other words, there is no drop ofTc as a function of
thickness as is observed for FeyCu(100) [22].

The question might arise as to whether the observat
of a reduced asymmetry is due to “magnetic live surfa
layers” as reported by Thomassenet al. [22] rather than
a “volume” effect. The thickness dependence of th
asymmetry shown in Fig. 4 does not support this view
We do see a continuous change rather than a jump
a critical thickness, which is,4 ML for FeyCu(100).
This is confirmed by our SMOKE measurements an
similar results for fcc FexCo12xyCus100d alloys [23],
which show that the sample is uniformly magnetize
[8]. It turns out that a small amounts,20%d of Ni or
Co is sufficient to suppress the existence of magne
live surface layers. The existence of magnetic liv
layers is closely connected to the structural instability

FIG. 4. Comparison of the variation of the atomic volume o
2 ML (circles) and 6 ML (squares) thick alloy films near the
critical invar concentration.
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fcc FeyCu(100) which results in reconstructions of th
surface as seen with LEED [1,22]. The lack of the
reconstructions for FexNi12xyCus100d are a manifestation
of a higher structural stability. From this point of view
we do not expect magnetic live surface layers in FexNi12x

alloys.
Also a rotation of the magnetization from in plane t

out of plane is not responsible for the reduced Fe3p
asymmetry. This follows from our SMOKE experi
ments in the longitudinal and polar geometry [8]. W
also checked this point with the XMLD technique b
employing a geometry which is sensitive to a perpe
dicular magnetization orientation. A suppression of
perpendicular magnetization has also been observed
FexCo12xyCus100d alloys upon alloying with a small
amount of Co [23].

The growth of FexNi12xyCus100d alloys has been
thoroughly studied and we found good epitaxial grow
[8]. In particular, we did not observe different growt
regimes as it is known for FeyCu(100) [22]. Therefore
our measurements reflect the “true” intrinsic properties
FexNi12x alloys.

We have shown that FexNi12x alloys can be stabilized
in the fcc phase on a Cu(100) substrate. Furthermo
we observe a variation of the atomic volume with co
centration. We report on the first systematic study
the magnetic behavior of ultrathin alloy films utilizing
the element specificity of core-level photoemission wi
linear polarized light. We have observed a close conn
tion between the Fe3p asymmetry and the atomic vol-
ume. The observed reduction of the atomic volume
,60% 80% Fe content is significantly smaller than pre
dicted by Abrikosovet al. [7]. Our results clearly show
that additional magnetic phases other than a nonmagn
and high-spin ferromagnetic HS phases must exist for
FexNi12x alloys. We also conclude that XMLD measure
a quantity closely related to the magnetization.
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