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Reorientation phase transition behavior in metastable epitaxial 
cobalt-copper alloys 

M. T. Kief, G. J. Mankey, and R. F. Willis 
Department of Physics, The Pennsylvania State University, University Park, Pennsylvania 16081 

We report experimental results on the ferromagnetic critical behavior of cobalt and metastable 
cobalt-copper alloy two-dimensional layers CuxCo1 _ x epitaxially grown on Cu ( 001). 
Copper alloying reduces the magnitude of the cobalt magnetic moment and introduces a 
magnetization component normal to the film. Reorientation of the magnetization 
back into the plane occurs via a second-order phase transition at a temperature which is 
lower than the film Curie temperature. We discuss these results in light of the recent 
predictions of Pescia and Pokrovsky. 

Pescia and Pokrovsky have argued in a recent 
publication1 that as a consequence of the strong fluctua
tions in a 2D Heisenberg ferromagnet with perpendicular 
anisotropy, a temperature TR exists at which the perpen
dicular component of the magnetization turns in plane via 
a phase transition prior to the Curie temperature T O This 
reorientation phase transition of the magnetization is es
sentially the entropy of disorder prevailing over the inter
nal energy of the free energy. As a consequence of the 
strong fluctuations associated with the reduced dimension
ality, the ground-state anisotropy constant ,l and the dipole 
constant .0. renormalize to temperature-dependent con
stants ,l(t) and .0.(t). ,l(t) and .O.(t) renormalize in such a 
way that the equation l(T) =il(T) has a solution at a 
temperature TR below which the magnetization has a per
pendicular component [l(T < TR) > il(T < TR)], and 
above which the magnetization M( T) orients in the plane 
[l(T > TR) < il(T > TR)]. This reorientation of the 
magnetization occurs by a phase transition distinct from 
the Curie temperature. The exact value of TR relative to 
Tc is dependent upon the strengths of anisotropy parame
ter ,l relative to the dipole-coupling constant il: 

(1) 

where s is a renormalization-group scaling parameter.1 

In this paper we present experimental evidence of just 
such an effect in 2D layers of CuxCo1 _ x metastable alloys. 

We have produced single-crystal 2D layers of 
CuxCo1 -x over the whole concentration range. Such an 
extended range of composition is not possible in the bulk 
due to the equilibrium immisibility of the two components. 
This is accomplished by coevaporation of cobalt and cop
per at proportionate rates under conditions for epitaxial 
growth on a Cu ( 001) substrate. All alloy films were grown 
at a rate of about 1 monolayer per minute at 300 K, which 
we have previously shown to be the optimal temperature 
for producing epitaxial fee cobalt layers on Cu ( 001). 2 The 
alloy composition appears to remain stable over the tem
perature range we have studied. Pressures during evapora
tion never exceeded 2X 10- 10 mbar. Evaporator flux was 
calibrated with reflection high-energy electron diffraction 
(RHEED) oscillations and alloy concentrations are homo
geneous better than 10%. All films show good p(l X 1) 
low-energy electron diffraction (LEED) patterns indica-

tive of epitaxial growth and are reversible below 350 K. 
Preliminary results of these and other measurements have 
been published2

•
3 and more details of the present measure

ments will appear in a lengthier publication. Nonequilib
rium epitaxial growth techniques provide a new and ver
satile method for fabricating metastable alloys not 
attainable in bulk crystals. 

The magnetization of these randomly substituted 
CuxCo1 _ x alloys decreases linearly with increasing con
centration of the noble metal component.4 Figure 1 shows 
representative hysteresis curves for a pure cobalt film com
pared to a 50:50 composition alloy film measured in situ 
using the surface magneto-optic Kerr ellipsometry 
(SMOKE). The loops show the in-plane component of the 
magnetization in the longitudinal Kerr geometry. The co
balt film is spontaneously magnetized in-plane for all film 
thicknesses above 1.0 monolayers. The Curie temperature 
increases as a function of the number of layers. 2•

5 The sys
tem is "well behaved" in the sense that the cobalt moment 
is known to remain stable against strain produced by epi
taxy on Cu(OOl). 

Using the standard method6 of maximizing the linear 
fit of the magnetization versus the reduced temperature, 
t = ( T - Tc) IT c, on a log-log plot, yields a value for the 
critical exponent of f3 = 0.24±0.04 for the power law re
lation M(T) = t-f3. Results for FelAu(00l) have re
cently reported a similar value, /3 = 0.22±0.02.7 These 
critical exponents are not consistent with either the Ising 
or isotropic Heisenberg models8 and their physical origin 
will be discussed in detail in a more lengthy publication. 5 

Figure 2 shows plots of the scaled magnetization versus 
TIT c for both pure cobalt and cobalt-copper alloy films 
over a range of film thicknesses. The magnitude of finite 
size rounding effects observed above Tc is dependent in 
part on the copper ( 001 ) substrate roughness, but appears 
to be amplified by the critical fluctuations. 5 Alloying with 
copper causes Tc for any particular film thickness to be 
lowered. Simultaneously, we observe a tilting of the mag
netization out of the plane and a remanent magnetization 
component normal to the film plane. Figure 3 shows rep
resentative hysteresis curves comparing the perpendicular 
magnetization component for the pure cobalt and a 50:50 
copper-cobalt alloy film.9 The magnetization components 
M1 (Fig. 3) and M 11 (Figs. 1 and 2) were sequentially 
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FIG. 1. SMOKE hysteresis loops of a pure-cobalt film (2.6 monolayers) 
and a 50% cobalt-copper alloy film (5.0 monolayers). The magnetization 
scales with copper content (see Refs. 4 and 5). 

monitored by switching the magnetic field in situ from the 
polar to longitudinal Kerr effect geometries. 5 

With increasing copper concentration x, the strength 
of the anisotropy normal to the plane ,l ( T) increases rel
ative to the in-plane dipole coupling constant n ( T). This 
gives us a means for experimentally tuning their relative 
contributions to the overall free energy. Also, we are able 
to vary the film thicknesses with an accuracy of 0.1 mono
layers, which allows us to sensitively tune Tc• Thus, we 
find conditions under which the perpendicular component 
M 1 goes to zero at a temperature TR lower than T O Table 
I gives values of Tc and TR measured for a range of alloy 
compositions and thicknesses. The ratio T RIT c is observed 
to be more sensitive to alloy composition than film thick
ness between 2 and 6 monolayers. A value of TR/Tc 
= 0.969 ± 0.005 is observed for 50:50 alloy composition 
and this value does not vary more than a few percent over 

0.5 

X 
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FIG. 2. Scaled Kerr intensity (remanent magnetization) vs reduced tem
perature, TIT c, for a 1.4-monolayer-thick film of cobalt (Tc= 333 K), 
with superimposed values for alloy films: 2.75 monolayers of Cu1Co2 ( 

Tc= 350 K) and 7.5monolayersofCu3Co2 (Tc= 328 K). The solid curve 
is the power law fit: M(T) ~ (1 - TITc) 0

·
24

• 
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FIG. 3. Perpendicular component of the remanent magnetization ob
served for a 50:50 cobalt-copper alloy film (5.0 monolayers) compared to 
a pure cobalt film (2.6 monolayers). 

the thickness range. In contrast, this ratio rapidly ap
proaches unity with percentage increases in cobalt content 
until the perpendicular component vanishes at a cobalt 
concentration near 75% (x=0.25). 

This is in agreement with the prediction of Pescia and 
Pokrovsky. 1 The value of TR is positive (and therefore 
physical) only if the ground-state values of the anisotropy 
,l and the dipole-coupling n constants satisfy the inequal
ity ,l > n. ,l increases relative to n with increasing copper 
content until ,l = n and T RIT c = I. In the case of TR 
> Tc, no reorientation transition occurs over the whole 
temperature range, where M(T)=/=0. However, a normal 
component of the Kerr signal can still be detected in the 
presence of an applied field ( ~ 300 G) at a cobalt concen
tration of 75%. This is also in agreement with Pescia and 
Pokrovsky's prediction, 1 which suggests phase transition 
behavior of the Berezhinskii-Kosterlitz-Thouless type. 10 

In Fig. 4 we show the temperature variation of the 
perpendicular component of the remanent magnetization 
M 1 relative to the in-plane Mu for a 5.0 monolayer 
Cu0_5Co0.5 alloy film. The normal component vanishes at a 
temperature TR prior to disorder in the plane at the Curie 
temperature. We note that the reorientation phase transi-

TABLE I. Curie temperature Tc and magnetization reorientation transi
tion temperature TR values for various Cu_,Co1 _ x alloy films epitaxially 
grown on Cu ( 001). 

Composition 
Co1 -xCUx 

X=0.55 
x=0.50 

x=0.33 
.:t=0.25 

Monolayers 

4.3 
3.0 
3.5 
4.0 
4.5 
5.0 
6.0 
3.0 
2.5 

Tc TR 
(K) (K) TR/Tc 

218 213 0.975 
175 
181 178 0.983 
224 
323 316 0.978 
326 316 0.969 
416 407 0.979 
330 333 1.00 
428 
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FIG. 4. Temperature variation of the perpendicular component of the 
magnetization, M 1, and the in-plane component, Mu, for a 5.0-monolayer
thick Cl.Jo.5CUo.s alloy film. 

tion behavior of the M 1 component appears to be less sen
sitive to finite size rounding effects. This behavior (Fig. 4) 
is observed to be generally true for all of the alloy compo
sitions and "2D" film thicknesses we have studied which 
exhibit a perpendicular remanence. 

These measurements bear some similarity with the re
cently reported experimental observations of the existence 
of a reversible transition from perpendicular to in-plane 
magnetization in ultrathin fee Fe films on Cu(00l). 11 

However, in the Fe/Cu system, the behavior is compli- · 
cated by instabilities in the magnitude of the magnetic 
moment12 and a tendency towards antiferromagnetic or
dering with increasing film thickness. 13 
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These and the present experimental results support the 
generality of the theoretical arguements1

•
14 and are indic

ative of 2D anisotropic Heisenberg ferromagnetic critical 
behavior. 
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