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Anomalous reorientation phase transition of the magnetization in fct Ni/Cu„001…

M. Farle, W. Platow, A. N. Anisimov, P. Poulopoulos,* and K. Baberschke
Institut für Experimentalphysik, Freie Universita¨t Berlin, Arnimallee 14, D-14195 Berlin, Germany

~Received 14 May 1997!

An unusual change of direction of the magnetization (M ) in Ni/Cu~001! monolayers from in-plane at low
temperature to perpendicular at high temperature is measured byin situ ferromagnetic resonance and the
magneto-optic Kerr effect. Two boundaries for the appearance of the perpendicular component and for the
vanishing of the parallel component of the magnetization are determined as a function of temperature and film
thickness. In between, stable intermediate directions ofM are measured. The reorientation occurs with a
continuous rotation ofM , similar to a second-order phase transition. It is shown that the temperature-
dependent volume contribution to the magnetic anisotropy must be included in the interpretation of the spin
reorientation transition.@S0163-1829~97!00834-5#
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The spin reorientation transition~SRT! of the magnetiza-
tion in ultrathin ferromagnetic films has recently attract
much interest, experimentally1–8 as well as theoretically.9–19

SRT describes the fact that the easy axis of the magne
tion changes as a function of film thickness or temperatu
One reason for the interest is that temperature driven SR
may become of technological importance, leading to m
netic thin-film sensors or switches. From a basic resea
point of view, one should note that the existence of a p
pendicular magnetization is nontrivial since the demagne
ing energy and the entropy of disorder9 favors in-plane mag-
netization in thin films.

Many experimental studies have focused on Fe- and
based thin films.1–3,5–8 It was observed that at a fixed tem
perature below the Curie temperatureTc the magnetization
changes with decreasing thicknessd from an in-plane to a
perpendicular direction, starting below some critical thic
nessdc . Similarly, at a certain thickness a decrease of te
perature triggers the SRT at some critical~reorientation! tem-
peratureTr . It is generally accepted that the SRT represe
a phase transition. But the choice of the order param
seems unclear. Three different phases19 may exist, corre-
sponding to one with a perpendicular magnetizationM'

only, one where an in-plane magnetizationM i appears~at
some critical thicknessdc1 or temperatureTr1) and one
where M' has disappeared (dc2 , Tr2). In this picture the
coexistence ofM' andM i may be the result of the presenc
of domains with in-plane and perpendicular orientations
be due to a tilted~single-domain! magnetization. The orde
parameter could beM' or in analogy to structural phas
transitions,20 the angle of the magnetization with respect
the film plane. In both cases it vanishes above the crit
temperature as it should. We will come back to this.

It should be noted that the thicknessd is a new but dis-
crete variable, whereas the temperatureT is a ‘‘true’’ ther-
modynamic variable.A priori both are not related. In addi
tion, heating and cooling allows a clear test for t
reversibility of phase transitions. For Ni/Cu~001! we find
with increasing temperature a reversed transition from
in-planemagnetized state to aperpendicularone; that is, the
‘‘order parameter’’ does increase with temperature. This
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obviously unphysical. For such a reversed SRT the definit
of an order parameter needs to be reconsidered.

In terms of the currently accepted microscop
theories10,16,18 this behavior cannot be understood, and
will demonstrate that the temperature dependence of the
face and volume contribution (K2

S,K2
V) to the magnetic an-

isotropy energy~MAE! is all important. The temperature
dependent SRT has been modeled by a Hamilton
including dipolar and exchange interactions, the positiveK2

S ,
favoring a perpendicular magnetization, and the entropy
disorder of the magnetization.K2

S at T50 K is taken as a
constant, and the temperature dependence enters throug
entropy term, which favors in-plane magnetization. The v
ume anisotropyK2

V is not included. This is a severe limita
tion, and it was pointed out21 that pseudomorphic growth o
Fe, Co, and Ni on different metal substrates manipula
moreK2

V thanK2
S . Especially in the case fct Ni/Cu~001!, K2

V

is large21,22 and responsible for the unusual thicknes
dependent SRT observed by many groups21–27 at a critical
thicknessdc . However, a temperature-dependent SRT w
never reported for this system.dc is given by the balance
between the intrinsic~magnetocrystalline! anisotropy K2

5K2
V12K2

S/dc and the shape anisotropy 2pM2. Further-
more, it is well known that the MAE is temperatur
dependent.21,28–30 In bulk Co and Ni reorientations ofM
have been quantitatively described by the temperature de
dence of experimentally determined second- and high
order anisotropy constants.30 From an experimental point o
view, it seems straightforward to describe the SRT in th
films in the same way by the different temperature dep
dences ofK2

S andK2
V . In the case of Gd and Ni bothK2

S(T)
andK2

V(T) have been measured.21,31,32In the following, we
will show that the anomalous SRT in Ni/Cu~001! as a func-
tion of T is well understood by the temperature depende
of the MAE if K2

V(T) and higher-order anisotropy contribu
tions (K4) are included.

Face-centered-tetragonal Ni films~4–10 ML! were grown
on Cu~001! at room temperature in ultrahigh vacuum, as d
scribed earlier.22,27,33 Quantitative low-energy electron
diffraction measurements34 and scanning tunneling micros
copy studies35 confirmed the structural homogeneity up to 1
5100 © 1997 The American Physical Society
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ML and the nearly perfect pseudomorphic growth. Angul
dependent ferromagnetic resonance~FMR! in ultrahigh
vacuum was measuredin situ with the magnetic field rotated
in the ~110! plane normal to the~001! plane of the film.
Hysteresis loops as a function of temperature were reco
by magneto-optic Kerr effect~MOKE! in the polar geometry.
As observed earlier2,3 the study of the SRT is experimental
difficult, if measurements are performed in zero magne
field. The magnetization tends to break up into doma
masking a possible tilted orientation. The best studies are
ones where single-domain properties are recorded like in
FMR investigation.

For a complete and relevant analysis the FMR data
evaluated in terms of the free-energy density for a tetrago
system including second- and fourth-order contributions
the Zeeman energy:

E52HY MY 12pM2cos2u2K2cos2u2
1

2
K4'cos4u

2
1

2
K4i

1

4
~31cos4w!sin4u. ~1!

w is the angle ofM with respect to the@100# direction in the
film (x,y) plane andu betweenM and thez axis ~film nor-
mal!. K2 , K4' , and K4i are the second- and fourth-ord
terms of the MAE. For cubic symmetry one hasK2
50, K4'5K4i ~denoted asK1 in some literature!. As dis-
cussed in detail elsewhere,27 the balance between the diffe
ent parametersKi determines the out-of-planeueq and the
in-plane angleweq of the magnetization:

sin2ueq5
K21K4'22pM2

K4'1 1
4~31cos4weq!K4i

. ~2!

From the angular dependence of the ferromagnetic reson
field HR one determines all anisotropy parameters with h
precision in a standard way.22,27

In Fig. 1 we showHR (uH) for a 7.5 ML film at four
different temperatures. The minimum ofHR which is a mea-
sure of the easy magnetization axis shifts fromuH590° ~in-
plane! at 90 K touH50° ~perpendicular! at 332 K. Hence, it
is evident thatM has switched from a parallel state at 90
@Fig. 1~a!# to a perpendicular orientation at 332 K@Fig. 1~d!#
contradicting the entropy argument. In addition, Figs. 1~b!
and 1~c! show that intermediate stable angles do exist at
and 300 K. To obtain the equilibrium angles ofM in zero
magnetic field,27 we simulated22,27,28the angular dependenc
HR ~solid lines! and determined theKi of Eq. ~1!. The re-
sulting ueq @Eq. ~2!# of the spontaneous magnetization is i
dicated in Figs. 1~b! and 1~c!. These FMR data provide un
ambiguous experimental evidence that indeed there
monotonictemperature-dependent SRT from an in-plane t
perpendicular direction withincreasing temperature. The
temperature interval for the continuous rotation is more th
200 K. We will come back to this later.

The unusual SRT is confirmed by polar Kerr effect e
periments for an 8.2 ML film. In Fig. 2 we showin situ
hysteresis loops with the magnetic field applied normal to
film plane. The shape of the loops changes gradually fro
typical hard-axis loop at low temperature to a square loop
-
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185 K indicating a perpendicular easy axis. This transition
completely reversible and is observed for many heating
cooling cycles. Interestingly, the shape of these loops is q
different from the ones observed in Fe/Ag~001!,36 where a
vanishing remanent magnetizationMr is observed due to the
formation of a stripe domain pattern. In our case we fi
MrÞ0, which indicates a different reversal mechanism. A
though MOKE measurements are mostly used in the stud
SRT, based on these hysteresis loops alone, it would be

FIG. 1. Ferromagnetic resonance field as a function of the an
uH between the magnetic field and the film normal of 7.5 M
Ni/Cu~001! at four different temperatures recorded at 9 GHz. No
the differenty-scales.Tc5430 K.

FIG. 2. Hysteresis loops measured for a 8.2 ML Ni/Cu~001! film
with the magnetic field applied normal to the film plane. Tempe
tures as indicated. Loops are vertically offset for clarity.
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ficult to distinguish a stable~single-domain! magnetization
with a tilted equilibrium angle from a multidomain stat
FMR measurements~Fig. 1! can answer this question unam
biguously.

The result of our FMR and MOKE investigations is sum
marized in Fig. 3. Here, we show the orientation of the m
netization as a function of film thickness and reduced te
peratureT/Tc(d), which is the thermodynamical relevan
quantity. All data points except the ones of the 8.2 ML fi
~Fig. 2! are based on a large set of angular-dependent F
measurements which were recorded at different thickne
and T/Tc(d). This involved also an accurate determinati
of Tc for each layer. One can identify three stability regio
of the spontaneous magnetization. The up~down! triangles
represent measurements for which a perpendicular~parallel!
orientation was found. The squares stand for equilibri
angles 0,ueq,90°. For completeness, we have also
cluded earlier results~open circles! which were analyzed in
K2 only.37 The diagram shows that, for example atd57 ML,
a tilted orientation is found betweent50.5 and 0.85, while at
d58 ML the temperature interval is shifted to lower value
The solid lines, which are only guides to the eyes, mark
boundaries where the parallel (M i) or the perpendicular
M' components ofM disappear. The broadest thicknes
dependent SRT interval (Dd'1.5 ML! is found at T/Tc
'0.5. The width of the SRT as a function ofT/Tc also
changes. The maximum width is found around 7.6 ML. O
should note that despite the decreased slope of the lo
boundary (dc.7.6 ML! the absolute temperature for the a
pearance ofM' still decreases considerably, sinceTc(d) in-
creases. For thicker films onlyM with ueq50° was found in
the experimentally checked temperature regime.

The results in Fig. 3 support the interpretation of
second-order phase transition with a continuous chang
the angle of the magnetization.19,20Similar behavior has bee
discussed in the SRT of Co and Fe films, however, only
the reversed direction of thickness or temperature. Com
ing the SRT in Co and Fe films and this SRT in Ni o
Cu~001!, we would like to point out that the choice of

FIG. 3. Phase diagram for Ni/Cu~001!: down triangles denote
parallel, squares denote tilted, and up triangles denote perpendi
orientation of the magnetization. For open circles see text. Dat
8.2 ML are taken from Fig. 2. Solid lines are guide to the ey
separating regions with parallel, tilted, and perpendicular spont
ousM .
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unique order parameter for the three materials~like M' or
the angle of the magnetization! poses a problem. For ex
ample, the order parameterM' for Ni/Cu becomes nonzero
only abovethe critical temperature, which is unphysical.
full discussion on the nature of the order parameter, ho
ever, goes beyond the scope of the present work.

Figures 1 and 2 show experimentally an anomalous S
But what is the driving mechanism of the SRT
Ni/Cu~001!? Among the microscopic theories in the liter
ture there is only one report38 in which a transition from an
in-plane phase to an out-of-plane phase with increasing t
perature is calculated. However, the SRT is seen only in
absence of exchange interaction. Such a model is certa
not appropriate for a Ni ferromagnet. In a simple mean-fi
picture the magnetization is coupled to the anisotropy c
stants by some power-law dependence.10,39 It has been cal-
culated that the surface and volume magnetizations have
ferent temperature dependences.40 Consequently, the surfac
and volume anisotropies have a different temperature de
dence too. With the experimentally determinedK2

V(T) and
K2

S(T/Tc) ~Refs. 21 and 32! of Ni we calculateK2(T/Tc)
~open symbols in Fig. 4! for different thicknesses and com
pare it with the shape anisotropy 2pM2 of bulk Ni ~solid
line!.30 In this simple~lowest order! estimate one has a pa
allel ~perpendicular! easy axis for K2,2pM2 (K2
.2pM2). As seen in Fig. 4 the different temperature depe
dences ofK2

S and K2
V yield a K2(T/Tc) which can cross

2pM2(T/Tc) in a narrow thickness interval, for example,
d56.8 and 7 ML.M changes from in-plane to perpendicul
with increasingT. The reorientation temperature increas
with decreasing film thickness, and below 6.8 ML an ea
in-plane magnetization is expected for all temperatures.
7.5 ML, on the other hand, one estimates a perpendic
orientation aboveT/Tc.0.45 and a parallel orientation onl
at very low temperatures. This model, which includesK2

S

and K2
V , describes very nicely the experimentally measu

behavior~Fig. 3!. Clearly, the complete phase diagram~Fig.
3! including tilted orientations cannot be explained by t
second-order approach of Fig. 4.

lar
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,
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FIG. 4. Temperature dependence of shape anisotropy 2pM2

~solid line! of bulk Ni ~Ref. 30! and second-order MAEK25K2
V

12K2
S/d ~open symbols!. K2 is calculated with experimental value

~Ref. 21! for K2
V andK2

S at 6.8, 7.0, 7.2, and 7.5 ML. Note that
perpendicular magnetization is given forK2.2pM2. Reorienta-
tions can occur at the indicated temperatures.
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In conclusion, we have determined experimentally the
usual phase diagram of the orientation ofM in fct
Ni/Cu~001!. With increasing temperature and increasi
thickness a reorientation phase transition from an in-pla
phase to a perpendicular phase is observed. Stable mag
zation directions at intermediate out-of-plane angles
identified by FMR. The results are confirmed by polar Ke
effect measurements. The anomalous SRT is explained
the difference in the temperature dependence of the nega
surface and the positive volume anisotropy energy in
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Cu~001!, which was also measured. This shows thatK2
V(T)

should not be neglected in theoretical calculations of
SRT in thin films. Furthermore, as a function ofd andT/Tc

two boundaries are obtained for the appearance of the
pendicular component and for the disappearance of the
allel component ofM .
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