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Abstract—An anomal ous temperature dependence of magnetoresistance (MR) of Co/Cu multilayer filmswith
a~3 A thick magnetic layer has been established experimentally. The temperature of the MR maximum T . iS
shown to coincide with the Néel temperature. The variation of T, With the Cu layer thicknessfollows an oscil-

latory pattern. © 2000 MAIK “ Nauka/Interperiodica” .

Multilayer films with alternating ferromagnetic and
nonmagnetic layers have been among the most
intensely studied magnetic systemsin recent years. The
mounting interest in magnetic multilayers stems prima-
rily from the application potential of these systems (in
particular, the possibility of using them in magnetic
information storage devices). At the same time, such
structures represent a good model system for studying
fundamental physical relations.

We have studied magnetic and magnetoresi stance
properties of Co/Cu multilayer films with ultrathin
(about 3 A-thick) Co layers. As was shown earlier [1,
2], thisthickness of amagnetic layer isalimit at which
magnetic ordering is still possible. We studied the tem-
perature dependences of the magnetoresistance of
Co/Cu multilayered films. All the samples were pre-
pared by magnetron sputtering with the successive dep-
osition of Co and Cu layers on glass substrates at room
temperature in an argon environment. Each samplewas
made up of 120 Co/Cu bilayers. The Co layer thickness
and the Cu modulation period of the multilayer system
were calculated from x-ray fluorescence data. All the
samples had a polycrystaline structure.

The temperature dependence of the MR was studied
by the technique described in [2]; a dc current | was
passed through the sample whose magnetization was
reversed by a varying magnetic field H = H_cos(wt)
normal to the film plane with a frequency f = W2 =
37 Hz. The magnetization M generated in this way is
proportional to H within abroad range of fields, and the
domain structure of the sample does not affect the value
of being MR measured. It was shown earlier that AR ~
M?[2], and therefore,

AR OHZ%cos’(wt) = %H§(1+ cos(2wt)).

Since the current through the sample is constant, an ac
voltage of frequency 2f = 74 Hz is induced across the

sample with an amplitude proportional tothe MR: U, =
ARI/2, where AR= R, — R, Ry being the sampleresis-
tance in zero field, and R, in afield H,. The voltage
was amplified by a selective amplifier. The temperature
dependence of R, was measured separately. The mag-
netoresistance was determined from the relation MR =
AR/R,. The investigation was carried out in the 77—
300 K temperature range under heating and in mag-
netic fields of up to 500 kOe.

We found that the temperature dependences of the
magnetoresistance of films with ultrathin Co layers
behave anomaloudy; namely, each curve exhibits a
clearly pronounced maximum (a magnetoresistance
peak) below room temperature (Fig. 1). The absence of
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Fig. 1. Typica temperature dependences of the MR of
Co/Cu multilayer films obtained for various thicknesses of
the Cu layer in afield of 500 Oe. dg, (R): (1) 14, (2) 15,
(3) 18.5, and (4) 21.5.
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an MR peak for some samples is apparently due to a
shift in the temperature T, oOf the peak towards a
region below 77 K.

This method of magnetoresistance determination
was proposed by us [2] to estimate the Curie tempera-
ture ©q directly from magnetoresistance measure-
ments. The magnetoresistance curve for Co/Cu multi-
layer films contains a linear segment at temperatures
above T .. Within thisregion, theM ~ (©c — T)¥? rela
tion holds, because AR ~ M? [3]. Extrapolation of the
linear segment makesit possibleto determinethe Curie
temperature O of thefilm for agiven applied magnetic
field H (Fig. 2). Knowing the dependence of ©. on H,
one can determine the zero-field value of O.
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Fig. 2. Determination of the Curie temperature O¢ (for the
sample with de, = 16 A).
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Fig. 3. Dependences of the Curie temperature ©¢ (1) and
Trmax (2) on dgy,.
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Fig. 4. Dependences of the Curie (a) and Nédl (b) tempera-
tures on the applied magnetic field H obtained for the sam-
plewith de, = 12 A; and (c) magnetoresi stance curves mea-
sured in different fields. The arrows identify the MR peak.
H (Oe): (1) 490, (2) 420, (3) 280, and (4) 140.
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Fig. 5. Dependence of the temperature coefficient of resis-
tivity o for asample with de, = 14 A on temperature T. The
inset shows the temperature behavior of the resistivity p.
The arrow identifies T4, for this sample.

Thus, there exists a critical temperature T, for
multilayer Co/Cu films, at which the magnetoresi stance
is maximal. This temperature depends substantially on
the thickness of the Cu nonmagnetic layer, and this
dependence, as well as the dependence of ©¢ on dg,,
exhibits an oscillatory character (Fig. 3).

The magnitude of the applied magnetic field also
noticeably affects the measured values of O and T,..;
namely, an increase of the field amplitude generaly
brings about a decrease of T, and an increase of ©¢
(Fig. 4).

The interaction of magnetic atoms through a non-
magnetic layer in the multilayer films studied may be
both ferromagnetic and antiferromagnetic [2]. The
observed experimental results can be interpreted if we
take into account the existence of antiferromagnetic
coupling in these films.

It is known that the existence of a susceptibility
maximum at the Néel point © is afeature of antiferro-
magnetic ordering [3]. The film structure can be repre-
sented in the following way: the Co magnetic layer con-
sists of a large number of ferromagnetic spin clusters
ordered antiferromagnetically or in a mixed manner,
part of the clusters ordered ferromagnetically, and the
remainder, antiferromagnetically. The magnetoresis-
tance peak correspondsto the maximum in the film sus-
ceptibility at T, = ©On. Such a temperature depen-
dence of susceptibility was theoretically considered by
Landau in 1933 [4] for materials made up of ferromag-
netically ordered layers.

Thismodel finds confirmation in the character of ©.
and ©, variation with an increasing external magnetic
field. The magnetic field orients the spinsin one direc-
tion, which favors the ferromagnetic and hinders the
antiferromagnetic ordering. Therefore, the destruction
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of antiferromagnetic order in the presence of a field
occurs at lower, and that of the ferromagnetic order, at
higher temperatures.

Antiferromagnetic systems exhibit anomalies of
nonmagnetic properties, for instance, the conductivity,
at the Néel point. Figure 5 presents the dependence of
the temperature coefficient of resistivity o on tempera-
ture (for asample with de, = 14 A). Within the temper-
ature interval from 180 to 190 K, a undergoes a jump.
The Néel temperature @ for a given sample, which is
determined by extrapolating the T, to a zero field, is
~180 K. This observation can be treated as an indirect
confirmation of the proposed model.

The temperature dependences of magnetoresistance
of thefilmswith dc, varying from 8to 12 A haveamore
complex pattern and contain two or three peaks, which
can be attributed to the more complex structure of these
samples. Most likely, they represent a multi-phase sys-
tem, with each phase having its own Curie and Néel
temperatures.

Such temperature anomalies characterized by a
magnetoresistance peak were observed earlier in Ni/Cu
films with thicker magnetic layers (~15 A) in an in-
plane magnetic field [4, 5]. This effect, however, isless
clearly pronounced in them with the MR varying
smoothly, and the peak not observed in al samples. We
believe that the anomalies in the temperature depen-
dence of MR are due to a substantia increase in the
magnetic anisotropy at lower (below T.,) tempera
tures.

Thus, we have experimentally discovered an anom-
alous peak in the magnetoresistance of Co/Cu multi-
layer films with ultrathin Co layers, which is due to the
existence of an antiferromagnetic ordering and corre-
sponds to the Néel point. The dependence of the posi-
tion of the peak on dg, exhibits an oscillatory character.
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