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Magnetoresistance (MR) in Fe/Tb magnetic multilayer is studied under multiextreme conditions,
i.e., high magnetic field, low temperature, and high pressure. The negative MR is observed to be
24.6% in [Fe(12 nm)/Tb(15 nm)],s at 4.2 K, and MR is not saturated completely even up to 30 T.
With increasing pressure, the magnitude of MR tends to be suppressed, indicating that magnetic
order in the Tb layers is suppressed by applying pressure. © 2008 American Institute of Physics.

[DOLI: 10.1063/1.2986150]

I. INTRODUCTION

Magnetic multilayer systems including a heavy rare
earth metal are known to have various magnetic properties,
such as antiferromagnetic, spiral magnetic, or twisted mag-
netic structure. Such magnetic structure can be realized in the
magnetic exchange spring multilayers. The magnetic ex-
change springs can tailor artificial domain wall. It has been
argued that domain wall in a ferromagnet should give rise to
the magnetoresistance (MR).! Mibu et al.? studied the effect
of exchange springs in the SmCo/NiFe system. However the
MR is small (1.5%) and dominated by anisotropic magne-
toresistance (AMR). Gordeev et al.® demonstrated that the
formation of short exchange springs in the YFe,/TbFe, su-
perlattice results in a large magnitude of MR as high as 32%.
In general, the directions of magnetization in consecutive
layers can be switched when a magnetic field is applied, and
MR changes dramatically as a whole.

In the Fe/Gd and Fe/Dy multilayer systems, on the other
hand, twisted magnetic structures have been inferred
experimentally“f6 and theoretically.%12 The Fe/Tb multilayer
system, lying between the Fe/Gd and Fe/Dy systems in the
Periodic Table, is expected to have some kind of twisted
magnetic structure, caused by the competition among the ex-
change coupling, the Zeeman energy, and the anisotropic en-
ergy. The magnetic properties of the Fe/Tb multilayer were
studied not only by superconducting quantum interference
device magnetometory but also by x-ray magnetic circular
dichroism., The magnetic properties of Fe and Tb layers
were discussed selectively.13 The magnetization increases
with increasing magnetic field and does not easily saturate up
to 5 T at 5 K; it is explained that the direction of Tb magnetic
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moment of the inner Tb layer turns to the applied magnetic
field. Moreover, it was found that the Tb magnetic moments
become twisted with increasing applied magnetic field as
follows: (1) When the applied field H is less than the coer-
cive force H, Fe and Tb magnetic moments align antiparal-
lel, Fe moments being parallel to the magnetic field. This
would be due to the ordinary exchange coupling between Fe
and Tb magnetic moments. (2) For H>H, a twisted mag-
netic structure appears at low temperature.

In the present work, we have examined the MR of Fe/Tb
multilayer under high magnetic field up to 30 T at 4.2 K. The
result will be discussed by considering a large magnetic an-
isotropy of Tb layers. Furthermore, the pressure dependence
of MR is extracted from the present results. It is well known
that the magnitude of MR can be controlled by the pressure
on the magnetic multilayer systems.mﬁ19 For example,
Suenaga et al™ reported the pressure induced enhancement
of the giant MR in Fe/Cr multilayers. In this paper we also
discuss the effect of pressure on the electrical resistance and
MR in an Fe/Tb multilayer.

Il. EXPERIMENTAL

We fabricated the multilayer sample Ag(15
nm)/[Fe(12 nm)/Tb(15 nm)],s/Fe(12 nm)/substrate, with
dual-type radio frequency (rf) sputtering method, using
99.9% Fe and 99.9% Tb targets of 50 mm diameter."* The
base pressure was less than 0.8 X 10 Torr. The sputtering
was carried out in an atmosphere of argon gas with 1.0 Pa by
applying 150 W rf power. The distance between the target
and substrate was 60 mm. The substrates were water cooled,
which were alternately rotated by 180° to deposit each ele-
ment. The deposition rates of Fe and Tb were 0.11 and 0.13
nm/s, respectively. The thicknesses of the layers were con-
trolled by a given time interval (Fe: 111 s/layer; Tb: 116
s/layer). A silver capping layer was deposited to avoid the
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oxidation. The thickness of each layer was confirmed by
x-ray absorption analysis. The Fe and Tb atomic density dis-
tributions and their ratio in the sample were also character-
ized with Rutherford backscattering spectrometry.

The x-ray diffraction pattern has been observed to cor-
respond to that of hcp Tb (PDF 02-0899) and bee Fe (PDF
06-0696). The Tb layers tend to have (001) texture (c-plane)
and the Fe layers have polycrystalline texture. The thickness
of the each layer, the atomic ratio, and the designed period
were identified from the small angle diffraction pattern.
Some unclear small angle diffraction peaks have also been
observed, indicating that interface diffusion exists between
Fe and Tb layers. The magnetization measurement at low
temperature (25 K) has shown that the M-H curve has a large
coercive field (0.18 T) and the magnetization does not satu-
rate up to 5 T. The details of sample fabrication and charac-
terization are described in a previous paper.13

The electrical resistance was measured by the usual four-
probe dc method with the current direction on the film plane.
At the ambient pressure, high-field measurements of up to 30
T were carried out with the use of a pulse magnet at the
Institute for Solid State Physics, University of Tokyo. Pulsed
magnetic fields were generated by capacitor discharge. A
long pulse duration of 60 ms enabled us to obtain low-noise
data. The direction of the magnetic field was on the film
plane and perpendicular to the direction of the current. High-
pressure measurements were carried out by using a tungsten
carbide piston and a Ni-Cr-Mo—Co alloy (MP35N) cylinder.
The pressure was always kept constant in the temperature
range between 2 and 300 K by controlling the load within
*1%. A mixture of fluorinerts FC70 and FC77 in ratio of 1:1
was used as a pressure transmitting medium. A high field of
up to 9 T was generated by using superconducting magnet.
The details of the present high-pressure apparatus were re-
ported previously.zo’21

lll. RESULTS AND DISCUSSION

A. The magnetoresistance of Fe/Tb at high magnetic
fieldupto30T

Figure 1(a) shows the MR curve of Tb monolayer at 4.2
K. Here the magnitude of MR ratio is defined as

MR(H) = M (1)

R(0)
The slope dMR(H)/dH is negative in the region of high
magnetic field of up to 30 T, and no anomaly is observed in
the MR(H) curve.

The magnitude of the negative MR ratio is MR(30 T)
=9.9%. Such a large MR of a heavy rare earth metal was
reviewed by McGuire and Potter in Ref. 22, in which the
giant magnitude of MR was obtained in Ho metal to be 32%
at 4.2 K. Taking into account that Tb metal has phenom-
enally high magnetic anisotropy, the negative MR of Tb can
also be explained as due to a kind of AMR effect. It is sup-
ported by the fact that the slope |[dMR(H)/dH| of Tb de-
creases slightly with increasing magnetic field. As shown in
Fig. 1(a), the MR curve tends to saturate above 10 T but has
a long tail at high magnetic field.
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FIG. 1. The MR curves of (a) Tb at 42 K and (b)
[Fe(12 nm)/Tb(15 nm)],s as a function of the magnetic field applied par-
allel on the plane. Inset shows the MR curve of Fe/Tb from —0.5 to 0.5 T.

-0.20 |

As for the Fe/Tb multilayer, MR is symmetrical against
the magnetic field =H, while the M-H curve shows a hys-
teresis loop."”” Figure 1(b) shows the MR curve of
[Fe(12 nm)/Tb(15 nm)],s at 4.2 K. In the present result, the
giant negative MR is obtained to be MR(30 T)=24.6%.
Such a large negative MR has never been reported in
multilayer systems consisting of a transition metal and a rare
earth metal. Moreover, it is found that MR is not saturated
completely even at 30 T. Apparently the MR of the Fe/Tb
multilayer has been enhanced compared with that of the Tb
monolayer film. Since the AMR effect is enhanced by spin
polarization and spin-orbit interaction,” it is reasonable to
assume that the AMR effects on the Tb layer is enhanced by
spin polarization of the Fe layers.

B. The electrical resistance of Fe/Tb under high
pressure

In this section, we show the temperature dependence of
the electrical resistance R of Fe/Tb multilayer at several pres-
sures. At room temperature, R is almost independent of pres-
sure. The pressure coefficient |[R™'9R/JP| is less than
1073 GPa™', which is one order smaller than those of Fe/Cr
(Refs. 14 and 15) and Co/Cu (Refs. 15-17) multilayers.
Figure 2 shows the electrical resistance R of
[Fe(12 nm)/Tb(15 nm)],s as a function of the temperature
at several pressures. At 0.1 GPa, R decreases with decreasing
temperature, showing a good linearity from room tempera-
ture down to ~220 K, but R(7) deviates from linearity at
low temperature. The slope JR/JT tends to increase with
decreasing temperature slightly from ~220 K down to
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FIG. 2. The electrical resistance of [Fe(12 nm)/Tb(15 nm)],5 as a function
of the temperature at several pressures.

~50 K. It is caused by the ferromagnetic order of Tb at
Tc~219 K.**® Colvin et al.” reported the sharp change in
the slope of the resistivity curve on Tb at 229 K for a weak
antiferromagnetic state and at 219 K for a ferromagnetic one.

R(T) is almost independent of pressure above T, indi-
cating that the scattering process between conduction elec-
tron and phonon is not changed by pressure up to 3.2 GPa.
Below T, on the other hand, we note a general increase in
the total resistance of Tb with increasing pressure. It means
that the spin dependent scattering is enhanced with increas-
ing pressure since the ferromagnetic order of the Tb layer is
suppressed. Indeed, the residual resistivity ratio
R(280 K)/R(4.2 K) decreases with increasing pressure. The
ratio R(280 K)/R(4.2 K) is obtained to be 1.28 at ambient
pressure and that at 3.2 GPa is 1.26. This suggestion is con-
sistent with the previous report that the spontaneous magne-
tization of Tb is suppressed by applying pressure.26

It is found that R(T) curves show a minimum around
Thin~21 K and a maximum around T, ~4 K, which is
not observed in that of multilayer made by 3d transition met-
als such as Fe/Cr and Co/Cu. Some of magnetic phase
boundary may exist near T,,,, and 7T,;,, but the reason is
unknown in detail. Both T,,,, and T, are independent of
pressure.

C. The magnetoresistance of Fe/Tb under high
pressure

The effect of pressure on the MR of the Fe/Tb multilayer
has been reported previously.27 Figure 3 shows MR ratios up
to 8.5 T at 4.2 K under several pressures. It is already shown
in Fig. 1(b) that MR is not saturated completely even at 30 T.
Furthermore, the magnitude of MR decreases with increasing
pressure. Here we discuss the effect of pressure on the mag-
nitude of MR ratio, MR(8.5 T), which is estimated by sub-
stituting H=8.5 T in Eq. (1). Figure 4(a) shows the magni-
tude of MR ratio at 8.5 T, MR(8.5 T), as a function of
pressure. MR(8.5 T) decreases in proportion to applying
pressure. The pressure coefficient is obtained to be
(1/MR)d(MR)/dP~—0.025 GPa™!. In order to explain this
result, we defined the magnitude of MR as AR=R(0)
—R(8.5 T). By substituting AR into Eq. (1) at the magnetic
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FIG. 3. MR curve of [Fe(12 nm)/Tb(15 nm)],s at 4.2 K as a function of
the magnetic field applied parallel on the plane. The value of MR is obtained
by using Eq. (1).

field of 8.5 T, the MR ratio is obtained as MR(8.5 T)
=AR/R(0). By differentiating the equation with respect to
pressure, we obtain

1 9(MMR) 1 dAR 1 4R(0)
(MR) 9P ~ AR P R(0) 9P

(2)

It means that the effect of pressure on MR consists of two
terms; one is the effect of pressure on AR and the other is
that on R(0).

We show R(0) at 4.2 K as a function of pressure in Fig.
4(b). R(0) increases at a rate of [1/R(0)][dR(0)/dP]=6.0
X 1073 GPa~. Qualitatively, this result is consistent with the
suggestion, as discussed in Sec. III B, that the spin dependent
scattering is enhanced because of the suppression of the fer-
romagnetic order of the Tb layer. Indeed, as shown in Fig. 2,
the R(T) curve increases with increasing pressure below T.
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FIG. 4. Pressure dependences of (a) MR(8.5 T), (b) the electrical resistance
at 0 T, and (c) the MR AR at 8.5 T of [Fe(12 nm)/Tb(15 nm)],s at 4.2 K.
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Furthermore, as shown in Fig. 4(c), AR decreases at a rate of
(1/AR)(dAR)/dP=-0.020 GPa™! at 4.2 K. Since the pres-
sure suppresses the ferromagnetic order of the Tb layer,
AMR effects can also be suppressed. Then AR decreases
with increasing pressure. By substituting the values of
[1/R(0)][dR(0)/dP] and (1/AR)(dAR/dP) into Eq. (2),
(1/MR)(dMR/dP) is estimated to be —0.026 GPa™', which
is almost the same as —0.025 GPa~! obtained by using the
experimental results in Fig. 4(a). It means that the suppres-
sion of MR is caused by both terms: the effects of pressure
on AR and R(0). Both effects are caused by same origin. The
change in magnetic states in the Tb layers is strongly related
to the suppression of the magnitude of MR by applying pres-
sure.

IV. CONCLUSIONS

We found that the Fe layer enhances the MR of the Tb
layer in the Fe/Tb magnetic multilayer. The giant magnitude
of negative MR is obtained to be 24.6% in
[Fe(12 nm)/Tb(15 nm)],s at 4.2 K. Moreover, MR is not
saturated completely even at a high magnetic field of 30 T.
The magnitude of MR is suppressed by applying pressure
because of the suppression of magnetic order in the Tb lay-
ers.
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