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Magnetic relaxation in single-crystal Co/Cu„100… superlattices
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By measuring the relaxation of the magnetization in a fixed applied field for antiferromagnetic-coupled,
single-crystal Co/Cu~100! superlattices, we show that the temperature dependence of the magnetic viscosity is
markedly different for samples almost identical from the structural point of view. If the structure of the samples
is properly characterized, deviations of the expected behavior for the temperature dependence of the magnetic
viscosity can be uniquely interpreted. The results further indicate that care should be taken when assigning a
temperature-independent behavior of the viscosity to quantum tunneling of the magnetization without addi-
tional experimental support.@S0163-1829~97!03517-0#
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Magnetic relaxation is a time-dependent magnetizat
change following a change in an applied magnetic field t
takes place as the system overcomes certain energy barr1

Magnetic relaxation is very important in magnetizatio
reversal processes such as those employed in magneti
cording. As the size of the recorded domains in storage
dia decreases continuously and new media~e.g., an array of
single-domain magnetic structures with only two quantiz
states and a density of 65 Gbits/in.2! are being developed,2

there is an increasing need to understand the details o
switching mechanisms.

On the other hand, there has been an important upsurg
interest on low-temperature magnetic relaxation driven
the possibility to observe quantum tunneling of the magn
zation ~QTM!,3–6 a manifestation of macroscopic quantu
tunneling, i.e., tunneling between macroscopically dist
guishible states.7 There is now strong evidence for tunnelin
between different flux states in superconducting Joseph
junctions8 and the evidence is growing for QTM. Resona
tunneling could be detected by measuring the resonance
tween degenerate states of certain molecular antiferrom
nets as they arecoherentlydriven by tunneling between two
potential wells9 or by field-tuning different spin states in mo
lecular magnets.10 A much more popular3–6 approach to
QTM studies the decay of a metastable state by tunneling
measuring the temperature dependence of the magneti
laxation after a sudden change of applied field. The obse
tion of a relaxation rateindependentof the temperature be
low a certain transition temperatureTt is sometimes
interpreted as evidence of quantum tunneling of the mag
tization, even ifTt is fairly high ~20 K!.6

The main difficulty with the interpretation of isotherm
relaxation measurements comes from the characterizatio
the samples, which in most cases consist in collections
objects with a poorly characterized distribution of size
shapes, and interactions. Even for ‘‘nanostructured’’ samp
such as multilayers prepared by sputtering, there is a la
number of defects of uncontrolled nature. In this work w
aimed at studying the temperature dependence of relaxa
550163-1829/97/55~17!/11080~4!/$10.00
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effects of the magnetization in two selected metallic sing
crystal superlattices whose structural and magnetic prope
have been thoroughly characterized by scanning tunne
microscopy~STM!, thermal energy atom scattering~TEAS!,
polarized neutron diffraction, and magnetometry. We w
show that if the samples are carefully characterized, m
netic relaxation is a powerful technique, yielding detail
information not easily available by standard structural te
niques. Furthermore, deviations from the expected beha
detected at low temperatures can be interpreted as du
subtle structural differences, without implying quantum tu
neling of the magnetization.

For most magnetic materials the time evolution of t
magnetizationM at a given temperatureT and applied field
can be described by a logarithmic law

M ~ t !5M ~ t0!F12S~T!lnS tt0D G , ~1!

whereS(T) is the magnetic viscosity caused by the therm
activation of magnetization reversals over activation ene
barriers.

In fact, this logarithmic dynamic response during isoth
mal relaxation of metastable systems is fairly universal. E
amples of this behavior include structural relaxation of m
tallic glasses,11 the decay of charge carriers in amorpho
semiconductors,12 the trapped flux13 in superconductors, and
magnetization reversal in systems composed of small m
netic particles.14 The ln t kinetics can have a variety of ori
gins, including a non-Arrhenius type of kinetics, interacti
and noninteracting particles with a distribution of ener
barriers, traditionally ascribed to disorder.1

Assuming that a distribution of energy barriers is the o
gin of the ln t kinetics, letq(E) be the number of barriers
per unit energy with activation energyE andc(E) the aver-
age change of the measured property, magnetization in
case, when only one of the barriers with activation energyE
is thermally activated per unit volume. It can easily be sho
that the lnt kinetics can be obtainedif the reactions are
11 080 © 1997 The American Physical Society
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55 11 081BRIEF REPORTS
Arrhenius typeand the productc(E)q(E) is roughly con-
stant in the activation energy range swept by the isother
energykBT ln~t/t0! between the initialt i , and finalt f time of
observation. In that case, the total number density of barr
activated after timet at a temperatureT is

q~Et!5q~E!U~E,T,t !, ~2!

whereU(E,T,t)512exp@2n0t exp~2E/kBT)# is a function
that, for a givenT andt, changes abruptly from 0.01 to 0.9
over a narrow range of energy barriers centered
Et5kBT ln ~n0t!. Hence the magnetization would relax in a
isothermal experiment as

M ~ t !5M0@12c~^E&!q~^E&!#kBT ln~n0t !, ~3!

where^E& is the average value of the barriers explored in
intervalkBT~ln t f2ln t i!. The slope of theM vs ln t straight
line is defined as the magnetic viscosity

S5
dM

d lnt
5c~^E&!q~^E&!kBT. ~4!

For thermal processes Sis linear with T if and only if
c(^E&)q(^E&) is constant in the whole energy interval inte
rogated by the experiment. For each measuring tempera
there is an activation energy range swept in the observa
time, kBT~ln t f2ln t i!, which is obviously much smalle
than the total interval explored by the set of isotherms. A
result, c(^E&)q(^E&) may behave as roughly constant
each small energy interval, but change from one interva
the other. It is obvious that a departure from linearity in t
temperature dependence ofS, in particular a constant valu
below some temperature, can be as well ascribed to quan
tunneling or to an appropriate change ofc(E)q(E).

The samples studied are two selected single-cry
Co/Cu~100! superlattices, namely,A5@6 monolayers~ML !
Co/8 ML Cu#62 andB5~9 ML Co/5 ML Cu!103, grown in a
molecular beam epitaxy system by alternate deposition of
and Cu at room temperature on single-crystal Cu~100! sub-
strates. In these conditions, both Co and Cu grow layer
layer on top of the other16 with the fcc structure, with iden-
tical lateral parameters~a53.61 Å! and slightly different
vertical lattice parameters~a'

Co53.52 Å,a'
Cu53.61 Å!.17 The

number of Co or Cu monolayers in each period was c
trolled with high precision by counting oscillations in th
intensity of the specularly reflected beam of thermal
atoms.16 The oscillations have monolayer periodicity. Th
samples were single-crystal superlattices as judged by x
and neutron diffraction.18 They both display partial antifer
romagnetic coupling of the magnetization of adjacent
layers across the Cu spacers as demonstrated by pola
neutron diffraction.18 On the other hand, there is a fraction
the layers that is ferromagnetically~FM! coupled as deduce
from the presence of remanence in magnetizat
measurements,19 either by direct contact of Co layer
through pinholes in the Cu spacer or simply by thickne
fluctuations of the latter~since the coupling changes sig
with the spacer thickness16!. The FM fraction amounts to
56% for sampleA and 50% for the sampleB.

The only structural difference between samplesA andB
detected by diffraction techniques was due to the existe
of a mosaic in substrateB, giving rise to two superlattices
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inclined with respect to each other by 1.1°. Detailed stud
by scanning tunneling microscopy20,21 ~STM! have revealed
the microstructure of Co/Cu interfaces at room temperatu
On the atomically flat terraces, there are large Co islan
with well-defined thickness and isolated atoms of Co int
mixed with Cu, while at the monoatomic steps separating
terraces there are smaller Co clusters surrounded by Cu
moved from the substrate. Thus a bimodal distribution of
sizes~small clusters and well-defined layers! is expected for
sampleA. The smaller terraces and higher density of ste
and dislocations of the Cu substrate with mosaic (B) give
rise to enhanced reaction between Co and the Cu substr22

with a wider distribution of Co cluster sizes at the interfac
Figure 1 shows the magnetization of sampleA during

cooling with an applied field of 200 Oe. The magnetizatio
increases by 2% below 10 K following a 1/T behavior. This
is due to the presence of a small fraction of superparam
netic or paramagnetic Co clusters that follow the Curie la
and coexist with ferromagnetically coupled entities. No
that the AF-coupled layers do not contribute to this proce
We ascribe the paramagnetic behavior to small Co clus
diluted in the Cu layers close to each Co/Cu interface. Wh
dilute Co atoms in the bulk of Cu do not show a magne
moment, isolated Co atoms at a Cu surface were show
constitute a surface Kondo system with a maximum in t
rate of magnetic scattering at 23 K.23 The isolated Co clus-
ters behave as ‘‘loose’’ spins, i.e., magnetic moments that
not interact with each other.24

Figure 2 reproduces some representativeM (t) curves
taken during relaxation of sampleA at different tempera-
tures. The magnetization decays with a logarithmic time d
pendence in all cases. Notice that the total relaxed fraction
magnetization in these kinetic experiments is of the order
2%; i.e., it corresponds to the paramagnetic fraction detec
in Fig. 1. The slope of the relaxation curves is the magne
viscosityS, whose behavior~corrected byM0! as a function
of T is plotted in Fig. 3. There is a dramaticincreaseof S as
T decreases below 5 K. This behavior is obviously incons
tent with an interpretation in terms of quantum tunneling
the magnetization, which can only justify a behavior ofS

FIG. 1. Temperature dependence of the field-cooled magnet
tion for the superlatticeA5~6 ML Co/8 ML Cu!62/Cu~100!. It was
measured while cooling with a field of 200 Oe applied parallel
the layers.
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independentof T. An increase of the kinetics at lower tem
perature seems difficult to accept. The anomalous beha
of S(T) can be better associated to an increase ofc(E)q(E),
i.e., to a larger number of barriers being activated at lowT.
In Fig. 4 we plotted thec(E)q(E) profile deduced from Fig.
3. The abrupt increase in the low-energy range comes f
the paramagnetic clusters detected in Fig. 1. The distribu
of barriers has a peak at low energy that can be estim
considering that, forT52.5 K,Et is located at 6 meV after a
measuring time of 500 s. Since the corresponding heigh
the barrier is of the order of 331026 eV per atom~as esti-
mated from the anisotropy constant of Co, 53104 J/m3!, the
clusters with activation energy below 6 meV have less th
2000 atoms. This estimation corresponds to square island

FIG. 2. Representative isothermal relaxations of the magne
tion for sampleA. The sample was cooled to the temperature
measurement with a field of 200 Oe applied; then, the field w
reversed to2120 Oe and the time dependence ofM recorded.

FIG. 3. Magnetic viscosityS as a function of temperature fo
A5~6 ML Co/8 ML Cu!62/Cu~100!. The magnetic viscosity is de
fined as the slope of the relaxation curves of Fig. 2 normalized
the correspondingM 0

FG value of Fig. 1.
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Co six layers high with a lateral dimension of 5–6 nm,
excellent agreement with the island size and shape visual
in STM images.21

The temperature dependence of the viscosity of samplB
in the low-temperature range is shown in Fig. 5. It also d
viates from a linear behavior but in a different way from Fi
3. There aretwo temperature regions whereS could be con-
sidered ‘‘independent’’ of the temperature~within the noise!,
the first plateau starting at the surprisingly high temperat
of 16 K, very near the one reported for Dy/Mo and Tb/M
sputtered multilayers.6 It has to be kept in mind that the
multilayers prepared by sputtering are polycrystalline w
mosaic spreads of the order of 4°–7°. Taking into acco
the data presented for sampleA, there is no reason to inter
pret those of sampleB as evidence of QTM. It rather seem
that the apparent independence ofS with respect toT for
sampleB is the result of a broader distribution of barrie
due to structural disorder within the layers. It is easy to de
onstrate that a density of barriers depending with the ene
as 1/E would rigorously yield a magnetic viscosity indepen

a-
f
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y

FIG. 4. Distribution function of the energy barriers for a~6 ML
Co/8 ML Cu!62/Cu~100! sample as a function of the barrier energ
for an applied field of 200 Oe.

FIG. 5. Temperature dependence of the magnetic viscosity
sampleB5~9 ML Co/5 ML Cu!103/Cu~100! deduced from relax-
ation experiments such as displayed in Fig. 2.
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55 11 083BRIEF REPORTS
dent ofT.15 The wider size distribution of Co clusters at th
interface induced by the mosaic spread of the substrat
enough to obscure the behavior observed in sampleA.

In summary, we have shown using carefully characteri
magnetic superlattices that the magnetic-viscosity can
substantially different for samples almost identical from t
point of view of standard structural techniques. This reve
the power of magnetic relaxation measurements if
samples are adequately characterized. On the contrary,
has to caution against simplistic interpretations of deviati
from the expected linear temperature dependence of the
cosity. In fact, whileS(T) in sampleA apparentlyincreases
as the temperature decreases, in sampleB a small departure
from perfection results in a viscosity ‘‘independent’’ ofT
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that could easily be misinterpreted as evidence of quan
tunneling of the magnetization.6 Without additional experi-
mental support, any claim in this direction should be tak
with caution, sinceS is weighted by the energy barrier dis
tribution, which may differ from the usually assumed lo
normal size distribution of magnetic entities giving rise to
magnetic viscosity ‘‘independent’’ of the temperature. T
recently detected complex dynamics of magnetization rev
sal even in single-domain particles25 also points in the same
direction.

We are indebted to X. X. Zhang for invaluable help wi
the measurements and to J. Tejada for lengthy and fru
discussions. This work has been financed by the CIC
through Projects Nos. MAT95-010 and MAT95-1042.
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