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Magnetic-domain structure of Ni, „Mn„films inferred from resistance fiuctuations
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(Received 1 June 1993; revised manuscript received 12 August 1993)

In films of partially ordered Ni, Mn with x =0.28, large electrical-resistance noise from magnetic
effects was found. Individual fluctuating domains with large volumes but low magnetic moments were
observed. These domains are apparently clusters of constituent ferromagnetic domains which have a net
systematic antiferromagnetic alignment. The clusters are larger in the "reentrant spin-glass" regime
than in the ferromagnetic regime. Ferromagnetic domains arranged in antiferromagnetic stripes were
also imaged by scanning electron microscopy.

INTRODUCTION

Fully disordered Ni, Mn has both a ferromagnetic
regime and a regime with large magnetic remanence
effects, called a reentrant spin glass, ' similar to a num-
ber of other partially random magnetic systems. (See
Ref. 10 for reviews. ) Figure 1 shows a simple phase dia-
gram. " While there is unambiguous evidence that fer-
romagnetic domains persist in the reentrant regime, '
the nature of the magnetic order among and within those
domains remains unclear. Indirect evidence has led to
the hypothesis that in the reentrant regime clusters of
ferromagnetic domains are antiferromagnetically aligned
with each other with 180' domain boundaries.

In the high-susceptibility regime above the apparent
reentrant temperature, the presence of true ferromagnetic
order in material with short-range chemical order, such
as slowly quenched bulk samples, has been questioned. '

The evidence against long-range magnetic order is the
lack of critical behavior near the onset of the high-
susceptibility regime. ' Since critical behavior is ob-
scured by inhomogeneity, and bulk thermal quenching is
intrinsically inhomogeneous, probes of long-range order
within the high-susceptibility regime are desirable. The
main purpose of this paper is to demonstrate that equilib-
rium fluctuations can reveal striking qualitative proper-
ties of the magnetic order and dynamics even in such im-
perfect samples.

In this paper we report the presence of substantial
electrical-resistance noise from magnetic effects in
Ni, Mn films. In the high-susceptibility, ferromagnet-
iclike regime we find large coherently switching domain
clusters, with small net magnetic moments. In the reen-
trant regime we find even larger individual switching
events with smaller associated moments. Also, via scan-
ning electron microscopy (SEM) we directly observed fer-
romagnetic domains arranged antiferromagnetically.
Our results point directly to the existence of domain clus-
ters of the type postulated by Kouvel and Abdul-Razzaq
for the reentrant regime.
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(p) parallel to the magnetization within a ferromagnetic
domain differs significantly from p perpendicular to the
magnetization. Thus the resistance R, measured along
any particular current direction, is sensitive to rotations
of domains by any angles other than 180'. Since magneti-
zation itself is most sensitive to rotations of 180', resis-
tance and magnetization measurements obviously provide
somewhat different information.

The presence of "wasp-waisted" zero-field-cooled mag-
netic hysteresis loops, together with the absence of large
accompanying resistance hysteresis effects, provides the
best evidence for the special role of 180' domain walls in
the reentrant regime. This unusual hysteresis is be-
lieved to result from the bimodal distribution of exchange
fields seen by the different domains.

We shall see that the magnetic characterization of our
film samples indicates significant differences from the
most rapidly quenched bulk disordered samples. ' The
magnetic behavior of our samples most closely resembles
those of bulk samples in which some atomic short-range
order is present. ' ' In such bulk samples inhomo-
geneities often make it impossible to infer the nature of
the magnetic order from critical behavior. Thus the ex-

BACKGROUND

Ferromagnetic Ni
&

Mn has a large spontaneous
resistive anisotropy (SRA), ' tneaning that the resistivity

FIG. 1. Phase diagram of bulk disordered Nil Mn, after
Ref. 11. PM refers to the paramagnetic phase, FM to fer-

romagnetic, SG to the pure spin glass, and FSG to the mixed

ferro-spin-glass phase.
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tent of any ferromagnetic order in such samples has not
previously been determined. ' Here we will present SEM
images which confirm that small ferromagnetic domains
cover at least something on the order of half of the sam-
ple surface. Contrast between alternate domains was
insufficient to be certain about the remainder of the film.
The size of the domain clusters inferred from the noise
will indicate that long-range magnetic order is in fact
present in our samples.

We shall be concerned especially with a type of domain
reorientation to which the resistance is disproportionate-
ly sensitive and the magnetization relatively insensitive.
We will show that this type of domain reorientation must
involve dynamically coherent clusters of domains. Ex-
perimentally, Barkhausen noise is found to vanish as the
reentrant regime is approached from the ferromagnetic
regime, " indicating that, at least at low fields, no
domains which have a large net ferromagnetic moment
are free to reorient. However, in the resistance we ob-
serve spontaneous reorientations of individual, large, re-
gions with coherent resistive anisotropy but with small
magnetic moments.

We shall show that the large size of the resistance
steps, together with the known SRA of domains, sets a
minimum volume for the rotating, magnetically ordered
regions. However, their surprisingly small sensitivity to
magnetic fields sets a maximum net magnetic moment
per such region. Together, these effects lead to the 180'
domain-cluster model which has been proposed for the
reentrant regime, except that in our films such cluster-
ing, along with significant remanence, extends well into
the ferromagnetic regime.

A number of parameters need to be defined before we
can proceed further. Also, some of the simple calcula-
tions to be used in the rest of the paper are performed
here in order to streamline the discussion of our results.

The large SRA in Ni& „Mn„(Ref.13) couples the
magnetic domain fluctuations to the resistance. When a
domain switches between two different orientations, the
fractional step size in the resistance b.R/R due to the
SRA is

fS(f, T)N,
a(f, T) = (2)

N, ((5R) )
R

2

(3)

where ha is the contribution to a made by the fluctuator
being considered.

If we assume that each contribution to S (f) is a
Lorentzian, ' the integral in Eq. (3) simplifies to m.b,a,

„

(b,a,
„

is the peak in ha). For a given VD the largest
possible b,a(f ) is then found when p =0.5 and
(cos 8, —cos 82)= 1. From Eqs. (1) and (3), we then have

' —1

VD ~ 2V, +n.b,a. ,„/N, bp

p
(4)

Even when individual Lorentzians cannot be resolved
in the spectrum, an average domain volume can still be
estimated if the spectral slope varies significantly from a
constant, i.e., bumps are present in the spectrum. We
define U to be the fractional variance of a(f) from a func-
tion of constant spectral slope, which serves as a reason-
able approximation to an ensemble average of a(f). The
essential idea is that v is inversely proportional to the
density of individual contributing fluctuators, so that the
typical size of the individual fluctuators may still be
separated from their density. (Detailed calculations for
estimating the domain volumes are given in the Appen-
dix. ) After making reasonable (and not critical) assump-
tions, which are discussed in the Appendix, about a dis-
tribution of domain rotation angles (8,—Hz), we estimate
a minimum typical domain volume ( VDr, see Appendix)
to be

Vnr & 8V, +Ua,„/N,
p

where N, is the number of atoms in the sample, f is fre-

quency, and T is temperature. The contribution to the
total fractional resistance fluctuations of a single two-
state fluctuator is then'

hR hp VD
(cos Hi cos Hp),

p V,

where b,p/p is the SRA, 8, and Hz are the two angles of
the magnetic moment of the domain with respect to
current density, and VD and V, are the volumes of the
domain and the sample, respectively. Ifp is the probabil-
ity of being in one of the two orientations, the variance in
R due to the orientation fluctuations is then
((M ) ) =p(1 —p)(ER ) . Although other magnetic
effects can cause resistance noise, we will discuss later
why they are not important here.

When individual switching events are not easily
resolved, we can deduce the approximate domain size
from features in plots of power spectral density vs fre-
quency. The spectral density of fluctuations in R,
S(f, T), is described by a conventional parameter a, nor-
malized to be independent of sample size and current

(6)

where p, is the magnetic moment per atom, which is on
the order of pB, and can be estimated from Arrott plots

where a,
„

is the average of a(f) over the frequency range
of the measurement.

A switching domain's magnetic moment, pD, can be
approximately determined by measuring the magnetic
field H, that is necessary to eliminate the noise caused by
the fluctuator. pD may be very crudely estimated from a
simple argument: The duty cycle (fraction of the time
spent in one of the two levels) and rates of the domain
switching events should depend on fields which are large
enough for the magnetic energies to be comparable
to kB T Ve' ry roughly, H PD ~B~ where ~B
Boltzmann's constant. Then, for simple ferromagnetic
domains, a rough estimate of VD~ can be determined
from measured quantities to be

p&V,
VD~ =

Pa s
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of our magnetization data.
The domains can also reorient due to effects on the free

energy which are quadratic in H. The field scale for such
effects is essentially the same as the scale for magne-
toresistive anisotropy. This scale is about 200 Oe (from
77—300 K) in these films.

EXPERIMENTAL TECHNIQUES

Films were prepared by dual electron-beam deposition
at 7 X 10 Torr. Two separate depositions were made,
denoted by the sample number. In each deposition,
several substrates were used simultaneously. Sapphire
substrates were used for samples destined for electrical
measurements, and a glass cover slide was used for sam-
ples analyzed by superconducting quantum interference
device (SQUID) magnetometry and the inductively cou-
pled argon plasma (ICP) technique. The films used for
magnetometry and chemical analysis are denoted with
the subscripts m and c, respectively. In addition, a large
sample on glass (1,') was evaporated immediately after
sample 1, with the same deposition rate readings on the
crystal monitors.

Sample 1 was about 110 nm thick. ICP gave x =0.28
for sample 1, and x =0.27 for sample 1,'; the two concen-
trations agree to within the uncertainty of +0.01. Sam-
ple 2 was 73 nm thick. ICP gave x =0.27 for sample 2, .

We used standard photolithography to pattern samples
into nearly balanced four-segment bridges, with all four
segments parallel. Such patterns give voltages insensitive
to fluctuations in T and in probe current. ' In sample 1

each segment was about 3 pm wide by 650 pm long. Seg-
ments of sample 2 were 6 pm wide. An extra segment or-
thogonal to the others was included for measuring aniso-
tropic magnetoresistance (AMR).

Due to the sensitivity of the magnetic behavior to
small metallurgical changes, '" samples from a single
deposition on different substrates (e.g. , samples 1 and 1 )

might show slight differences. The AMR measurements,
on the other hand, were made on the same samples as the
noise.

The AMR was measured by comparing the field-
induced resistive imbalance of a bridge with one arm
parallel to the applied field and the other perpendicular.
One measurement was made by applying a field at a series
of temperatures cooling between measurements in zero
field, and another by subtracting the resistance in a zero-
field-cooled (ZFC) run from that in a field-cooled (FC)
run. The field used was 3.1 kOe, supplied by a conven-
tional electromagnet. A11 fields were applied parallel to
the bridge segments, so that demagnetizing effects were
sma11.

As a sensitive probe of the onset of slow magnetic dy-
namics, we measured the out-of-phase response
8 "(fH, T) of the AMR to a magnetic field of the form
H(t)=Ho+H, cos(2~fHt), with HO=288 Oe, H, =110
Oe, and fH

= 1.56 Hz.
Noise measurements were made both with simple dc

techniques and with conventional ac lock-in techniques,
using a probe current at a frequency of 2.33 kHz. We
periodically checked for the presence of contact noise by

using various combinations of leads for voltage measure-
ment and for current.

SAMPLE CHARACTERIZATION
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FIG. 2. The magnetization vs T, ZFC (field warmed) and FC
in sample 1,which had a mass of 4X10 g. The measuring

field was 30 Oe. The two symbols are for data taken at two
di8'erent times. Large remanence set in at about 160 K.

Some conventional magnetic characterization is obvi-
ously required to constrain the interpretation of the noise
data as well as to connect our measurements with others
on similar materials. Because the unmanganese concen-
tration was unusually high (x =0.27 ) for ferromagnetism
to be present, we believe that these films had some short-
range chemical order. '" In comparing our data with oth-
er data on films, one should remember that, as we shall
see, the temperature of the onset of high susceptibility
cannot be used to infer x.

Because of the complications involved in determining
the magnetic ordering of our samples, particular care was
taken to demonstrate that these samples exhibited true
long-range ferromagnetism and were not simply super-
paramagnetic with low-temperature cluster glass effects
present. ' SEM images, discussed in the next section,
give strong evidence of ferromagnetism in most of the
sample. In this section we shall present some magnetiza-
tion data, as well as static and dynamic measurements of
magnetoresistance.

In sample 1 SQUID magnetometry showed weak
differences between the FC and ZFC conditions down to
160 K, below which there was a fairly sharp onset of
large remanence (see Fig. 2). Such remanence is expected
below the reentrant temperature. Unlike in most bulk
data, the films' demagnetizing factor is small, since they
were oriented parallel to the field. However, some data
on thin samples of rapidly quenched bulk material have
been obtained. These show no remanence for T greater
than the ZFC peak of M. Our films are therefore
different magnetically from such bulk material.

In sample 1 the temperature of the onset of ferromag-
neticlike susceptibility, which we loosely denote as T„
appeared to be well above the upper limit of this mea-
surement, 300 K. Thus the qualitative magnetic response
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of this film resembled that of a slowly quenched bulk
sample, for which the range of the ferromagnetic order is
an open question. ' Other data on films also deviate
significantly from the phase diagram" of Fig. 1.

Hysteresis curves provide clear evidence for the pres-
ence of highly organized clusters of ferromagnetic
domains with 180 domain walls. In sample 1 there
were pronounced waists in the ZFC hysteresis, but these
waists were not quite as clean as in the best bulk samples.
(See Fig. 3.) Unlike in bulk, some of this unusual charac-
ter of the hysteresis persisted all the way up to 350 K. At
this temperature, magnetization saturated at -500 Oe, a
field too low for a superparamagnet, in fact setting a
minimum ferromagnetic cluster moment of —10 p,z.
The waisted hysteresis loop at 350 K seems to be con-
sistent with the 180 domain walls appearing in both fer-

romagnetic and reentrant spin-glass regimes, as seen pre-
viously in films by transmission Lorentz microscopy. '

In sample 1 the two types of AMR curves were essen-
tially identical down to 130 K. At 130 K the ZFC-FC
anisotropy leveled off and the anisotropy produced by a
field applied at the measuring T decreased [see Fig. 4(a)].
This onset of remanence in the AMR provides a good
measure of an apparent reentrant temperature for the ac-
tual sample used for noise measurements. The out-of-
phase response of the ac AMR, shown in Fig. 4(b), with a
small measurement field similar to that in the SQUID
measurement, starts to decrease around 180 K. The
AMR in the range 200-350 K can be fit with a function
which is linear in T, extrapolating to zero at 420 K. At
420 K, a decreasing tail of the AMR is still present, sug-
gesting that a small fraction of the sample has higher T, .
Although substantial AMR would not be present in the
simple spin-glass phase or the paramagnetic phase, the
presence of AMR does not tell much about the range of
any ferromagnetic order.

ZFC magnetization for sample 2, shown in Fig. 5,
falls off suddenly below 60—70 K. There is an onset of a
high-susceptibility regime near 170 K, below which some
remanence is found. From 170 to 300 K, there is a small
residual magnetization at very low fields, as seen in the
nonlinear portion of magnetization in Fig. 5. The
difference between M(20 Oe) and 2M(10 Oe) is virtually
independence of T (as shown in Fig. 5) above 220 K, indi-
cating that a small fraction of the sample formed a high-
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FIG. 3. Magnetic hysteresis. The sample was an 8X10 g
portion of sample 1;(the remainder was used to double check
the ICP result). The wasp-waisted hysteresis loop characteristic
of disordered NsMn was present at all temperatures but was
most pronounced at low temperatures. At 350 K, M almost
completely saturated in 1 kOe, showing that the sample was fer-
romagnetic rather than superparamagnetic. At 4.5 K, on the
other hand, M was nowhere near saturation even at 3 kOe,
which is more characteristic of a spin glass.
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FIG. 4. (a) Anisotropic magnetoresistance, ZFC and FC, of
sample 1, which was also used for noise measurements. The
AMR approached zero with increasing T, giving an apparent T,
for most of the sample to be about 420 K. Irreversibilities set in
below 120 K in this 3.1 kOe field. {b) Real and imaginary (out-
of-phase) parts of the response of the AMR to an ac applied
magnetic field. The out-of-phase part markedly changed as T
decreased below —180 K.
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temperature ferromagnet —presumably Ni3Mn. ' From
the magnitude of this residual magnetization, together
with the known magnetization of Ni3Mn, ' we estimate
that 0.17% of the material precipitated as Ni3Mn. Some
AMR also persists in sample 2 even above 350 K, con-
sistent with this conclusion.

In sample 1 the high-temperature tail of the AMR was
slightly smaller than in sample 2, so that sample 1

presumably had slightly less Ni3Mn precipitate. Since
0.17% is far below any two-dimensional (2D) percolation
threshold, the small amount of high-T, precipitate in
these films cannot account directly for any long-range
coherent effects, such as those to be described in the elec-
trical noise.

Hysteresis in the sample 2 magnetization (Fig. 6)
shows a bit of the waist typical of reentrant Ni& „Mn„
curves at low temperatures. However, the effect is much
less dramatic than in sample 1.

The overall magnetic behavior is rather complex. The
transition temperatures did not correspond well with
those of rapidly quenched bulk samples. "' Sample 1,
which has a very high concentration (x =0.28 from the
ICP measurement), still has ferromagneticlike susceptibil-
ity and AMR up to 420 K, even though the critical con-
centration for the onset of ferromagnetism in rapidly
quenched bulk is x =0.24. In fact, in sample 1, for T,
this high, no reentrance would be expected for a fully
disordered bulk sample. The most likely interpretation is
that some short-range chemical order is present, as in
slowly quenched or annealed bulk samples showing simi-
lar behavior. ' ' In addition there is evidence for a small
amount of material with very high T,—probably Ni3Mn
precipitate. As in slowly quenched bulk samples, there is
no sharp ferromagnetic transition. In what follows, we
shaII denote the temperature at which the large
remanence appears in the magnetization and the AMR as
T„sz,without meaning to imply that this temperature

FIG. 6. Magnetic hysteresis of sample 2 . {a) At 4.5 K the
wasp-waisted loop feature of the reentrant spin glass was

present, but it was not nearly as dramatic as in sample 1 . For
T above the reentrant regime the loop was typical of ferromag-
netic hysteresis. (b) The width of the hysteresis curves is plotted
so that the slightly bimodal reentrant behavior at 4.5 K is clear-

ly visible.

represents a sharp phase boundary or that the low-

temperature regime closely resembles a standard spin
glass.

Considering the hysteresis loop, at least part of each
film appears to be ordered in the way that the model of
Kouvel and Abdul-Razzaq describes, with clusters of an-

tiferromagnetically aligned ferromagnetic domains.
Whether such domain clusters act as dynamically
coherent units will be revealed by the noise measure-
ments.

SEM

Sample 1 was imaged at room temperature at 20 kV

with a Hitachi S-800 SEM which had a field emission tip.
As seen in Fig. 7, even at room temperature there are
small, systematic ripples in the contrast of the image,
characteristic of ferromagnetic domain images. These
ripples appear to come from domains with mainly 180'
domain walls. The domains tend to be fairly close to
straight lines; their curvature in the photograph is some-
what exaggerated because 30 tilting of the sample
without compensation causes surface roughness to ac-
count for some of the curvature. Several micrographs
were taken, and Fig. 7 is only a part of one with relatively

good contrast in the domain structure. Contrast between
alternate domains tended to be visible where the film was

fairly flat, although some domains were seen to pass
through small bumps and ridges on the surface without
being significantly affected. The average width of
domains in different regions was rather constant,
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FIG. 7. A room-temperature SEM image of a piece of sample 1 . The full view of this photograph is 0.48 pm by 0.38 pm. The
sketch next to the photograph shows stripes corresponding to the places in the photograph where domains can be seen. Other images
also were obtained (discussed in the text).

(6.7+0.2) nm, but contrast was too faint over most of the
image to determine how systematic the antiferromagnetic
arrangement of domains was.

Contrast was strongest for domains oriented parallel to
the tilt axis (vertical in Fig. 7), and no domains were visi-
ble which were almost perpendicular to the tilt axis. This
highlighting of domains preferentially according to their
orientation is what is expected for the "type II" contrast
mechanism, ' in which electrons are steered toward or
away from the film surface by a magnetic field parallel to
the tilt axis, and thus are backscattered more or less than
electrons in zero magnetic field would be.

Since some domains are bound to be aligned nearly
perpendicular to the tilt axis, and thus would give
insufficient contrast, and since surface features obscured
domains over part of the sample, we can only estimate a
lower bound of the coverage of ferromagnetic domains
over the sample. At least half of the film was ferromag-
netically ordered. Although the SEM images do not tell
us the order of the remaining material, the natural inter-
pretation is that it is also predominantly ferromagnetic.

Clearly, in spite of short-range chemical order, these
samples have long-range magnetic order at high tempera-
tures. We now turn to the noise to study the domain dy-
namics.

NOISE RESULTS

The dependence on T of the noise magnitude pararne-
ter o. of sample 1 above 70 K is plotted in Fig. 8. The
most prominent result is a peak between 100 and 150 K.
Typical spectra are shown in Fig. 9, exhibiting large spec-
tral features of this high-temperature noise. Such
features are far too large to be consistent with ordinary
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FIG. 8. a vs T in the ferromagnetic regime of sample 1. (a) a
vs T in zero field, 80 Oe, and —1 kOe. The 1-kOe data used a
dc probing current, and erratic ac-field-driven data in H =0 and

80 Oe have been omitted for clarity. Ferromagnetic noise was

almost completely suppressed in the field. (b) a vs T at —1 kOe
measured with an ac probing current. Some domain fluctua-
tions were excited by the ac field. The transition exhibited hys-

teresis, seen by following the arrows, which track the data in the
order in which it was taken. The zero-field a vs Tdata are plot-
ted as a dotted line for comparison.
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highlighting spectral features. (a) A and B are ac-current
(field)-induced noise at 170.6 K and 173.3 K, showing the large
features and increased noise. E, F, and G are noise that ap-
peared when the sample was cooled in a field. E has T =259.8

K and H =1 kOe, F has 93.0 K and 80 Oe, and G has 207.2 K
and 44 Oe. Although noise was significantly suppressed, neither
noise nor features were eliminated even in 1 kOe field, presum-

ably because different domains were free to fluctuate than those
seen at other fields. (b) C and D are spectra with features seen
in zero field at 260.8 and 234.3 K.
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FIG. 10. Sample 1, a vs T at 3 Hz for several successive
cool-downs in the reentrant regime. Different peaks correspond
to different fluctuating clusters of domains which happened to
appear in this frequency window. Inset: Switchers in the time

domain. In the upper box the step size is AR/R =1.8X10
The two distinct states are labeled a and b. Data were taken at
70 K. The upper box is a time series of the switcher with its

spectra shown in Fig. 11, and the lower box plots the switcher
of Figs. 12 and 13. In the lower box b,R/R =2.4X10, and
T=50 K. The two states are labeled c and d. AR/R gives

V& ~ 3 X 10 ' cm' (discussed in the text).

noise from defects in metals, but features arising from
magnetic effects have been found in smaller samples of
several other magnetic metals. ' '

The noise in the ferromagnetic regime of sample 1 was,
on the average, suppressed in small magnetic fields. Fig-
ure 8 illustrates the noise suppression in a 1 kOe field. 80
Oe was sufficient to suppress most fluctuations above 100
K except for one peak in a near 215 K and another broad
peak which was not very sensitive to field effects at about
115 K.

These two peaks in a were easily resolved above the
background of noise from smaller domains. Their
frequency-temperature dependences could be well fit with

E /kT
an Arrhenius expression, f =foe ', yielding activa-
tion energies F., and attempt rates fo. The peak at 115 K
(the only remaining large fluctuator when a 1-kOe field
was applied} had an activation energy of 0.17 eV and at-
tempt rate of approximately 10 Hz. The other peak,
seen in an 80-Oe field, had an activation energy of 0.49
eV and an attempt rate around 5X10' Hz. Discrete
switching events were barely resolvable above the other
noise in the time domain.

Below about 100 K in Sample 1, a(f, T) grew as T de-
creased, but with extreme variabihty between different
cooldowns. Nearly every time the sample was cooled
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FIG. 11. (ai a vs f of sample 1 at several indicated tempera-

tures is shown in a regime dominated by one switcher. The

power spectral density was nearly a Lorentzian in f, as is ex-

pected for individual switchers (Ref. 15). (b) An Arrhenius plot
of the frequency of the peak in a vs 1/T. The straight line is a
least-squares fit to the Arrhenius law, giving an activation ener-

gy of 136 meV and an attempt rate of 6X 10' Hz.
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from above 200 K, one or two large, distinct two-state
switchers, such as those shown in the inset of Fig. 10,
dominated the noise in this regime. Fig. 10 shows a(f, T)
vs T for several cool-downs, together with noise in the
time domain corresponding to two different peaks in

a(f, T) vs T. The step sizes shown, b,R/R =2X10
were typical. These switchers' characteristic rates also
showed strong Arrhenius temperature dependences, as
seen in Fig. 11.

Field changes as small as 0.04 Oe caused noticeable
changes (partly transient) in the characteristic rates asso-
ciated with a switcher, confirming that these are in fact
magnetic domains of some sort, not some huge fluctuat-
ing structural defects. Figure 12 illustrates such effects.
However, typical switchers remained active over field
ranges in excess of 300 Oe. Figure 13 shows that the step
size of one typical fluctuator remained nearly constant
with changes of field of 125 Oe. This range is roughly
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I
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FIG. 13. Step sizes vs H of the switcher with spectra plotted
in Fig. 12. Horizontal lines were drawn to match the lower and

upper voltage states on plots similar to the lower inset of Fig.
10, and the step size was taken to be the distance between the
lines in units of hV/V. Each point here came from averaging
sizes of —100 switching events, and error bars are the standard
deviation of the mean of these event sizes, where the scatter is

due to other noise sources. These data clearly show that the

same fluctuating object was observed over a field range of at
least 120 Oe. Step sizes on other cool-downs were similarly in-

dependent of H.
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obtained from AMR.

a vs T of sample 2 is plotted in Fig. 14. The spectral
features were less prominent than in sample 1. Overall,
the noise magnitude was suppressed only in fields of at
least a few kOe. These results point toward smaller fluc-
tuating regions with smaller net magnetic moments than
in sample 1. The low-temperature giant switching noise
of sample 1 did not show up in sample 2.

In sample 2, the noise measurements extend to temper-
atures well above those for which most of the sample is
ferromagnetic. The noise is still strongly suppressed in
moderate fields, but does not show the spectral features
found at lower temperatures.

Although individual peaks in spectra of sample 2 were
not easily distinguishable, weaker features appeared in
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x Gaussian
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FIG. 12. (a) Five measurements of a vs f before the magnetic
field was changed by 0.04 Oe. The peak frequency was relative-
ly constant. T =50 K. (b) a vs f after the small field change.
(c) The standard deviation of the five measurements of a(f, T) vs
the frequency. The lowest curve is the expected standard devia-
tion for Gaussian noise. It is clear that the slight change in field
produced significant transient effects on the noise spectrum.

50 100 150 200 250 300
T(K)

FIG. 14. Sample 2, a vs T. This sample, while not exhibiting
large switching noise in the FSG state, showed ferromagnetic
noise diminishing at low T, as well as a noise peak at about 47 K
which was not suppressed in fields up to 3 kOe.



3952 C. D. KEENER AND M. B.%'EISSMAN 49

most spectra taken below 200 K. These features can be
quantitatively described by the variance in a, U, defined in
the "background" section. Using spectra from nine
different temperatures in the range 70—190 K, we found
an average u =0.004. Above 190 K no statistically
significant features were found in a(f).

We expected to find some noise from spin-glass dynam-
ics coupled to R via universal conductance fluctuations
(UCF's), as found in CuMn, ' AuFe, and the reentrant
a-FeZr. Such noise would be Gaussian and featureless
in samples as large as those described here. Sample 2
showed a peak in a vs raround 47 K, a little below the

TFso determined from the SQUID data. This peak,
which was not suppressed in fields up to 3 kOe, clearly
has a different origin than the domain noise, and might
be related to the onset of spin-glass order. A systematic
study of this noise was not easy, due to the large fer-
romagnetic domain noise. No distinct spectral features
were resolved in the narrow regime in which this peak
dominated the noise.

An unidentified first-order transition, with thermal
hysteresis, was found near 190 K in the resistance and the
noise of sample 1. The noise measurements made with an
ac probing current were much larger in the temperature
range near 190 K than identical measurements made with
a dc probing current. Apparently, the 2.33-kHz ac fields
of —1 Oe produced by the measuring current were
sufficient in this temperature range to excite some domain
motion; this effect was found in some other ferromagnetic
films. As seen in Fig. 8(b), the noise probed by ac
current rose erratically by about an order of magnitude at
170 K and subsided at lower temperatures, and at 200 K
during warming a dropped suddenly by a factor of 3 to
approximately the dc-probed value and remained there at
higher temperatures. At the same time the resistance
jumped by more than 5 parts per 10. The larger ac-
probed noise also contained much larger features in its
spectra than the dc data (see Fig. 9). Discontinuities in

the resistance vs temperature curves appeared in sample
1 and also in another sample grown and fabricated to-
gether with it. Some large spectral features appeared and
then disappeared when field was varied by —30 Oe at 188
K. We suspect that the film anisotropy played a role in

these phenomena, but do not have sufficient evidence to
warrant discussing them further in this paper.

CONCLUSIONS

Since most of the noise found in the ferromagnetic re-
gime is suppressed in a rather small field, it must come
from some magnetic source. The presence of identifiable
features is highly unusual for metallic samples of this
large size, ' again indicating an origin in the dynamics of
large domains.

If the domain dynamics cause noise simply because of
the SRA, we may calculate the domain size via Eq. (4).
(The SRA is approximately the AMR at these tempera-
tures. ) For sample 1 we find VD=4X10 ' cm in the
ferromagnetic regime —a somewhat surprising result
since the domains visible in the SEM images are not that
large. However, since H, =80 Oe, @8=10 pz, a much

smaller moment than would be found for a ferromagnetic
domain of volume 4X10 ' cm . For the two large indi-
vidually resolved fluctuators, we had VD =2 X 10 ' cm,
and the apparent moment was even smaller than for typi-
cal domains.

In order to have a low net moment even though the net
volume is large, domains must rotate in clusters which
consist of ferromagnetic domains with 180 domain walls.
The moments of adjacent ferromagnetic domains cancel
but their SRA adds.

Very similar results were obtained for the ferromagnet-
ic regime of sample 2 below 200 K. Since independent
peaks in its spectra were not easily distinguishable, we

used Eq. (5) to estimate Vnr. The SRA was -5X10
and U =0.004. Then, from Eq. (5) VDr ~ 9X 10 ' cm .

At this point we should consider alternatives to the hy-

pothesis that the SRA is the dominant mechanism by
which the magnetic fluctuations couple to the resistance.
If there were some larger term by which magnetic noise
aff'ected R, then Eqs. (4) and (5) would overestimate VD„,

perhaps leading to a qualitatively incorrect picture of the
domain clusters.

Magnetoresistive noise effects at domain boundaries
would be too small to cause the observed noise unless the
fluctuating domains were at least 0.9 pm in perimeter (in

sample 1); this assumes only that the magnetoresistive
effects are no more than 100% of the resistance within

one mean free path of the boundary. We cannot present-

ly rule out the possibility that domain boundary magne-

toresistive effects contribute to the noise, but allowing for
them cannot significantly reduce the estimate of the
domain size.

Other mechanisms which couple magnetism to resis-

tance, which do not invoke ferromagnetic domains,
would be insufficient to account for such large individual

fluctuations in the resistance. For UCF coupling of local-

ly random spin arrangements to R, for example, such

large fluctuations would require the rearrangement of
more than about 100% of the spins in the entire sample.

The field-dependent noise in sample 2 above 270 K
must come from the tiny fraction of the sample which is

ferromagnetic. The absence of spectral features above

190 K means that we cannot set a minimum domain size

from the noise. The obvious interpretation is that all the
field-dependent noise above 270 K and part of the noise

at lower temperatures is due to numerous small, uncou-

pled ferromagnetic domains —just as expected for Ni3Mn

precipitates. These cannot, however, account for the

large coherent fluctuators found only at temperatures
below 190 K, well into the ferromagnetic regime.

The large switching noise found at low temperatures in

sample 1 is the most striking and unusual feature of our
results. The resistance steps found for T& T„s~were

about seven times larger than those inferred from the
noise features at higher T. For such large steps, explana-

tions other than SRA of rotating domains become even

more unrealistic than for the noise features in the fer-

romagnetic regime.
The field scale for the suppression of these low-

temperature fluctuators was slightly larger than that of
the ferromagnetic noise, being several hundred Oe for the
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fluctuator shown in Figs. 10, 12, and 13. That field scale
implies a total moment of roughly 10 LM~. Nevertheless,
the existence of observable effects on the switching for
fields as small as 0.04 Oe indicates that there are some de-
grees of freedom associated with these domains which
have moments roughly on the order of 10 p~.

The evidence thus suggests very strongly that these
large low-temperature fluctuators are also clusters of fer-
romagnetic domains which align antiferromagnetically
over a long range. Ordering into 180' domain-wall pat-
terns in the ferromagnetic regime is consistent with the
high-temperature hysteresis loops, our SEM images, and
others' TEM observations of films' that showed similar
ordering in the reentrant and ferromagnetic regimes.
The volume of the clusters which rotate coherently is
about 3X10 ' cm, calculated from b,R/R and Eq. (1),
corresponding to an area of 0.3 pm .

The lack of the giant low-temperature switching noise
in sample 2 points to less long-range antiferrornagnetic
clustering than found in sample 1. Such an interpretation
is strongly supported by the relatively subtly bimodal ex-
change field inferred from the hysteresis loop of sample
2, as compared with sample 1 . Since the characteris-
tic T, and TFsG also differ between the two samples, they
presumably differ in their short-range atomic order. At
any rate, the evidence from noise agrees with that from
the magnetic hysteresis.

One clear result of our measurements is that the films
show extensive ferromagnetic order. These films, like
bulk samples with some short-range order, had a regime
of high ZFC susceptibility which extended over a greater
temperature range than found in completely disordered
solid solutions. Thus it is possible that such bulk samples
with partial short-range order also have extensive fer-
rornagnetic order, despite their lack of clear critical
behavior. It is interesting that in reentrant Fe„Zr,
films experimenters have also detected extensive domains
that have not been observed in bulk samples.

From the SEM images, static cluster sizes seem to be
limited at least partly by film inhomogeneities and de-
fects. The cluster sizes could vary significantly with film
growth quality.

The fluctuating clusters have a systematic net antifer-
romagnetic alignment of their constituent ferromagnetic
domains. In the ferromagnetic regime of sample 1 the
constituent moments of the domains in a typical coherent
cluster canceled each other to about 1 part in 500. In the
reentrant regime the constituent magnetic moments can-
celed to about 4 parts in 10 . In sample 2 cancellation
was to about 1 part in 10 at 80K.

The resistance noise measurements led directly to a
domain-cluster model identical to that proposed on less
direct evidence by Kouvel and Abdul-Razzaq. We
should point out that noise results led us to this domain
model despite our lack of awareness of its prior
existence —which demonstrates (in addition to our prior
ignorance) both the power of the noise techniques and the
genuine predictive value of the model.

The noise measurements show that clusters qualita-
tively similar to those found in the reentrant regime are
already present in the ferromagnetic regime, at least in
these films. The cluster coherence volume, however, is

generally larger in the reentrant regime.
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APPENDIX

We use the line of reasoning found in Ref. 25 to obtain
an estimate of domain volume from a and its fractional
variance, v„about its ensemble average. n' is the nurn-

ber of individual Lorentzian contributions to the fluctua-
tions per factor of e in characteristic rate and per factor
of e in p/(1 —p). For a fixed domain volume, n' is pro-
portional to a,„butinversely proportional to v„allowing
n' and the typical domain volume each to be determined.

The average a is
'2

(N,')a„=n' ((cos 8, —cos 82) ) .
p iV,

The average ( ) is taken over the collection of fluc-
tuators. Using the results of Ref. 24 we find

((cos 8, —cos 82) ) ( VD)n'=
3m. v, ((cos 8, —cos Oz) ) ( VD)

Combining these equations gives

&V & V, &(cos8, —cos8) ) gp=377 Vq

& Vn)
'

N, ((cos'8, —cos'8, ) & p

Since it is calculable, we take VDT =—(( VD)/( VD))'~ as
the typical domain volume. It's larger than the rms Vz
but smaller than the maximum VD.

We find

aaU ~

(( o 8 o 8 ) ) 35

&(cos 8, —cos Oz) &

VDT ~8V,) hp

p
Qv, a,„/N,

with larger estimates applying if the rotation angles are
small.

for an isotropic distribution of solid angles. Reasonable
assumptions about the distribution cannot give much
smaller values, but larger values are possible if ~8, —82~ is
always small. Thus a reasonable approximation is
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