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order, no evidence that points to an abrupt change
in electronic structure at the metal-insulator
transition. In fact the conduction processes ap-
pear to fall within the description of percolation
theory. In a broader context the present results
cast grave doubts on theories currently employed
to describe the coupling between local optical ex-
citations and the conduction electrons of a metal-
lic host. This coupling, whose character near
EF assumes a pivotal role in determining the
theoretical threshold profile, "appears much
less important in the present experimental stud-
ies. Whereas translational invariance and metal-
lic properties of the host are central to the the-
oretical models, it appears in practice that the
local short-range ordering of atoms has the ma-
]or influence on the optical excitation spectra of
real alloys. Future theories that reflect these
differing emphases will provide a more funda-
mental understanding of optical processes in con-
ducting solids.
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Low-field magnetization measurements on. V-Fe alloys (28.5 and 29.5 at.% Fe) reveal
a complex magnetic behavior of these alloys. However, the reversible part of the para-
magnetic susceptibility indicates a well-defined ferromagnetic transition. Below the
transition temperature, T, activation processes at very low fields cause the initial sus-
ceptibility to decrease rapidly as the temperature is lowered below T, thus explaining
why the ac susceptibility displays a sharp peak at T~ .

The onset of long-range ferromagnetism in dis-
ordered V-Fe alloys is attributed to giant spin
clusters. " When Fe is added in dilute amounts
to V no localized moments are observed. " With
increasing Fe concentration, because of statisti-
cal reasons, more and more Fe atoms are lo-
cated in highly Fe-rich atomic environments. It
is assumed that these Fe-rich regions can polar-
ize spontaneously, forming giant spin clusters. "
It is the interaction between these giant clusters
which can lead to the onset of long-range ferro-
magnetism a.t higher Fe concentration.

There are several alloy systems in which mag-
netic properties are presently understood in
terms of giant spin clusters, the most extensively
studied being Ni-Cu. ' Like all of these alloys,
V-Fe exhibits large specific-heat anomalies for
concentrations near the onset of magnetic or-
der. ' It is assumed that these anomalies are
due to a local anisotropy of the giant moments,
often approximated by an effective magnetic field,
giving rise to a splitting of the Zeeman levels of
the giant spin moments. ~' '

The exponentiaI decrease of the specific-heat
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anomaly of V-Fe alloys below 1'K indicates a
level splitting of the order of b,E/k8= 1'K.' Since
the spin clusters are assumed to have a moment
of about 20', B,

' one would expect that the anisot-
ropy energy, i.e., the energy difference between
the easy and hard directions of the cluster mo-
ment, is at least several times the level split-
ting, or several degrees.

If the exchange interaction between the spin
clusters is of the same order as or even smaller
than the local anisotropy, the onset of long-range
order may be greatly affected or even prevented.
Any distribution of cluster size and interaction
strength could further complicate the magnetic
transition.

Recently, it has been shown that V-Fe alloys
with a concentration near 27 at. % Fe display a
sharp peak in the ac susceptibility. ' Similar
peaks have been found in severaI spin-glass or
mictomagnetic alloys"" and are assumed to sig-
nal the onset of a random freezing of the spin mo-
ments.

To investigate the nature of the magnetic order
in V-Fe alloys, I performed low-field magnetiza-
tion measurements on two V-Fe alloys with con-
centrations of 28. 5 and 29.5 at. % Fe. The temper-
ature of the onset of magnetic order has been re-
ported to be about 4 and 16'K, respectively, ' and
is therefore in a convenient temperature range
for detailed magnetization measurements. The
alloys have been arc-melted, annealed for four
days at 1200 C in a sealed quartz capsule, and
mater-quenched. Since the magnetic properties
are very sensitive to small changes in the Fe con-
centration, ' and also to changes in the metallur-
gical state (chemical short-range order), '" great
care had to be taken with the preparation of the
samples. The sharpness of the ac susceptibility
peak' is probably the most sensitive indication of
a homogeneous alloy and the samples used for the
dc magnetization measurement were selected ac-
cordingly. The two samples for the measurement
were taken from earlier resistivity samples' and
were small rectangular cylinders of 6.and 15 mg
weight with a length-to-diameter ratio of about 3
and 5, respectively.

The magnetization measurements were per-
formed with a vibrating-sample magnetometer
with a continuous-flow cryostat. The absolute
accuracy for the magnetization measurements is
+10 ' emu and for the temperature +0.05 K.
Measurements of the ac susceptibility were per-
formed by an induction method at a frequency of
38 Hz and a field amplitude of 0.1 Oe.
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FIG. 1. Upper part, magnetization at constant field:
, for decreasing temperatures; Q, for increasing

temperatures; ----, ac susceptibility. Lower part,
isothermal remanence versus temperature; inset,
magnetic isotherm for increasing and decreasing field.

The results shown in Fig. 1 demonstrate the
complex magnetic behavior of the V-Fe alloys.
The upper part of Fig. 1 represents the magneti-
zation at a constant field of 3 Qe as a function of
temperature for both decreasing and increasing
temperature, the latter being measured after
initially cooling the sample in zero field from 50
to 4.2'K. Also shown for comparison is the ac
susceptibility in arbitrary units. The large dif-
ference in the magnetization between field-cooled
and zero-field-cooled states (thermomagnetic
history effect) is similar to that previously ob-
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served in several alloy systems where it has been
been discussed in terms of a mictomagnetic or
spin-glass state. " "

Irreversible processes are observed in both
V-Fe alloys up to high temperatures. The lower
part of Fig, 1 shows the temperature dependence
of the isothermal remanence 0~ in the form of a
semilogarithmic plot. O„was measured after
initially cooling the sample in zero field to each
temperature, applying isothermally a field of
200 Oe, and removing it again. Indicated by ar-
rows are the temperatures T~ where the two al-
loys show a sharp peak in the ac susceptibility.
The remanent magnetization certainly does not
indicate that the alloys undergo any magnetic
phase transition at T„. At all temperatures the
remanent magnetization depends explicitly on
time, decreasing about 10/o over the period of 1

h, indicating very slow relaxation processes. " "
The insert in Fig. 1 shows a magnetization curve
typical for a temperature above T~. The curve
was obtained after cooling the sample to 5.5'K in
zero field (from 50'K). The initial linear in-
crease of the magnetization is reversible up to
about 2 Oe. At higher fields irreversible pro-
cesses set in. The fie1d in this example was in-
creased to 200 Oe and then lowered to zero. As
can be seen in the inset of Fig. 1, the curves for
increasing and decreasing field are parallel, dis-
placed by the isothermal remanence v~, which,
in turn, very slowly decays. This behavior sug-
gests that the true equilibrium susceptibility can
best be determined from the initial slope of the
magnetization curves taken with increasing field
after cooling first in zero field to the tempera-
ture in question. It also demonstrates that mea-
surement of the magnetization taken at constant
field as a function of temperature, as that shown
in the upper part of Fig. 1, may not be very de-
finitive in studying equilibrium properties.

Figure 2 shows the results of the magnetization
measurement taken with increasing field (start-
ing from the zero-field-cooled state). The upper
part of Fig. 2 shows a typical set of isotherms
for one of the alloys. The magnetization is shown
as function of the applied field, IJ,. Starting from
the highest temperature of 18'K (see inset in Fig.
2), o' versus H, rises linearly from the origin
with a slope (initial susceptibility) which rapidly
increases with decreasing temperature, reaching
a sudden limiting value at 15.8 K. During this
fast increase in the slope, the nature of the mag-
netization process near II, = 0 is gradually chang-
ing. Irreversible processes are setting in, giv-
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ing rise to a time-dependent magnetization and
causing some curvature in 0 versus H, near IJ,
= 0; i.e., the linear part of the O-versus-a,
curves no longer extrapolate back to the origin
but intercept the P, axis at a finite field (a coer-
cive force). This coercive force increases very
fast as the temperature is lowered further (Fig.
2), causing the magnetization o to increase very
slowly with small fields. The coercive force
does not suddently set in as the temperature is
lowered, but rather develops very gradually (at
16.3'K it is just barely outside the experimental
accuracy).

These results demonstrate the increasing im-
portance of the anisotropy on the low-field mag-
netization as the temperature is lowered. The
variation of der/dP. near H, = 0 with temperature
explains why the ac susceptibility displays a peak
near 16'K. The detailed shape of the ac suscep-
tibility near the peak is probably determined by
nonequi1ibrium properties, since near 16'K, as
mentioned above, irreversible processes in the
magnetic isotherms set in at very 1ow fields.

! I I

6 8 10 13 15 17 19 21

T (Kj

FIG. 2. Upper part, magnetic isotherms versus ap-
plied field; numbers indicate temperatures ('K). Low-
er part, results of the magnetic isotherms; do/dH,
represents the maximum slope of each isotherm.
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The maximum value of the initial susceptibility
which was reached near 16'K limits the rate of
increase of all isotherms at lower temperature
(the straight-line portions of all isotherms below
16'K are all parallel). This limiting value of da/
dH, is determined by the geometry of the sample
and is equal to 1/ND (N is the demagnetization
factor, and D is the density). The magnetization
is determined by the magnetic field H inside the
sample. Since H = II, —NDv,

do da dH der da
dH, dH dH, dH dII,

solving for do/dH, and setting dv/dH= }( yields

der/dH, = X/(1+ NDX) ~ 1/ND. (2)
The maximum value (ND) ' of do jdH, is reached
when the susceptibility y diverges. This limiting
value for do/dH„determined from the slope of
the straight-line sections of the isotherm at low
temperatures, is 0.214 and 0.094 emu/g for the
alloys with 28.5 and 29.5 at. % Fe, respectively.

The lower part of Fig. 2 summarizes the re-
sults of the magnetization measurements for both
alloys. Shown is da'/dH„ in units of (ND) ', de-
termined at high temperatures from the initial
slope of the magnetic isotherms and at low tem-
peratures from the straight-line sections of the
isotherms. As the temperature is lowered, both
alloys reach this limiting value of do/dH, rather
abruptly. This behavior is usually assumed to
be a good indication of a well-defined ferromag-
netic phase transition's (the transition is sharp
within the experimental accuracy of 0.05'K, giv-
ing T, = 4.2 and 16.8'K for the 28.5- and 29.5-at. fp-
Fe samples, respectively). Also shown in Fig. 2
is the normalized ac susceptibility. The tempera-
ture of its maximum, T~, agrees well with T„
the temperature of the kink in do/dH, . The para-
magnetic initial susceptibility (above T,) has been
corrected for demagnetization effects [by using
Eq. (2)] and is also shown in Fig. 2 in reciprocal
form (1/}( versus T, scale on the right ordinate).
The strong curvature near T, reflects the com-
plicated nature of the magnetic short-range order
above T,."

In conclusion I have shown that V-Fe alloys,
which exhibit spin clusters with complicated mag-
netic interactions, undergo a well-defined ferro-
rnagnetic transition, but that this transition can
be rrIIasked by nonequilibrium processes with long
relaxation times. Furthermore, I have shown
that the observed sharp peak in the ac susceptibil-
ity of these alloys is due to activation processes
at very low fields. These processes set in right

at the ordering temperature, T„causing the ini-
tial susceptibil. ity to decrease rapidly as the tem-
perature is lowered below T,.
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