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Magnetic neutron scattering in dilute AiMn alloy
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Neutron scattering studies vere performed on an A1-0.5-at. %-Mn dilute alloy at T = &0 K and
T = 300'K sample temperatures, The incoherent magnetic scattering cross section was measured using
the Dubna pulsed reactor as a function of in-going neutron energy, at four scattering angles. The
results show a nonzero magnetic moment on the Mn sites and a g ~ 6-A radius oppositely polarized
electron cloud around these atoms.

I. INTRODUCTION

If the lattice of a nonmagnetic matrix metal con-
tains a small number of magnetic atoms in statis-
tic31 distribution, incoherent magnetic scattering
of thermal neutrons will occur, the energy and

angular distribution of which are characteristic of
the time and space dependence of the perturbation.
This enables immediate investigation of localized
magnetic moments and may help to answer some
fundamental questions concerning dilute magnetic
alloys. The fundamental theories of dilute mag-
netic alloys are based on the so-called s-d-ex-
change and localized-spin-fluctuation (LSF) models.

In the s-d-exchange model the system is taken
to be essentially magnetic. The magnetic moments
localized on impurities are in static or dynamic
interaction with the surrounding conduction-elec-
tron cloud, which is polarized in the .opposite di-
rection to the localized moment. This compen-
sating cloud is definitely not larger than 10 A in

diameter, so that the scattering intensity is likely
to be proportional to the effective form factor of
the cloud plus impurity for small scattering vec-
tors, and to the paramagnetic form factor of the
localized moment for K& 1 A '.

According to the LSF model, in contrast, there
is no compensating cloud. The system is essen-
tially nonmagnetic, and its properties are deter-
mined by so-called localized spin fluctuations with

a finite relaxation time. Since, however, the re-
lation of the LSF model to neutron scattering hes
not yet been elaborated we shall use here, as our
working hypothesis, the theory based on the s-d-
exchange model.

The ground state of dilute magnetic alloys has
been studied by Qurgenishvili, Nersesian, and
Haradze starting from a dynamic interpretation of
the s-d-exchange model. They assume that an
impurity atom preserves its magnetic moment in
the alloy but it enters into dynamic interaction
with the surrounding polarized electron cloud at

low te mperatures. The spectral densi ty func tion
S(~) of the localized spin fluctuations has a maxi-
mum at &-k~T~, while it tends to zero for ~ -0. ,
if T- 0, as shown in Fig. 1. The halfwidth of S(w)
is in the order of k~T~. The cross section for
magnetic neutron scattering calculated on the basis
of this theory indicates that the incoherent para-
magnetic scattering is perfectly inelastic at T-0
and can be characterized by S(w) and an effective
form factor E(x) The pa. ramagnetic scattering in
the Bragg direction, on the other hand, consists
of an elastic component proportional to the effective
form factor and the static susceptibility, in accor-
dance with the measurements obtained by Stassis
and Shull.

The double differential cross section d o/d AdE
for magnetic incoherent scattering is proportional
to both S (u) and E (z). The measurement of this
quantity therefore contains all the pertinent infor-
mation. If, however, the neutron flux is not high

3 =50 meV

FIG. l. Spectral density function S(cu) of localized
spin fluctuations.
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enough —and this is the case with most of the pres-
ent working reactors-the intensity scattered by

impurity systems is too low. It was shown, by
Gurgenishvili and his colleagues, however, that
the cross section do(EO)/dA= f (d o/dAdE)dE,
which is integrated for the final neutron energies,
still shows the most important features of the sys-
tem, i. e. , the effect on the scattering pattern of
S(&u) and of the change in F(v) due to polarization.

II. PREPARATION OF THE SAMPLES

Our experiments were carried out on the
Al-0. 5-at. Vo-Mn system. ' Aluminum as a matrix
metal has an incoherent scattering cross section
of practically zero and can therefore be favorably
used for neutron physical measurements; further-
more A/Mn dilute alloy has a Kondo temperature
high enough to enable investigation of the ground
state even at room temperature (T~ =450-1200 K,
according to different measurements).

The polycrystalline samples were made of
99. 995%-pure Al containing 50-ppm iron and al-
loyed with 0. 5-at. /0 Mn. The 2-mm-thick and

20-mm-wide layers rolled from this alloy were
quenched in water after a 10-h period of homoge-
nizing annealing at 630 'C. No precipitation could

be detected on optical examination of the samples;
the crystallites had an average diameter of 0. 6

mm. The Mn concentration was determined by

the standard method of permanganometry.
Sheets containing no Mn were also prepared from

the same matrix material. Since cold rolling of

Al sheets results in a wide variation in grain size,
experiments were carried out on samples where
the average grain size was altered by heat treat-
ment to the 0. 3-0.9-mm range. Neutron scatter-
ing patterns did not change in the Eo.~ region ex-
amined for samples with different grain sizes.
The Al and A/ Mn sheets were stacked into
12' 80' 100-mm packets interleaved with Cd ab-
sorbents arranged perpendicular to the sample
plane in order to reduce multiple scattering. The
thickness of the irradiated samples was constant
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III. EXPERIMENTS

The scattering intensities of neutrons of 20-300-
meV bombarding energy on the samples are mea-
sured at T=80 and 300'K using the IBR-30 fast
pulsed reactor in Dubna. The experimental arrange-
ment is shown in Fig. 2. The pulse frequency was

100 Hz, pulse length 2-3 p, sec, average thermal

power of the reactor 6 k%, and maximum power

in a pulse about 30 M%.
The aim was to measure the cross section of

diffuse magnetic scattering [tdo(EO)/dA]R as a func-

tion of the in-going neutron energy. For T & Tz
this scattering is almost perfectly inelasticaccord-
ing to. ' Since only a very small effect was ex-
pected due to the low impurity concentration, the

sample-to-moderator and sample-to-detector dis-
tances, L, and Lz, were chosen so that Lz/L, « l.
Thus, when using the time-of-flight technique,
neutrons scattered from the sample both elasti-
cally and inelastically are detected at practically
the same instant, which means that the entire spec-
trum of the thermal neutron beam can be utilized
and the measured quantity will in fact be the cross
section do(Eo)/dA. The holder containing the
Al-0. 5-at. %-Mn and pure-Al samples, one under

the other, was placed in a cryostat (Fig. 3). The

measurements were performed in 5-min cycles
with the help of an automatic sample changer con-
trolled by a monitor counter. Halfway through the

measurements, the two samples were interchanged
in order to avoid geometric errors.

Scattered neutrons were detected with four BF3
detectors positioned at angles of ( = 8'; ll. 7;
15.4; 19.1 . It was found that detection was not

possible for,g & 8, owing to the high background
level, nor for -9 & 20", owing to Bragg reflections
in the Al matrix. The intensity distributionversus
flight times of the neutrons scattered on both the

A/Mn and the Al samples were determined with the

same 4096-channel analyzer.
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FIG. 4. Di'fferential cross section of theparamagnetic
scattering in AlMn alloy at 80 and 300 'K
of the in-o e in-going neutron energy for different scattering
angles. The solid lines are the theoretical curves nor-

(Ref. 1).
malized to the experimental results at h hu s a ig energies

To standarize experimental results, a 2-mm-
thick vic vanadium layer wa, s used as a reference
sample in the same geometrical arrangement 'ti S

p ctrum being determined alternately with back-
ground measurements.

The neutron scattering intensity consists of the
following components:

4(A1) = 4 ia. + 0 + 4,h+ 4,
yh+4N s

where + „„,.~, and P„are the intensities
of incoherent, nuclear-isotope incohe t 1-ren, mu-
ip e, and paramagnetic scattering, respectivel

+~ an (IF)» are the contributions from neutrons
cive y,

scattered on grain boundaries and lattice vibra-
tions. Since Al has a relatively high Debye tem-
perature (en= 400 'K) and the cross section of in-
coherent scattering is very small ( -0), '

yci„= y, it may
be assumed that ~ This approxima-
tion would certainly not be valid if a resonant
phonon mode played a role in the -scattering pro-
cess. Since, however, the expected broad virtual
resonance E„&20 meV and experimental data were
considered in the Eo& 20-meV range the contribu-
tion of the resonant mode to the incoherent nuclear
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FIG. 5 Plots of d&~/dQ for 0= 8' and T= 80'
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vs in-
g 'ng neutron energy and momentum transfer f('. Also
indicated are the ve e values of the elastic paramagnetic
scattering obtained with the for f to f

n ion.
rm ac r o an isolated

o e o irregu-scattering cross section does not 1 ad t
larities in the studied energy ran I ddrange. In addition,
since the nuclear incoherent cross section is
smaller than the magnetic one and only a. small
fraction of it is connected with i n e 1 a s t i c

the sc
rocesses, even the monotonous contrib t f' uiono
e scattering by the resonant phonon mode is

small. Furthermore, for 3& 8 and ) & 2 A it holds
tha, t P = +'«duue to the relatively large grain
size. This statement is experimentall dy prove

y e same form of scattered spectra in the 0. 3-
0. 9-mm average grain size range in all the K, E
region but at the smallest energy part of the 3= 8'
spectrum of Fi . 4.
te

'g. . Thus, only three correction
erms need to be taken into consideration in the

differential spectrum of the doped and pure Al,
viz .,., +„i„,f~, and f„ thy latter two being sig-
nificant only if K is small:

cia„„Z~y= Z[y(af Mn) —y(A1))

=ff(%is,i.e+4u+~4 j . (2)

The value of K was determined by normalizing the
spectrum with the help of the control measurements
on the vanadium reference sample.

the differenti
The above relations were sufficient t d tien o e ermine
e ferential cross section of paramagnetic sca.t-

tering. The (do/dQ)„data, given in units of barn/
steradian impurity atom, are plotted against in-
going neutron energy with temperature and scatter-
ing angle as parameters in Fig. 4. Error limits
of the measurement points, which were obtained
by averaging over successive 5-meV intervals,
were determined by means of the Gaussian error
law. As seen in Fig. 5 the measured data, at the
small scattering angle run lie below the cross
section for the free Mn ion and have a different
character.

The value of o„„,is about 6. 10 ~ b/atom while
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the correction term b, (dg/dQ) becomes significant
only for small momentum transfer (Fig. 5) as
stated earlier.

+ 19.1
7~900'K

IV. DISCUSSION

As mentioned in Sec. I, the magnetic-neutron-
scattering cross section has already been calculated
by Gurgenishvili et al. ' on the basis of the Kondo
model. %'e shall therefore use these values as a
working hypothesis and compare the resulting
theoretical formulas with our experiment. Two
regions of » (i. e. , two regions of ingoing energy
at a fixed scattering angle) are of interest:

(a) For sufficiently high» values, the law of
diffuse paramagnetic scattering should apply to
our results
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FIG. 7. Comparison of measured room-temperature
data at ~ = 19.1' with calculated elastic paramagnetic
cross section.
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FIG. 6. Comparison of the experimental d{T~/dO cross
section obtained for higher & with the I' (f{) values of free
Mn ions ~

where ¹ is the number of impurity atoms in the
sample, y is the magnetic moment of a, neutron,
ro is the classical electron radius, and 8 is the
absolute value of the impurity spin. The experi-
mental d&x»/dQ data for this region, with the excep-
tion of those obtained at 9 = 8', where 1{: is not
large enough and therefore Eq. (3) is not valid,
corresponded to [F(») J calculated for free manga-
nese ions (Fig. 8). A value of S = 1.85 can be de-
termined for the localized spin from the high-ener-
gy part of these curves. In Fig. 7 the differential
cross section calculated from Eq. (3) with this
spin value is compared with the data measured at
,9=19.1' and T =300 K. It is seen that these data
fit the calculated curve within the experimental
error if 1{'& 2. 2 A

(b) If the region of small momentum change (i.e. ,
low in-going energy) is considered, the magnetic

impurity scattering is essentially characterized by
the spectral density function of spin fluctuations
S(~); this statement is valid if T«T».

The differential cross section d(T„/dA is propor-
tional to the integral of S((d). For not too low»
values, we have

"Zo 1/2"= —&;(r&0) ' I —— S((o) ~E(») d(g,

(4)
where E is the ingoing neutron energy and fd =F0
—F. is the energy transfer. The density function
S((u), which exhibits a maximum at u) =z -ksT»,
can be calculated over a. wide temperature range
from the theory in question. If Fo is in the order
of 100 to 200 meV, since S(u) is centered in a a
wide region, Eq. (4) becomes Eq. (3). Therefore,
the decrease at high F.o of the curves in Fig. 4 is
governed mainly by the decrease of E(») and not

by that of S((d), in agreement with the statements
of (a). Using Eq. (4) the discrepancy at 8= 8',
visible in Fig. 6 can be explained by using an ap-
propriate S((d), i. e. , an appropriate z. The ex-
perimental results for the small momentum trans-
fer region at any scattering angle should therefore
be compared with Eq. (4).

The do„/dA values calculated from Eq. (4) for
given T and a values, utilizing a 3d-type form fac-
tor for the Mn ion, are plotted with full lines in
Fig. 4. The experimental data. and calculated
functions were mutually normalized in the vicinity
of their maxima. From the theoretical curves
fitted to the measured data we have a = 30+ 5 meV
at room temperature, and a =50+5 meV at 80'K.
The temperature dependence of a [from which

so= z(T = 0), and hence the Kondo temperature,
can be determinedJ had a steeper slope in the tem-
perature range under investigation than would fol-
low from the classical formula of Nagaoka.

From the experimental z values it seems rea-
sonable to take no= 60+,3 meV, which lea,ds to a
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Kondo temperature for A/Mn of T» = (700 + ]so) 'K.
This agrees well with the values obtained in other
measur ements. '

As seen in Fig. 4, the experimental and theo-
retical values of dos/dQ display deviations, es-
pecially for small angles, if w-Q. For v-1.1 A ',
(dg„/dQ), ~, & (do„/dpi, ~~, which is attributable to
the change in the effective form factor. This dis-
crepancy can be explained if a correlation length
of $-6 A is supposed, in agreement with the re-
sults of other measurements. ' Finally, a rapid
increase of the measured data was observed for
very small z values, which could be ascribed to
differences in the microstructure of the Al/Mn
and Al samples.

To sum up, the comparison of a Kondo-type
picture with the experimental do„/dQ data permits
the following conclusions.

(i) The high in-going energy cross section seems
to be able to be described with the simple para-
magnetic expression of (3), thus proving that the
magnetic moment on the magnetic site is not zero.

(ii) At smaller ingoing energies (or v values)
two types of discrepancy occur. The first is con-
nected with the presence of spin fluctuations. The
spectrum of these fluctuations displays a maximum
at an energy which depends on temperature. The
position of this maximum, as can be deduced from
the curves on Fig. 4, occurs at different ~ values
for different scattering angles, i. e. the anomaly is
not characterized by a well-defined K value. It is,
however, characterized by a parameter a which is
the same for all scattering angles.

The other anomaly is connected with the discrep-
ancy of the measured and calculated cross sections
of Fig. 4, in which a 3d-type form factor was as-
sumed, and occurs at a mell-defined w value. It
can therefore be attributed to the presence of a
polarized electron cloud around the Mn atoms
which fluctuates together with the magnetic moment
of the impurity.

Considering that the evaluation of the measured
data yielded very reasonable TE and ( values,

which are supported by other measurements, we
conclude that the assumptions of Hef. 1 concerning
the dynamic character of the s-d exchange inter-
action are valid. At the same time, it can be re-
garded as indirect evidence of the inelastic nature
of the diffuse paramagnetic scattering of neutrons
in the range T«T~.

Although the agreement with theory appears con-
vincing, it should be mentioned that the integral
character of our data leads to difficulties of inter-
pretation. These can be avoided only if S(~) is
measured directly via the d o/dQdF. inelastic-scat-
tering cross section.

It is known that the Kondo model gives a good
description of alloys in the magnetic limit Lin the
Anderson notation U/vz, '» 1 (Ref. 7) ] as, e. g. ,
of CuMn. A/Mn does not differ fundamentally from
this case although U/va'-1 and therefore it is not
surprising that we obtained a good agreement with
the theory based on this model.

It is important to stress that present experi-
mental results give straightforward evidence as
to the existence of a nonzero magnetic moment on
Mn inAl Mn. This moment is compensated at low
temperatures by a polarized electron cloud. At
high temperatures the magnetic character of the
system is expected. Therefore, the spin-fluctua-
tion picture, where no localized magnetic moment
is supposed on the impurity site, does not describe
the Al Mn system.

The Rivier-Zuckerman' LSF picture is in good
agreement with experiments in the nonmagnetic
limit U/vs'«1 and leads to similar qualitative re-
sults as those of the Kondo model when extrapolat-
ing for the U/va'-1 case, since both approxima-
tions are based on the Anderson model. The cal-
culations for the LSF case are, however, much more
complicated than for the Kondo type and therefore
it is more difficult to get useful results.

Recently, the neutron scattering cross section
for LSF systems has been calculated. The quali-
tative picture of the scattering pattern is similar
to that of the Kondo case.
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