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Moment clouds in CuMn
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Advantage was taken of the high magnetic susceptibility of Cu-Mn alloys in the range 12 to 22 at. % Mn to
observe field-dependent magnetic neutron scattering from a single crystal containing 21.3 at. % Mn. The
scattering was measured with unpolarized neutrons at low angles and between the~1,0,0! and~1,1

2,0! positions
in reciprocal space using a neutron energy of 14.8 MeV. The magnetic scattering was approximately uniformly
reduced by about 10% at 4.2 K after warming above the glass temperature and cooling again to 4.2 K in a field
of 4.25 T. Reduction of the intensity of all magnetic features by the application of the field indicates that all the
magnetic periodicities are intimately connected to the uniform magnetic response. A model which assumes that
the alloy contains entities with both a ferromagnetic moment associated with the~0,0,0! scattering and an
antiferromagnetic periodicity associated with the~1,1

2-d,0! scattering yields a ferromagnetic moment for the
entity of 36mB estimated from the reduction in scattering. This compares with 42mB estimated from the
intensity and width of the low angle scattering.@S0163-1829~98!03934-4#
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INTRODUCTION

Dilute solutions of manganese in copper have been
garded as the archetypal spin glass. Magnetic susceptib
studies1 identified the hallmarks of spin glass behavior in t
observation of a cusp in the susceptibility at a tempera
associated with the spin freezing below which the susce
bility is a strong function of the thermal and magnetic histo
of the sample. A neutron diffraction experiment in which t
magnetic cross section was definitely isolated using polar
tion analysis was that of Ahmed and Hicks.2 The results of
this experiment showed that the magnetic scattering be
the glass temperature is overwhelmingly diffuse in nat
with a tendency towards ferromagnetic spin correlatio
Comparison with susceptibility measurements clearly in
cates that at low temperatures the spatial fluctuation of
spins is almost entirely static with only a small proporti
contributing to the susceptibility measured on a time scale
less than a minute. Later Gray, Hicks, and Smith3 demon-
strated that in more concentrated alloys the ferromagn
correlation is strong and long ranged with ferromagne
clusters with a radius of gyration of 26 Å.

In a series of papers4,5 Werner, Cable, and others hav
identified broad satellite peaks in the magnetic cross sec
again separated out using polarization analysis, which clu
around the~1,1

2,0! and equivalent reciprocal lattice position
and indicate an incommensurate modulation of the mom
These observations have lead Werner6 to claim that Cu-Mn
alloys are not spin glasses, but simply spin density wa
~SDW’s! as originally proposed by Overhauser in which t
small domain size determines the breadth of the antife
magnetic Bragg peaks near the~1,1

2,0! and similar positions,
and the Fermi surface of the alloy determines the periodic

In the approach of Werner6 the observed ferromagneti
correlations are regarded as separate from the SDW’s
arising ‘‘from the local ferromagnetic alignment of Mn spin
PRB 580163-1829/98/58~9!/5177~4!/$15.00
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within the ASRO ~atomic short range order! clusters.’’
Others7,5 have attempted to explain the increase in magn
scattering at small angles variously as due to genuine fe
magnetic regions within which there is an orthogonal an
ferromagnetic periodicity giving rise to the magnetic satell
scattering in the~1,1

2,0! vicinity and also as an artifact of th
scattering when there is an interference between the s
spin and atom-atom correlations.5

The purpose of this experiment was to use the high s
ceptibility observed for alloys in the 12 to 22 at. % M
range8 with the application of a high field to modify the
scattering. If the antiferromagnetic features in the scatter
are unconnected with the high susceptibility, and theref
the ferromagnetic correlations, then those features should
be affected by the application of the field.

THE EXPERIMENT

The sample used in this experiment was a single cry
containing 21.3 at. % Mn which had been grown by t
Bridgman technique and then quenched. The same cry
was used for a study of inelastic magnetic scattering
Tsunodaet al.9

The crystal was mounted with its@001# axis vertical in a
cryostat with a split vertically aligned superconducting c
on the HB1 spectrometer at the HFIR reactor. The object w
to measure the scattering near the forward direction
along the line in reciprocal space between~100! and~11

20! at
4.2 K after cooling from above the glass temperature in b
zero field and 42.5 kOe. All experiments used an incid
neutron energy of 14.8 MeV and the spectrometer was se
elastic scattering.

The low angle experiments were performed with an in
dent collimation of 30 min and exit collimation of 20 mi
with the detector aperture height 5 cm at a distance of
cm from the specimen. The data covered the scatte
5177 © 1998 The American Physical Society
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angles 1.6° to 5°. Figure 1 shows the scattering at
angles. Open points are taken in zero field and the clo
points after cooling in 42.5 kOe. The lines are the fits
Lorentzians plus a background to the points. The ba
grounds were within error of zero and the amplitude and h
width of the fits are shown in Table I. It can be seen tha
the larger scattering vectors the field cooled results are lo
and, from the Lorentzian fits, that the half width of the fie
cooled scattering is less. The data themselves do not cle
show the reduction in half width which relies on the Loren
zian fitting. Attempts to use a Gaussian and a squa
Lorentzian resulted in less good fits.

Further data was taken between the~1,0,0! and ~1,1
2,0!

reciprocal lattice positions, without altering the collimation
to encompass the nuclear and magnetic peaks identifie
Cableet al.5 Figure 2 shows the scan taken at room tempe
ture and at 4.2 K after cooling from 130 K without a fie
and in a field of 42.5 kOe. The room temperature data sh
a rise towards the~1,1

2,0! position which is predominantly
due to nuclear defect scattering. Two small peaks are s
The first is what remains at high temperature of the lo
temperature magnetic satellite peaks. The second is cle
not affected by temperature and was also seen by Tsun
Kunitomi, and Cable9 is possibly due to double Bragg sca
tering or a change in crystal attenuation.

At low temperature the magnetic satellites are seen al
with a further increase in scattering towards the~1,1

2,0! posi-
tion. Figure 2 shows the difference between the lo
temperature results and the room-temperature run. The m

FIG. 1. The low angle scattering showing the increase towa
small angles of the magnetic scattering and the effect of coolin
a field of 42.5 kOe.

TABLE I. Fitted parameters for the low angle scattering.

Parameter ZF cooled F cooled in 42.5 kOe

k50 intensity 3106 3433
Half width 0.099 Å21 0.096 Å21
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netic satellite peak is clearly visible, however, the other pe
does not appear. Application of a field before cooling ag
reduces the magnetic scattering.

This data was fitted to a function describing the diffu
nuclear and magnetic scattering plus two Lorentzians, c
strained to have the same width, for each of the two pe
superimposed. Gaussians for the peaks fitted less well.
function can be written

I 5a11a2cos~2pky!1a3cos~4pky!

1
a4

@a51~a62k!2#
1

a7

@a51~a82k!2#
.

The fitted constantsa2 and a3 are related to the Cowley
short-range order parameters. These are the lowest
modulations which can be obtained from data along
(1,k,0) direction because the~1,0,0! and ~1,1,0! are equiva-
lent points and the function must be even around each.
last two terms are the Lorentzians describing the two sha
peaks.

The parametersa1 , a2 , and a3 largely describe the
nuclear diffuse scattering although Cableet al.5 show that
part of the broad scattering around the~1,1

2,0! is magnetic.
Nevertheless the fitted parameters~Table II! for the three sets
of data at different temperatures and fields are broadly s

s
in FIG. 2. The scattering between the~1,0,0! and ~1,1

2,0! positions
in reciprocal space for the zero field cooled and field cooled exp
ments. Also shown is the scattering in zero field at room tempe
ture.

TABLE II. Raw fitted parameters relating to background (a1)
and short-range order parameters.

295 K 4.2 K (H50) 4.2 K (H54.25 T!

a1 470650 500660 4406100
a2 2280650 2380650 2340670
a3 70640 190650 180675
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lar. This is in agreement with the Cableet al. results which
show that the broad magnetic scattering around the~1,1

2,0! is
virtually unchanged up to about room temperature for th
Mn concentrations. By comparison of the intensity of o
satellite peak, as shown in Fig. 3, with the Cableet al.Fig. 7,
each count in a~1,0,0! to ~1,1

2,0! scan is approximately 1
mb sr21 at.21. The parameters are therefore roughly in un
of mb sr21 at.21. The average nuclear defect cross section
this composition, calculated from the scattering lengths
210 mb sr21 at.21 so that it can be seen that the avera
contributions to the cross section from magnetic and nuc
sources are comparable. The nuclear part of the fitteda2 is
related to a sum of all those Cowley short-range order
rameters which contain a modulation with a wavelen
equal to the lattice parameter alongy5. This includes the
second neighbor short-range order parametera020, that for
third neighborsa121, as well as fourtha022 anda220, and all
other SRO parameters withm52. a25c(12c)SnA2nein

with A2n5S la lnm as defined by Cableet al. Using the few
values forA2n determined for a 25 at. % crystal by Cab
et al. givesa252100 for the nuclear part of the scatterin
There is also considerable modulation of the magnetic pa
the scattering which will contribute toa2 and the set ofA2n
used is not complete. On the other hand, we might exp
smaller SRO parameters for a less concentrated sample.
the parameters obtained are reasonable enough to have
fidence in this part of the fitting function. The Lorentzian
to the~1,1

2-d,0! peak gave a width of 0.048 reciprocal lattic
units or 0.082 Å21 which is similar to the width of the low
angle peak.

DISCUSSION

The experiment clearly shows that application of a m
netic field affects the scattering associated with the anti

FIG. 3. The zero field cooled and field cooled scattering
tween~1,0,0! and~1,1

2,0! with the room-temperature scattering su
tracted.
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romagnetic correlations. There are two possibilities. Eit
the field directly affects the antiferromagnetic correlations
they are rigidly connected to the ferromagnetic compon
which responds to the field. If the former is correct the m
likely modification is that moments in small exchange fiel
near the nodes of the SDW’s respond to the field and dis
the simple form of the SDW’s. To describe the resulti
form of the SDW’s requires that other Fourier compone
be added to the zero field single Fourier component. Thus
effect of this, the most likely modification of the antiferro
magnetic correlations, is not a reduction of the antiferrom
netic features but an addition of scattering at other scatte
vectors. Arrott10 has also suggested that to maximize t
number of moments which can respond to the field the ph
of the SDW’s may be shifted in an applied field. This do
not change the amplitude of the SDW’s and is probably
minimal importance as the Mn moments are randomly d
tributed along the SDW’s.

The second possibility can only occur if the antiferroma
netic correlations are intimately connected to the ferrom
netic correlations which produce the high susceptibil
above the freezing temperature. The simplest hypothesi
explain this result is that the two periodicities are rigid
connected. If this were the case entities incorporating b
periodicities would respond to the field and in addition sc
ter independently as superparamagnetic particles. E
would have a spin distribution, incorporating the two perio
icities, which could be described with an entity form facto
This model has the virtue that both features of the form f
tor, ferromagnetic and antiferromagnetic, would respond
the field in the same manner. That this is not exactly the c
can be seen from the low angle results where the scatterin
not reduced to the same extent by the application of the fi
In fact there may be a crossover at the low limit of o
results. In the context of scattering from individual entiti
this means that the form factor cannot be absolutely rig
Nevertheless the assumption of a rigid entity form fac
seems a good starting point to see whether a superpara
netic entity based model can explain the results especiall
the widths of the peaks from the ferromagnetic and antif
romagnetic correlations are so similar suggesting that b
widths are limited by the entity size.

The scattering cross section from a paramagnetic sys
in the quasielastic approximation is

ds

dV
5S eg

\cD 2

@xxx~k!1xzz~k!#kBT

in which x~k! is the wave-vector-dependent susceptibil
alongx andz with the scattering vectork along the orthogo-
nal Cartesian directiony. The other symbols have their usu
meaning.

If we assume that the paramagnetic susceptibility is du
superparamagnetic Langevin entities we can write

x~k!5
Nm2f 2~k!

3kBT

at zero field, wherem is the entity moment andf (k) is its
form factor assumed to contain both the ferromagnetic
antiferromagnetic correlations between individual man
nese moments. When a field is applied along thez direction

-
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the appropriatez component of the susceptibility is thedif-
ferential susceptibility at that field. So

xzz~k!5S dMz~k!

dH D
H

with the Langevin wave-vector-dependent magnetization

Mz~k!5Nm f ~k!bcothS uH

kBTD2
kBT

mH c.
This gives

xzz~k!5
Nm2f 2~k!

kBT b 1

j22cosech2j c
with j5mH/kBT. For large fields and moments this will b
considerably less than the zero field susceptibility leading
the reduction in cross section observed.

The observed reduction in cross section is about 10
However, this must be due entirely toxzz(k) as the contri-
bution to the cross section fromxxx(k) is unaltered. A 20%
reduction inxzz(k) corresponds to aboutj51. If we then
assume that the characteristic temperature is approxima
the glass temperatureTg5100 K, we can get an estimate fo
the size of the moment fromm'kBT/H. This gives 36mB
per entity.

From the half width of the forward peakG, the 1/e radius
of the ferromagnetic correlation is about 10 Å or a volum
containing about 90 cubic unit cells. The forward scatter
cross section can be roughly estimated from previous exp
ments such as that by Cableet al.5 By comparison we find
that one count in this experiment is roughly equal to
mb sr21 at.21 in the ~1,0,0! to ~1,1

2,0! scans. Transferring this
to the low angle scans gives a forward cross section of ab
3.3 b sr21 at.21. The forward cross section is given by

ds

dV
5

2

3
xm2,

where there arex entities with total momentm. Using x
50.0028 from the approximately 360 atoms associated w
y

o
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g
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each entity we calculatem542mB or about 0.6mB per Mn
atom. This is satisfying as the two estimates of entity m
ment, one based entirely on the reduction of cross sec
due to field cooling and the other based entirely on the m
nitude and width of the forward scattering, give similar r
sults.

CONCLUSION

This experiment clearly shows that the ferromagnetic a
the antiferromagnetic correlations are intimately connec
to the uniform magnetic response. In other words, the fe
magnetic and antiferromagnetic regions are not spati
separate as in some previous models.

The superparamagnetic entity model introduced here
first attempt to extract more than a qualitative understand
of the field and temperature behavior of the magnetic s
tering. It is based on the observation that to a first appro
mation the magnetic intensity reduction observed is indep
dent of scattering vector and yields reasonable results
superparamagnetic entity size and moment. It is not the
word particularly because extrapolation of the results
wards small scattering vectors would suggest that the m
netic scattering there is enhanced by the application of
field.

The results do not define the actual spin configuration
this superparamagnetic entity but a ferromagnetically d
torted spin density wave~SDW! is certainly consistent. Such
ferromagnetically distorted SDW’s occur, for example, in t
rare-earth metals in applied fields. These are the well kno
fan and helifan structures that are static and long range
opposed to the dynamic and short-ranged CuMn order
similar local spin ordering may occur in both systems.
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