PHYSICAL REVIEW B VOLUME 58, NUMBER 9 1 SEPTEMBER 1998-

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 betwéb;ﬁ)meind(l,%,o) 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 wittD @ scattering and an
antiferromagnetic periodicity associated with ntie%—&,o) scattering yields a ferromagnetic moment for the
entity of 3Gug estimated from the reduction in scattering. This compares withg4@stimated from the
intensity and width of the low angle scatterif&0163-18288)03934-4

INTRODUCTION within the ASRO (atomic short range orderclusters.”
Otherg® have attempted to explain the increase in magnetic
Dilute solutions of manganese in copper have been rescattering at small angles variously as due to genuine ferro-
garded as the archetypal spin glass. Magnetic susceptibilithagnetic regions within which there is an orthogonal anti-
studies identified the hallmarks of spin glass behavior in theferromagnetic periodicity giving rise to the magnetic satellite
observation of a cusp in the susceptibility at a temperaturécattering in thé1,5,0) vicinity and also as an artifact of the
associated with the spin freezing below which the susceptiscattering when there is an interference between the spin-
bility is a strong function of the thermal and magnetic historySPin and atom-atom correlations. _
of the sample. A neutron diffraction experiment in which the T_hE? purpose of this experiment was to use the high sus-
magnetic cross section was definitely isolated using polarizaceptibility observed for alloys in the 12 to 22 at. % Mn
tion analysis was that of Ahmed and HickThe results of rangé with the application of a high field to modify the
this experiment showed that the magnetic scattering belowcattering. If the anfuferroma.gnetlc featu.re.s_ in the scattering
the glass temperature is overwhelmingly diffuse in naturef€ unconnected with the high susceptibility, and therefore
with a tendency towards ferromagnetic spin correlationsthe ferromagnetic corre!atlo_ns, then th_ose features should not
Comparison with susceptibility measurements clearly indi€ affected by the application of the field.
cates that at low temperatures the spatial fluctuation of the
spins is almost entirely static with only a small proportion
contributing to the susceptibility measured on a time scale of
less than a minute. Later Gray, Hicks, and Srhilemon- The sample used in this experiment was a single crystal
strated that in more concentrated alloys the ferromagneticontaining 21.3 at. % Mn which had been grown by the
correlation is strong and long ranged with ferromagneticBridgman technique and then quenched. The same crystal
clusters with a radius of gyration of 26 A. was used for a study of inelastic magnetic scattering by
In a series of papetS Werner, Cable, and others have Tsunodaet al®
identified broad satellite peaks in the magnetic cross section, The crystal was mounted with if901] axis vertical in a
again separated out using polarization analysis, which clustaryostat with a split vertically aligned superconducting coil
around the(1,1,0) and equivalent reciprocal lattice positions on the HB1 spectrometer at the HFIR reactor. The object was
and indicate an incommensurate modulation of the momento measure the scattering near the forward direction and
These observations have lead Wefrterclaim that Cu-Mn along the line in reciprocal space betwg@00) and(130) at
alloys are not spin glasses, but simply spin density waved.2 K after cooling from above the glass temperature in both
(SDW'’s) as originally proposed by Overhauser in which thezero field and 42.5 kOe. All experiments used an incident
small domain size determines the breadth of the antiferroneutron energy of 14.8 MeV and the spectrometer was set for
magnetic Bragg peaks near tte3,0) and similar positions, elastic scattering.
and the Fermi surface of the alloy determines the periodicity. The low angle experiments were performed with an inci-
In the approach of Werngithe observed ferromagnetic dent collimation of 30 min and exit collimation of 20 min
correlations are regarded as separate from the SDW’s anglith the detector aperture height 5 cm at a distance of 150
arising “from the local ferromagnetic alignment of Mn spins cm from the specimen. The data covered the scattering
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FIG. 1. The low angle scattering showing the increase towards P (1k0)

small angles of the magnetic scattering and the effect of cooling in  F|G. 2. The scattering between th0,0 and(1,3,0) positions
a field of 42.5 kOe. in reciprocal space for the zero field cooled and field cooled experi-
ments. Also shown is the scattering in zero field at room tempera-

angles 1.6° to 5°. Figure 1 shows the scattering at lowure.

angles. Open points are taken in zero field and the closed
points after cooling in 42.5 kOe. The lines are the fits ofnetic satellite peak is clearly visible, however, the other peak

Lorentzians plus a background to the points. The backdoes not appear. Application of a field before cooling again
grounds were within error of zero and the amplitude and halfeduces the magnetic scattering.

width of the fits are shown in Table I. It can be seen that at This data was fitted to a function describing the diffuse
the larger scattering vectors the field cooled results are lowedtuclear and magnetic scattering plus two Lorentzians, con-
and, from the Lorentzian fits, that the half width of the field Strained to have the same width, for each of the two peaks
cooled scattering is less. The data themselves do not clearfiperimposed. Gaussians for the peaks fitted less well. The
show the reduction in half width which relies on the Lorent- function can be written

zian fitting. Attempts to use a Gaussian and a squared
Lorentzian resulted in less good fits.

Further data was taken between tf€0,0 and (1,3,0) a a
reciprocal lattice positions, without altering the collimations, + 4 5=+ ! 5=
to encompass the nuclear and magnetic peaks identified by [as+(as— k)] [as+(ag—k)“]
Cableet al”® Figure 2 shows the scan taken at room temperathe fitted constants, and a; are related to the Cowley
ture and at 4.2 K after cooling from 130 K without a field ghort-range order parameters. These are the lowest two
and in a field of 42.5 kOe. The room temperature data showgogulations which can be obtained from data along the
a rise towards thé1,3,0) position which is predominantly (1k,0) direction because th@,0,0 and(1,1,0 are equiva-
due to nuclear defect scattering. Two small peaks are seefyn¢ noints and the function must be even around each. The
The first is what remains at high temperature of the low-55; two terms are the Lorentzians describing the two sharper
temperature magnetic satellite peaks. The second is Clearb/eaks.
not affected by temperature and was also seen by Tsunoda, The parameters;, a,, and as largely describe the
Kunitomi, and Cabl%is possibly due to double Bragg scat- y,clear diffuse scattering although Catseal® show that
tering or a change in crystal attenuation. part of the broad scattering around tfie,0) is magnetic.

At low temperature the magnetic satellites are seen alonfjeyertheless the fitted parametéFable 1) for the three sets
with a further increase in scattering towards (g,0) posi-  of data at different temperatures and fields are broadly simi-
tion. Figure 2 shows the difference between the low-
temperature results and the room-temperature run. The mag- tagLE |1. Raw fitted parameters relating to backgrourat )

and short-range order parameters.

| =a;+a,coq2wky)+ascog4mky)

TABLE |. Fitted parameters for the low angle scattering.

295 K 42 KH=0) 42K H=4.257)
Parameter ZF cooled F cooled in 42.5 kOe
a; 47050 500+60 440+100
x=0 intensity 3106 3433 a, —280+50 —380+50 —340+70

Half width 0.099 At 0.096 A1 as 70+40 190+50 180+75
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1000 ' ' . . romagnetic correlations. There are two possibilities. Either
the field directly affects the antiferromagnetic correlations or
they are rigidly connected to the ferromagnetic component
v H=42.5k0e which responds to the field. If the former is correct the most
likely modification is that moments in small exchange fields
near the nodes of the SDW's respond to the field and distort
the simple form of the SDW’s. To describe the resulting
form of the SDW's requires that other Fourier components
be added to the zero field single Fourier component. Thus the
effect of this, the most likely modification of the antiferro-
magnetic correlations, is not a reduction of the antiferromag-
netic features but an addition of scattering at other scattering
vectors. Arrott® has also suggested that to maximize the
number of moments which can respond to the field the phase
of the SDW'’s may be shifted in an applied field. This does
not change the amplitude of the SDW's and is probably of
minimal importance as the Mn moments are randomly dis-
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Y Cu=Mn 21.3atZMn tributed along the SDW's.
: . . . The second possibility can only occur if the antiferromag-
%o 0.1 0.2 0.3 0.4 05 netic correlations are intimately connected to the ferromag-

netic correlations which produce the high susceptibility
above the freezing temperature. The simplest hypothesis to
FIG. 3. The zero field cooled and field cooled scattering be-€Xplain this result is that the two periodicities are rigidly
tween(1,0,0 and(1,3,0) with the room-temperature scattering sub- connected. If this were the case entities incorporating both
tracted. periodicities would respond to the field and in addition scat-
ter independently as superparamagnetic particles. Each
lar. This is in agreement with the Cabé¢ al. results which ~ would have a spin distribution, incorporating the two period-
show that the broad magnetic scattering aroundtig0) is  icities, which could be described with an entity form factor.
virtually unchanged up to about room temperature for thesd his model has the virtue that both features of the form fac-
Mn concentrations. By comparison of the intensity of ourtor, ferromagnetic and antiferromagnetic, would respond to
satellite peak, as shown in Fig. 3, with the Casilal. Fig. 7,  the field in the same manner. That this is not exactly the case
each count in &1,0,0 to (1,3,0) scan is approximately 1 can be seen from the low angle results where the scattering is
mb srtat.” L. The parameters are therefore roughly in unitsnot reduced to the same extent by the application of the field.
of mb sr ! at.”%. The average nuclear defect cross section foin fact there may be a crossover at the low limit of our
this composition, calculated from the scattering lengths igesults. In the context of scattering from individual entities
210 mbsrlat. ! so that it can be seen that the averagethis means that the form factor cannot be absolutely rigid.
contributions to the cross section from magnetic and nucleaNevertheless the assumption of a rigid entity form factor
sources are comparable. The nuclear part of the fiteds ~ Seems a good starting point to see whether a superparamag-
related to a sum of all those Cowley short-range order pabetic entity based model can explain the results especially as
rameters which contain a modulation with a wavelengththe widths of the peaks from the ferromagnetic and antifer-
equal to the lattice parameter alogg. This includes the romagnetic correlations are so similar suggesting that both
second neighbor short-range order parametgp, that for ~ Widths are limited by the entity size. _
third neighborSalz:L, as well as fourtmozz andaZZO! and all ) The Scat-te”ng- Cross Se_CtIOU from a paramagnetlc SyStem
other SRO parameters witm=2. a,=c(1—c)3,A,e"  inthe quasielastic approximation is
with Ay, =2 a,,m as defined by Cablet al. Using the few do [ey|?
values forA,, determined for a 25 at. % crystal by Cable _:(_) [Xox( K) + X €) 1KaT
et al. givesa,= —100 for the nuclear part of the scattering. dQ \Ac
There is also considerable modulation of the magnetic part %
the scattering which will contribute ta, and the set of,,

Reciprocal coordinates (1k0)

which x(k) is the wave-vector-dependent susceptibility
alongx andz with the scattering vectat along the orthogo-

used is not complete. On the other hand, we might expegi | cartesian directiop. The other symbols have their usual
smaller SRO parameters for a less concentrated sample. S eaning

the parameters obtained are reasonable enough to have con-i¢\\« assume that the paramagnetic susceptibility is due to

fidence in this part of the fitting function. The Lorentzian fit superparamaanetic Langevin entities we can write
to the(1,3-6,0) peak gave a width of 0.048 reciprocal lattice perp g g

units or 0.082 A which is similar to the width of the low Nu2f2(k)
angle peak. x(k)= —SkBT
DISCUSSION at zero field, whereu is the entity moment andl( «) is its

form factor assumed to contain both the ferromagnetic and
The experiment clearly shows that application of a mag-antiferromagnetic correlations between individual manga-
netic field affects the scattering associated with the antifernese moments. When a field is applied alongzlugrection
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the appropriate component of the susceptibility is thiif-  each entity we calculatg=42ug or about 0.6z per Mn

ferential susceptibility at that field. So atom. This is satisfying as the two estimates of entity mo-
ment, one based entirely on the reduction of cross section
(K)= dM,(x) due to field cooling and the other based entirely on the mag-
Xz dH H nitude and width of the forward scattering, give similar re-
sults.
with the Langevin wave-vector-dependent magnetization
UH|  kgT CONCLUSION
M =Nguf coth —| — —|. . . .
<) =Nt r(kBT uH This experiment clearly shows that the ferromagnetic and
This giv the antiferromagnetic correlations are intimately connected
S gives to the uniform magnetic response. In other words, the ferro-
Np2f2(i) | 1 magnetic and antiferromagnetic regions are not spatially
X2 K)= Ersaaira cosecRé separate as in some previous models.
B

The superparamagnetic entity model introduced here is a
with &= uH/kgT. For large fields and moments this will be first attempt to extract more than a qualitative understanding
considerably less than the zero field susceptibility leading t&f the field and temperature behavior of the magnetic scat-
the reduction in cross section observed. tering. It is based on the observation that to a first approxi-
The observed reduction in cross section is about 109gNation the magnetic intensity reduction observed is indepen-
However, this must be due entirely jg(x) as the contri- dent of scattering vector and yields reasonable results for
reduction iny,{x) corresponds to about=1. If we then ~Word particularly because extrapolation of the results to-
assume that the characteristic temperature is approximatefyrds small scattering vectors would suggest that the mag-
the glass temperatuf®, =100 K, we can get an estimate for netic scattering there is enhanced by the application of the
the size of the moment fronqp~kgT/H. This gives 3@ field. i ) i )
per entity. The results do not define the actual spin configuration of
From the half width of the forward pedk the 1 radius this supgrparamagnetlc entlty but a.ferromagnetlcally dis-
of the ferromagnetic correlation is about 10 A or a volumetorted spin density wavéSDW) is certainly consistent. Such
containing about 90 cubic unit cells. The forward scattering€’fomagnetically distorted SDW's occur, for example, in the
cross section can be roughly estimated from previous exper[2'€-€arth metals in applied fields. These are the well known
ments such as that by Cabée al® By comparison we find fan and helifan structures that are static and long ranged as
that one count in this experiment is roughly equal to 1°PPOsed to the dynamic and short-ranged CuMn order but
mb st *atLin the (1,0,0 to (1,},0) scans. Transferring this similar local spin ordering may occur in both systems.
to the low angle scans gives a forward cross section of about
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