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Intrinsic spin-density-wave magnetism in Cu-Mn alloys
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Elastic neutron-scattering measurements on two samples of Cu alloyed with 1.3% Mn and
0.55% Mn show that the spin-density-wave (SDW) features found in more concentrated alloys persist
in the limit of very dilute alloys. These features consist of temperature-dependent incommensurate
peaks in magnetic neutron scattering, with positions and strengths which are fully consistent with
those in the concentrated alloys. The implications of these measurements are twofold. First, it is
clear from our data that SDW magnetic ordering occurs across the entire range of Cu-Mn alloys
which have typically been interpreted as spin glasses. Second, the more fundamental signi6cance of
this work is the suggestion via extrapolation that a peak in the magnetic susceptibility y(g) occurs
in pure copper, at a value of q given by the Fermi-surface diameter 2k&.

In condensed-matter physics, structural measurements
can be considered fundamental in that all theories and
experiments must be consistent with the structural data.
For magnetic materials, the most powerful structural
probe available is neutron scattering. However, in the
study of Cu-Mn spin glasses, crucial neutron-scattering
results were obtained rather late in the development of
the Geld and thus their impact has been limited. This
situation has arisen because of the relative weakness of
the scattering associated with spin ordering, and also be-
cause the interpretation of the neutron data has evolved
slowly over the past decade, aided, to a signiGcant degree,
by new theoretical developments. ' In this paper we dis-
cuss a Cu 0.55% Mn crystal which represents a probable
limit in the composition which is accessible with current
neutron-scattering sources and techniques. The current
data, together with earlier measurements on more con-
centrated alloys, bracket the range of compositions which
has formed the subject of intensive spin-glass studies.

The neutron data form a picture which is rather at
odds with the standard view of the nature of a spin
glass. Taken as a whole, the scattering measurements
suggest that the most straightforward interpretation of
Cu-Mn alloys is that of a spin-density-wave (SDW) an-
tiferromagnet (AFM). s However, no long-range order is
developed in this AFM, as evidenced by the uniform ob-
servation of SDW peak widths corresponding to domains
which are only ten fcc unit cells in extent. Nevertheless,
broadened peaks are not necessarily due to incomplete
ordering, but may instead re6ect the intrinsic nature of
antiferromagnetism in Cu alloys. In our view, SDW's are
stabilized as a consequence of a peak in the susceptibilty
y(cl) at q = 2k~, the characteristic size of correlated-
spin domains is governed by the width of the peak in

g(g). Thus, the neutron-scattering data for dilute alloys
serve as a probe of the wave-vector-dependent magnetic
susceptibility of pure copper metal.

Our measurements were performed on samples pre-
pared by standard methods in Leiden. The Grst crys-
tal, with a composition of Cu 1.3 at. % Mn + 0.2% was
grown by single-pass zone melting in a graphite crucible
under Ar. A second sample, of composition Cu 0.55 at. %
Mn + 0.07%, was prepared using the Czochralski tech-
nique. This crystal was annealed at 950 C to remove
strains and promote homogeneity. The mosaics of the
samples were 1.2' for 1.3% Mn and 0.6' for 0.55% Mn.
The samples were cylindrical, approximately 50 mm long
and 12 mm in diameter. Neutron-scattering measure-
ments were carried out on the triple-axis spectrometer H7
at the High-Flux Beam Reactor (HFBR) at Brookhaven
National Laboratory (BNL). Using a pyrolytic graphite
(PG) 002 monochromator and analyzer with a mosaic of
24', the neutron energy was set to 14.8 ineV (A = 2.35
A.). The spectrometer collimation was set at 40'-40'-40'-
80'. This yields an instrumental resolution function with
a full width at half maximum (FWHM) of 0.04 recipro-
cal lattice units (RLU) in the scans discussed here, where
1 RLU = 2vria and a = 3.61 A. The energy resolution
in this configuration (FWHM) is 0.8 meV. In addition,
a 50-mm-thick PG Glter was used between the sample
and analyzer in order to attenuate higher-order neutrons
passed by the monochromator. To access a wide range
of temperatures, the samples were mounted in a pumped
He Qow cryostat with a base temperature of 1.4 K.

As shown in the left inset of Fig. 1, Fermi-surface
e6'ects such as SDW's are expected to occur at points
lying at crossings of arcs with radii 2A;~ drawn around
neighboring Bragg points. This is indeed the case in Cu-
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FIG. l. Elastic neutron-scattering intensities along 1k0
at T = 1.4 K for (a) Cu 1.3%%uo Mn and (b) Cu 0.55'%%uo Mn.
The counting times per point were 18 min for the 1.3% Mn
sample and 44 min for the 0.55'Pp Mn sample. In the inset at
the upper left, reciprocal-space positions of incommensurate
SDW peaks are shown as small solid circles; commensurate
ASRO peaks are shown as large open circles. The 1kO scan
trajectory is shown by a vertical arrow. In the inset at the
upper right, incommensurate SDW peak positions are plotted
against Mn composition. The incommensurability parameter
b is defined as 0.5 minus the k value of the Grst peak shown
in the scan trajectory. In RLU, 4A:& ——1 + (1.5 —b) . Data
from Ref. 8 are shown as open circles, while the new data are
shown as solid circles.

Mn: SDW features occur in scans along the 1k0 trajec-
tory shown in the inset. It is readily apparent &om Fig.
1 that SDW peaks persist in Cu-Mn alloys containing
as little as 0.55% Mn. The solid curves in this figure
were generated by Gtting the measured data to three
Gaussians plus a background. In addition, the central
Gaussian for the 0.55% Mn sample was multiplied by
a linear function, in order to duplicate the asymmetric
shape of the measured peak. Apart &om the existence
of the SDW peaks, the right-hand inset shows that their
positions follow the peak positions found in more concen-
trated alloys. In other words, in all cases the peaks lie at
Fermi-surface crossings.

The temperature dependence of individual SDW fea-
tures in the two alloys is shown in Fig. 2. The SDW peak
intensities obtained by the Gtting procedure are shown
in Fig. 3. In addition, the intensity of the broad feature
at A: = 0.5 in Fig. 2 was fitted as a function of tem-
perature, in order to generate a temperature-dependent
background. For the sample containing 1.3% Mn, only
peak intensities were measured at additional tempera-
tures, the background function was subtracted, and these
additional points are included in Fig. 3. If the macro-
scopic magnetic properties in Cu-Mn arise &om SDW or-
dering, then the SDW scattering intensity should act as
an order parameter and drop to zero near the spin-glass
&eezing temperature Tf. Based on magnetic susceptibil-
ity measurements, Ty~6 5K at 0.55% M.n and Tf 14
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FIG. 2. Temperature dependence of the SDW peaks, for
Cu 1.3'%%uo Mn (upper plots with solid symbols) and Cu 0.55'%
Mn (lower plots, open symbols). For the 1.3'%%uo Mn sample,
the counting times per point were 18 min at T = 1.4 K and
9 min at T = 5, 20, and 40 K. For the 0.55'Fp Mn sample, the
counting times were 44 min at 1.4 K, 33 min at 5 K, and 22
min at T = 20K and 40 K.
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FIG. 3. Temperature dependence of the SDW peak in-
tensities for 1.3% Mn (solid symbols) and 0.55% Mn (open
symbols). The intensities used in this plot are primarily de-
rived from Fig. 2, with additional points described in the
text.

K at 1.3% Mn. However, Fig. 3 shows a slow drop-off in
SDW peak intensities as a function of temperature. As
discussed previously, ' this eBect is explained as follows.
Given the resolution function, in a quasielastic scatter-
ing measurement one integrates S(g, u) over a range of
u on either side of u = 0. If the integrated inelastic
scattering is relatively strong in comparison to S(rI, 0)
and in addition has a weak temperature dependence, the
measured quasielastic scattering can remain significant
well above the Neel temperature. For dilute samples,
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test measurements with tighter energy resolution are very
time-consuming. Nevertheless, it has been shown in more
concentrated [15%%up Mn (Ref. 8) and 8'%%up Mn (Ref. 9)j sam-
ples that increasing the u resolution produces a signi6-
cantly sharper drop in quasielastic magnetic scattering
intensities with increasing temperature.

There are a number of details which are common to
all of the neutron data. First, we note that intensities in
magnetic scattering are governed by the form factor f (q)
of the spin-polarized orbitals. Thus it has not been possi-
ble to detect any polarization of Cu conduction electrons,
since their wave function is extended and has a form fac-
tor which approaches zero starting at very small values of
q. Magnetism in the Mn ions, on the other hand, arises in
the localized 3d orbitals, producing a form factor which
falls off relatively slowly. Therefore, magnetic scattering
in Cu-Mn alloys serves as a probe of only the Mn spins.
It is also clear that the magnetic component of the broad.
half-integer peak at Ic = 0.5 is ferromagnetic, since it
coincides in reciprocal space with an atomic-short-range-
order (ASRO) structural peak. i In contrast, the incom-
mensurate SDW peaks arise kom AFM scattering and
are unrelated to structural ordering. Given the nearly
linear relation between peak position and Mn concentra-
tion (Fig. 1, right inset) the incommensurate peaks are
manifestly characteristic of the alloy. They are not due to
the formation of stable clusters or other chemical order-
ing phenomena since in that case the SDW peak positions
would asymptotically approach a value corresponding to
the cluster, rather than directly following the magnitude
of the alloy Fermi wave vector k~. Furthermore, the ex-
trapolated value of the incommensurability paraxneter h

yields a Fermi-surface diameter in precise agreement with
d.e Haas —van Alphen measurements in pure copper.

Before discussing the SDW interpretation of the data,
we mention other theories which yield ordering for dilute
magnetic systems with short-runge interactions. Perhaps
the simplest such theory is the near-neighbor Ising model
worked out originally by Sato et al. Regardless of the
interaction strength, a stable AFM phase results when
cz & 2, where c is the concentration of solute atoms and
z is the coordination number. For. Cu-Mn, with an ex-
change coeKcient of the appropriate sign, antiferromag-
netism would occur at Mn concentrations greater than
16.7%%up. A similar cutoff occurs with the modified-RKKY-
interaction model of Ioffe and Feigel'man. Here the Mn-
Mn potential is of the form r isin(2k~r)e "",which ex-
tends beyond near neighbors, bringing the critical con-
centration of Mn necessary for AFM ordering down to

10'%%up. It has already been pointed out by Cable and
Tsunoda that this model is inconsistent with the neu-
tron data for dilute Cu-Mn alloys.

Rather than explicitly working with an interaction po-
tential which is written as a function of the Mn-Mn sep-
aration, Fajen and Vignale start with an interaction
which takes place via conduction electron polarization:

where p(q) is the Fourier transform of the distribution of

where N„ is the concentration of solute atoms, n is the
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FIG. 4. Schematic plot of the magnetic susceptibility
y(q), following Refs. 4 and 6. The three qualitative classes of
behavior which we consider are a noninteracting electron gas
(dashed curve), Coulomb interactions (dotted curve), aud an
intermediate (partially screened) case (solid curve).

the L Mn moments in the system and g(q) is the suscep-
tibility of the alloy. G is an exchange constant discussed
below; its independence 6.om q corresponds to the case
of localized Mn spins. N»clerical calculations were car-
ried out for Mn concentrations ranging from O. 1%% to 5'%%up,

utilizing a spin-Hipping process to arrive at ground states
corresponding to difFerent forms of y(q). As in the other
models, AFM states were not found when the suscepti-
bility corresponds to the usual RKKY form, that is, for
monotonically decreasing y(q) (see Fig. 4). However,
when a peak in y(q) is put in "by hand" at q = 2k~,
AFM states emerged at all of the concentrations stud-
ied. This result, in parallel with Overhauser s original
considerations, provides strong evidence that ordered
antiferromagnetism in Cu-Mn alloys is stabilized by a
peak in y(q) at 2k~.

In a SDW AFM model of Cu-Mn, one begins by con-
sidering the ground state of pure copper. This could
be a stable SDW state, but experimental veri6cation of
such a state is extremely diKcult due to the vanishing
form factor discussed above. Next, consider the case
where SDW's are stabilized by the dilute addition of
magnetic ions. This is possible due to the energy gain
which is obtained by aligning the solute ions with the
local polarization of the SDW, via the- s-d exchange be-
tween the 3d Mn electrons and the 4s copper conduction
band. Apart &om neutron-scattering measurements, lo-
calization of the magnetic solute orbitals is necessary in
order for the SDW phase to be stabilized, since an or-
bital which extends over an entire oscillation of a SDW
has no preferred orientation. i4 Quantitatively, the in-
teraction energy of a magnetic impurity and a SDW is
'Rz ———G(q)S~ ePpcos(q R ), where G(q) is is the ex-
change constant between isolated spins S~ and a SDW
with wave vector g and polarization e. Mn ions are lo-
cated at R~, and Po is the fractional polarization of con-
duction electrons in the SDW.s The spatial extension of
the spins Sz enters through G(q). After adding the (pos-
itive) SDW excitation energy to 'R~, assuming complete
alignment of the solute moments, and minimizing with
respect to Po, the net energy change due to the SDW is
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electron density, and p~ is the Bohr magneton. As in
the simulations discussed above, 4 Eq. (2) implies that
an AFM spin state is stabilized by a peak in the sus-
ceptibility at nonzero g. In the original predictions of
SDW instabilities by Overhauser, this peak consists of
the singularity at 2k~ which is obtained in Hartree-Fock
theory of an electron gas with Coulomb interactions. If
the electron-electron interaction is completely screened,
the singularity and in fact the peak in y(q) vanish (Fig.
4). However, as shown by Fajen and Vignale, a singular-
ity in y(q) is not necessary: AFM ordering of magnetic
solute atoms occurs when the susceptibilty contains a fi
nite maximum at a nonzero value of q.

SDW features occur consistently in neutron-scattering
studies of Cu-Mn alloys, ' ' ' ' with a peak width
which is always close to 0.1 RLU, independent of Mn
concentration. For SDW antiferromagnetism, this uni-
versal width reflects the width of the peak in y(q) at
q = 2k~. According to the numerical calculations the
width of the peak in y(q) is approximately twice the
width of the difFraction features. Although neutron count
rates have so far prevented significant inelastic studies of
samples containing less than 3% Mn, the inelastic fea-

tures for samples containing 3% to 35% Mn are essen-
tially identical: An excitation with a vertical dispersion
relation originates at the SDW peak positions. This be-
havior is characteristic of an excitation originating at the
Fermi surface and is highly reminiscent of the behavior in
chromium, a prototype SDW AFM. Last of all, there
is no sign of a critical Mn concentration which is nec-
essary for other models of AFM ordering. Taken as a
whole, the neutron data suggest that the best descrip-
tion of Cu-Mn is a spin-density-wave antiferromagnet,
arising &om an instability of the electron gas of copper
metal at q = 2k~.
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