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Magnetic Behavior of CuMn Dilute Alloys
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The electron-spin resonance of CuMn dilute alloys was observed for samples annealed in an ultra-high-
vacuum system. An anomaly in the ESR linewidth for 4.3 and 2.0 at.% Mn alloys was observed in the
temperature region where Kouvel observed an anomaly in the resistivity. This anomaly should be con-
sidered as an effect of magnetic short-range order among the diluted Mn atoms. The antiferromagnetic phase
transition temperature TN was estimated from the temperature variation of the resonance position. The T~
was about 60 and 20'K for the 4.3 and 2.0 at.% Mn alloys, respectively.

1. INTRODUCTION

'HK magnetic behavior of CuMn dilute alloys
which contain Mn atoms distributed at random

in solid solution has been studied by many researchers.
The pioneer work on the electron-spin resonance (ESR)
and the susceptibility of CuMn dilute alloys has been
done by Owen et a/. ' According to the susceptibility
measurements, the alloys have shown an antiferro-
magnetic behavior at low temperature. But the fact
that the Weiss temperature is positive is very interest-
ing. Kouvep has pointed out the possibility that CuMn
dilute alloys are in a mixed ferromagnetic-antiferro-
magnetic state at low temperature, and from the
electrical resistivity of the alloys he has estimated the
antiferromagnetic ordering temperature, although the
onset of the magnetic order is usually spread over an
appreciable temperature range. But the antiferro-
magnetic ordering temperature estimated by Kouvel is
much too high compared with the temperature indicated

by GriKthss from (ESR) data. According to Kouvel's
estimate, the Neel temperature was about 150'K for a
5.5 at.% Mn alloy, but in this temperature region no
anomalies could be found in the ESR. Gri6iths es-

timated the antiferromagnetic ordering temperature
from the temperature dependence of the critical Geld

H, for 4 and 15 at.% Mn alloys, which were 43 and
115'K, respectively. 3

The remarkable feature of the present experimental
results is observation of an anomaly in the linewidth of
the KSR in the temperature region which agrees with
that estimated by Kouvel from the electrical resistivity.
This anomaly seems to be associated with short-range
order in the alloys. On the other hand, the resonance-
point-versus-temperature curve shows a steep rise at a
rather lower temperature than that of Kouvel. From
these results, the present authors conclude that the
onset of long-range antiferromagnetic order should be
determined from the steep rise of the curve of resonance

' J. Owen, M. E. Browne, V. Arp, and A. F. Kip, J. Phys.
Chem. Solids 2, 85 (1957).' J. S. Kouvel, J. Phys. Chem. Solids 21, 57 (1961).' D. GriSths, Proc. Phys. Soc. (London) 90, 707 (1967).

point versus temperature. The present results for the
ESR are different from the earlier works' ' in the temper-
ature dependence of the linewidth. The discrepancy
between the results of the other researchers and ours is
due to the effects of oxygen absorbed in alloys, 4 as
explained in a later section.

2. SAMPLES

A. Bulk Samples

Copper metal was supplied from the Furukawa
Central Research Laboratory with a nominal purity
of 99.999% and manganese metal was obtained from
the Johnson Matthey Co. with a nominal purity of
99.999%.Alloys were made by melting the two compo-
nents under an atmosphere of argon in an arc furnace.
The specimens were annealed in an ultra-high-vacuum
system of 10 '—10 ' Torr at 300'C for 24 h and at about
850'C for 48-120 h. The specimen used in the ESR
experiments was rod-shaped, about 10 mm long by
1 mm in diameter, and sealed in a vacuum quartz tube
to avoid the contamination of sample surfaces. Ke
must be especially careful not to absorb oxygen in the
alloys in the course of sample preparation. The effect of
oxygen on the alloys is shown in Fig. 1 for the 4.3
at.

%%u
oMn-C ualloy . Circle s, triangle s, an dcrosse s in

this figure show the measured values for the specimens
denoted (a)-(c) when they were annealed at 850'C in
a vacuum of 10 ', 1)&10 ' and 3X10 ' Torr,
respectively. When specimen (c) is exposed to the air
for a moment, the linewidth at room temperature
becomes broader by about 70 Oe than the initial value
of 140 Oe as shown by the double circle in this 6gure.
These results suggest that the magnetic behavior of
these alloys is very sensitive to oxygen in the atmos-
phere. Mn concentration was determined by x-ray
analysis of the lattice parameter. '

4 D. H. Howling, Phys. Rev. Letters 17, 253 (1966).' W. B. Pearson, A Handbook of Lattice Spacings and Structure
of Metals and, Alloys (Pergamon Press, Inc. , New York, 1958),p.
733.

182 495



i500-

looo-

500
O 0200-

I-
Ch

i! d
mmmm»wQ ww

loo

'ta)

0 X

tOO OOOO(K) 0

C

I
X

(b)

7c}

I J. I I ~ )Ill I 4., I I IIIII I I I

IO IOO PK)

TEMPERATURE

FIG. 1. Temperature dependence of the linewidth; circles,
triangles, and crosses show the linewidth for the 4.3 at. 'Po Mn-Cu
alloy annealed at ~j.0 3, 1&10 ', and 3)&j.0 ' Torr, respectively.

A. Resonance Position

The line shape is symmetrical and independent of
temperature in the powder sample. In this sample for
the 1.2 at.% Mn alloy, the g value is estimated to be
2.004 at room temperature and 2.008 at 90'K. For the
rod-shaped alloys containing 4.3 and 2.0 at.% Mn,
the resonance position shifts to lower fields with decreas-
ing temperature below about 60 and 20'K, as given in
Fig. 2. The correction for the demagnetizing field in
the bulk sample was made in the present data. II and Bo
show the resonance 6eMs of the alloys and diphenyl-
picrylhydrazyl (DPPH), respectively.

8. Linewidth

Figure 3 shows the experimental result for the line-
width versus temperature in the cases of a few Mn

B. Powder Sample

Powder samples were prepared by diffusion of Mn
impurities in Cu particles. These particles' mixed with
alumina powder were heated at 300'C for two days
under an atmosphere of hydrogen and then heated to
900'C for about three days in an ultra-high-vacuum
system (&10 ' Torr). The alloys were sealed in a
vacuum quartz tube in order not to be exposed to air.
The maximum particle sizes used in this experiment are
about 2000 A in diameter. These particle diameters
are the same order as the skin depth.

3. ELECTRON-SPEN RESONANCE

KSR was observed in the temperature region from
300 down to 1.2'K for CuMn dilute alloys. The res-
onance position and the linewidth were measured by a
conventional 24-6Hz superheterodyne spectrometer.
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FIG. 3. Temperature dependence of the ESR linewidth.
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Pro. 2. Temperature variation of the shift at resonant frequency
of 24 6Hz. H and Ho show the resonance fields for CuMn dilute
alloys and DPPH, respectively.

concentrations. The temperature dependence is quite
difterent from that of the earlier workers. ' ' The present
result for the 4.3 at.% Mn alloy shows the fact that the
linewidth increases with decreasing temperature in the
high-temperature region and decreases very steeply at
lower temperatures, as shown in Fig. 3.This anomalous
change in the linewidth seems to disappear with
decreasing concentration of Mn impurities in the
alloys. The line shape also varies with temperature for
the bulk sample in the high-temperature region. The
pcRk-to-pcRk width for the 6rst derivative may bc
affected by the line shape, but such an effect is con-
sidered to be negligible in the present experiment. This
is inferred from R similar behavior of the powder
sample. The ESR signal from powder sample shows a
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behavior equivalent to a higher Mn concentration alloy
than that determined by x-ray analysis in the present
case~ Rs scen ln Fig. 3q slncc MQ xmpux'ltlcs lIi powdcx'
sample do not diffuse so un. iformly as in the bulk sample.
The linewidth for the powder sample is rather broad at
low temperatures compared with the bulk. sample.
Perhaps this may be due to spurious line broadening
from the mixed alumina powder. GriKths' has observed
an anoxnaly in the temperature dependence of the
llDcwldth for thc alloys cooled 1Il R magnetic 6cld down
to a lower temperature than that of the onset of anti-
ferromagnetic order. In. the present experiment, the
anomaly was observed at temperatures where the
alloys are paramagnetic. Moreover, these alloys were
cooled in zero magnetic 6eld. The electrical resistivity
was also measured for the alloys with 4.3 and 2.0 at.%
Mn, for which an anomalous change was observed
below 100 and 35'K, respectively.

4. DISCUSSION

The theoretical treatment of the magnetic properties
of magnetically dilute systems is very dBBcult. Sato
ef al.' and Klein eI, a/. " have studied the magnetic
bc11Rvlor ln dilute solutloDs. Tlicy dlscUsscd thc
magnetic properties on the basis of an Ising model for
R simple ferromagnet and antiferromagnet.

Their'approximations seem not to apply for CuMn
alloys with rather high Mn atoms (&1 at.% Mn),
because the alloys show certain. unusual magnetic
properties observed by KouveP and by Griffiths' in
the magnetic hysteresis loops and in the shift of the
magnetic resonance position, respectively, when the
alloys are cooled to very low temperatures in a magnetic
6eld. Kouvels has discussed the magnetic properties for
CuMn alloys by the xnodel in which the magnetic unit
is a sxnall ensemble of mutually interacting ferro-
magnetic and antiferromagnetic domains. The coxnplex

magnetic stI'Uctux'c dlscusscd by Kouvcl seems to
explain the magnetic behavior fairly well.

The presen. t experimental results are qualitatively
cxplalQcd by thc model. Thc anomaly 1D thc ESR
linewidth was observed as shown in Fig. I at about
100'K for 4.3 at.% Mn alloy. This temperature is close
to the anomaly in an electrical resistivity observed by
Kouvcl. Ke suppose that the anomaly is due to short-
range order in antiferromagnetic domains. The anti-
ferromagnetic domain boundaries are considered to
exhibit time-dependent Quctuation down to about
60'K for 4.3 at.% Mn alloy. The ESR at low tempera-

'H. Sato, A. Armtt, and R. Kikuchi, J. Phys. Chem. Solids
10, t9 (1959).' M. %.Klein, Phys. Rev. Letters 11,408 (1963);M. %.Klein
and R. BIout, Phys. Rev. IM, 2412 (1963); M. W. Kleig, ibid.
136, A1I56 (1964).' J. S. Kouyel, J. Phys. Chem. Solids 24, /95 (1963).

turcs is reasonably explained by the equation'

H=HO' Hp—, 'H, = (2H~H')'~',

where Ho is the resonance 6eld for CuMD alloys at the
paramagnetic state, H, is the critical field, Hg is the
average exchange 6eld, and II' is the average anisotropy
6eld. That is, from the frequency dependence of the
shif t, it is reasonable to interpret the magnetic resonance
atl t p tue tfe o g t eo a
with very small anisotropy field. For the alloy with
4.3 at.% Mn, H.=2400 Oe at 1.2'K. The alloy with

4.3 at.% Mn shows the onset of the growth of an

RDlsotlopy 6cld Rt RboUt 60 K, which ls CODsldcl"cd to
indicate the 6x of the domain boundaries between
antiferromagnetic and ferromagnetic domains. This
temperature should be able to de6ne as T~. The origin
of the anisotropy 6eM is supposed to come from the
molecular 6eld XpgM pn which is due to the intcrdomain
exchange interaction between an antiferromagnetic
and R ferromagnetic domains. Here X~@ is the c8ective
interdomain coupling coeNcient, 3fI is the magnetiza-
tion of ferromagnetic domain, and 0, is a positive
quantity that ranges from 0 to 1 depending on the exact
conditions at the domain boundaries. According to
Kouvel's model, the n parameter is smaller in a meta-
stable condition cooled in. a magnetic 6cld than in. a
stable condition cooled in zero magnetic held; The
inhibition of the shift observed by GriKths for the
alloys cooled in a xnagnetic 6eld is qualitatively
explained by this model. For the alloy with 4.3 at.%
Mn, the temperature dependence of the shift shows the
growth of tile ferromagnetic moment below thc fcrx'0-

magnetic Curie temperatures distributed over the wide

range between about 60 and O'K. The anisotropy 6eld

Xr~M~n 10 Oe at 1.2'K for the 4.3 at.% Mn alloy,
assuming BJ;=X~M~=3X10' Oe from the simplest
molecular-field theory. The remanent xnoment per Mn
atom is 0.6p,~ at j..8'K' when the alloy is cooled in

R magnetic 6cld. Xpgn~15 Rnd Xg~10, RssUming

Mg= j.0 'SXp~ and M~= —,'SEpg. Here 5 is the spin
of Mn atom Rnd E ls thc number of MQ atoms 1Q R

unit volume. 0, will be an order of 10 '—10 '. A large
anisotropy 6eld in an antiferromagnetic domain as-

sumed by Kouvel is not expected from the ESR.
The origin of a large anisotropy 6cld which 6xcs the
ferromagn. etic xnoment at low temperatures is unknown.
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