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We consider a broad spectrum of low-temperature states in copper-manganese alloys, from the
kondo phase to the mixed "cluster glass antiferromagnetism" state. A magnetic phase
diagram is proposed for copper-manganese alloys in the impurity density range from 0.2 to 80
at.%.
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INTRODUCTION

RESULTS AND DISCUSSION

The surprising physical phenomena accompanying the
localization of the magnetic moment of a paramagnetic impurity in a nonmagnetic matrix, such as the Kondo effect,
the spin-glass state, or the local spin fluctuations, continue
to attract great interest. The overlap of the magnetic-phase
boundaries, the character of the phase transition, the nonergodicity, and the applicability of traditional molecularfield methods are but a few of the questions arising in the
analysis of the magnetism of a nonmagnetic matrix containing magnetic impurities. '-'
Addition of manganese to copper, by virtue of the fact
that manganese has two types of magnetic moment (ferroand antiferromagnetic), and also by virtue of low Kondo
temperature of the alloys ( TA-0.012 K ) , leads to a broad
spectrum of low-temperature magnetic states in coppermanganese
Our task was to investigate the onset and coexistence of
low-temperature magnetic states in copper alloyed with
manganese at concentrations ranging from the one at which
the Kondo regime is realized (c,,, -0.05 at.%) to the one
corresponding to ordered antiferromagnetism (c,,, 5 80
at.%).

Figure 1 shows the temperature dependences of the
magnetic susceptibility of a Cu 8.1 at.% Mn alloy in an
external magnetic field. A strong shift of T/ is evident in
magneticfieldsH-8.104A/m - AT, 2.2.6 K. Yet when the
frequency of the alternating magnetic field used in the measurements is changed from 38 to 600 Hz the freezing-temperatureshift is0.15 K,i.e., l A T f ( w ) l < I A T / ( H ) l . Ourresults for ATf(w) agree with the data of Ref. 11. The inset of
Fig. 1 shows the suppression of the maximum of x;, by an
external magnetic field. The deviation of Ax/x,,, C C His
,
proportional to H, i.e., the Edward-Anderson parameter a is
equal to 1 (Ref. 12). Similar relations are observed in the
alloys Cu lat.% Mn, Cu + 9at.% Mn, Cu + loat.% Mn.
Copper-manganese alloys with c,,, < 14 at.% are of greatest
interest for the comparison of the theory with experiment,
since they are typical spin glasses with R K K Y interaction.
Substantially different dependences of the freezing temperature Tf on the external magnetic field have by now been
observed. The premises of the theories using a molecular
field with infinite interaction radius (in particular, the theories of Edwards and Anderson ( E A ) and of Sherrington
and Kirkpatrick for the Ising and Heisenberg models) lead
to a quadratic dependence of the freezing temperature on H
(Refs. 13-1 6) :

EXPERIMENTAL TECHNIQUE

+

+

We investigated copper containing from 0.05 to 80 at.%
ATf-Tj'o'-TI'"!mg(S, Ii)mHZ,
manganese.
Metals of purity not lower than 0.997 were melted in an induction furnace. The samples were wires 0.07-0.2
where s is the impurity spin, g ( ~H)
, is the order parameter
mm in diameters, foils 20-50 p m thick, and cylinders 2.5
in the EA theory, and TJ") is the spin-glass freezing
mm in diameter and 1.5-10 mm high. The allo~ingandsam- perature in an external magnetic field. According to Nkel's
ple production technology is described in detail in Refs. 7-9.
classical theory of superparamagnetism, 1 7 the superparaThe magnetic susceptibility was determined by the compenmagnetic-cluster blocking temperature TF) is given by
sated-transformer method in alternating fields of frequency
[ T ~ I ' / T ~ O ' ]'''=i-Ii/HA,
from 10 to 1200 Hz and amplitude 0.1-5 G. The relative
(2
error in the measurement o f x did not exceed 3%. Measurewhere HA is the magnetic anisotropy field. In the modified
ments of the Hall emf and of the magnetoresistance in strong
superparamagnetism theory TLH) is identified with Tf of
magnetic fields (see Refs. 7 and 9 ) up to B = 15 T a t T = 4.2
spin
glass." In later studies, e.g., in Parisi's theory," it folK were carried out with the "Solenoid" setup of the Generallows
from the equation for the stationary point
Physics Institute of the USSR Academy of Sciences. The
relative error in the measurement of the Hall emf and of the
2gs( 7 - g s ) +21,gs3=fz2,
(3)
magnetoresistance did not exceed 3%. The electric resistivity and the thermoelectric power were investigated by the
~ s = g s ( S ,H),
(4)
standard procedures described in Ref. 10. The temperature
where r is the coefficient of SpQ,, and Q,, is the order
was determined with a Cu-CuFe thermocouple with absoparameter, that
lute error up to 0.l0C. The ESR procedure developed by us
ATt-gB-HY'.
(5)
for the investigation of spin glasses is described in Ref. 10.
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FIG. 1. Effect of external magnetic field on the magnetic suceptibility ofcopper-manganese alloys: - H = 0, A - 400A /m,
0-4800A/m,A-8.104A/m.

Obviously, an empirical dependence of the temperature
of the maximum of the magnetic susceptibility of spin glasses
on the external magnetic field could decide whether they can
be adequately described by the existing theories.
Cogent conclusions can be deduced from the agreement
between the Ntel superparamagnetism theory and the ex( T ) observed for a large class of substances,
perimental
ranging from typical copper-manganese spin glasses to per51.2 at.% Ni (Ref.
colation systems such as the alloy Cu
20). For most spin glasses, the shift of the freezing temperature in an external magnetic field is negative. In spin glasses
with mixed exchange interaction, however, for example in
palladium-nickel-manganese alloys, and also in the amorphous gadolinium-aluminum magnetic, the shift of TJ as a
function of H can reverse sign in a certain critical magnetic
field peculiar to the particular ~ u b s t a n c e . ~ " ~ ~
We call attention to the disparity between the experimental data and theoretical estimates of the suppression
Ax/xmaxof the magnetic susceptiblity by an external mag~~,~~
netic field in the Ntel and EA t h e o r i e ~ . ' ~A. theoretical
for the alloy Cu 1 at.% Mn in a magestimate of Ax/x,,,
netic field H = 2.4. lo5A/m yields 1% as against the experimental 12% (Ref. 24). For Cu + 8.1 at.% Mn in a field
H = 8. lo4 A/m the ratio Ax/x,,,
is likewise 1% and the
experimental estimate 18%. It appears that the molecular-field theories with infinite interaction radius fail to describe spin glasses because they use a nonrealistic description of the spin-glass state in real alloys.
The analysis of various types of magnetic ordering in
solids, undertaken with an aim at describing the "spin-glass"

xH

+

+

-
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state, either reduces to an approach based on the concentration of the magnetic impurity, or is based on assuming specific types of
With increasing concentration
of the magnetic impurity, a transition takes place from the
interaction between isolated spins (the Kondo regime) to
direct exchange interaction for a disordered magnet. Neglecting the presence of an annealed Kondo effect at T > TO,,
where T i is the Kondo temperature of the interacting impurities, the maximum iron concentration for the Kondo
regime in gold-iron alloys is -0.032 at.%.29The equivalent
critical iron concentration for copper-iron alloys is 0.0034
at.%.30331In copper-manganese alloys the characteristic
maximum on the temperature dependence of the electric resistivity occurs at a manganese content c,, <0.05 at.%.32
The maximum of the magnetic susceptibility at the spinglass "freezing" temperature is realized starting with
cMn-0.2 at.%.33 It can thus be arbitrarily assumed that at
c,, <0.05 at.% the Kondo regime is realized in coppermanganese alloys in the case of weak interaction of the localized magnetized moments. In the interval 0.05
at.%<c,, ~ 0 . at.%,
2
there exists apparently a Kondo regime if the interaction between clusters is strong. When the
manganese content exceeds 0.2 at.% a spin-glass phase exists in the Cu-Mn alloys. It is intermixed with a Kondo phase
up to cMn 8 at.% since, for example for Cu + 8 at.% Mn, a
maximum of magnetic susceptibility is
at
Tf -40 K on top of a gigantic thermoelectric power lo-'
V/deg. It is curious that spin-glass and annealed-Kondoeffect phases coexist in copper-manganese alloys, since T p '
-0.012 K.6

-

-
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The first to consider the overlap of the Kondo and spinglass states was Larsen in noise theory.34 The particular
phase realized depended on the ratio of the parameters A, /
Tkff and T M / T F (Ref. 35), where A, is the energy of the
interaction between the impurities, K $ is the effective temperature of the I(ondo alloy, and TM is the temperature of
the electric resistivity maximum. The procedure developed
by Fischer to calculatep ( T ) in the two-spin-correlator apptoximation for the Kondo effect permits an estimate of the
temperature T, in the approximations of single relaxation
time and for a quadratic density of two relaxation modes. It
is of interest that noise theory34is a limiting case of the SuhlNagaoka approxiniation at A, ) T g . According to Ref. 34,
the maximum-resistivity temperature TM is

b) in the approximation of a single relaxation time ( 8 )

T,I(L)/TI=L/21n(T,,(')/TK)
-1,
C)

for two relaxation modes

where a is a parameter that depends on the character of the
magnetic impurity andx, is the static magnetic susceptibility. For copper-manganese alloys we have a = 2.2 (Ref. 35).
Substituting (9) in ( 6 ) and leaving out the intermediate calculations, we obtain

T,(')/T,=exp 2/[1-~/(~+s)ln(l+z)+T,~~~~~'/~~],
( 10)
z=aT,/T.
Silice TMxA/x0< 1, we have ultimately

where S,, is the effective spin of the impurity. Expression
( 6 ) is valid only for T) T g ' or T, ) T g ' , where Tf is the
spin-glass freezing temperature. To estimate the maximumresistivity temperatures TM we use Fischer's result^'^:
a ) in noise theory

Tabie I. Temperatures of maximum resistivity and the magnetic suceptibility
manganese a l l ~ y s ~ . ~ ' . ' ~ . ~ ' . ~ ~ ~ '
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The experimental and calculated values of the temperatures T(,, of the resistivity maximum and of the temperature
of the maximum of the magnetic susceptibility~,,,,are listed
in Table I. It follows from the results that noise theory does
not describe satisfactorily the concentration dependence of
the temperature of the resistivity maximum, since it overestimates the values of T$' compared with experiment. This is

(x,

)

of copper-
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apparently due to the different treatments of the Kondo effect in the Larsen and Fischer t h e ~ r i e s . ' ~ . ' ~ ~ ~ ~
In noise theory we have T M T g ' as cImP-0, while in
the Suhl-Nagaoka approximation44 T, 0 at a vanishingly
small magnetic-impurity concentration.
The experimental T, (c,, ) dependence is best described for c,, < 14 at.%, thereby permitting a prediction of
the experimental temperatures of the maximum resistivity of
copper-manganese alloys. It appears that a manganese con14 at.% is the limit for the spin-glass state
centration c,,
in copper-manganese alloys.
Calculation of the scattering Tmatrix in nonstationary
perturbation theory for thes-d model up to terms of order J V
and J V lead to two contributions to the thermoelectricpower-a Kondo contribution and a resonant contribution due
to the spin-glass state.38Since the contributions to S ( T ) are
of opposite sign, S(T,,) -0 at the point To. It can be seen
from the table that the temperature at which the thermoelectric power of Cu-Mn alloys reverses sign depends linearly on
the manganese concentration. We have previously shownz3
that approximation of the excitation spectrum by either oscillatory or relaxing modes is unsatisfactory. The relaxingmode approximation'7 is applicable only in a very narrow
manganese-concentration interval (0.25 at.%<c,, (0.5
at.%).
Returning to the table, note that for all manganese concentrati ons the experimental temperatures of the resistivity
maximum exceed the temperatures of the maximum ofx,, :
TP: > Tf. This arrangement of the characteristic points is
typical of classical spin glasses and agrees with that predicted in Fischer's theory.45The experimental dependences of
the characteristic temperatures on the impurity concentration are described by the following expressions:

-

-+

-

A

FIG. 3. Isothermal field dependences of ~mpurityHall resistance and of
the transverse magnetoresistance of copper-manganese alloys at T = 4.2
K. Curves 1.5 - 6.1; 2.6 - 8.1; 3.7 - 22.1; 4.8 - 28.0at.% Mn.

The Hall effect is known to be one of the most sensitive
methods for the investigation of systems with anomalous
scattering of conduction electrons. Nonetheless, the number
of investigations in which so sensitive a procedure was used
is
In the alloy Cu 4.6 at.% Mn (Ref. 46) at
B = 0.3 T the effect was practically unobservable, and was
apparently totally suppressed by the strong magnetic field.
K ~ s t e observed
r~~
anomalies of R H at manganese concentrations higher than 10 at.%. The temperature dependences
of the anomalous-Hall-effect constant of copper-manganese
alloys are shown in Fig. 2. The anomalies o f R a are observed
at temperatures close to the spin-glass freezing temperatures: T ( i ) Tf. With increasing manganese content in the
copper-manganese alloys, the maxima of R a degenerate into
inflection points, apparently as a result of the increased role
of the antiferromagnetic interaction.
The BCal-Monod-Weiner spin component is revealed

+
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FIG. 2. Temperature dependence of the anomalous-Hall-effect "constant" of copper-manganese alloys in a field H = 0.04 T.
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FIG. 4. Dependences of the signal intensity (a),linewidth ( A ) , resonant
field H , (0).
and ESR spectrum of Cu + 6.1 at.% Mn alloy on the rotation angle in a constant magnetic field H = 0.7 T. Inset: ESR spectra of
Cu + 6.1 at.% Mn alloy 1 - p = 0, 2 - QI = ~ / 2 3, - (P = n-.
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on the temperature dependences of the impurity Hall resistance (Fig. 3) by the deviation ofpH ( B ) from linearity in
magnetic fields B =: ( 8- 10) T and by the fact that the transverse magnetoresistance is negati~e.~.''
We consider now the ESR method. Typical ESR spectra and plots of the signal intensity, of the resonant field, and
of the ESR linewidth for the alloy Cu + 6.1 at.% are shown
in Fig. 4. The anisotropy of the ESR signals can apparently
be attributed to the large value of the exchange anisotropy in
copper-manganese alloys.47The freezing temperatures obtained from the I ( T ) curves are close to the Tf values determined from the maxima of the magnetic s u ~ c e ~ t i b i l i t y . ~ ~
Quenched Cu-Mn alloys containing less than 14 at.%
impurity exhibit a behavior typical of spin glasses. If the
freezing is in an external magnetic field, the ESR signal inat.% Mn
tensity increases with increasing H, while the amplitude of
FIG. 6 . Magnetic phase diagram of copper-manganese alloys. Phases: Pthe resonant field and the ESR line width decrease simultaparamagnetic, SG-spin
glass, AF-antiferromagnetic,
CG-cluster
point, T,-Neel
temperature, .-ground
glass, T,-phase-transition
neously. The existence of a spin-glass state in this impurity
state, annealed at 800 "C for 1 h and quenched in water, X-antiferroconcentration range is convincingly conformed by neutronmagnetic-ordering state, 0-from measurements of the magnetic suceptiscattering and spin-echo e ~ ~ e r i m e n t All
s . ~the
~ .investigat~~
bility, A-data of Refs. 52 and 53.
ed copper-manganese alloys with 4 at.% <cMn( 14 at.% are
characterized by ag-factor shift proportional to the impurity
density AH(g) = KC, where K = d [ AH(g) ] /dc = 360 G /
raises the temperature of the transition into the short-range
at.% Mn. A similar shift was observed5' for copper-mangaantiferromagnetism phase (see Fig. 6 ) , suppressing partially
nese alloys containing 0.2 to 4 at.% manganese. Theg-factor
or fully the spin-glass phase with increase of manganese conshift in Cu-Mn alloys has a hyperbolic temperature depencentration in copper-manganese alloys. Preliminary magdence and vanishes at a temperature T = To that rises with
netic annealing ( M A ) in magnetic fields from 3 to 100 kOe
increasing manganese concentration, a fact attributed to the
suppresses the short-range antiferromagnetism phase either
~ fact, at
larger role of the antiferromagnetic i n t e r a ~ t i o n . 'In
partially (in weak magnetic fields B 5 0 . 3 T ) or fully (at
a manganese content 2 14 at.% the ESR spectra of copperB > 3T). The spin-glass state signal is not suppressed even in
manganese alloys reveal, beside the spin-glass phase signal,
magnetic fields B=: 10 T ( M A ) . From our standpoint, the
also a signal due to the "short-range-antiferromagnetism"
maximum concentration at which short-range antiferrophase, see Fig. 5. The amplitude of this signal is practically
magnetism appears is cMn= 14 at.%, and not 25 at.% as
independent of the freezing magnetic field. A neutron-difproposed by Beck. The short-range antiferromagnetism refraction phase of the short-range antiferromagnetism in copalized in copper-manganese alloys is apparently a mixture of
permanganese alloys is revealed by the presence, on top of
spin glass with antiferromagnetism (mictomagnetism) in
the usual FCC-lattice reflection lines, of additional reflecthe manganese concentration interval from 14 to 60 at.%.
tions from the ( 1 10) and (201 ) planes."
The possibility of existence of micotomagnetism in copAntiferromagnetic-ordering annealing ( 5 h at 450 "C)
per-manganese alloys at intermediate impurity concentra-

+

FIG. 5. Intensity of ESR signal of Cu 22 at.% Mn alloy, annealed at
800 T for 1 hand quenched in water, and again annealed at 450 "C for 5 h.
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tion is determined from measurements of the temperature
dependences of the magnetic susceptibility, and also from
results of model-based calculations and neutron-diffraction
investigation^.^^.^^ The mictomagnetic state includes in this
case a spin-glass phase formed of ferromagnetic clusters that
interact with one another via the R K K Y mechanism, and an
incipient antiferromagnetic order due to the short-range antiferromagnetic exchange interaction.
Evidence favoring the existence of mictomagnetism is
provided by the simultaneous influence of strong magnetic
field up to 10 T o n the anomalies of the ESR spectrum at the
freezing and Nee1 points. The shaded region in Fig. 6 corresponds to the absence of a clearly pronounced phase transition-from 70 to 80 at.% Mn. At a manganese concentration higher than at.% a mixture of cluster-glass and
antiferromagnetism phases ( C G + A F ) is produced in the
Cu-Mn alloys. This is an inhomogeneous anti-asperomagnetic state, as attested by the characteristic shapes of the
plots of the weak-field magnetization vs temperature.".53
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