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Spin-Glass Behavior of Amorphous Co,Ge Synthesized by Mechanical Milling
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Amorphous Co2Ge was synthesized by ball milling crystalline Co2Ge, a state which cannot be
obtained by traditional rapid solidification. It exhibits a single transition from the paramagnetic
to the spin-glass state at 41 K (T¥) as defined by a sharp asymmetric cusp in the lowest field ac
susceptibility. In fields > 30 Oe the cusp in both ac and dc susceptibility curves becomes a rounded
maximum and 75 decreases. Below T the magnetization reveals thermal hysteresis. Using the
Sherrington-Kirkpatrick theory the spin-glass order parameter is derived and a spin-glass phase was
synthesized by mechanical milling. This phase can be described by mean-field theory.

PACS numbers: 75.30.Cr, 75.30.Kz, 75.50.Kj, 75.60.Ej

A spin glass is a particular type of magnetic alloy. The
term “spin glass” is coined to describe the metastable
magnetic state at low temperatures in some simple solid
solutions, for example, Au;_.Fe, or Cu;_,Mn,, with z
in the range 1073 to 10~! [1,2]. In the spin-glass phase,
magnetic moments are frozen into equilibrium orienta-
tions, but there is no long-range order. It is well es-
tablished that a sharp maximum in susceptibility in low
fields and its peculiar sensitivity to the external field are
good indications for a spin glass [3,4]. It was suggested
that the transition from paramagnet to spin glass is a
second-order transition {5-7]. To detect the presence of
such a state the order parameter, ¢, was introduced.
Among all the spin-glass alloys discovered up until now,
most of them are dilute solid solutions with a rather low
content of the magnetic element (usually a few atomic
percent). There are some examples of alloys showing
spin-glass behavior and having a content of magnetic el-
ements as high as 70 at.%. However, these alloys are
composed of at least two transition metals and at least
two nontransition elements in order to obtain the ap-
propriate degrees of ferromagnetic and antiferromagnetic
exchange. Examples are amorphous (Fe;Nij_;)79P13Bs
and (Fe;Ni;_;)75P16BsAls [4]. Moreover, mest of them
exhibit multitransitions from the paramagnetic to the fer-
romagnetic state and subsequently to the spin-glass state
(reentry behavior).

In this Letter, we report a new type of spin-glass ma-
terial with a very high content of the magnetic element,
namely, amorphous Co2Ge synthesized by mechanical
milling of the crystalline intermetallic compound Co,Ge.
This binary alloy shows a single transition from the para-
magnetic to the spin-glass state. To our best knowledge
this is the first report of the preparation of a spin glass by
mechanical milling. Moreover, the material shows “pure”
spin-glass behavior, is a binary alloy with a high content
of the magnetic element (67 at. %), and is in the amor-
phous state. Amorphous Co,Ge cannot be obtained by
traditional melt spinning. Therefore, mechanical milling
turns out to be a unique technique to obtain the material
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in this special state.

Crystalline CoyGe was obtained by arc melting of
weighed amounts of pure cobalt and germanium in a pu-
rified argon atmosphere and by subsequent annealing at
673-773 K for a few days. The mechanical milling was
carried out in a hardened steel vial with a vacuum of
about 10~ Torr. The melt-spinning technique was used
to quench CoyGe from the liquid state to room temper-
ature. High-frequency melting was used. The cooling
rate was about 107 K per second. X-ray diffraction pat-
terns were taken at room temperature by means of a
Philips diffractometer with vertical goniometer using Cu
Ko radiation. The ac susceptibility measurements were
performed from room temperature to liquid helium tem-
perature in self-constructed equipment. In this apparatus
the sample is mounted in a secondary coil which is con-
nected in series with a counterwise wound identical coil.
The two coils are placed in a primary coil which gener-
ates an ac magnetic field. A voltage is induced over the
secondary coil by mutual inductance which is monitored
by a lock-in amplifier. A reference signal is supplied to
the lock-in amplifier by a voltage generated by the ac
current of the primary coil over a given resistor. Theo-
retically, the signal over the secondary coil is zero if there
is no sample in one of the coils. The coil system with the
sample is mounted in a sample chamber, which contains a
thermometer and a heater in order to control the temper-
ature. The sample chamber is separated by an exchange
chamber from liquid helium. The cooling of the sample is
controlled by the amount of helium gas in the exchange
chamber. The low dc field magnetization was measured
in a self-designed magnetometer. The sensitivity of the
magnetometer is better than 10~° A m?2.

The starting compound Co;Ge has the orthorhom-
bic structure (Co2Si type) with space group Pnma as
can be found from the x-ray diffraction pattern (0 h)
shown in Fig. 1. After ball milling, the crystalline com-
pound transforms to the amorphous state. It was found
from x-ray diffraction, differential scanning calorimetry
(DSC), and magnetic measurements that the amorphiza-
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FIG. 1. X-ray diffraction patterns of Co2Ge as-prepared (0
h), after 240 h of milling and of a melt-spun sample.

tion starts at a milling time of 80 h and is complete after
milling for 240 h. (The details of the structural evolu-
tion are presented elsewhere [8].) In Fig. 1 the x-ray
diffraction pattern of CosGe after 240 h of milling is
given as the central curve labeled 240 h. It shows the
typical characteristics of an amorphous phase. The x-ray
diffraction pattern of Co2Ge rapidly quenched from the
liquid state is also given in Fig. 1 as the top curve labeled
melt spun. It is clear that the pattern of the melt-spun
Co,Ge is characteristic of a crystalline phase with hexag-
onal structure (NizIn type with space group P63/mmec),
which exists at higher temperature in the phase diagram
[9]. Apparently, no amorphous phase is formed by tra-
ditional rapid solidification. This is confirmed by DSC
analysis and magnetic measurements. All samples milled
for 240 h or longer exhibit the same physical properties.
Therefore, we will present the results of the sample milled
for 240 h as representative of the amorphous material.
Both the as-prepared and melt-spun crystalline Co2Ge
are ferromagnets at lower temperatures. Values of the
paramagnetic Curie temperature and the effective mag-
netic moment of crystalline and amorphous Co2Ge are
given in Table I. These were derived from the high-field
magnetic susceptibility in the temperature range from
50 K to room temperature by the Curie-Weiss law. The
ferromagnetic Curie temperatures for the crystalline ma-
terial obtained from both ac-susceptibility measurements
and Arrot plots are also tabulated in Table I. The para-
magnetic Curie temperature of amorphous CozGe is also
positive, indicating that in amorphous Co2Ge the dom-
inant exchange interactions are ferromagnetic. The ef-
fective magnetic moment per Co atom in the amorphous
state is larger than twice the value in the crystalline state.
The slope of the inverse susceptibility decreases gradually
with decreasing temperature as can be found from Figs.

TABLE I. The effective magnetic moment peg [uB/(Co
atom)), the paramagnetic Curie temperature 6, (K), the fer-
romagnetic Curie temperature T¢ (K), and freezing temper-
ature Ty (K) of as-prepared Coz2Ge, amorphous Co2Ge, and
melt-spun Co,Ge.

Sample Deft 0, T&E TS Ty

[4/(Co atom)] (K) (K) (K) (K)
As-prepared Co2Ge 1.29 56.3 46.4 47 --.
Amorphous Co2Ge 2.66 61.7 .- --- 41
Melt-spun Co2Ge 1.25 192 5 5 ...

2 and 3. Both these observations are consistent with
the “superparamagnetic” behavior observed in alloy spin
glasses [1,4] and usually these effects are attributed to
the formation of stable clusters of spins, locked together
by the stronger exchange interactions. This causes a de-
crease of the average value of the remaining exchange
interactions.

The temperature dependence of the ac susceptibility
(the real part) of amorphous CozGe in different fields
measured at a frequency v of 109 Hz is displayed in Fig.
2. The values are normalized by the applied fields. This
figure exhibits the following characteristics: (i) A very
sharp cusp at about 41 K is observed when the applied
field is low but this cusp loses its sharpness and becomes
a broad maximum with increasing external field. When
the applied field is increased to 90 Oe even no maximum
is observable in the temperature range, where the mea-
surements were performed. (ii) Both the height of the
cusp and the peak temperature decrease with increasing
applied field. These phenomena are very similar to those
observed by Cannella and Mydosh in the typical alloy
spin-glass AuFe [1]. In addition, a pronounced anomaly
in the imaginary part x” of the ac susceptibility is ob-

00— 71—

(V)

Xac

n 1 . 1 n
0 20 40 B0 80
T (K)

FIG. 2. Temperature dependence of the ac susceptibility
(the real part) of amorphous Co2Ge in different ac fields. A
frequency of 109 Hz was used.
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FIG. 3. M/B, vs T curves for amorphous Co,Ge measured
in various dc magnetic fields after zero-field cooling (ZFC).

served around the freezing temperature. The maximum
in | dx”(T)/dT | nicely coincides with the maximum in
the real part, i.e., at the freezing temperature T¥(v).
The appearance of the imaginary component means that
relaxation processes are affecting the measurement and
that decoupling of spins causes energy absorption. A sim-
ilar behavior of x” around Ty was observed in alloy spin
glasses [4]. Because of the heating effect by eddy cur-
rents during the measurement, the temperature of the
sample cannot reach lower values when the applied field
is larger than 90 Oe. The influence of the frequency in the
range of 14 to 109 Hz on the cusp in ac susceptibility was
also investigated. It turned out that with increasing fre-
quency, the freezing temperature slightly increased with
a value ATy /[Ty Alnv] = 0.04, while the cusp became
somewhat rounded. This is also observed in other spin
glasses [4].

Low dc field magnetization measurements confirmed
the results obtained by measurements of the ac suscepti-
bility. Figure 3 shows M /B, as a function of temperature
for amorphous CoyGe in different external fields. When
the applied fields are small so that the magnetization is
proportional to susceptibility, M/B, gives the initial dc
susceptibility x. After zero-field cooling, the measure-
ments were performed with increasing temperature. A
sharp maximum similar to that in the ac susceptibility
is evident, when measuring in a field of 25 Oe. With
increasing field this maximum becomes a rounded tran-
sition and disappears when the field is high, i.e., in a field
as large as 250 Oe. This maximum also shifts to lower
temperature with increasing field. The value of M/B,
also decreases with increasing field. These results fully
confirm the results of the ac susceptibility.

Irreversibility is a characteristic of spin glasses. The
magnetic behavior differs depending on whether the ma-
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FIG. 4. Temperature dependence of the magnetization of
amorphous Co2Ge after zero-field cooling (ZFC) and field
cooling (FC) measured in a field of 50 Oe.

terial is cooled down with or without field. This is illus-
trated by Fig. 4. This figure shows the M vs T curves
of amorphous Co,;Ge after zero-field cooling (ZFC) and
field cooling (FC) in a field of 50 Oe. This figure nicely il-
lustrates the different temperature behavior between FC
and ZFC. Remarkable are the features at T¢. The FC
magnetization decreases gradually with increasing tem-
perature but is virtually independent of time: During an
arrest at a given temperature (T' < T¥), the magnetiza-
tion remains unchanged. Furthermore, the process of FC
followed by field warming is reversible. When we cycled
the temperature back and forth (with B =const) the FC
magnetization traced the same path. On the other hand,
the ZFC magnetization is zero until the field is applied.
In the presence of the external field, the magnetization
increases with increasing temperature until Ty, where the
two curves coincide (open circles). These traces are ir-
reversible. This means that Mzpc is always drifting up-
wards. When we continued to increase the temperature
above Ty and then cooled the sample back down, first
above T the reversible “paramagnetic” regime was ob-
served and subsequently by further cooling the magneti-
zation became the reversible Mpc. So, the dc field, when
applied below T}, creates a metastable and irreversible
state in amorphous Co,Ge. Moreover, the temperature
where both curves coincide is shifted to lower values with
increasing measuring field. Figure 5 shows the field de-
pendence of the magnetization of amorphous CozGe af-
ter ZFC and FC in a field of 1 T at 4.4 K. The FC curve
is clearly displaced relative to the ZFC curve. There is
a remanence of approximately 0.09up5/(Co atom). No
remanence is observed after zero-field cooling within the
experimental accuracy. The two curves coincide at a field
of 0.6 T. By extrapolating the magnetization curve to
zero field, the magnetic moment of Co is found to be
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FIG. 5. Field dependence of the magnetization of amor-
phous Co2Ge after zero-field cooling (ZFC) and field cooling
(FC) measured at 4.4 K.

equal to 0.17up per Co atom. All together the results
shown above prove that amorphous Co,Ge undergoes,
upon cooling from room temperature to lower tempera-
ture, a single paramagnetic to spin-glass (SG) transition
at about 41 K (the freezing temperature, Ty) rather than
a paraferromagnetic transition. The freezing tempera-
ture is shifted to lower values by increasing the magni-
tude of the applied magnetic field.

The susceptibility x provides an experimental probe of
the spin-glass order parameter g, since (7]

X(T) = C(T)[1 — (DT - 6(T)1 - (D)}, (1)

where both C(T') and 6(T') are temperature independent
in the mean-field theory used in Ref. [7] and should be
slowly varying close to the spin-glass transition temper-
ature in real materials. Since ¢ vanishes for T' > T%, Eq.
(1) predicts an asymmetry in the temperature depen-
dence above and below T¥. The behavior of the suscep-
tibility in fields below 30 Oe is consistent with a second-
order transition. For the evaluation of the order param-
eter, xac(T) ! obtained in the lowest field (0.06 Oe, Fig.
2) was extrapolated. In this way the intercept 8(Ty) and
the slope C(T¥) and from these, using Eq. (1) ¢(T') was
found:

o(T) =1 =Tx(T) [C(Ty) +6(T)x(T)) ™. (2)

The values of ¢(T') derived by Eq. (2) are shown in Fig.
6. It is clear that the measured ¢(T") almost linearly in-
creases with decreasing temperature. Graphical analysis
of the data in Fig. 6, using Ty = 41 K, shows a power
law for ¢(T'), i.e., ¢(T) o (Ty — T)P, with a 3 value of
about 0.95. Thus the temperature dependence of g, as
shown in Fig. 6, is in agreement with the prediction by
mean-field theory.

This value does not agree with the percolation predic-
tion, where 3 is known to be equal to 0.39 =+ 0.01 in three
dimensions [10].

In conclusion, the amorphous phase of CoyGe has
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FIG. 6. Spin-glass order parameter, g(T'), derived from the
data of the inverse susceptibility using Eq. (2).

been successfully synthesized by mechanical milling of
the crystalline intermetallic compound CoGe. Amor-
phous Co2Ge cannot be obtained by the traditional rapid
solidification method. The material shows a single transi-
tion from the paramagnetic to the spin-glass state below
41 K. The spin-glass transition temperature is very sensi-
tive to the external field. The susceptibility is described
well by the Sherrington-Kirkpatrick theory. The spin-
glass order parameter is deduced. It turned out that
this “spin-glass” phase is described well by the mean-
field theory. It must be emphasized that Co2Ge repre-
sents the first example of the use of mechanical milling to
synthesize spin glasses. We believe that there are more
alloy systems that could be driven to the spin-glass state
by high-energy ball milling, in particular in cases where
spin-glass states cannot be obtained by traditional rapid
solidification.
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