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† Department of Physics, Faculty of Sciences, Ankara University, 06100-Tandoǧan, Ankara,
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Abstract. Low-field harmonic susceptibilities of a Ni77Mn23 alloy have been measured in
the temperature range 15–325 K at three different frequencies. The measurements exhibit
both frequency and amplitude dependencies. Observed dependencies are compared with the
existing theories of linear and nonlinear susceptibilities with reference to short- and long-range
interactions. Although the sample exhibits some features similar to the ordinary spin-glass
systems at low temperatures, the Curie temperatureTC was found to be larger than expected.
However, the sample exhibits some interesting properties in terms of spin frustration belowTf at
some frequency and amplitude. The coexistence of spin-glass with ferromagnetic states at low
temperatures signifies the nondivergent behaviour of the high-order harmonic susceptibilities in
the vicinity of Tf . The critical exponentsγ = 3.2± 0.2 andβ = 1.68± 0.4 suggests that the
third harmonic susceptibility is essentially different from the observed divergent behaviour in
spin glasses.

1. Introduction

It is widely recognized that the Ni77Mn23 alloy is a re-entrant spin-glass (RSG) system.
Re-entrant systems exhibit two successive phase transitions with respect to temperature [1–
3]. Despite their dominant paramagnetic (PM) behaviour at temperatures above the Curie
point, TC, they enter into a new ferromagnetic (FM) phase belowTC (onset temperature
of long-range order). However, they exhibit quite interesting physical phenomena upon
further cooling by entering into a second phase at the so-called freezing temperature (Tf ),
where the system is believed to have some common properties with pure spin-glass (SG)
systems [4]. The magnetic behaviour of such systems is of fundamental importance in
terms of understanding the mixed interactions between the d-state electrons as a function
of temperature [5].

Harmonic susceptibilities (χn = χ ′n − iχ ′′n , wheren = 1, 2, 3, . . . etc) have generally
been used to study the magnetic behaviour in such systems [6–8]. Intrinsic to the AC
susceptibility, the in-phase component,χ ′, of the fundamental susceptibilityχ1 = χ ′1− iχ ′′

is mostly associated with flux entry into the sample (proportional to the total magnetic
moment at the peak value of the AC field) while the out-of-phase componentχ ′′ is mostly
proportional to the magnetic moment trapped within the sample at the zero-field excursion of
the AC field. In metallic SGs, strong frequency dependence is observed in the fundamental
susceptibility due to eddy currents [8–11]. The effects of eddy currents can be assumed
to be negligible at sufficiently low frequencies provided that flux entry is not limited to
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the skin depth of the sample. However, determination of the freezing temperatureTf at
which the cusp in AC susceptibility occur reveals a value different from the results of DC
experiments.

In addition to the linear susceptibility (fundamental susceptibility,n = 1) measurements,
a large number of investigations have been performed by nonlinear susceptibility (n =
3, third-harmonic susceptibility) measurements to study their magnetic behaviour at
temperatures close toTf [12–15]. Such studies were also performed nearTC in random-spin
systems [16]. The higher-harmonic susceptibilities give details of local magnetic behaviour.

It is generally accepted that the out-of-phase component,χ ′′3 (T ) resembles that of
−χ ′′1 (T ) and that the magnitude ofχ ′′3 (T ) is proportional to the measuring-field amplitude
[8]. It is also known that the in-phase component,χ ′3(T ), is very small in magnitude
compared with that ofχ ′′3 (T ). In a reversible FM system, the magnetization versus the field
(M–H ) would be linear. The linearity could be an indication of reversible domain-wall
motion for sufficiently small fields. In such a state, odd harmonic (nonlinear) susceptibilities
have zero values [17]. Nonzero values ofχ ′3(T ) could be attributed to the irreversible
domain-wall motion. The re-entrant systems are in fact metastable systems, in which domain
growth is prevented from taking on the magnetic behaviour of the pure SG systems [18]. In
a previous communication [14], we focused on the relaxational behaviour of the re-entrant
system of Ni81Mn19 aroundTf .

It is well known that, owing to thermal fluctuations and the increasing short-range order
aroundTf , pronounced nonlinearities in the magnetic response appear in the magnetization
of a SG. In terms of the measuring fieldHAC, the magnetization can be expressed as an
addition of odd harmonic susceptibilities as [12],

M(h, T ) = χ1HAC + χ3H
3
AC + χ5H

5
AC + · · · (1)

where even powers ofh are neglected because of the symmetry ofM. In compact form,
M can be given by taking a sinusoidal field,HAC = h0 sin(ωt) as

M(h, T ) =
∞∑
n=0

χ̃2n+1h
2n+1
0 sin[(2n+ 1)ωt ] (2)

where,

χ̃1 = χ1+ 3
4χ3h

2
0+ 5

8χ5h
4
0+ · · · (3a)

−χ̃3 = 1
4χ3+ 5

16χ5h
2
0+ · · · (3b)

χ̃5 = 1
16χ5+ · · · etc. (3c)

The nonlinear susceptibilities diverge according toε−n(γ+β)+β for n > 1 at temperatures
in the vicinity of Tf , whereε is the reduced temperature which equals to(T − Tf)/Tf , γ
and β are the critical exponents [19], this divergent behaviour occurs in the vicinity of
Tf to indicate a phase transition from FM to SG. In other Mn-containing SGs, the critical
exponents were found to beγ = 3.4±0.2 for fluorophosphate of Mn by Prejeanet al [20],
γ = 3.3± 0.3 for Cd1−xMnxTe by Maugeret al [21], γ = 2.3± 0.2 for AgMn by Levy
[22]. Most other results are in the region of 36 γ 6 4 [23–25].

In this work, to test whether the sample undergoes a true phase transition from FM to
RSG, we have first concentrated on measurements of the harmonic susceptibilities, in the
vicinity of Tf . Measurements, near the Curie temperature in the same Ni77Mn23 alloy are also
important, to study the phase transition from PM to FM. Here, we present a more detailed
account of different magnetic behaviours in this alloy by testing the observed temperature
and amplitude dependencies in terms of various theoretical predictions.
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2. Experimental

The sample investigated in this work has been prepared by using the appropriate amount of
99.999% pure Ni wire and 99.999% pure Mn flakes. They were first sealed into a quartz
tube under a helium atmosphere of about1

3 atm and then melted by an rf induction furnace
several times in order to obtain a homogenized alloy of Ni77Mn23 and then quenched. The
quench rate is important for the elimination of the Ni3Mn phase, which contributes to long-
range interactions. It was found necessary to add some excess Mn, to minimize weight
losses during the sample preparation. In addition, great care was needed to prevent reaction
between the walls of quartz tube and the composition. The x-ray fluorescence (XRF) studies
showed that the peak ratio between Ni and Mn equals 3.05:1. Next, the sample was shaped
into a sphere of 3 mm diameter by a spark-cutting technique [26]. Finally, we applied a
second heat treatment of 24 h at 900◦C before furnace cooling.

A commercial Lake Shore AC susceptometer 7130 model with a closed-cycle
refrigerator for the AC-susceptibility measurements was used. The sample was kept in
a helium-exchange gas for thermal equilibrium with a controllable temperature resolution
better than 10 mK. The sample was moved between the centres of secondary coils in order to
maximize the signal coming from the sample itself. To find the fundamental component of
AC susceptibility, the lock-in amplifier (LIA) was operated incorporating an input low-pass
filter to accept the fundamental harmonic of the dM/dt signal induced by the sample and
a band-pass filter for the high harmonics(2n− 1) to obtain magnetic signals at(2n− 1)f0

to filter out the signals beyond the band-pass range, while no filtering (wide-band, or flat
mode) was used for AC magnetization hysteresis loops. The principle of measuring AC
magnetization is based on Campbell’s method [27] involving integration of the input signal
(dM/dt) coming from the sample itself, by use of a sensitive LIA.

To obtain for harmonic susceptibility measurements, automatic data acquisition was
selected. The phase angle was chosen such that1M = 0 at zero AC field excursion andχ ′′1
was also zero at low temperatures for a calibration sample. All the measurements reported
in this paper were taken during warming to make quantitative comparisons.

3. Results and discussion

In this section, we first present our results and then make a comparison with other work.
For a uniformly magnetized sphere, the demagnetization factor (D) would be 1

3 (SI). The
measured AC susceptibility values were less thanD−1 imposed by the geometry of the
samples. Although demagnetizing corrections would lead to a suitable reduction in values
of AC susceptibility, it does not make any significant correction of the results.

In figure 1, we have plotted the fundamental and absolute harmonic susceptibility
measurements versus temperature. The transition from PM to FM followed by FM to RSG
are not sharp but rather take place gradually when the temperature is lowered from aboveTC

andTf respectively. In the FM state, a large number of FM domains are formed and aligned
along the AC field. Magnetization is then simply the process of rearranging these domains
so that their magnetic moments align parallel with the field. Whereas, in the PM state
(aboveTC), there also exists atomic magnetic moments which exhibit no long-range order.
On the other hand, the FM state responds to AC fields by Bloch wall motion. Below 100 K
or so,χ ′1 starts to drop due to the spin frustration influencing the domain-wall motion [14].
In this state, antiferromagnetic (AFM) clusters are formed and the spins become viscously
frozen due to the strong interaction between the FM and AFM clusters and the domain-wall
motion is hindered. Therefore, one observes the low-temperature sharp decrease inχ ′1(T )
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Figure 1. Temperature-dependent variation of the fundamental, absolute third and fifth harmonic
susceptibilities, exhibiting two successive transitions with respect toT .

and an accompanying peak in theχ ′′1 (T ). The out-of-phase component,χ ′′1 (T ) also exhibits
a high-temperature peak to mark the relevant transition from PM to FM. Note that the
high-temperature peak is smaller in size than the low-temperature peak. The peak widths
are about 25–30 K at the FM–RSG and 50–60 K at the PM–FM transitions, respectively.
Similar wide peaks were also observed in the superparamagnetic alloy Cu97Co3 by Bitoh
et al [6], while a 1–2 K wide peak was observed in Au96Fe4 at the PM–SG transition and
at the PM–FM transition of Au82Fe18 alloy by Bitoh et al [7] and Ni by Shiraneet al [8].
The sample behaves spuriously as though it is a superparamagnetic alloy nearTC.

The absolute third-harmonic susceptibility|χ3| mimics the qualitative shape ofχ ′′1 (T )
as shown in figure 1. Nonlinear odd-harmonic susceptibilities give qualitative features of
the interactions between the spins. The upper peaks are larger in magnitude than the lower
ones both in the third and fifth harmonics. At high temperatures mostly the short-range
interactions are present, while at low temperatures the interactions are of long-range order
in spite of some spin frustration. Therefore, the system is not in a pure SG state, but
coexists with a less dominant FM character below a less well-defined temperatureTf . In
the thermodynamic sense, it is not clear whether the transition is a true phase transition.
If there exists a peak in the high-order susceptibilities, this should be associated with the
change of interactions.

Figure 2 shows the temperature dependencies of the fundamental susceptibility at the
frequency 80 Hz with the AC field amplitudesh0 = 1, 2 and 4 Oe. Note that there
exists a small shift inχ ′1(T ) to lower temperatures with increasing field amplitude. As the
field amplitude increases, the spin frustration occurs at slightly lower temperatures. This
implies that the field energy causing spins to be aligned in the field direction overcomes the
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Figure 2. AC field dependence of the fundamental susceptibility, both in-phase and out-of-phase
components. As the field amplitude increases, the peak inχ ′′1 (T ) becomes broadened and shifted
to to lower temperatures, where irreversible domain-wall motion is hindered.

Dzyaloshinsky–Moria (DM) anisotropy type of interaction which is a function of temperature
but is independent of the field amplitude.

In figures 3 and 4, we have plotted the absolute third and fifth harmonics at 80 Hz with
h0 = 1, 2 and 4 Oe. Note that the familiar peak shape is present for all small fields. For
1 Oe, there exists a dominant peak with diminishing tail at lower temperatures (figure 3).
One can immediately see that the magnitude of the peaks exhibits amplitude dependencies.
This is understandable as the|χ3| is nearly proportional toh2

0. In addition, as the field
amplitude is increased, the small tail becomes dominant to become a single peak in|χ3|.
The small tail is more apparent in|χ5| (figure 4). This might suggest that|χ5| includes the
local interactions more effectively in comparison with|χ3|. Experimentally,|χ5| is measured
at 5f and the fundamental response is easily filtered out. Therefore, the observed signal can
then be related mostly to the short-range interactions. For long-range interactions which
mostly occur in the FM state above 100 K or so, the high-order harmonic susceptibilities
yield zero until the temperatureTC.

Now we start to test whether the transition in the low temperature region obeys the
existing theories, related to the nonlinear harmonic susceptibilities withn = 3 and 5.
In figure 5(a), we have plotted the absolute third-harmonic values versus the reduced
temperature (ε = (T − Tf)/Tf) on a log–log scale for the frequency of 125 Hz, AC field
amplitude of 10 Oe andT > Tf

∼= 60 K. As can be seen, the curve bends away from the
linear line and becomes rounded. The rounding of the curves on approachingTf is due to
inhomogeneities in the sample and most importantly is indicative of the dynamic effects
which cause the spin system to lose its equilibrium. The value of the critical exponentγ ,
which is characteristic of static phase transition to a SG state, is estimated as 3.2± 0.2
from the initial slope of the given line shown in the figure 5(a). This asymptotic value
is in agreement with the results of the static measurements for Cu–Mn [28, 29] and AC
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Figure 3. AC field dependence of the absolute third harmonic susceptibilities. As the field
increases spin frustration starts at lower temperatures. The tail also diminishes forHAC = 4 Oe.

measurements for Pd–Mn [12, 30], for fluorophosphate of Mn [20] and for Cd1−xMnxTe
[21]. Other estimates range as 36 γ 6 4 [23–25]. However, our result is larger than
the values reported for other Mn containing SGs [12, 22, 31]. The lower value in [31]
is presumably due to the improper determination in a large magnetic field exceeding the
crossover magnetic field.

In order to deduce the value of the other critical exponentβ related to the order parameter
a plot ofχ5/χ3 versusχ3 is made on a double logarithmic scale. This should give a straight
line when approachingTf from above as first suggested by Suzuki [19]. The slope of the
line is 1+ β/γ . Figure 5(b) shows that such a plot yields very distributed points. Since
it is difficult to draw a line using such scattered data, we were not be able to extract a
sensibleβ value. By plottingχ5/χ3 againstχ3 on a log–log scale, we have tried only to
estimateβ. The slope of this plot gives a value of 1.68± 0.4. This is rather large for
systems exhibiting a real SG behaviour, where one would expectβ between 0.5 and 1
[22, 28, 31, 32]. We believe that the reason we obtain such a high value ofβ, with poor
accuracy, may be attributed to several different mechanisms. Among these are the dynamic
effects of intrinsic behaviour due to metallic losses which give rise to eddy-current losses
to yield strongly frequency-dependent behaviour [8, 9, 33]. This contributes a nondivergent
behaviour of the odd-harmonic susceptibilities. It is clearly advantageous to measure the
magnetic response of the sample at sufficiently low frequencies to eliminate the dynamic
effects, which are intrinsic to metallic SGs.
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Figure 4. AC field dependence of the absolute fifth harmonic susceptibilities. Note that there
exists a double-peak feature, not present in the third harmonic susceptibility.

In figure 6, we have plotted the frequency dependent behaviour of the third-harmonic
susceptibility for 5, 80 and 125 Hz at 1 Oe (rms) in the temperature range of 20–60 K.
Note that there is a significant frequency dependence associated with flux entry involving
relaxation of the spins during one AC period of the field. The frustrated spins are being
viscously frozen and hence making a contribution to the frequency dependence. However,
there are still some free spins that contribute to the magnetic response, which follow up
the AC field modulation almost instantly. However, the hindrance of domain-wall motion
is dominant at low temperatures. Therefore we can conclude that even below a less well-
defined temperature ofTf , there is still some long-range order between the d-state electrons
of Ni and Ni–Mn atoms. We earlier pointed out [14] that the additional DC bias field
would weaken the long-range order even at temperatures belowTf . Therefore, we have
applied an additional DC field of 19.1 Oe (maximum available field in the magnetometer)
to check whether the remaining interactions in the presence of an additional DC field are
present, the dramatic effect of the DC field together with higher-harmonic susceptibility
results are given in figure 7. Note that the additional DC field has no significant effect
at high temperatures around and above 100 K. Below the peak temperature which loosely
corresponds to the regime of the freezing temperatureTf , there exists a deflection andχ ′1(T )
drops to slightly lower values. The same effect is also seen inχ ′′1 (T ) and in the absolute
higher harmonic susceptibilities (third and fifth). The field affects the formation of the
peak. However, the spin dynamics are effective below the peak temperature and must
be eliminated to test the observed dependencies with the theoretical predictions. These
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Figure 5. (a) Extraction of the critical exponentγ from the log–log plot of third harmonic
versus the reduced temperatureε (b) and of the parameterβ from the plot of log(χ5/χ3) versus
log(χ3).

predictions are only valid around and aboveTf if there exists a distinct divergent peak in
the nonlinear higher-harmonic susceptibilities. Thus, the measurements of higher-harmonic
susceptibilities reveal the coexistence of the SG character with the less dominant FM state,
both manifest mixed interactions.

We next focus our attention on the high-temperature regime of the susceptibility. This
regime appears to be more difficult to characterize. Normally the Curie temperature (TC) can
be found by extrapolation of theχ ′−1 versusT plot. However, the gradual change forces
determination by a more sophisticated plot of Kouvel–Fisher [34] as shown in figure 8(a).
Then TC can be determined from a functionF(T ) = χ ′−1

1 (dχ ′−1
1 /dT )−1 versusT plot.

If the temperature dependence ofχ ′1 aboveTC is dominated by a power-law scaling as
χ ′−1

1 α(T − TC)
η, where η is an exponent determining the sharpness of transition, the

function will becomeF(T ) = (T − TC)/η at temperatures slightly aboveTC. A plot
of F(T ) againstT in the close vicinity ofTC would give a straight line if the change in
χ ′1(T ) is sufficiently sharp. Note that at temperatures above and around 210 K, it does not
appear to be a single straight line whose slope lies around 1. TheF(T ) only becomes zero
below 180 K. Between 210 and 180 K, the FM long-range order dominantly prevails in the
sample with less effective short-range interactions. That is, there is no genuine long-range
order presumably due to the presence Ni3Mn phase as suggested by Kunkelet al [35]. The
long-range order appears to be complete below 180 K until very low temperatures of around
100 K. In addition, the absolute harmonic susceptibilities were given in figures 8(b) and (c)
in the presence of an additional DC bias field. A cusp-like dependence is expected in the
odd higher-harmonic susceptibilities of a magnetic system at the vicinity of phase transition
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Figure 6. Frequency dependence of the absolute third-harmonic susceptibility at lower
temperatures. As the frequency increases the peak shifts to higher temperatures.

or change of interactions. As seen in the figure, the odd high harmonics (third and fifth)
give a cusp-like dependence with temperature. The long-range order appears to be complete
at low temperatures below 180 K. This temperature is not in agreement with the work of
Kouvel [36, 37]. There exists a shift of almost 20 K towards high temperatures. This may
be associated with the fact that the sample exhibits a superparamagnetic transition, although
χ ′1(T ) implies that spin clusters appear to resemble FM percolation on a large scale. Above
180 K, there are some mixed interactions as evident from the nonzero value of|χ3|. The
linear behaviour inM would loosely correspond to the long-range order which only exists
in the FM state (around 100 K and up to 180 K). On the other hand, the even high-harmonic
susceptibilities are always zero when there is symmetry in the M–H curve. Note that the
M–H curves of the sample are always symmetric as shown in figure 9, which will be dealt
with later. However, the symmetry may break down at the vicinity of a phase transition and
the even harmonics can also be used to determine the characteristics of the transition. On
the other hand, the signal to be measured for the even harmonics at temperatures beyond
the critical behaviour would be weak due to the symmetry inM.

The AC magnetization measurements were first carried out as a function of temperature
at an AC field of 10.0 Oe (rms). In figure 9, AC magnetization versus applied field is plotted
at different temperatures of around 20, 25, 48, 60, 140 and 316 K. At 316 K, the hysteresis
loop is S shaped and is consistent with the results of figure 1. The magnetic response is
weak and appears to be dominated by short-range interactions with direct exchange. The
magnetization becomes saturated at about 12 Oe before the AC field reaches its peak value
Hm. This suggests that the magnetization during one complete cycle is nonsinusoidal and
therefore nonlinear. As the temperature is lowered to around 140 K (below the Curie point),
the magnetization becomes larger and AC loss per cycle decreases, because the AC field
amplitude becomes very much less than the field required for saturation. In this case, long-
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Figure 7. Effect of additional DC field on the fundamental, third and fifth harmonic
susceptibilities. (HAC = 10.05 Oe,HDC = 19.1 Oe, f = 125 Hz). The DC field has a
dramatic effect on the nonlinear susceptibilities. The peak formation has been observed with
the application of DC field.

range order between spins begins to constitute domains growing in size to respond as a
whole to the external field, which leads to a rise in magnetization. There is then a dominant
long-range order for interactions. The magnetization at the peak value of the AC field then
remains unchanged with decreasing temperature down to aroundTf . The magnetization at
temperatures belowTf are also given in figure 9, plotted for 20, 25, 48 and 60 K. During
further cooling belowTf , some AFM regions occur. Since there exists strong interactions
at the interface between AFM and FM clusters, the FM clusters are blocked and they begin
to become viscously frozen. The blockage of clusters with lowering temperature results in
an irreversible behaviour in magnetization giving rise to a hysteric behaviour forM. These
smaller AFM regions also give rise to AC losses and the hysteresis area increases (compare
the difference in loop areas of the measurements performed at 20 and 60 K).

In summary, our sample Ni77Mn23 exhibits two successive transitions with respect to
temperature. However, this study indicates that the observation of a plateau-like dependence
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Figure 8. (a) Kouvel–Fisher plot of the fundamental
susceptibility aroundTC (b), the third and fifth
harmonic susceptibilities in the absence and (c) in
the presence of an additional DC field.

Figure 9. AC magnetization versus magnetic field at various temperatures. At high temperatures,
the magnetization is S shaped. There exists an hysteresis and its magnitude is small (see the
right vertical axis). As the temperature is lowered, magnetization becomes larger (see the left
vertical axis), though hysteresis area becomes smaller. In the FM state, the magnetization is
linear inH and complete reversible behaviour can be observable. At very low temperatures,
there is again irreversible magnetization but resulting from a hindrance of domain-wall motion.
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in the in-phase component and peaks in the out-of-phase component susceptibilities are
insufficient to characterize these samples as re-entrant systems, even if critical peaks
are observed for the criterion of FM upper transition. Higher-harmonic susceptibility
measurements indicate that the gradual transition to the re-entrant SG phase is clouded
by the existence of long-range interactions. Third-harmonic susceptibility which diverges
theoretically asε−γ , the critical exponent,γ has been estimated to be 3.2± 0.2 from the
data just aboveTf . However, the relaxation or dynamic effects seem to cause the spin
system to lose its equilibrium at temperatures approachingTf . Hence, the theoretically
expected phase transition becomes inaccessible to the experiment and the critical behaviour
is only valid in a limited reduced temperature range in the close vicinity ofTf . In addition,
the precise extraction ofβ has proved to be difficult presumably due to the nondivergent
behaviour of the odd high-harmonic susceptibilities nearTf . In addition, experimental results
were extremely influenced by both AC-field amplitude and measuring frequency. Here we
suggest that the AC-susceptibility measurement should be performed at very low frequencies
on such samples exhibiting mixed interactions. In addition, higher harmonic susceptibilities
can used to determine the characteristics of the transitions more effectively.
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