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Abstract

The random-exchange metallic GdsCosoAlss alloy is investigated using dc and
ac magnetization measurements. The freezing phenomenon below 7y ~ 36 K
is studied employing static and dynamic scaling analyses. The results of
the analyses show that the alloy undergoes a transition from a paramagnetic
to a cluster-glass state upon cooling. The values of the critical exponents
characterizing the disordered phase are estimated and discussed comparatively
with similar systems.

1. Introduction

The CospAlsg alloy is paramagnetic and has the B2 (CsCl) crystal structure, with the Co atoms
situated at the corners of the cubic lattice and the Al atoms in its centre [1]. The partial
substitution of a 3d transition metal for Al in the equiatomic compound results in the onset
of ferromagnetism beyond a critical concentration (see e.g. [2] and the references therein).
The ferromagnetic state is assigned to a change in the average electron density, and not to a
change in the crystallographic order [2]. Below the critical concentration the alloys exhibit
spin-glass and cluster-glass nature [2, 3]. X-ray and neutron diffraction studies show [2, 3]
that the ordered B2 structure is retained to more than 10 at.% of the dopant in the Cosg., Alsp_y
system [4]. The neutron diffraction data also prove that 3d elements to the left of Co in the
periodic table occupy the Al sites only, while those to the right, e.g. Ni, may occupy equally
the Co and Al sites [2, 3]. Consequently, the displaced Co atoms take the positions of the
Al sites, form antistructure Co defects [1, 2] and additionally to the dopant atoms give rise to
magnetic clusters. It is known [5] that the Co atoms in the Co sublattice have no localized
magnetic moment due to the strong hybridization of their electronic states and the magnetic
moment assigned to a Co atom situated at a corner of the lattice is ~0.1 ug. However, if a Co
atom occupies a site in the Al sublattice, it possesses ~2.1 up [5].

The results of the remanent lattice disorder model applied for the Pd,CospAlsp—, system
in [6] suggest that the Pd atoms actively occupy the Co sites at low concentrations, which
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changes only for x > 5 at.%. This explains the magnetic similarities of Pd,CosyAlsp—, and
Co,CospAlsg—, at the low dopant ranges and the retarded magnetic phase diagram of the
Pd,CosoAlso—, system related to Cosg.x Also—yx [6].

The random-exchange disordered materials have drawn attention due to their superficial
similarities to the classical spin-glasses: their zero-field-cooled (ZFC) and field-cooled (FC)
magnetizations (Mzpc and Mpc) split and have a cusp below the freezing point 7f; the
disordered state is time dependent, which is observed in relaxation [7] and ac magnetic
susceptibility experiments [8]. However, unlike the classical spin-glasses [9], in which the
magnetic moments interact via the Ruderman—Kittel-Kasuya—Yosida (RKKY) coupling, the
random-exchange disordered materials have positive magnetic couplings randomly varying in
strength [10]. While the existence of a ‘pure’ spin-glass state below Tt is dubious from basic
considerations—randomness and frustration—in these compounds, they may very well display
atrue cluster-glass phase upon reaching another ‘critical’ concentration on the low-dopant side.
Furthermore, this state is stabilized and well developed as re-entrant and ferromagnetic phases
upon doping [2—4]. This makes the analysis of the phase below 7; a demanding necessity for
these alloys.

In the present work the parent CospAlsy matrix is doped with the 4f rare-earth element Gd
for Al. The deeply embedded 4f electrons of the rare-earth atoms interact generally weakly
with each other. Likewise, the interaction of the 4f Gd electrons with the 3d Co electrons
is weaker, so the cooperative effects, known for the CossAlys alloy [3, 4, 7], will possibly
occur at lower temperatures in GdsCospAlss. In addition, the experimental formation of a
ferromagnetic phase with the CsCl crystal structure is limited due to the large atomic radius of
Gd. This implies that the formation of a well defined magnetic phase in the Gd,CospAlso_,
system maybe circumstantially limited. The present study aims to characterize the magnetic
Gds5CospAlys compound: to estimate the strength of the cluster interaction below the freezing
point, to test the scaling concept on the alloy’s static and dynamic behaviour, and to evaluate
the rate of the magnetic relaxation in it. On each step of this characterization the alloy will
be compared with similar systems, which will complement this investigation with a series of
works [2-4, 6, 11, 12].

2. Experimental techniques

The GdsCospAlss and GdgCospAlsy alloys are prepared by melting the ingredients in an arc-
melting furnace and remelting the obtained ingots three times to obtain better homogeneity in
them. The pellets were subsequently heat-treated at 1180 °C for 6 days in quartz ampoules filled
with half an atmosphere of pure Ar gas and cooled afterwards at the rate of 200°C h~! down to
~700°C. At this temperature the ingot is usually quenched into air to prevent the formation of
unwanted crystallographic phases in the alloy [2—4]. The crystallographic homogeneity of the
materials was checked by powder x-ray diffraction to confirm the single-phase B2 structure
with lattice parameters a = 2.862 and 2.868 A for Gd5CospAlss and GdgCospAlg, respectively.

Temperature- (T'-) dependent magnetization and dc relaxation measurements were carried
out using a Quantum Design SQUID magnetometer. The Mzrc was measured in steps from 2
to 200 K after cooling the sample in zero field and applying a field of 160 A m~! in the linear
range of the M versus field HV°" !, The Mgc was recorded on cooling from 200 to 2 K in the
same applied field as in the ZFC measurements. The dc magnetic relaxation was measured at
the characteristic temperature of 7 ~ 0.67t [7]. A measured sample is cooled in zero field
from room temperature down to 0.67¢ for approximately 300 s and kept at this temperature for

! The field dependence of M measured at 4.2 K already showed slight non-linearity for 400 A m~!.
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3000 s before subjecting it to a field of ~40 A m~! to record the change of the magnetization
with time. A multiple field-cooled measurement (MFCM) procedure [11] is utilized to obtain
the M (T, H)—H isotherms and derive the nonlinear magnetic susceptibility, subsequently used
to obtain some phase-transition parameters. The MFCM procedure defines the magnetic field
in each measurement with better accuracy than the standard M versus H isotherm-cycling [11].
The sample is cooled down in the MFCM from T" ~ 37} to a temperature below the freezing
point multiple times, each time using a dc field in the region of the investigation, e.g. from
80 Am~! to 500 kKA m~'.

Ac magnetic measurements in the frequency (f) range of 10 Hz < f < 1000 Hz,
amplitude of the ac field ~80 A m~!, and temperature step of 2°, were made between 20 and
70 K using a Quantum Design Physical Property Measurement System, in 0 and 800 A m~!
dc magnetic fields.

3. Results and discussion

3.1. General magnetic characterization—dc, dc relaxation and ac measurements

In figure 1 are presented the results of the general magnetic characterization of GdsCosgAlys,
namely the temperature dependences of the ZFC and FC components of the dc magnetic
susceptibility ( XchFC and XchC)—ﬁgure 1(a), the evolution with time of the dc magnetic
relaxation rate S = dygc/dIn(z) at 21 K—figure 1(b), and the temperature dependence
of the in-phase component of the ac magnetic susceptibility x'(f, T, H) at the indicated
frequencies—figure 1(c). The inset of figure 1(a) displays the magnetic behaviour of
GdgCospAly, which turns out to be a re-entrant ferromagnetic material with the temperature
of the ferromagnetic—paramagnetic transition &~ 110 K. The x2FC and x5 of GdsCospAlsa,
measured in 160 A m~!, diverge, thus exhibiting a soft-ferromagnetic state below 100 K.

The results of the measurements in figure 1 depict a disordered state in GdsCosgAlss
below T = 36 K, with time-dependent magnetization well observed in figures 1(b) and (c).
The Curie—Weiss temperature 6c estimated from the linear extrapolation of 1/xg. versus T
renders a value of ~84 £ 1.5 K, indicating the expected ferromagnetic-type interactions in the
material. This value is higher than the ¢ of HosCos0Alys (26 K) [12] and within the range of
the reported values for spin-glass and cluster-glass materials [13].

The relaxation rate in figure 1(b) has a maximum S™¥*(¢) at the time of ~3300 s, which
is the total time for cooling down the sample (300 s) and the waiting time in zero field at
the temperature of 21 K (3000 s). The displayed maximum in S(¢) at the waiting time
(in figure 1(b) at ~3300 s) is a common feature of spin-glasses and cluster-glasses [14].
The estimated value of S™*(r) at 21 K is ~3.0 x 107> m’> kg’1 for GdsCosgAlys. The
x'(f, T, H)-results displayed in figure 1(c) and its inset show that the ac susceptibility and the
freezing temperature Ty are frequency dependent, and the peak in x'(f, T, H) is diminished
in the applied dc magnetic field of 800 A m~!. We also note that the peak in any of the
x'(f = constant, T, H = constant)-plots is close to coincidence with the inflection point
after the peak in the out-of-phase component x”(f = constant, T, H = constant).

It is established that magnetically disordered metallic systems pass through a sequence of
different types of magnetic behaviour as the concentration of the dopant increases [9]. While
the SG concentration range is characterized by comparatively lower values of the freezing
temperatures 7; and the maximum values of x4FC, these values are generally higher in the
cluster-glass (mictomagnetic) concentration range [2—4, 9]. The results displayed in figure 1
account for some specific differences when we compare GdsCospAlss with Coss Alss[3, 4], the
Pd,CosoAlso—, alloys [6] and HosCosgAlys [12].The freezing temperature 7t is ~36 K and the
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Figure 1. (a) Temperature dependences of the ZFC (dark circles) and FC (open circles)
magnetic susceptibilities, XdZCFC and X‘ic, for GdsCospAlss. The inset displays XdZCFC and X‘ic

for GdgCosoAls,. (b) Relaxation rate S = dx7FC /dIn (t), measured at 21 K. (c) x(f, T. H = 0),
measured at the indicated frequencies. In the inset of (c) is shown x/(T) at 10 Hz in zero dc field
(closed circles) and in 800 A m~! dc field (open circles).

maximum value of the XdZCFC is ~3.0 x 107* m? kg’1 for GdsCosgAlys. As seen from table 1
these values are higher than the values for HosCosgAlss and PdsCospAlss, in between the values
of Tr and xZF€ for PdsCosoAls and PdyCospAlys and lower than the values for CossAlys. It
is also seen in figure 1(a) that XdFCC is curved downwards below Ty & 36 K similarly to the
PdsCospAls, and PdgCospAly; alloys [6] and CossAlys [3,4]. A possible reason for this is
the magnetic anisotropy field which becomes a considerable factor over the applied measuring

field and the temperature in cluster-glasses upon cooling below 7.
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Table 1. Freezing temperatures 7y and maximum values of XdZCFC for some random-exchange
disordered alloys.

Alloy T (K) XchFnme (m? kg’]) References
GdsCos0Alys 36 3.0x 1074 Present work
HosCospAlys 14 2.0 x 1074 [12]
PdsCosoAlys 16 7.5 x 1076 (6]
PdgCospAlyy 29 6.3 x 1073 [6]
PdgCosoAly; 49 4.4 %x107* (6]
CossAlys 55 3.5 x 1074 [3, 4]

At this point we came to show some similarities in the magnetic behaviour of GdsCosoAlys
with CossAlys [3, 4], PdsCospAly, and PdgCospAly; [6], classified as cluster-glasses. The
dynamic and static scaling analyses performed in the following chapter will identify
Gd5CospAlys unambiguously.

3.2. Static and dynamic scaling analyses—critical behaviour

In the framework of a general slowing-down model, which assumes a true phase below the
temperature T, the relaxation times 7 (=1/f = 27 /w) diverge as T, is approached from the
high temperature side as

T =106 = [T () /Ty — 117" (1)

The dynamic exponent z in equation (1) relates the relaxation time t to the correlation
length & = [T;(w)/Ty — 117" in the disordered system (v is named the correlation length
exponent) [15]. The product zv is regarded in the literature as one characteristic parameter
of the phase transition. The time-parameter 7y is a microscopic characteristic of the
disordered material—its shortest relaxation time [15, 16]. Equation (1) is used to analyse
the slowing-down process in a variety of disordered materials—from spin-glasses to re-entrant
ferromagnets [17].

In figure 2 are shown the results of the temperature dependence of the out-of-phase
magnetic susceptibility measurements x”(f = constant, 7, H = 0). As observed in the
figure the out-of-phase susceptibility diminishes greatly at temperatures 7 > T,. This is one
characteristic feature of the collective behaviour in disordered materials [15]. The results of the
critical slowing down-analysis, according to equation (1), are presented in the inset of figure 2.
The freezing temperatures, corresponding to the onset of energy dissipation, are defined as
the temperatures after the peak at which x”(w, T') attains 1/7 (or ~14%) of its maximum
value [18]. (The data for x”(w, T') are interpolated with 100 points. The difference between
the calculated values for ¢ at 13 and 15% of x”(w, T) is less than 2%.) The best-fit parameters
of the experimental data, corresponding to the line in the inset of figure 2, are zv = 9.35+0.08
and g = 107'!"7 s, with the temperature of the phase transition 7, = 35.45 + 0.10 K.
This temperature is lower than the freezing temperatures, obtained at the different measuring
frequencies. This is another characteristic dynamical feature of disordered systems indicating
that the relaxation process persists slightly above the phase transition temperature [19].

We will compare the results for rp and zv of GdsCospAlys with similar systems, for
which the same method of estimation of these parameters was utilized [8, 12, 17]. It
is generally observed that the values of 7y increase and the values of zv decrease on
increasing the dopant concentration, and correspondingly the cluster size [8, 17, 20]. Table 2
displays these values and tendency for some 7,CospAlso—, alloys. The calculated value
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Figure 2. Temperature dependence of the imaginary part of the ac magnetic susceptibility
x"(f, T, H) of GdsCospAlys at the indicated frequencies. The data points for 1 kHz are presented
with 5% error bars. The line in the inset shows the best fit of the measured freezing temperatures
T(7)tot/70 = [Tt (w)/ Ty — 1]7*". The data points in the inset are presented with 1% error bars.

Table 2. The shortest relaxation time 7o and the parameter zv for some alloys from the same group
of classification.

Alloy 70 (s) zZv References

Gds5CospAlys 107113 9.4 Present work
HosCospAlys 10713 11.8 [12]

PdgCosoAlsr 10712 14.6 (8]

PdyCospAls 10710 12 [8]

PdjpCospAly; 10710 62  [8]

Pd;CospAly; 10710 4.65  Eftimova er al [17]

of 79 &~ 107119 s for GdsCosgAlys in this work is close to the shortest relaxation time of
PdgCospAly, [8]. The obtained value of zv = 9.4 is lower than the reported values for the
diluted random-exchange materials in [8, 12] and larger than the values for the re-entrant alloys
Pd;(CospAly; [8] and Pd;;CosgAly; (Eftimova et al in [17]). Thus the results for 7y and zv
of GdsCospAlys are in favour of the assumption that the alloy is a cluster-glass with stronger
inter-cluster interactions than in the Pd,CosgAlso_, cluster-glasses [8].

To identify the nature of the phase below 7, = 35.5 K the measured dc and ac
susceptibility data were subjected to static and dynamic scaling analyses. The objective of
the dc magnetization measurements made by employing the MFCM procedure was to derive
the total non-linear magnetic susceptibility x,; (7, H) [11, 12, 16]. If a thermodynamic phase
transition is undergone at the temperature of 7, close to the freezing points T, the non-linear
susceptibility should diverge [13], while the total magnetic susceptibility and its linear term
Xo stay non-divergent. Then the total non-linear susceptibility, x,; (T, H),

Xn (T, H) = xo(T) — M(T, H)/H, (@)

can be scaled according to different scaling relations [21-23] to evaluate the phase transition
parameters of the disordered systems: in particular, spin-glasses and cluster-glasses. We
apply in this work the scaling relation proposed in [22], which ensures minimization of the
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Figure 3. (a) The total non-linear susceptibility x,; versus H? for the indicated temperatures. The
inset shows the first non-linear term x; versus the temperature with 5% error bars. (b) Scaling
plot of the non-linear part of the susceptibility x,; of GdsCosyAlss based on equation (3) for the
temperature range of 1.127; < T < 1.45T,. The inset shows the log yx,; versus log H plot for
T = 36 K, from which the initial value of § is determined.

experimental error [23]:
X (T, H) o H*? f(t/H?'®). 3)

The reduced temperature, defined as T/7, — 1, is denoted by ¢ in equation (3), and § and &
are the critical exponents of the phase transition.

The asymptotics of equation (3) considers simple physical cases [16, 22]. When x —
0, f(x) = constant: this regards the case at T = T, with a finite applied magnetic field.
Indeed, from the theory of the phase transitions [13], if an alloy undergoes a phase transition
at Ty, (T, H) depends on H as

xu(T = Ty, H) o H??, “4)

with § in equation (4) the exponent of the phase transition. When x— oo, f(x) = x77
in equation (3): this is the case when a small magnetic field is applied, and at temperatures
T > T,. Then the total non-linear susceptibility of an alloy x,;(T, H) will diverge around the
transition temperature as [13]: x,;(T, H) o T=7 with y being the susceptibility exponent.

It is known that only two of the parameters defining the phase transition are
independent [13]. Thus, a number of related parameters can be estimated and compared
with the results from independent measurements.

The non-linear susceptibility isotherms are obtained according to equation (2) after
estimating the linear susceptibility xo for each measured temperature, 7;. xo(T = T;) is
obtained from the approximation to zero of the low-field values of xpc(T = T;, H — 0).
Figure 3(a) displays the derived non-linear susceptibility isotherms for the temperatures of 37,
40, 45, 55, 60, and 110 K. The non-linear susceptibility in figure 3(a) decreases considerably
above the freezing point; a small low-field region of linear dependence of x,;(T, H) against
H? is also seen in figure 3(a), where the first non-linear susceptibility term x;(7’) is usually
predominant [11, 12, 16]. The temperature variation of y(7') is shown in the inset of figure 3(a)
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Table 3. Critical exponents for some frustrated systems and cluster-glasses.

Alloy ) 0] B y References
Gds5CospAlys 4.9 3.0 0.61 24 Present study
HosCospAlys 6.4 33 0.51 2.8 [12]

PdgC050A142 6.4 3.25 0.51 2.74 [1 1]
SrCrgGaj sFe; 5019 4.5 4.5 1 3.4 Martinez et al [16]
Y2Mo,07 473 35 0.75 2.8 [24]

with 5% error bars. The calculated values of x;(7") show that the increase of x; upon cooling
is more than 1000-fold, which is the order known for the phase transition into the disordered
state described and discussed in [11, 12, 16].

In figure 3(b) is shown the result of the scaling of the data for y,; using the function
in equation (3). In the inset of figure 3(b) is presented the log x,;—log H-dependence of
Gds5CospAlys for the closest temperature of the assumed phase transition, 36 K. The parameter
8 ~ 5.1 £0.1 is initially estimated from the linear regression of the plot in the inset. This
value is used in equation (3) to scale the y,; (T, H) data for the field region of the measurement
(~80 A m~" to 320 kA m™!) and for the temperatures in the range 1.17, < T < 1.5T,. The
parameters yielded from the best collapse of the plots are T, = 35.44+0.1 Kand ® = 3.0£0.1,
and the adjusted parameter § is 4.90 + 0.15.

With these values for @ and § we calculated the susceptibility exponent y = &(1 — 1/6)
to be 2.39 £ 0.10 and the order parameter exponent 8 = ®/§ = 0.612 £ 0.001. We also
estimated the susceptibility exponent y from our experimental data presented in figure 3(b).
The asymptotic slopes of the scaled data in the figure when x — 0 were calculated, and the
results varied less than 1% from one isotherm to another. The average slope, which equals
2y /® [16], resulted in the value of y = 2.26 £ 0.08. This value is in good agreement (5%
difference) with the calculated y = ®(1 — 1/§) = 2.39. Therefore, the static scaling analysis
supports the assumption that GdsCosgAlys is a random magnet with cluster-glass phase below
the temperature of 7, = 35.5 K.

In table 3 are displayed reported values of critical exponents obtained using the same
scaling function, for some random-exchange disordered materials [11, 12], the cluster-glass
SrCrgGa; sFe; 5019 (Martinez et al in [16]) and the geometrically frustrated pyrochlore
antiferromagnet Y,Mo0,07 [24]. The estimated exponents for GdsCosyAlys in the present
study are generally different from the values for the diluted disordered materials in [11, 12].
Thus, we observe a general tendency towards decrease of the critical exponents § and y, and
increase of B as the material proceeds to the cluster-glass phase in its magnetic phase diagram.

The exponent B was also estimated by using the ac experimental data to shed light on
the accuracy of the performed static scaling analysis. We use in this work the scaling form
proposed in [25]:

X"/ xeq = (T/ Ty — P H (w1), for T > T,. 5)

H in equation (5) is a scaling function in a general form, and the other notation is as already
introduced. For small values of x, H (x) — x; for large values of x, H (x) — xP/2v [18].

With the values of T,, zv, and 1, obtained from fitting of the ac susceptibility data
to equation (1) the expression (7/T, — D= Ayx"/ Xeq Was plotted versus wt for each of the
measured frequencies 10 Hz < f < 1000 Hz. The values for x.q = xo(T) were taken as
those estimated from the dc scaling procedure discussed.

The values of 7, and zv were re-adjusted after an initial approximate determination of
B to obtain the best collapsing of the plots, shown in figure 4 for the different frequencies.
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Figure 4. Scaling of (T/ Ty — 1)’ﬁ)(”/)(eq at the indicated frequencies using 7y < T' < 65 K. The
lines show the limiting behaviour of the function H (x).

The scaling yielded different sets of values for the variable parameters g, T, and zv with
the same minimized error. (The data points of the function (T'/T, — DFx"/ Xeq at one and
the same argument wt, obtained by interpolation of the data, did not differ by more than
3%.) The set of T,- and zv-parameters was chosen which had values close to the values
obtained from equation (1) from physical considerations. Thus the results of the scaling
yielded 7, =35.8 £0.2 K, zv =1140.5,and 8 = 0.65 £ 0.5.

The ac-scaling analysis resulted in a value of zv higher than the value obtained from
equation (1) (zv = 9.4). Also, the value of 8 = 0.65 is 6% higher than the estimated
value from the dc scaling analysis. Similar discrepancies between the results of the two ac
calculation methods of finding zv, and the ac and dc scaling results for 8, have been observed
for other disordered systems [26] and explained with the dynamics of the disordered systems,
i.e. the inability of the freezing temperatures to define a correct (H, T)-line. The freezing
temperatures depend on the observation times, and the equilibrium (H, T)-line will be the one
at T — oo. Still, the results of the ac scaling analysis complement and fit to the results from
equations (1) and (3), thus providing a more versatile and consistent behavioural picture of
Gd5C050A145.

4. Conclusions

Replacing only 5 at.% of Al with the rare-earth element Gd in the equiatomic CospAlsy
alloy is enough to obtain a well pronounced cluster-glass phase below 36 K. It possesses all
external and internal resemblances with disordered systems, which undergo a phase transition
at the temperature of 7: the characteristic breakaway between xzrc and xrc, and ageing on
imposed field perturbation. Moreover, the results from the static and dynamic scaling analyses
performed in the work consistently prove that the freezing at ~35.5 K can be regarded as a phase
transition into the cluster-glass phase with values of the critical exponents § = 4.9, & = 3.0,
B = 0.61, and y = 2.4. The calculated dynamic parameters of the phase transition are
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zv = 9.4 and 79 = 1072 5. Relating these values to the critical exponents of similar
investigated systems [11, 12] leads to the conclusion that GdsCospAlss is a well defined
cluster-glass material below 36 K. While the B2 crystallographic structure is preserved in
GdgCospAlyy, its magnetic behaviour below ~110 K is that of a soft ferromagnetic material.
From the point of view of the frozen lattice disorder in these alloys [6] and the magnetic
behavioural resemblance of Gd,CospAly—, (x = 5, 8) to the corresponding Cosgsr Alsp_y
(x = 5, 8) [4], we have reasons to assume that Gd mainly occupies the Co positions in the
CoAl matrix.
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