IOPSClence iopscience.iop.org

Home Search Collections Journals About Contactus My IOPscience

The spin-glass state in the random-exchange PdXCo5OAI50_x system

This article has been downloaded from IOPscience. Please scroll down to see the full text article.
2000 J. Phys.: Condens. Matter 12 1819
(http://iopscience.iop.org/0953-8984/12/8/324)

View the table of contents for this issue, or go to the journal homepage for more

Download details:
IP Address: 171.66.16.218
The article was downloaded on 15/05/2010 at 20:19

Please note that terms and conditions apply.



http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/12/8
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience

J. Phys.: Condens. Matter 12 (2000) 1819-1825. Printed in the UK PII: S0953-8984(00)06929-0

The spin-glass state in the random-exchange Pd,Cos9Als_,
system

K Eftimovaf and J J McGuire

Department of Physics and Astronomy, McMaster University, Hamilton, Ontario, Canada

E-mail: ktzalikian@hotmail.com
Received 13 August 1999, in final form 20 December 1999

Abstract. The nonlinear susceptibilities of the random-exchange Pd5sCosgAlss and PdgCosoAls
alloys are derived from dc magnetic measurements. They are investigated in the critical region and
spin-glass exponents characterizing these materials are obtained. A progressive development of a
canonical spin-glass phase is traced from PdsCospAlys to PdgCospAlsz. The conventional spin-
glass phase in PdgCospAly, is characterized with the exponents ¢ = 3.25 and § = 6.4 and a phase
transition temperature 7, = 25.3 K.

1. Introduction

The CosgAlsg alloy is known to be strongly paramagnetic [1]. When doped with Pd for Al up
to 9 at.% [2], the Pd,CospAlso_, system develops a clearly observable spin-glass-like state. In
a general magnetic characterization of these alloys [2] the freezing of the magnetic moments
below a characteristic temperature, 7y, showed up as a peak in the temperature dependence
of the zero-field-cooled magnetic susceptibility, xzrc (T, H). The position of this peak gave
Ty ~ 13.5 K and 27 K for PdsCosoAlys and PdgCospAls, respectively. It was also observed
that their xzr¢ and field-cooled magnetic susceptibilities, x rc, break away from one another.

The Pd, CosgAlso—, materials (x = 5, 8) have small positive Curie—Weiss temperatures.
Compared to the Cosg,, Alsg—, system, their spin-glass-like state is retarded in its development
with doping [2, 3].

The question of whether this state in the Pd, CosgAlsy_, alloys (x = 5, 8) is a true spin-
glass (SG) phase and whether their freezing temperatures, T, correspond to a phase transition
from the SG phase to the paramagnetic phase upon heating remained open in [2].

This work deals with the nature of the SG freezing phenomenon [4,5] in the metallic
Pd,CospAlsg_, system (x = 5, 8). The adopted approach to investigate this problem is the
static scaling of the nonlinear susceptibility, x,;(T, H) [5-7]. A multiple field-cooled dc
magnetization measurement procedure [6, 7] is used as the experimental method.

2. Theoretical background
It is known [6-8] that the total nonlinear susceptibility of an SG can be expressed as:

Xu (T, H) = xo(T) — M(T, H)/H. (D
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In equation (1) xo(7) is the linear susceptibility, M (T, H) is the magnetization of the SG and
T and H are the temperature and the applied dc magnetic field.

As the total magnetic susceptibility of the SG and its linear term are non-divergent, the
relevant physical quantity to identify a phase transition at the temperature 7y, is the nonlinear
susceptibility (or any of its terms x;(T) (i = 1,3, 5, ...)) [8]. The role of the first nonlinear
term x;(7') is dominant in low magnetic fields.

It is necessary to separate the linear and nonlinear components of the data. xo(7) and
x1(T) can be obtained simultaneously for each temperature point of the measurement, T;,
by fitting the low-field total magnetic susceptibility isotherms, x(7; = const, H), to the
expression xo(7;) — x1(T;)H 2 [6]. The increase of x;(T) when cooling from paramagnetic
temperatures to the critical point should be three orders of magnitude for a typical SG [6, 9].
Xxo(T) can also be obtained by extrapolating the low-field magnetic susceptibility isotherms to
zero field, x (T; = const, H — 0) [10].

To describe the behaviour of x,,; (T, H) in the critical region and to try to determine some
SG exponents, the nonlinear susceptibility isotherms, y,;(7; = const, H), are scaled according
to the relation [6, 11]:

Xt (T, H) oc H*P flz/H?/?] 2
where

f(x) = const with x — 0

fx)=x77 with x — oo.

In equation (2) the reduced temperature, defined as T/ T, — 1, is denoted by 7, and 4, ¢» and y
are critical exponents of the SG transition.

The critical exponent § can therefore be obtained from the log—log plot of x,; (T = T,, H)
against H. This value of § is then used in equation (2) to scale the nonlinear susceptibility
isotherms for T > T. The free parameters in equation (2), T, and ¢, are varied to obtain the
best scaling of the data.

The susceptibility exponent y can be estimated in two ways in this calculation procedure.
The critical exponents y, § and ¢ are related through the hyperscaling relation [11, 12]

y = —1/5). 3)

y can also be obtained from the scaled data when x — oo since, according to equation (2), the
value of the asymptotic slope is —2y /¢ [6]. Both ways of estimation should result in similar
values of y. This is one criterion for determining if the investigated material is an SG [6].

3. Experiment

The magnetic measurements were made with a commercial Quantum Design (San Diego)
SQUID magnetometer in a temperature interval from 4.2 K to 100 K and in dc magnetic fields
upto 5.6 MAm~! (7T).

Multiple field-cooled dc magnetization measurements against 7 are used to obtain the
points in the field-temperature space as in [6, 7].

The samples were initially cooled down in zero field from room temperature to a
temperature not less than 3 T;. Then a magnetic field in the range of 80 Am~' t0 5.6 MA m™!
(1-7000 Oe) is switched on, and the Mpc (T, H; = const)-T dependence is measured at a
fixed applied field down to a temperature below T,. The sample is then warmed back in the
same field to T > 3 T, before the next field is switched on and the next Myc—T data are
recorded.
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4. Results and discussion

4.1. Static scaling for PdsCospAlys

In figure 1 are shown the general magnetic characteristics of PdsCosgAlys. Figure 1(a) displays
the temperature dependence of the total magnetic susceptibility y rc (T, H; = const) measured
in different constant applied fields, and figure 1(b) presents the magnetic field dependence of
xrc(T; = const, H) for the temperatures of T = 15, 16.5, 19.5, 30 and 70 K.
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Figure 1. (a) Temperature dependences of the total dc field-cooled magnetic susceptibilities,
xrc(T, Hi = const) of PdsCospAlys measured using fields in the range of 400 A m~! to
560kA m~!. (b) Thelog H dependences of x ¢ (T; = const, H) for PdsCosoAlys for the indicated
temperatures.

While figure 1(a) shows that the role of the nonlinear susceptibility x,;(T, H) increases
in high dc fields, figure 1(b) demonstrates that the role of x,;(T, H) decreases at T > Ty.
The form and the magnitude of the peak in figure 1(a) are changed due to the influence of the
nonlinear part of the susceptibility.

The linear term, x((7;), for each measured temperature, 7;, is determined by extrapolating
the total susceptibility to a zero field value, xpc(T; = const, H — 0). Then the magnetic
field dependence of the nonlinear susceptibility isotherm y,;(7; = const, H) is calculated
according to equation (1).

The SG exponent § is obtained from the slope of the log—log plot of x,,;(7; = const, H)
against H at T = 13.5 K which is the nearest temperature to the temperature of the maximum
in the xpc (T, H; = const)-T dependence measured in low fields. The linear dependence of
log x,.(T; = const, H)-log H at 13.5 K, shown in the inset of figure 2, is valid for fields from
64 to 560 kA m~! and gives the value of 7.35 for §.

The value of § = 7.35 is substituted into equation (2). The parameters T, and ¢ are
varied, and the parameter ¢ is further adjusted, to obtain the best scaling shown in figure 2.
The values of the parameters obtained from figure 2 are 7, = 12.7+ 02K, ¢ = 1.6 £0.2
ands =7.1+£04.
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Figure 2. Scaling plot of the nonlinear susceptibility of PdsCosgAlss according to equation (2)
made for x,,; (T; = const, H) within the temperature interval 1.1 T, < T' < 2 T,. The inset shows
the log x,;—log H plot for 13.5 K from which the value of § is determined.

The value of the susceptibility exponent, y, obtained by equation (3) is 1.38 while the
value of y obtained by the slope of the scaled data when x — oo is 1.76. The difference
between these two values of y is 27%.

The calculation of the first nonlinear term of the susceptibility, x; (7'), showed the increase
of x1(T) from 45 K to 15 K to be a factor of about 10, which is small for typical SGs [6, 9].

Although the scaling gives finite values of the free parameters, the data do not tend to a
limiting value when x — 0. Also, the low unphysical values of ¢ and y and the poor quality
of the scaling displayed in figure 2 do not support the conclusion that an SG phase transition
occurs in this material.

4.2. Static scaling for PdsCospAly

Figure 3 presents the general magnetic behaviour of the PdgCosyAly; alloy.

Figure 3(a) shows the temperature dependences of xrc (T, H; = const) of PdgCosgAly,
measured in fixed fields in the range of 310 A m~'-350 kA m~'. When the experiment
is performed in moderate fields, the magnitude of the peak at 7y ~ 27 K is considerably
diminished due to the contribution of the nonlinear susceptibility.

Figure 3(b) shows the magnetic field dependences of x ¢ (T; = const, H) of PdgCospAls;
for some temperatures above Ty. As in figure 1(b), the decreasing role of the nonlinear
susceptibility at temperatures T > T is clearly observed.

The temperature dependences of the linear susceptibility xo(7") and the first nonlinear
term ) (T") are obtained by fitting the low field total susceptibility isotherms to the expression
X0 — x1 H?. For comparison, the xo(7") data were also obtained by the zero field extrapolation
of the total susceptibility isotherms. The results show non-divergent temperature dependence
of the linear susceptibility, and the values of x, obtained by the expression xo — x; H> and by
the zero field extrapolation do not differ by more than 5% for each temperature point.
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Figure 3. (a) Temperature dependences of the total dc field-cooled magnetic susceptibilities,
xrc(T, H; = const) of PdgCosoAls, measured using fields in the range of 310 A m~! to
350kAm~"'. (b) The log H dependences of x rc (T; = const, H) for PdgCospAls; for the indicated

temperatures.
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Figure 4. The derived nonlinear susceptibility isotherms of HogCosgAlsz, xu(7; = const, H),
against H? for the indicated temperatures. The inset shows the x| coefficient against T.

The temperature dependence of the calculated x;(7T) term shows divergence at T ~ 27 K
(see the inset of figure 4). It decreases in magnitude on heating up to 100 K by a factor of
about 500.
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Figure 5. The ln(xnl/Hz/‘s)fln(r‘bﬂ/H) scaling of the x,;(7; = const, H) data for some
temperatures in the interval 1.1 T, < T < 1.5 Tg. The parameters used for this best data collapse
are T, = 25.3 K and ¢ = 3.25. The inset shows the log x,;—log H dependence for T = 27 K,
from which the value of § = 6.8 is determined.

Figure 4 displays the dependence of the derived nonlinear susceptibility, x,;(T, H), on
H? for the temperatures of 31, 36, 43, 50, 60 and 70 K. The figure shows a low-field region of
linear dependence of the nonlinear susceptibility on H> where the (T term is predominant
and a notable decrease in the magnitude of the nonlinear susceptibility with temperature
increase.

The log-log plot of x,; against H for T = 27 K is shown in the inset of figure 5. This is
the temperature of the maximum in the xpc—T plots measured in low fields. From the linear
regression in the field region of 6.6 to 350 kA m~!, the value of the exponent § is found to be
8 = 6.8 £ 0.1. The deviation from a linear dependence for fields lower than 6.6 kA m~! can
be attributed partly to a larger experimental error in the values of small fields.

The value § = 6.8 is used in equation (2) to scale the x,; (T, H) data for the field region of
the measurement (310 A m~'-350 kA m~') and for temperatures T > Tr. Figure 5 presents
the best data collapse in the In(x,,;/ H 2/8y_In(z®/? / H) scale for some temperatures in the range
1.1 T, < T < 1.5 T,. The parameters used for this best collapse are 7, = 25.3 = 0.1 and
¢ = 3.25 £ 0.15, and the adjustment of § resulted in § = 6.4 £ 0.3.

The calculated values of the first nonlinear term x(7) were tested for the obtained value
of the transition temperature T,. The log x;(T)-log(T/T, — 1) dependence resulted in a
good-fit straight line for 7, = 25.3 K.

With these values of ¢ and § equation (3) gives the susceptibility exponent y = 2.74, and
the SG ordering parameter 8 = ¢ /5 ~ 0.51 [6, 11]. The calculation of related SG exponents
[8] gives the specific heat exponent « = 2 — 28 — y = —1.76 and the exponent of the
correlation length v = (2 — «)/d = 1.25 where d is the dimensionality. These values for
PdgCospAly; are on the low end of the range of values of the exponents of other SG materials
[6-8]. The negative value of «, which is in accordance with results for other SGs, indicates
that there is no divergence in the specific heat since it scales as T~ [13].
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The scaling of the data presented in figure 5 was tested at the limiting points. It is seen
from figure 5 that in the limit of x — 0 the data tend to an asymptotic constant value.

The asymptotic slope of the scaled data in figure 5 when x — oo is 1.71 with variation of
this value less than 1% for each isotherm. This slope results in the value of y = 2.89, which
is in very good agreement with the value of y obtained using equation (3).

Thus, from the point of view of the scaling theory it seems possible to conclude that a
paramagnetic — SG phase transition occurs in PdgCosoAly; at the temperature of 7, = 25.3K.
This SG alloy is characterized with the exponents ¢ = 3.25 and § = 6.4.

5. Conclusions

The static scaling analysis performed in this work leads to the conclusion that the magnetic state
below Ty of PdsCosgAlys does not correspond to an SG phase. In support of this conclusion
are the nonphysical values of the exponents obtained from the scaling analysis and the small
increase (~tenfold) of the x;(7") term upon cooling from paramagnetic temperatures.

For the PdgCosyAly; alloy the increase of x;(7') as the critical temperature is approached
from above is a factor of about 500, which is typical for a paramagnetic — SG transition. The
obtained values of the SG exponents are also in the range of reported values [6-8, 10, 11] for
other SG materials, although they are on the low side indicating that 8 at.% of Pd is near the
onset of SG behaviour for the Pd,CosyAlsg_, system.

While doping with 5 at.% of the 4f element Ho resulted in the formation of an SG phase
in HosCosgAlys [14], doping with 5 at.% of Pd leads only to a prelude of an SG phase in
Pd,CospAlsg_, with true SG behaviour emerging near 8 at.%.

In [2] a model of the substitution of the Pd atoms in the CsCl crystal lattice was developed.
Obviously at 8 at.% of Pd the quantity of the displaced Co atoms leads to SG interactions and
qualitative formation of an SG phase.
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