
Linear and non-linear AC susceptibilities of the spin glass Eu0.4Sr0.6S

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1992 J. Phys.: Condens. Matter 4 6639

(http://iopscience.iop.org/0953-8984/4/31/015)

Download details:

IP Address: 171.66.16.159

The article was downloaded on 12/05/2010 at 12:27

Please note that terms and conditions apply.

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

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/4/31
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


I. Phys.: Condens. Matter 4 (1992) 66394650. Printed in the UK 

Linear and non-linear AC susceptibilities of the spin glass 
Eu0.4sr0.6s 

Bekir OzGelikt, Kerim &yma$t, J C Verstelle:, A J van Duyneveldtt 
and J A Mydosh: 
t Department of Phpics, Faculty of AN and Sciences, Cukumva University, Adana, 
Turkey 
$ Kamerlingh Onner Laboratory, Leiden University, PO Box 9506, 23W RA Leiden, ?lie 
Netherlands 

Received 73 July 1991, in final form 5 May 1992 

AbslmeL l l l e  linear and non-linear susceptibilities of a spin-glass Eb,,Sro,eS system 
have been measured in the lemperature range [mm 1.2 to 4.2 K, for frequencies between 
I and 234 Hz. rile [reezing temperature T,(w -+ 0)  of the system is found to be 
1.60 f0.02 Y as determined from the Cole-Cole analysis using the linear-surceptibiliry 
data. In lhe vicinity of T, the non-linear susceptibility varier much more strongly uith 
temperature than the linear susceptibility does. n e  thinl-harmonic results sliow tlie 
beginning of a power-law divergence x 3  m 6-7, where f = (T - TI) and the curve 
quickly bxc" rounded. This behaviour suggeru a cooperative phenomenon that is 
greatly modified Lrj Strong dynamical and nonequilibrium effects as TI is approached. 
The aitical exponent 7 is estimated to k 2.35*0 .20  in the limited temperature region 
where a fi t  was obtained. In addition it is experimentally found that even a Small DC 
field has a large effect on the third harmonic. 

1. Introduction 

In recent years, solid solutions of EuS and SrS have been extensively studied. It is 
now well lmown that EuS has an FCC structure similar to NaCl and is a Heisenberg 
ferromagnet with a Curie temperature Tc = 16.6 K [l]. Each magnetic EuZ+ ion 
has 12 nearest and six next-nearest neighbour EuZC ions. The exchange interactions 
between the nearest and next-nearest neighbours have been determined by means 
of neutron-scattering experiments and found to be J , / k ,  = 0.221 i 0.003 K and 
J 2 / k B  = -0.100 0.004 K, respectively [2]. Hence the nearest-neighbour interac- 
tion is ferromagnetic and the next-nearest-neighbour interaction is antiferromagnetic. 
When EuS is diluted with the isostructural diamagnet SrS to form Eu,Sr,-,S, the 
Curie temperature is rapidly lowered with decreasing I and, near I = 0.55, the sys- 
tem becomes a spin glass, remaining so for concentrations down to 0.13 11-31. With 
increasing concentration of Sr, randomness is introduced into the coupling alignments 
of the Eu moments. Because of the competing ferromagnetic and antiferromagnetic 
interactions, frustration results and this combination of randomness and frustration 
aeates a good 3D Heisenberg spin glass. If I is reduced below 0.13, then the Eu ions 
will be too far apart to form a percolating network of first- and second-near-neighbour 
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coupled moments. Accordingly the system splirs into domains and gradually freezes 
into a superparamagnetic state [4]. 

A distinctive feature of a spin glass is the cusp in the low-field AC susceptibility 
at the 'freezing temperature' T, which suggests a thermodynamic phase wansition. 
Whereas the round maximum above T,  in the specific heat, the reversible (field- 
cooled) and irreversible (zero-field-cooled) magnetization with characteristic long- 
time relaxation effects below Tr all suggest a kind of blocking phenomenon, leading 
to non-equilibrium metastable states. At present the nature of the ordcring process 
in spin glasses is not well understood experimentally nor theoretically. 

Recently major efforts in the field of spin glasses have been directed towards 
clarifying the freezing phenomenon, both theoretically and experimentally. On the 
assumption that the spin-glass freezing is a cooperative phenomenon and within the 
framework of the mean-field theory, the non-linear susceptibility has been predicted to 
diverge at T, according to a power law of the form xZntl cx ~ - ( 7 + @ ) + @ ,  for n > 1, 
where E = (T  - Tf)/Tr, and y and 0 are the susceptibility and order-parameter 
critical exponents [S, GI. This divergent behaviour indicates a phase transition. An 
experimental investigation of the temperature dependence of xZ,,+, thus allows one 
to seek such divergences and, if so, to determine Tr as well as y and 8. By measuring 
the third harmonic, T, and y can be determined but, to find 8, one has to measure 
fifth or higher harmonics. 

In this work we wish to study the nature of the transition at Tr by measuring 
the linear and non-linear susceptibilities of the spin glass Eu,,,Sr,,,S as a function 
of temperature for frequencies between 1 and 214 Hz. We present the experimental 
procedure in section 2, and the results and discussion in section 3; finally section 4 
gives our conclusions. 

2. Experimental procedure 

It is well known that, owing to the thermal fluctuations and the increasing short-range 
order around Tr, pronounced non-linearities appear in the magnetization of a spin 
glass. In terms of the applied field H, the magnetization can be expressed as 

M (  H ,  T )  = xI H + x 3 H 3  + x: ,H5 + (1) 

where even powers of H are neglected because of the symmetry properties of M .  In 
general, let us take H to be 

H = PI 0 + W t )  (2) 

where H ,  is a static applied field and h ( t )  = h,sin(wl) is the the -d~penden t  AC 
driving field. If equation (2) is inserted in equation (l), one obtains 

M (  X, T) = [ ( X I  + X ~ N ;  + , . .) f ($x3 + . 5 ~ 5 H $  + , . . ) / z z  + ...I 
X H O + [ ( X ~ + ~ X ~ H ; + ~ X  5 H 4  0 + ' .) + ( 2 x 3  + 9 ~ 5 H g Z  +,.  . )h i  +, , .] 
x /L, sincwt) - [( :x3 + 5 ~ : , ~ , 2  t ...) + (;x5 + ...) hi + . . I  
x H,hg C O S ( 2 W l )  - [( ax3 + ; X 5 H ;  + . ' .) + ( & X 5  + . . .)hi + ' ' .I 
x h: sin(3wt) + . . ' .  (3) 
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As can be seen from equation (3), in the absence of the DC field H,, the first term 
and the terms involving even harmonics disappear. In this case equation (3) reduces 
to 

h f ( h , T )  =(xl+ ~ x 3 / 1 ~ + ~ x s h ~ + . . , ) h o s i n ( w t ) - ( a x 3 +  & x 5 h i + . . . )  

x h ; s i n ( 3 w t ) + ( $ x 5  +.. . )  h ~ s i n ( 5 w t ) + . . .  (4) 

or, in compact form, 

where 

By detecting the response of M ( 1 )  to the AC magnetic field at the frequencies w ,  
3w, 5w, .  . ., one can obtain gl, gio p5, .  . ., respectively. These are the measured 
susceptibilities given in section 3. However, in general, one has to correct these 
results for demagnetization effects. 

In terms of the driving field h, and the demagnetization factor D (known from 
sample geometry), the internal field h.i can be written as 

hi = h - Din (7) 

where m s M / M , ,  M O  being the saturation value of M .  This means that the 
measured value of the susceptibility is 

d m / d h = g ,  =(dm/dA,) (dh , /dh)  = (dm/dhi)(l  - D d m / d h )  = %lc(l - Dgl) 

or the corrected linear susceptibility becomes 

21C = %/(l  - 0%). (8) 

For the measured second harmonic we have 

d z m / d h 2  = ( d 2 m / d h ~ ) ( d h i / d h ) Z  + (dm/dhi)(d2hi/dh2) 

= (d2m/dhZ)(1  - D d m / d / ~ ) ~ .  

Thus the corrected second harmonic becomes 

%2c = g i Z / ( l  - D%1)3. (9) 
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By folloeing the same procedure, one finds the corrected value of the third-harmonic 
component of the AC susceptibility to be 

%3c = %/(I - 0%~)~. (10) 

As can be seen by comparing equations (8)-(10) the demagnetization correction 
becomes more important the higher the harmonic of the non-linear susceptibility. 

The sample used in this work was previously investigated and described by Baal- 
bergen ef nl [3]. The sample is spherical for which D = 18.81 g emu-'. For AC 
susceptibility measurements the well known mutual inductance technique has been 
used. The output from the mutual inductance bridge is fed into MO lock-in ampli- 
fiers. One is operatcd at w, the frequency of the applied ficld, and the other at 
72U.  With this method the in-phase and out-of-phase components are simultaneously 
measured 171. It is natural that the magnitudes of the higher harmonics are much 
smaller than the linear response. Thus, in order to detect them, one usually needs 
higher values of the driving AC field. For the sample used in this work an AC field 
amplitude of 0.7 Oe was sufficient for the linear response. However, it was difficult 
to obtain clear signals for the higher harmonics with the same field. Thus we had 
to increase the amplitude which may cause a field-dependent susceptibility. For this 
reason, one has to compromise between having a clcar signal and a field-dependent 
susceptibility. ?1, clarify this point we have investigated the driving field dependence 
of the third harmonic <S. For third-harmonic frequencies higher than 3f = 0 Hz, 
g3 has been found to be amplitude independent up to a value of 7 Oe. Therefore, 
in our non-linear susceptibility measurements, an AC driving field of 7 Oe was used. 

3. Results and discussion 

In t h s  section, we prcscnt our result for the temperature dependence of the linear 
and non-linear AC susceptibilities of the spin glass Eu,,,Sr,.,S measured at different 
frequencies. In addition the DC field dependence of the third-harmonic response 
around Tf is also given. The tcmperature nnge used is from 1.2 to 4.2 K, and thc 
AC field amplitudes are 0.7 Oc and 7 Oe for the linear and the non-linear responses, 
respectively. Note that all the results reported below are normalized to 1 Oe. 

The tcmperature dependence of the measured in-phase component 2; of the 
linear AC susceptibility is shown in figure 1, for diffcrent rrequencies. There is little 
or no frequency dependence at temperatures above the so-called spin-glass freezing 
temperature T, characterized by the maximum in 2:. However, around and below 
T, the magnitude of 2; increases and its maximum shifts to lower temperatures 
with decreasing frequency in agreement with the results on many other spin-glass 
systcms [3, 7-91, We should paint out here that the data shown in figure 1 for the 
zero-frequency value have been obtained from figure 2, where the Cole-Cole plots 
of I m ( l / p l )  versus Re(l/p,)  are shown for temperatures between 1.2 and 1.65 K, 
with frequency as the parameter [3]. In ligure 2 the extrapolated intersections of 
the lines with the Re(l/%,) axis give the zero-frequency values of g,, i.e. cL(0). 
Here we should also point out that the magnitude of the out-of-phase component 
%',' = Im(g l )  jS two orders of magnitude smaller than 2: and, in contrast with 
the behaviour of g ; ,  %','( T) decreases with decreasing frequency. Furthermore, 
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abwe 1.6 K, 27 was not detectable except for the hvo higher frequencies [lo]. For 
temperatures above 2 K it was zero for all frequencies used in this work. Therefore in 
figure 1 the point for & ( O )  is not given for T > 2 K The temperature corresponding 
to the maximum of ,!&(O) in figure 1 gives the freezing temperature T,(w = 0 )  as 
1.60 i 0.02 K which is in good agreement with the  T,(w) trends. 

TlKl 

Figure L Pmperature dependence of the measured in-phase component of PI,  for 
different Crqueneier 

Figure 2. Im(l,&j) against Re( l / t l ) ,  at several temperatures. 

By using the measured values of the linear susceptibility given in figure 1 and 
the demagnetization factor of the sample (D = 18.81 g emu-' for our spherical 
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sample) in equation (S),  the corrected susceptibilities are obtained. These results 
are shown in figure 3 for different frequencies. This figure illustrates the frequency 
dependence of the linear susceptibility much better than figure 1 (compare the vertical 
scales) and shows the importance of the demagnetization correction. 

o , .  
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9 ,  

Figure 4 l h p e r a l u r e  dependence of the measured in-phase mmponent of 28, for 
different frequencies. 

1 L K l  

mgure S. Temperature dependence of fhe measured oul-of-phase component of 22. for 
different frequencies. 

7 Oe for all frequencies. If we could have used lower amplitude values for lower 
frequencies, we wotlld have observed the Same behaviour as that above 9 Hz, but 
signal-to-noise difiiculties for the non-linear measurements do not allow us to use 
lower-amplitude values at lower frequencies. 

To describe the frequency dependence of the freezing temperature obtained from 
the third-harmonic measurements, we plot q-' versus log 3 f in figure 8. The results 
indicate that the system does not obey the Arrhenius law [I21 @en by the expression 
T;' (x I n (  fo / f ) .  If it did, a straight-line plot would be found. Thus the spin-glass 
transition cannot be explained in terms of the blocking of independent magnetic units 
such as superparamagnetic clusters. The bending of T,(w) to a probably constant 
T,-value at low frequencies may be an indication of an incipient phase transition. 

Using equation (10) the demagnetization corrections have been performed on 
the measured third-harmonic results shown in figures 6 and 7. However, because of 
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Figure 6. 'Eemp~ralure dependence of llie absolute wlue of 2 3 ,  lor frequencies between 
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Figure 7. Temperature dependence of the absolute MIW of f a ,  for frequencies between 
3 f = 3 H z a n d 3 f = 9 H z  

the unusual low-frequency behaviour, we give in figure 9 only the corrected values 
for regime I, ie. the values for frequencies above 9 Hz. The corrected values are 
almost four orders of magnitude larger than the uncorrected values. Furthermore, 
the transitions to the spin-glass phase become sharper after the demagnetization 
correction. 

As discussed in section 1, based on the model of Edwards and Anderson [13], 
Suzuki [5] has proposed a phenomenological theory for spin glasses. He showed that, 
if the spin-glass freezing is a cooperative phenomenon, the non-linear susceptibilities 
xZntl diverge at according to ~ - ~ ( T + f l ) t @ ,  for n > 1, where F is the reduced 
temperature equal to [(T - Tr)/Tr]. Therefore, for the third harmonic, this power 
law becomes 6-7 for T > TI and its sign is negative. In figure 10, log z3 is plotted 
against log c for frequencies higher than 9 Hz. The value of the critical exponent 7, 
obtained from the initial slope of the straight line shown in the figure, is found to be 
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, I- ,I I O  >, 

Figure 8. Inverse of the keezing temperature T, as a [unction of frequency. 

7 ,  

T c K ]  

Figure 9. 2emperature dependence of the Comcted alsolute value of 23, for frequencies 
between 3 f = 9 Hz and 3 f = 234 Hz. 

2.35 5 0.20. Note that the power-law behaviour is only in an asymptotic region at 
rather large values of reduced temperature. This value is in good agreement with the 
value of 2.3*0.2 reported for AgMn 191. The rounding of the curves on approaching 
Tf is due to the magnetic inhomogeneities in the sample and most importantly to the 
dynamical effects as the system becomes out of equilibrium. 

If one applies a DC field in addition to the driving AC field, one can also measure 
the second-harmonic response of the system (see equation (3)). By applying a DC 
field of 30 Oe, such second-harmonic measurements have also been carried out on 
Euo,,Sro,,S. The results, obtained after the demagnetization correction using equation 
(9), are shown in figure 11. The general behaviour is the same as that of the third 
harmonic (see figures 9 and 11). Since no theoretical guidance is available concerning 
.the second-harmonic susceptibility, the results are not analysed further. 

Finally, at a frequency of 234 Hz the DC field dependence of %3 has also been 
investigated at T = 1 .G8 K, for two different values of AC field amplitude, namely 
7 and 2 Oe. As can be seen from figure 12 the magnitude of %3 decreases with 
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Flgum 10. bgarillim of the mrreaed absolute mlue of 33 against bg f .  

A * 78 H I  
t = ULHz 

I O  15 2 0  25 3 0  3 5  L O  

T L K I  

Figure 11. 2mpcrature dependence of the mrrecled absolute value of 22, for dillerenl 
iquencics in an applied field of 30 Oe. 

increasing DC field, reaches zero at around 15 Oe and then changes sign. The. 
crossover depends on the value of the AC field amplitude. From this observation, one 
can conclude that the non-linear susceptibility is extremely DC field dependent and 
small DC fields may suppress the thud harmonic completely. 
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Figure U.  cc field dependence of Uie measured in-phase component of 
1.68 K for f = 234 WZ, and two different AC field amplitudes. 

at T = 

4 Conclusions 

Non-linear AC susceptibility measurements on the spin glass Eu,,,Sr,,,S, especially the 
third-harmonic behaviour, indicate that the system has an incipient phase transition 
at Tf(w = 0) rather than an independent cluster blocking phenomenon. We have 
reached this conclusion by examining 

(i) the extrapolated value of g i , ( 0 )  from the Cole-Cole analysis giving T J w  = 
0) = 1.60 K, 

(ii) the frequency dependence of the freezing temperature, obtained from the 
third harmonic, which turned out not to obey the Arrhenius law, and 

(iii) the initial power-law dependence of the third harmonic. 

The third harmonic seems to obey the power law 6-7 for T > T, and diverges 
on approaching Tf from above, as proposed by Suzuki [5].  However, here one 
must take into consideration the ferromagnetic clusters in the sample as well as the 
dynamical effects around Tr. Hence we believe that the non-linear susceptibility 
measurements are an important tool with which to investigate the nature of the 
transition for spin glasses, and probably for other magnetic systems. Nevertheless 
non-linear susceptibilities are extremely DC field dependent and even very small DC 
fields can suppress the third harmonic completely. Thus, in order to measure giJ 
properly, one has to make sure that the external DC fields, such as the -firth's field, 
are compensated. 
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