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ABSTRACT 

A large body of data  is reviewed, which illustrates how the high pressure 
technique can be used to gain information about the magnetic and electronic 
state of dilute magnetic alloys. Values for the pressure dependence of the 
elementary effective exchange interaction between a magnetic impuri ty spin and 
the conduction electron sea are extracted from the data  and tabulated for a 
number 0fextremely dilute alloys containing both transition metal and rare earth 
impurities. Results of experiments on host alloy series employing 'lattice 
pressure' axe compared to the present 'external pressure' results and critically 
analysed; it  is shown how such a comparison can be used to give information 
about the extent  of the electronic screening around an impurity potential. The 
effect of pressure on intpur i ty- impuri ty  interactions in spin glasses is also 
examined; a comparison of the pressure studies on extremely dilute alloys to 
those on spin glasses allows an estimate of the nature of the interaction 
mechanisms important  in the lat ter  ease. Evidence for a pressure-induced spin 
glass to Kondo transition in LaCe is also presented. I t  is suggested that  the 
present results fit into a larger picture that  magnetism, when present, tends to be 
weakened when high pressure is applied. 
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§ 1. INTRODUCTION 

In recent years the high pressure technique has come to be recognized as a 
particularly valuable tool for studying the electronic and magnetic properties of 
solids. Owing to rapid advances in technology, it is now possible to employ under 
high pressure conditions almost every solid state diagnostic tool normally used at 
ambient pressure. The high pressure technique is perhaps best known for its 
capability to bring about  transformations from one solid state to another  such as 
insulator-to-metal, magnetic-to-non-magnetic,  or crystal-structure transitions. A 
further, although less dramatic, capability of this technique is easily overlooked, 
namely, the ability to generate an often small but  well-controlled continuous 
variation of the pert inent solid state parameters  such as the density of states, 
exchange interactions, or electron-phonon coupling, allowing a critical evaluation of 
the volume dependences predicted by a part icular  theoretical model. Indeed, the 
interatomic distance, whose change under pressure can be directly measured, is a 
basic parameter  in all theories of condensed matter.  Varying solid state parameters 
by adjusting the chemical composition of a system can effect relatively large changes 
in the properties, but  has the distinct disadvantage tha t  these changes are less well 
defined than in analogous pressure studies~ The former method is often very  useful 
for quickly establishing the general trends of a particular physical phenomenon, 
subsequent pressure experiments allowing then an exacting comparison with theory. 
A particularly elegant example of the usefulness of the pressure technique is 
provided by high precision measurements of the pressure dependence of the Fermi 
surface to test the accuracy of band structure theory [1 ]. 

Before turning to the t@ics of central interest to this paper, let us first consider, 
in a general way, how magnetism changes with increasing atomic density. In 
magnetism, high pressures can cause changes in the exchange interactions, 
bandwidths, crystal field splittings, anisotropy parameters,  and magnetic moments,  
to name a few [2]. I t  is well known tha t  the majori ty of free atoms possess a magnetic 
moment  which is often lost when the atoms condense to form a liquid or solid. This 
overall tendency for magnetism to weaken with increasing atomic density is also 
operative in solids under pressure. In local moment  systems, such as Ce or SmS, 
pressures of only a few kilobars (1 bar-~ 0'987 a tm ~- l0 s Pa) are sufficient to at least 
partially squeeze out a magnetic 4f-electron [3]. With sufficiently high pressures it 
should be possible to completely squeeze out  one or more inner electrons in any local 
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Pressure effects in dilute magnetic alloys 659 

moment  system; a transition from local moment  to i t inerant magnetism is also 
conceivable. In  an i t inerant  or band ferromagnet the condition ~br the occurrence of 
magnetism at  T = 0 K, the so-calledStoner criterion, is tha t  I N ( E l )  > l, where I is the 
exchange energy and N(Ef) the density of states. For  a free-electron gas with sample 
volume V, Bloeh [4] has shown tha t  Ioc V -1/3 and N(Ef)oc V +2/3, so tha t  one has 
I N ( E l )  oc V + 1/3,which decreases with pressure. For  a free-electron gas, therefore, the 
high density or high pressure state is non-magnetic [5]. An analogous conclusion is 
reached for the more relevant  case of a d-band ferromagnet  where the density of 
states, which here in a certain approximation is proportional to V + 5/3 is believed to 
decrease faster with pressure than the exchange interaction I increases [6]. Even the 
weak Pauli paramagnetism ZpocN(Ef) and the atomic diamagnetism )/aiaoc(r 2} 
should, within certain limits, decrease in magnitude with pressure, as both N(Ef) and 
the mean square radius of the electron orbitals @2} decrease. A reduction in 
magnetism, when present, with increasing atomic density would thus appear to be a 
general result. On the other hand, as will be discussed in § 5, a given non-magnetic 
system could become magnetic if sufficient pressure were applied to remove inner 
shell elevtrons; magnetism thus should behave cyclically under pressure, rising and 
falling. 

Magnetism's path to the gallows is diverse and in most systems truly enormous 
pressures (in the Megabar range) are required for a proper execution; indeed, the 
reduction in the saturation magnetization ofFe,  Ni, or Co with pressure is only about  
0"02% per kilobar [7]. An exception are the so-called weak it inerant ferromagnets 
which according to the Stoner criterion are just barely magnetic and possess only a 
small fraction of  a Bohr  magneton per atom. In ZrZn2, for example, Smith et al. [8] 
have shown tha t  pressures of only a few kilobars are sufficient to drive the Curie 
temperature  T O to zero. A rather  general expression for the pressure dependence of 
the Curie temperature,  dTo /dP  = A T O - B /To ,  where A and B are positive constants, 
have been derived by Wohlfarth [9]. I t  follows tha t  for systems with relatively small 
T0s, like ZrZn 2 with T O (0) = 16-9 K, dTo /dP  should be negative, whereas for larger 
values of the Curie temperature,  dTo /dP  eventually goes through zero and becomes 
positive. These and other  predictions of theory have received striking verification by 
experiment [10]. in  addition, from To(P  ) one can extract  the value of the constant B 
which is proportional to  the ratio Ie f f / I  b of the exchange energy including correlation 
corrections to the 'bare'  exchange energy [6]. High pressure experiments can thus 
give direct information about  the importance of many-body correlation effects and 
have shown them to be appreciable [6]. Such studies are also an example of how the 
high pressure technique can be used to help decide whether an i t inerant or local 
moment  picture is more appropriate for a part icular  magnetic system. The 
behaviour of dilute local moment  systems under pressure is the main topic of this 
paper. 

The scope of the present review will be restricted for the most par t  to the use of 
high pressure as a parameter  in dilute magnetic alloys containing at  most a few per 
cent of magnetic impurities statistically distributed within a non-magnetic host. The 
object of paramount  interest in these studies is the interaction of a magnetic 
impuri ty with its surroundings, which are composed of other magnetic impurities 
and host conduction electrons, and how this interaction depends on pressure or, 
equivalently, molar volume V. The local moment  picture is found to give a good 
description of the observed phenomena for a large class of systems. In a magnetic 
alloy of extreme dilution, like Au=5p.p.m. Fe, the interaction J of the impuri ty spin 
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660 J . S .  Schilling 

with the conduction electron spins of the host matr ix  leads, especially i f J  is neggtive, 
to clear anomalies in the physical properties. In  this concentration range impur i ty -  
impuri ty  interactions are unimportant .  Although the basic types of mechanisms 
contributing to J are believed to be known, the actual calculation of J from first 
principles is a very difficult problem [11]. The application of pressure causes J to 
change and allows a determination of the volume dependence J(V) which should be 
easier to calculate accurately than the absolute magnitude of J itself. In  the absence 
of a good theory of the exchange interaction, searching for trends in the behaviour of 
J(V) for a large number of systems could be useful in helping to decide which 
approximations are appropriate when setting up a suitable theoretical model. In § 3 
the results of a large number of relevant experiments on very dilute magnetic alloys 
under pressure, both by the author  and others, are analysed in a consistent manner. 
The derived values of J(V) are then collected and critically compared. Of part icular  
interest is a comparison of the present 'external pressure' experiments with those on 
alloy series where 'lattice pressure' plays an important  role; such a comparison 
reveals to what extent  the properties of such alloy series depend merely on the lattice 
parameter  or on other alloy variables such as the average number  of valence 
electrons, the ionic radii of the host atoms, etc. 

As the concentration of magnetic impurities is increased from the very  dilute 
limit, interactions between the impuri ty spins gain in importance, leading frequently 
to magnetic ordering at  a temperature  T 0. Not  only the ordering temperature  T O but  
also the nature of this ordering (spin glass, ferromagnetic, etc.) and the kind of 
relevant interaction mechanism can depend on the concentration. A determination 
of the relative importance of the various possible interaction mechanisms over the 
entire concentration range is essential for an understanding of the magnetism of such 
systems on a microscopic level. Pressure studies are especially well suited for this 
purpose because each interaction mechanism (direct exchange, super-exchange, 
t~KKY-exchange, dipole~lipole interaction, etc.) has its own characteristic pressure 
dependence which is mirrored in the way T 0 changes with pressure. In  the case of the 
RKKY-mechanism a comparison of the pressure dependences of the parameters in 
the dilute and concentrated limits can give information about  which angular 
momentum components of J are predominant.  In  addition, in those eases where the 
relevant interaction mechanism and its pressure dependence are known, a pressure 
experiment Mlows a direct check of the functional dependence of a particular theory 
on the interaction parameters.  The results of extensive pressure studies on metallic 
spin glasses are collected in § 4. 

Finally, it will be shown tha t  pressure can be used to s tudy a particularly exotic 
type of magnetic phase transition, namely, tha t  from an ordered (spin glass) state to 
a single-imI~urity (Kondo) state. This transit ion is but  a specific example of the 
general trend from magnetism to non-magnetism with increasing pressure. Such 
experiments are useful for testing theoretical models of this transition such as those 
developed by Larsen [12] or Doniaeh [13]. Systematic studies of the effect of pressure 
on the magnetic state of both ordered and very dilute single-impurity systems, and 
transitions between the two, should, by extrapolation,  be useful in understanding 
the even more complicated but  quite widespread phenomenon of valency fluctu- 
ations in more concentrated magnetic systems. 

In the next  section some aspects of modern high pressure techniques are 
discussed with the emphasis on those techniques used by the author.  A brief 
discussion of the measurement techniques for high accuracy electrical resistivity 
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Pressure effects in dilute magnetic alloys 661 

measurements from 1-300 K is also included. The electrical resistivity, which can be 
measured to very  high precision under high pressure conditions, is the physical 
property which is perhaps best suited for a quant i ta t ive study of the pressure 
dependence of the magnetic state in extremely dilute alloys. 

§ 2. EXPERIMENTAL METHODS 

2.1. Generation of high pressures 
The highest pressures achieved under controlled laboratory conditions to date lie 

near l0 Mbar and are generated using either shock-wave or magnetic compression 
high pressure techniques. Employing the latter technique, Hawke et al. [14] have 
recently found strong evidence that  hydrogen becomes metallic at  a pressure of 
approximately 2 Mbar, neon remaining insulating to an estimated pressure of more 
than 5 Mbar. In  such 'dynamic'  pressure techniques the measuring time is only of the 
order of microseconds. A 'static' pressure technique, where the measuring time is 
arbitrarily long, is certainly bet ter  suited for carefully controlled studies of the effect 
of pressure on solid state properties over a wide temperature  range. The generation of 
static pressures as large as ~ 1-3 Mbar has, in fact, been claimed by Mao and Bell [15]. 
The static pressure techniques can be subdivided into two major types, quasi- 
hydrostatic and hydrostatic,  depending on whether a solid or a liquid (or gas) 
respectively, is used as the pressure transmitt ing medium. A review of static pressure 
techniques suitable for low temperature  studies has recently been given by Paureau 
[16]. 

2.1.1. Quasi-hydrostatic pressure 
A cross section of the type of pressure cell developed by  Schilling et al. [17] is 

shown in fig. 1. Two samples are connected in series with a Pb-manometer  whose 
superconducting transition temperature  T¢ is a sensitive function of pressure. The T¢ 
versus pressure scale used here is somewhat revised from tha t  of Eichler and Wittig 
[18] and includes recently re-determined pressure fixed points of Bi and Pb [19, 20]: 
7'20 K---0 kbar, 6"21 K - - 2 5  kbar, 4'70 K - - 7 4  kbar, 3'60 K- -130  kbar. Six electrical 
leads are introduced into the cell to allow high accuracy four-point electrical 
resistivity measurements on both samples. The samples themselves are located 
between two epoxy discs which serve as the pressure transmitt ing medium. Even 
such relatively soft solids as epoxy resin, NaC1, AgC1, and soapstone can support  
sizeable shear stress components [21] which can lead to the build-up of pressure 
inhomogeneities and local shear strains in the sample. The width of the super- 
conducting transition AT c of the Pb-manometer  gives a measure of the pressure 
inhomogeneity in the pressure cell. Typical values of the pressure inhomogeneity 
over a given sample as estimated from ATe lie between 2 and 7~o of the measured 
pressure. The annular  pyrophylli te gasket serves to contain the inner cell and 
restricts the outward extrusion of the epoxy discs and samples. As seen in fig. 1 (b), 
the pressure cell is mounted in a steel belt which gives it radial support. An epoxy 
outer gasket positions the pyrophyll i te  ring with the steel belt, providing further  
support to the sample and reducing the steepness of the pressure gradient. Pressure is 
applied to the cell by two opposing A1203 or B4C anvils mounted in CuBe support  
rings. Application of force to the anvils drives them togetherl compressing the 
pressure cell and leading to a build-up of pressure on the samples. The rate of increase 
of pressure with applied force depends on the detailed past history of the pressure cell 
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662 J . S .  Schilling 

Fig. 1 

Quasi-hydrostatic Pressure 

mxy disc ~ ~ _ _ ~ j  PyrolYnylUte rl~ 

Sample 1 ~ S o m p l e  2 

c Le d Pb ma o e r e  u- os ~ nm r 

(~) 
I I I I 

0 3 6 9 mm 

(b) 

~ s t e e l  belt 

T t 
I i I I I | 
0 1 2 3 L 5 cm 

(c) 

8 ~ [ ~  ~ - - 1 6  

I I I I 

0 5 10 15 crn 

(a) Top view of quasi hydrostatic pressure cell of Schilling et al. [17]. Samples are sandwiched 
between two epoxy discs within a pyrophyllite gasket. (b) Side view of same pressure cell 
mounted in steel belt. Opposing anvils squeeze cell generating high pressures. (c) Side 
view of six-bolt high pressure clamp suitable for quasi-hydrostatic cell (fig. 1 (a) and (b)) 
or hydrostatic cell (fig. 2). Force generated by torquing bolts is transmitted through 
steel ball and guide-piston to opposing anvils. Numbers designate: 1 steel ball, 2 CuBe 
pressure clamp, 3 heater, 4 guide-piston, 5 hardened steel plate, 6 tungsten-carbide 
anvils, 7 thermometer, 8 copper block thermal sink, 9 clamp support-tube holder, l0 
guide-piece fbr 16, 11 CuBe nuts, 12 hardened steel spring supports, 13 plate-springs, 14 
ball bearing, 15 CuBe bolt (18ram diameter thread), 16 bolt torque-tube, 17 strain 
gauges. 

but  usually lies between 1-2 kbar/ton. The incorporation of a Pb-manometer  in the 
pressure cell is thus essential tbr an accurate determination of the pressure at low 
temperatures. 

Applying or removing pressure from the pressure cell was found to lead to a 
certain amount  of eold-v(orking of the samples, resulting in a moderate alteration of 
the sample dimensions and an increase of the defect scattering in the resistivity. The 
magnitude of these unwanted changes depends on the pressures involved and on the 
past history of the pressure cell. Owing to the nature of the present investigations, it 
is essential to minimize any changes in the length/area factor ~ of the samples. One 
way to estimate changes in ~ is to include within the pressure cell an additional 
sample whose resistivity has a very low intrinsic pressure dependence. This is the 
case for a Au-0"5at .% V alloy where at  room temperature We estimate tha t  
- ( A p / p A P ) <  +0'04°/o/kbar [22]. In  order to minimize both changes in ~ and 
variations in the amount  of defect scattering in measurements at different pressures, 
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Pressure effects in dilute magnetic alloys 663 

the pressure cell was initially preloaded to 9 0 k b a r  and then unloaded to zero 
pressure before commencing with high pressure measurements .  The success of this 
procedure will be evident  from the results of experiments  presented in the next  
section. The change in ~ upon reloading to 100 kbar  is es t imated to be less than  a few 
per cent. Related types  of quasi-hydrostat ic  pressure cells suitable for small 
variat ion in ~ have been developed by  Klein [23], Olijnyk and Crone [24], and Willer 
and Crone [25]. A 'beltiess' pressure cell suitable for pressures to 160kbar  was 
introduced some t ime ago by  Witt ig [26], Bundy has recently used compax-t ipped 
anvils to extend the pressure region to 500 kbar  [19]. In  the la t ter  two cells the value 
of ~ cannot  be controlled as well as in the present  cell (fig. 1). 

To compress the pressure cell a force of up to 30 t is generated and applied to the 
anvils by  a 15 kg CuBe six-bolt high-pressure c lamp shown in fig. 1 (c) adapted  by  
Zimmer and Schilling [27] from a design of Eiehler and Witt ig [18]. Tightening two 
opposing bolts simultaneously,  one with left-handed the other  with r ight-handed 
thread, results in negligible net torque on the thin-walled clamp support  tube and 
generates force through the large steel ball onto the guide-piston which presses the 
anvils together.  The force can be monitored continuously by  strain gauges mounted  
on the piston. Upon  cooling from room tempera tu re  to liquid helium tempera tures  
the force increases by  abou t  30O/o . The force between the anvils can be changed at  any  
tempera ture  with the clamp mounted  in the eryos ta t  by  lowering two stainless steel 
tubes with nuts  on the lower end onto the clamp bolt  heads. However,  measurements  
are normally carried out  at  fixed pressure with variable temperature ,  the applied 
pressure being changed a t  room tempera ture  af ter  each low tempera ture  run. I t  is 
essential tha t  the force be only changed a t  room tempera ture  because the increased 
hardness of the epoxy discs at  low tempera tures  would lead to sizeable pressure 
gradients across the samples. For  experiments  where it is necessary to store forces 
larger than  30 t, the present  clamp can be used in conj unction with a hydraulic press. 
A s tandard  Chester Jones  type  clamp is also available which can store 60 t of force 
and permits reaching pressures of approx imate ly  100 kbar  with the present cell. 

2.1.2. Hydrostatic pressure 
In  a conventional hydrosta t ic  pressure cell the sample is placed in a sealed Teflon 

bucket  filled with alcohol which is then inserted into a cylindrical high pressure 
chamber  and compressed on either side by  two opposing pistons [16]. This type  of cell 
is normally limited to pressures less than  ~ 30 kba r  owing to the yield strength of 
presently available high pressure materials.  Fasol and Schilling [28] have recently 
developed a new hydrostat ic  pressure cell for precise electrical measurements  at  low 
temperatures  to pressures as high as 90 kbar.  A cross-section of this pressure cell is 
shown in fig. 2. This cell is an extension of the diamond-anvi l  cell [16] to allow the 
generation of high hydrostat ic  pressures in a relatively large volume ( ~ 3 m m  2) into 
which six or more electrical leads can be introduced. Two supported WC-anvils are 
pressed into a hardened CuBe or steel gasket. A bore in the centre of the gasket  
contains the pressure- t ransmit t ing fluid and the sample arrangement .  The volume of 
the bore decreases upon application of force to the anvils, generating hydrostat ic  
pressure in the liquid. As a pressure t ransmi t t ing  fluid 4 : I methanol -e thanol  is used. 
Viscosity measurements  by Piermarini  et al. [29] have shown tha t  the relaxation 
t ime of this mixture  a t  room tempera ture  is negligible for our purposes up to 90 kbar  
and tha t  non-hydrosta t ic  stresses do not  occur below 100kbar  [21]. The volume 
reduction of the alcohol mixture  at  a tmospheric  pressure upon cooling from 300 to 
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664 J . S .  Schilling 

Fig. 2 

Hydrostatic Pressure 

~x'~.,~.~.~.~.~.~.~ I ~X-~ I ~ thermometer 
~ % ~  ~ \ \ ~ p r e s s u r e  chamber with LX~~ !~!~ sampte and liquid 

~ ~~ "~L" metal gclsket ' 

I~,-I0 mm",-I t l t 
Side view of hydrostatic pressure cell of Fasol and Schilling [28]. Two tungsten-carbide anvils 

press into a hardened CuBe or steel gasket. Six wires are embedded in radial grooves; the 
samples, mounted on a plastic disc, and the pressure-transmitting fluid are contained in 
a 2 mm diameter bore in the centre of the gasket. 

80 K is approximately 300/o . Electrical leads are introduced into the 2 mm diameter  
pressure chamber through shallow grooves milled into the metal gasket. The grooves 
are filled with epoxy resin which insures electrical insulation as well as sealing off the 
pressure chamber. The two samples, one of which is a Pb-manometer,  are located on 
either side of a 1 mm diameter plastic disc. All leads to and between the samples pass 
through holes in this disc which thus provides not  only electrical insulation but  also 
mechanical rigidity. Two current and four voltage leads to the two samples are 
necessary for a precise four-terminal resistivity measurement. To date, accurate 
four-point resistivity measurements have been carried out on two samples simul- 
taneously to pressures as high as 90 kbar at room temperature and 45 kbar at  liquid 
helium temperature in separate pressure cells. Higher pressures at low temperatures 
are currently being attempted. Fasol st al. [30] have recently used this new pressure 
cell to s tudy superconductivity and phase transitions in non-transforming V3Si 
single crystals. 

2.2. Measurement of electrical resistivity 
The cryostat  used in the high-pressure measurements is of standard design. A 

separate exchange gas tank between the  liquid N 2 reservoir and He dewar allows 
slow, controlled cooling of the cl~mp to 80K. Temperatures above 4 0 K  are 
measured with a Plat inum resistor and below 40 K with a calibrated Germanium- 
resistor. Both sensors are located adjacent to the samples in an anvil support ring as 
shown in fig. 1 (c). The relative accuracy of the temperature measurement below 
4"2K is at least 0 '03K and better than 0-5% at any temperature. All critical 
electrical leads are thermally anchored to a copper block attached directly onto the 
massive high pressure clamp and pass Out of the cryostat  through the clamp support 
tube. All leads are thermocoupie quality copper wire and are electrically shielded 
over their entire length resulting in low thermal voltages and low noise. 

Resistivity measurements are carried out using the standard four-terminal 
technique. The current source from North Hills Electronics is constant to better than 
1 : 105 during the 10 hours needed to make a 300-1 K temperature run. The sample 

D
ow

nl
oa

de
d 

by
 [

A
rg

on
ne

 N
at

io
na

l L
ab

or
at

or
y]

 a
t 0

9:
13

 1
8 

Se
pt

em
be

r 
20

14
 



Pressure effects in dilute magnetic alloys 665 

potentials are first amplified by a temperature  stabilized Amplispot galvanometric 
photocell amplifier and then displayed on a Solatron LM ]490 5½-digit digital- 
voltmeter  using an integration time of 2 s. The relative accuracy of the measurement 
is bet ter  than 1 : l04 and the resolution bet ter  than  1 nV. 

The resistivity measurements at atmospheric pressure are carried out in a 
separate eryostat  on samples with known dimensions. The absolute accuracy of the 
resistivity is limited to ~ l~o by uncertainties in the length/area determination. 
Small splinters are t aken  from the P = 0 sample to be used in the high pressure 
experiment. Although a reliable determination of the dimensions of the samples used 
in the high pressure cell is not  possible, a comparison of the zero-pressure and high 
pressure data  allows a definition of the absolute resistivity scale for all data. 

2.3. Sample preparation 
Because of the var ie ty  of systems discussed in the present paper, no comprehen- 

sive discussion of sample preparation procedures is a t tempted  here. The reader 
should consult the original papers for details of the sample preparation and 
annealing procedures appropriate for each alloy. 

§ 3. VERY DILUTE MAGNETIC ALLOYS UNDER I~I~ESSURE 
The development of a general microscopic theory of magnetism in metals has 

proved to be one of the most difficult problems in solid state physics. In an a t t empt  to 
simplify the problem at  hand, concentrated magnetic systems can be diluted so 
heavily with non-magnetic components tha t  the strength of the interactions 
between the magnetic moments  becomes negligible, allowing a s tudy of the magnetic 
state of a single magnetic impuri ty  in a non-magnetic metallic environment. The 
nature of the magnetism in such magnetic alloys of extreme dilution has proved to be 
of interest in its own right. However, the hoped for simplification did not occur, the 
exact solution of the single magnetic impuri ty  or Kondo problem providing 
formidable theoretical difficulties [31, 32]. Lacking an accurate theory which relates 
explicitly the basic parameters  to various physical properties, it has not been 
possible to ext rac t  from the data the detailed information about  the values of the 
essential parameters tha t  is needed [33]. Application of pressure changes the values 
of the parameters in a reversible well-controlled way on a single sample; the amount  
a parameter  changes can often be determined to much higher accuracy than its 
absolute value, as will be illustrated in the present studies. Pressure studies thus not  
only have the potential  to provide valuable information about  the volume 
dependences of the parameters,  but  also to allow a test of the functional dependence 
of a particular theory on these parameters.  

3.1. Results of experiment 
One of the quantities of principal interest in the present paper is J(V), the volume 

dependence of the effective exchange interaction between a given single magnetic 
impuri ty and the conduction electrons. I t  is well known that  negative values of J 
lead to sizeable anomalies in many solid state properties [33]. In particular, the 
t~mperature dependence of the electrical resistivity goes through a minimum, 
exhibiting a large negative-slope anomaly at lower temperatures.  Such behaviour is 
found for both transition metal and rare earth impuri ty  systems as seen in the data  of 
the author and co-workers in figs. 3-5. The measured resistivity can be understood as 
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Fig. 3 
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(a) Total measured resistivity of CuFe per a t . %  Fe versus temperature for different pressures. 
Dots  are data from Schilling et al, [22], crosses are data from Loram etal .  [34]. Solid lines 
are drawn for clarity. Curves resemble fig. 7 (b); pressure of 72 kbar doubles value of T K. 
(b) Total measured resistivity of Cu-110 p.p.m. Fe from (a) minus resistivity of Cu host, 
per at.To Fe concentration, plotted versus reduced temperature. Curves for three 
pressures overlap well for temperatures below that  of resistivity minimum, confirming 
universal behaviour in eqn. (8). 
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Fig. 4 
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Total measured resistivity of Y~)-5 at. °/o Ce versus temperature {br different pressures. Dots  
are data from Zimmer and Schilling [35]; solid lines are dr~wn for clarity. Shift of 
flspin(T) with pressure resembles that  for CuFe in fig. 3 (a), but is more rapid. 
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Pressure effects in dilute magnetic alloys 667 

Fig. 5 
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Total measured resistivity of Au 5 p.p.m. Fe versus temperature for different pressures. Dots 
are data from Crone and Schilling [36]. Solid lines are drawn tbr clarity. Pressure 
increases slope of pspin(T); comparison to fig. 7 (c) indicates T K increases with pressure. 

being made up of two components,  a negative-slope impur i ty  spin-scattering 
resistivity pspin(T) with characteristic t empera ture  T K and a positive-slope phonon 
resistivity f rom the host matr ix  Pph . . . .  (T). Theory  [31] predicts tha t  the impur i ty  
resistivity is a universal function of T K, i.e./)spin = Pspin(T/TK) • Inspect ion of the da ta  
in figs. 3-5 reveals tha t  a sizeable shift in flspin(T) occurs under pressure. Although the 
nature  of this shift may  appear  now to be different in the three sets of da ta  presented, 
it will be shown in the following subsections tha t  the behaviour  of these and all other 
known resi t ivi ty da ta  on negat ive-J  systems under pressure can be understood as a 
shift ofpspiniT ) to higher temperatures  as T K increases. F rom this it follows, as will be 
seen presently, tha t  in Kondo systems J universally increases in magnitude with 
pressure; this is one of the main results of the present  paper. The increase of l J  I with 
pressure is found to be quite appreciable, being between two to five times larger than  
the corresponding volume decrease. The da ta  on CuFe in fig. 3 (a, b) by  Schilling and 
Holzapfel [22] are of par t icular  importance because they confirm the correctness of 
the universal law pspin=flspin(T/TK) and thus lay the foundat ion for a general 
method,  which is independent of the accuracy of a particulur theoretical expression, 
of determining TK(P), and thus J(V),  f rom the high pressure data.  

After this brief discussion of the experimental  results, we now proceed with a 
review of relevant  theory followed by  a detailed analysis of the high pressure data.  
The discussi9n of theory in the present  paper  will be restricted to those aspects which 
are impor tan t  for an understanding of the present  experiments  and their  
ramifications. 

3.2. Results of theory 
In  a very dilute magnetic  alloy the principal interaction of interest  to us is tha t  

between a magnet ic  impur i ty  with spin S located a t  the origin and the sea of 
conduction electrons of the host metal  with spin density s(r). We describe this 
interaction by  the hamil tonian [32] 

j~,o= - j ( r ) S  • s(r) + v(r), (1) 
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668 J . S .  Schilling 

wherej(r) gives the spatially dependent exchange interaction and v(r) the potential 
scattering. The spatial dependence ofj(r) and v(r) leads to a wave-vector dependence 
in their Fourier transforms J(k, k') and v(k, k'). For simplicity, we initially make the 
usual assumption tha t  both j(r) and v(r)are isotropic zero-range delta-function 
potentials so tha t  both J(k, k') and v(k, k') become constants, J and ~i respectively. 
Two assumptions implicitly contained in Eqn. (1) are: (1) the existence of a well- 
defined impurity spin S; (2) the neglect of orbital angular momentum, i.e. L = 0. The 
implications of the above simplifications in the present context will be discussed in 
detail in §§3.3.1 and 3.5. We mention now tha t  it is clear that  since pressure can 
precipitate a magnetic-to-non-magnetic transition, changing the value of S, the 
above hamiltonian can only be valid over a restricted pressure range. 

For negative values of the effective exchange parameter J a delicately balanced 
many body resonance is set up in the conduction electron system as the temperature 
is lowered through a characteristic temperature TK, the so-cMled Kondo tempera- 
ture, given by the standard expression [37] 

T K -  Tf exp [I/JKN(Ef) cos 2 5~], (2) 

where Tf is the Fermi temperature, N(Ef) is the density of states at the Fermi energy, 
6~ is the potential scattering phase shift, and, as will be discussed fully in § 3.5, JK is 
tha t  component of the effective exchange parameter J which is responsible for the 
Kondo effect and is, therefore, appropriate for eqn. (2). The resulting anomalies in 
most solid-state properties can extend over many decades in temperature. Applying 
pressure shifts the location of these anomalies on the temperature scale, allowing an 
estimate of TK(P) h'om which JK(V) can be derived. Note tha t  T K increases if JK 
increases in magnitude, assuming the other parameters in eqn. (2) stay constant. An 
accurate solution of eqn. (1) for negative JK, which is sometimes termed the 'Kondo 
problem', has remained an elusive object for many years [31, 32]. Recent use of 
renormalization-group techniques by Wilson et al. [38] have led to an accurate 
calculation of the magnetic susceptibility X. These calculations show that  as T-*0 K, 
X approaches a finite value, implying that  the ground state of an S = 1/2 local spin 
plus conduction electron system is a singlet, in agreement with the prediction by 
Mattis [39]. 

The physical property perhaps best suited for a s tudy of the pressure dependence 
of the Kondo state is the electrical resistivity. Not only can this quanti ty be 
measured to very high precision under high pressure conditions, but also the build- 
up of the Kondo resonance as the temperature drops below T K drives the spin- 
scattering of the conduction electrons to its maximum possible valuel allowing a very 
accurate determinatlon of Pspin(T), even at  extreme dilution. Unfortunately, as yet  
no accurate renormalization-group calculation of the resistivity has been carried out. 
However, a number of approximate expressions have been derived [31, 32], the 
following being from Hamann [40] with the unitar i ty limit value given by Schrieffer 
[41] and generalized by Fischer [32, 37], Kondo [42], Nagaoka [43] and Schotte [44] 
to include potential scattering: 

In T/TK 
}, (3) flspin(T) = Sfl0 { 1 -- COS 2~  [ln2 T/TK + Tc2S(S + 1)]~/2 

where the s-wave unitari ty limit resistivity is given by [41] 

Po =mc/neEhN ( Ee ), (4) 
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Pressure effects in dilute magnetic alloys 669 

and m and e are the electron mass and charge, respectively, c is the impur i ty  
concentration, and n is the free electron volume density. The uni tar i ty  limit value of 
the resistivity is approached for tempera tures  T << TK and has the value from eqn. 3 

Pspln(T = 0 K) = 2Spo cos 2 5,. (5) 

The factor  2S serves to count the singly occupied magnetic quan tum levels on the 
impur i ty  [41 ]. The magni tude of/)spin is reduced if the potent ial  scattering increases. 
The tempera ture  dependence of the spin-scattering resist ivity given by eqn. 3 for 
S = 1/2 is i l lustrated in fig. 6 and compared with a more accurate calculation by  
Larsen [12] which also takes into account  interactions between impurities,  

2SpoC(S)fsP(T/A) 

F 2uT 1 A +fsp(T/A ) 
(6) 

where C(S) = 4/(2S + 1), fs = 2( 2S + 1)S(S + 1), P is an integral defined by eqn. 38 in 
[45], ~ is the d igamma function, and A is defined by 

~T -~h 1 +  a +V' + 2T# 
a-ac=ls(s+~)a (7) 

F 2~T / 1  A \ ] 2  , 

where A c is the root-mean-square (r.m.s.) interaction strength between impurities 
[45]. Larsen 's  curve in fig. 6 is appropr ia te  for the extreme dilution limit of eqns. (6) 
and (7) where the interactions between impurities are neglected, i.e. A c = 0. Although 

2Sp o 

2S pocos26 v 

"B_ 

2SPoSin25v 

Fig. 6 

I I I 

~ ~  S : 1/2 .omoo   
I I I 

0.01 0.1 1 10 100 
T/T K 

Spin-resistivity versus reduced temperature according to | lamann (eqn. (3)) and Larsen (eqns. 
(6) and (7)). 
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670 J . S .  Schilling 

eqn. 6 does not include potential  scattering, /)spin(T) is expected [46], a t  least for 
small 5,, to be bounded above and below by  the same limits as H a m a n n ' s  curve (see 
fig. 6). Although sizeable deviations between H a m a n n ' s  and Larsen 's  curves are 
apparent ,  both  show the same general qual i ta t ive features: log T dependence for 
T >> TK, rise of resistivity with decreasing tempera ture ,  approach to the sa turat ion or 
uni tar i ty  limit value for T << TK. The inflection point  in P+pl, versus log T defines T K in 
H a m a n n ' s  expression, but  occurs a t  ~ 2 T  K in Larsen 's  curve. The quant i ta t ive  
differences between the various expressions for the Kondo resistivity are not of great  
importance in the present investigations because, as will be seen shortly, our 
principal method of est imating TK(P ) is independent  of which theoretical expression 
is used. 

One feature characteristic of all non-divergent  solutions of eqn. (1) is t ha t  the 
measurable properties, for example the resistivity, are all universal functions of 
T / T  K [31, 47], 

P s p i n  : Pspi , (T/TK)  • (8) 

This means tha t  the Kondo tempera ture  T K merely serves to define the t empera ture  
scale of the spin scattering. Such a universal  behaviour  is evident in fig. 6. I~elevant 
to the case at hand, the universal behaviour in eqn. (8) means tha t  if pressure were to 
cause TK, for example,  to increase, with S, (5, and P0 remaining constant,  then the 
resistivity curve P+pi, should shift on a logari thmic tempera ture  scale to higher 
tempera tures  without any  change in shape. I f  this holds, then the Change of T K under 
pressure can be obtained simply by  shifting the experimental  da ta  a t  different 
pressures on the logarithmic tempera ture  scale until the da ta  overlap. As can be seen 
in fig. 6, a change in either S, 5,, or Po as T K varies would cause the resistivity curve to 
both  shift and change its shape; the low tempera tu re  saturat ion value of the 
resistivity p+pi,(T = 0 K )  = 2SPo cos 2 (5, would also change. 

In  a given measurement  it is possible to measure only a portion of the entire 
resistivity curve shown in fig. 6 which spans four decades of t empera ture  variation.  
The tempera ture  range where P~pin can be determined accurately is l imited in an 
actual  exper iment  on the high tempera ture  side by  the phonon scattering of the host 
lattice, which usually obscures P~pi, for T > 10-20 K, and on the low tempera ture  side 
by  either the limitations of the experimental  appara tus  l the influence of interactions 
between magnetic  impurit ies,  or the occurrence of superconductivity.  In  an actual 
experiment,  therefore, one observes pspin(T) through a relatively narrow ' tempera-  
ture window'; if T K is changed by  applying pressure, then P+pi, shifts pas t  this 
t empera ture  window, revealing only a portion of itself at  any given pressure. Figure 
7 is intended to represent wha t  one would expect  to observe assuming one views the 
resist ivity curve through a t empera ture  window about  30 K wide for tempera tures  
located below, at,  and above TK. In  each regime P+pi~ is shown for two values of TK 
differing only by a factor  of two, simulating a relatively small shift under pressure, 
the other parameters  S, (5~, and P0 being held constant.  The manifestat ion in the total  
resist ivity of an increase of TK is quite different in the three regimes! The shift of flspin 
when TK is doubled is perhaps most  clearly seen in fig. 7 (b) where T-~ TK; in addition, 
for these curves Psp i . (T=0K)  can be accurately  determined from the known 
/)spin OK [1 - -  ( g 2 / ( 2 S  -~- 3)) (T/TK) 2] dependence [12] a t  low temperatures where T << T K. 
For  these reasons the ideal candidate for an initial pressure investigation would be a 
system, like CuFe (T K ~- 30 K), whose Kondo tempera ture  lies within or very near  the 
exper imental  tempera ture  window. 
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Pressure effects in dilute magnetic alloys 671 

Fig. 7 
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Temperature dependence of spin-resistivity from fig. 6 (Larsen) plus phonon resistivity of host 
matrix (Cu, see [22]) for several values o f t  K. Dotted lines give spin-resistivity alone. (a) 
T K above temperature window, as in AuV. (b) T K in temperature window, as in CuFe. (c) 
T K below temperature window, as in AuFe. In each case curves (br two T K values 
simulate pressure shift. 

3.3. Analysis of experiment~xternal pressure 

3.3.1. Transition metal impurities 
The results of the electrical resistivity measurements  of Schilling and Holzapfel 

[22] under pressure on a Cu- l l0p .p .m.  Fe alloy are shown in fig. 3 (a); related work 
was carried out  by Summers  et al. [48]. The similarity of the da ta  in fig. 3 (a ) to  the 
calculated curves in fig. 7 (b) is apparent .  I t  is clear without  detailed analysis tha t  
pressure Shifts pspin(T) to successively higher temperatures l  72kbar  sufficing to 
double the value of T K. In  fig. 3 (b) some of the data ,  with the Cu host resist ivity 
subtracted out, are plot ted versus the reduced tempera ture  T/T  K and are seen to 
accurately overlap within experimental  accuracy over the entire range of tempera-  
ture below tha t  of the resistivity minimum. The overlap for the other pressures is 
similarly accurate.  Thus, over the pressure and tempera ture  range considered here, 
these experiments  confirm the existence of a universal  resist ivity curve for CuFc, 
Pspin=pspin(T/TK). This is for tunate  because it allows us to ext rac t  the pressure 
dependence of T K directly f r o m t h e  raw data,  independent  of any part icular  
theoretical model or the P = 0  value chosen for T K. To derive TK(P) using this so- 
called 'p-shift' method, the da ta  a t  different pressures are shifted on a logarithmic 
tempera ture  scale until they overlap.  The change in the value of pspin(T = 0 K) under 
pressure in the da ta  in fig. 3 is less than  the experimental  uncer ta in ty  [49], indicating 
tha t  S, P0, and.cSo are essentially pressure independent.  Clearly for a 'good momen t '  
system, one of the assumptions behind eqn. (1), one expects dS/dP = 0. In  addition, 
from eqn. (4), and assuming a free electron dependence for N(Ef), the anticipated 
pressure dependence of P0 is only about  + 1% for 72 kbar. 
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672 J . S .  Schilling 

Other changes with increasing pressure seen in fig. 3(a) are tha t  the resistivity 
minimum fills up and the temperature  of this minimum T (Pmin) increases slightly. 
The former effect, as can be seen in fig. 7 (b), is due to the shifting of the spin- 
scattering curve to higher  temperatures,  whereas the lat ter  effect follows from the 
reduction of the phonon scattering with increasing pressure due to the increase of the 
Debye temperature  [22]. The fact tha t  the da ta  in fig. 3 (b) still show a resistivity 
minimum, even though the Cu host resistivity has been subtracted out, is due to 
large deviations from Matthiessen's rule ADM R which can be, in fact, larger than the 
phonon scattering itself. The present measurements can be used to determine these 
deviations and it is found tha t  ADMR(T ) ~" l'3pph . . . .  (T). These supplementary effects 
are discussed in detail in [22]. Here we are principally interested in the effect of 
pressure on the spln-scattering resistivity. F rom the above it is clear tha t  an accurate 
determination of the spin-scattering resistivity is only possible at  low enough 
temperatures,  T<T(Pmin)-~20K, where Pvn . . . .  (T) and ADMR(T ) are negligible 
compared to pspin(T). 

From the pressure dependence of TK(P ) determined in the above manner  for 
CuFe, the volume versus pressure relationship for Cu given by [50] A V~ Vo = -6"9 
× 10-4P(kbar )+  1"3 × 10-6[P(kbar)] 2, and the volume dependence of N(Ef), one 
can use Eqn. (2) to extract  the sought after volume dependence of the effective 
exchange parameter  JK(V) [51]. We use here the free electron value of the volume 
dependence of N(Ef), d In N(Ee)/d In V = + 0"67; this small value agrees reasonably 
well with the results of thermal expansion measurements on Cu by Carr et al. [52] 
( + 0"63 q- 0"06) and band structure calculations by Davis et al. [53] ( + 0"43). The free 
electron value is Used throughout  this review unless stated otherwise. For  CuFe a 
pressure of 72 kbar reduces the volume by 4"3° ,  doubles the Kondo temperature  TK, 
reduces :V(Ef) by 2"9%, and increases JK in magnitude by l l '2To. The logarithmic 
volume derivative of the effective exchange parameter  is found to be din I JK I/d In V 
-~ -2"6  [54], which means tha t  for a 1 ~o volume decrease, JK increases in magnitude 
by 2'6~o. The volume dependence of JK is far larger than tha t  of N(Ef) and thus is 
clearly responsible for the observed rapid increase of T K with pressure. 

We would now like to extend the preceding studies on CuFe to other very  dilute 
magnetic Systems such as AuV, AuFe, CuCr, AgMn, etc. to see to what  extent  the 
results for CuFe can be generalized. The results of these and further  experiments on 
very dilute magnetic alloys under pressure are summarized in table 1. We consider 
first systems with relatively high T K values. High pressure measurements by  
Schilling and Crone [55] on a Au-0.5 at.To V alloy with TK-- 300 K resemble rather  
closely the curves shown in fig. 7 (a). In  particular, to 70 kbar pressure causes pspin(T) 
to shift to higher temperatures with no change in shape. This result, plus the pressure 
independence ofpspin(T = 0 K), point  to the constancy of S, 5~, and P0 under pressure. 
The results on AuV thus fully corroborate those on CuFe. For  completeness we also 
include in table 1 the results of pressure measurements on the high-T K system A1Mn 
[56]. 

For  most recoguized Kondo systems, T K lies below 1 K. In the measurements by 
Crone and Schilling [36] on the low-T K (T K ----- 0 '2 K)  system Au-5 p.p.m. Fe shown in 
fig. 5, the spin resistivity P£pin(T) shifts vertically and increases in slope when 
pressure is applied. This is exactly what  is expected, according to fig. 7 (c), for a low- 
T K system when T K increases with pressure. Because T K lies below our temperature  
range, an accurate estimate of p~pi~(T = 0 K) for AuFe and other low-T K systems is 
not possible. Guided by the observed pressure independence of S, Po, and 5~ found for 
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674 J . S .  Schilling 

CuFe and AuV, we make the assumption that this is also the case for Iow-T K 
systems--i.e, we assume that, in general, pspin(T), for a given system, is part of one 
universal resistivity curve at all pressures. An estimate of TK(P ) is thus obtained, as 
with CuFe and AuV, by shifting the Pspin curves along the logarithmic temperature 
scale until they join up (p-shift technique). Because of the relatively low slope of 
pspi.(T) for low-T K systems, the overlap region is rather small and, therefore, the 
quality of the overlap is not, as was the ease for CuFe and AuV, a good test of the 
universality prediction of eqn. (8). However, as will be seen below, all independent 
method of estimating TK(P ) agrees well with the present estimate. 

For systems with extremely low values of T K (~< 10 -3 K) the negative slope of 
pspin(T), as seen in fig. 6, is extremely small in our temperature range from 1 to I0 K. 
For this reason inevitable small shifts in the background defect resistivity as 
pressure is varied [22] impair the accuracy of the TK(P ) determination if the p-shift 
technique is used. In the T>>T K limit, therefore, it would be desirable to have an 
independent method of determining TK(P ) which is insensitive to changes in 
background scattering, like the change in slope (dPssin/d log T) with pressure (see fig. 
7 (c)). TK(P ) can be obtained by comparing the measured slope increase with that 
expected from eqns. (3) or (6) [57]. The pressure dependence of T K determined by 
using this so-called 'p-slope' technique depends somewhat on the value of the spin S. 
The use of Kond0's [58] second Born approximation expression dpspin/d In TocJ~, 
which is spin independent, to determine TK(P ) from the slope change is only justified 
for extremely small values of TK, i.e. where lnT/TK>>rcx/[S(S+I)] [46] or 

0.7 

Fig. 8 

i i i i i 
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Effective exchange parameter JK for various systems in table i as a Junction of average atomic 
volmne of sample, V(P), relative to that of Cu at P = 0, Vcu(0 ). JK always increases in 
magnitude with pressure. P =0 values oft K for AuMn and AgMn are taken as 10-11 K 
and 10-'6 K, respectively. For Cu,_xAlxFe, V(P) is defined to be the average atomic 
volume per host alloy valence electron, where the nmnber of valence electrons is given 
by N = 3 x +  1(1 -x). 
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Pressure efJ?cts in dilute magnetic alloys 675 

T K < 10-12K for T-~ 1 K and S >  1/2. Application of the p-slope technique to the 
Au-5 p.p.m. Fe data  results in the same values of TK(P ) as obtained with the p-shift 
technique if a spin value S = 1-12 is assumed. The fact tha t  this value of the spin lies 
somewhat lower than the value S = 3 / 2  derived for CuFe [59], which is probably 
generally appropriate for Fe impurities in noble metals, is not particularly disturbing 
in view of the abnormal values o r s  often required to obtain the best fits of theoreticM 
expressions for the resistivity to the data  [34]. The good agreement in TK(P ) using 
the independent p-slope and p-shift techniques for AuFe gives confidence when 
applying the former method to alloys like AgMn and AuMn with much lower values 
of TK. The results of the measurements of Crone ,and Schilling [36] on AuMn and 
Olijnyk et al. [24, 60] on AgMn, and further  studies are given in table 1. For  AuMn 
and AgMn the parameters are calculated for two different initial values of TK, 
reflecting the uncer ta inty  in the values of the Kondo temperature  for these systems. 
I t  should be noted tha t  the value of the quant i ty  of principal interest to us, namely 
d ln lJK I/d In V, is hardly changed, even when the initial value of T K assumed is 
varied by many  orders of magnitude. The results of the high pressure studies on 
transition metal  impuri ty  systems are summarized in fig. 8 and table 1. The present 
'external pressure' studies are also compared to those on alloy series using °lattice 
pressure'; a full discussion of these effects follows in § 3"4. 

3.3.2. Rare earth impurities 

Negative J 
Alloys combining tr ivalent  Ce impurities with La, LaA12, and Y host metals 

display the typical negative resistance slope anomalies characteristic for negative 
values of J .  In  the crystalline field of the above hosts, the Ce Hund 's  rule multiplet is 
split into a ground state doublet separated by roughly ~ 100 K from the nearest 
excited states [97, 98]. In  the low-temperature range (T < 20 K), where information 
about  the magnetic state of the Ce impuri ty can be gained from studies of Pspin(T) 

and the suppression of the superconducting transition temperature  To, the magnetic 
state can thus be t reated as if it had an effective spin Seff = 1/2. 

A comparison of the high pressure resistivity measurements on Y 0"5 at.~o Ce by 
Zimmer and Schilling [35] in fig. 4 to those on Cu-110 p.p.m. Fe in fig. 3 reveals 
strong similarities in the two sets of data. Not  only do both systems have 
approximately the same value for the Kondo temperature,  T K ~ 30 K at P - - 0  (see 
table 1), but  also an analogous behaviour under pressure. The pressure shift of T K to 
higher temperatures in YCe is particularly rapid and can be estimated, as with CuFe, 
using the p-shift method. Our results in fig. 4 are in good agreement with previous 
studies by Dietrich et al. [90], and Maple and Wittig [99]. The rapid shift of the Pspin- 

curve to higher temperatures with pressure is particularly clear in the data  of 
Dietrich et al. [90], where the phonon resistivity of the Y host is substraeted off. Their 
value of T K = 17 K is probably somewhat too low due to their neglect of deviations 
from Matthiessen's rule; we feel the T K = 40 K estimated by Sugawara and Yoshida 
[75] is more accurate. 

There is some uncertainty in what  values of the density of states are appropriate 
for determining JK f r o m  T K using eqn. (2) in systems with La, LaA12, and Y hosts. 
The bare densities of state estimated from specific heat measurements corrected for 
the electron-phonon mass enhancement lie near N(Ef) ~- 2-5 states/eV-atom for both 
spin directions [78, 100]. In addition, the volume dependence of N(Ef) is quite large, 
for L a d  in N(Ef)/d In V-~ - 2 and - 4"5 from thermal  expansion [101] and critical 

A.P. 3 B  
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676 J . S .  Schilling 

magnetic field results [91], respectively. These large values of N(Ef) and its volume 
dependence originate predominant ly  from the d-bands of the above hosts [102] and 
are roughly an order of magnitude larger than typical free electron values used for 
the noble metals, N(Ef) ~- 0-3 states/eV-atom [61] and d in  N(Ef)/d lr~ V-~ + 0"67 [83]. 
On the other hand, as emphasized by Schrieffer [41], it is the f-character in the 
conduction band, not the d-character,  which contributes in the ease of rare earth 
impurities to JK resulting in the 'Kondo'  spin-scattering in the electrical resistivity. 
For  La, LaA12, and Y hosts it would thus seem more appropriate in an analysis of the 
resistivity data  to use the above free electron values of the density of states and its 
volume dependence, in order to be consistent with the t rea tment  of 3d-impurities in 
noble metal hosts. Owing to these uncertainties, however, it is clear tha t  the values of 
the parameters in table 1 tbr these rare earth systems are not as reliable as those for 
the noble metal host systems where the character  of the conduction electrons at the 
Fermi surface is relatively simple. 

The dependences of T K and JK on volume for YCe are given in table 1. 
d In [ JK ]/d In V is seen to be approximately twice as large as for CuFe and most other 
transition metal impuri ty systems. The extremely rapid increase of T K with pressure 
in YCe compared to transition metal impur i ty  systems with high TKs is thus 
apparent ly  not  only due to the fact tha t  the Y host is about  four times more 
compressible than a noble metal host, but  also to a larger intrinsic volume 
dependence of JK. Certainly, to pressures of the order of 40 kbar, the resistivity data  
are consistent with a continuous increase of T K with pressure. The question of whether 
at higher pressures the system is best characterized by a high TK value, or undergoes 
a magnetic-to-non-magnetic transition, is very  difficult to answer on the basis of a 
resistivity measurement alone; the reason for this is tha t  when T K is very  high, 
pspi,(T) can no longer be accurately determined over an appreciable temperature  
range around T K due to the large contributions from the phonon scattering and 
deviations from Matthiessen's rule. Using the uni tar i ty  limit value of the resistivity 
pspin(T = 0 K), which according to eqn. (5) is proportional to the spin S, to indicate 
whether or not a magnetic-to-non-magnetic transition occurs [90], is of  questionable 
value because even in the non-magnetic state there would be a very  large (6 -~ 1/2) 
resonance scattering contribution; only when the pressure becomes large enough to 
push the demagnetized level well clear of the Fermi surface would the resistivity at  
T = 0  K be expected to decrease dramatically [47]. 

Whereas the high-T K system YCe is analogous to CuFe, the low-TK system LaCe 
is analogous to AuFe, as can be seen by comparing the La-3~o Ce data  in fig. 21 (a) of 
Zimmer and Schilling [27, 70], which will be discussed in detail in § 4.5, to the AuFe 
data  in fig. 5. In both LaCe and AuFe, pressure increases the slope ] dpspin/d log T ] and 
the value of the resistivity at  a given temperature,  indicating according to fig. 7 (c), 
an increase of TK with pressure. An exact s tudy of ghe pressure dependence of TK in 
LaCe is difficult because the temperature  region where the spin-scattering resistivity 
of very dilute LaCe can be determined accurately is bounded above ( ~  5 K) by the 
enormous phonon scattering of the La host (104 times larger at 10 K than  for the 
noble metals!) and below by the onset of superconductivity in the La host (pure f.c.c.- 
La  is superconducting below 6K).  This problem can be alleviated somewhat by 
increasing the Ce concentration into the few-per-cent region which opens the 
' temperature window' in both directions simultaneously. The price for this 
'opening', however, is high because, as will be discussed in detail in § 4, at higher Ce 
concentrations, interactions between the Ce impurities can markedly affect the 
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Pressure effects in dilute magnetic alloys 677 

temperature dependence of pspin(T). Measurements on f.c.e.- and d.h.c.p.-LaCe 
under hydrostat ic  pressure by Kim and Maple [73] reveal that;in both cases the slope 
[ dpspin/d 10g T [ at  4 K goes through a maximum at P -- 15 kbar, increasing by a factor 
of ~2"5 from the zero pressure value. Our data  in fig. 21 (a) are consistent with this 
result. In fig. 6 it c a n  be seen tha t  for both theoretieM curves the slope of the 
resistivity reaches a maximum value at a temperature  approximately equal to the 
Kondo temperature,  i.e. TK(15kbar)~-4K. The value of T K at  P = 0  can t h e n b e  
estimated from the hydrostat ic  data  [73] by assuming TK(l 5 kbar)--~ 4 K and then 
employing either the p-shift or p-slope method, the former of which givesTK(0 ) 
~0"1 K for f.c.e.-LaCe. This value of 9"K(0 ) is in reasonable agreement with the 
results of several other experiments 1103, 104]. The value TK--~0"3 mK for d.h.c.p.- 
LaCe obtained usiiag the p-shift method would appear to be anomalously low. A 
similar analysis of our quasi-hydrostatic pressure data  on d.h.c.p.-LaCe in fig. 21 (a) 
gives TK(0)~--17 mK, which is also quite low. To investigate the reasons for the 
differences in the T K (0) values, it should be noted tha t  a determination of TK(P ) by 
the p-shift method is susceptible to two main sources of error, namely, (1) 
interactions between impurities and (2) an increase in the background defbct- 
scattering due to the cold-working of the sample as the pressure is changed. An 
increase in the defect scattering with pressure exaggerates the separation of the 
individual resistivity curves which thus require larger shifts on the temperature axis 
to come to overlap. The effect of impur i ty - impur i ty  interactions, which is largest at 
P = 0, is both to reduce the resistivity slope and to introduce a negative curvature 
and even a resistivity maximum at sufficiently high concentrations (see figs. 16 and 
21). I f  the experiment is carried out with increasing pressure, both effects will lead tO 
an overestimate of the pressure dependence of TK(P ). The much larger increase of the 
resistivity at  a given temperature  for d.h.e.p.- compared with f.c.c.-LaCe is notable 
in Kim and Maple's da ta  [73] and leads to the low value of TK(0 ) derived tot d.h.c.p.- 
LaCe. However,  the nearly identieM change of slope dpspin/d log T with pressure for 
both f.c.e.- and d.h.e.p.-LaCe [73] points to TK(P)being similar and TK(15kbar ) 
-~ 4 K in both phases. If, in addition, we assume TK(0 ) ~-- 0"1 K and d In N(Ef)/d In V-- 
+ 0"67 [83], we obtain d In [JK I/d In V-~ - 7 0 .  This value is somewhat larger than 
what  was found for YCe (din IJK I/dln V - ~ - 5  to - 6 )  where the TK(P) determi- 
nation, due to the much higher value of TK(0), is far less susceptible to errors 
originating from the effects of interactions between impurities or the increase of 
background defect scattering. I f  we assume for LaCe, as for YCe, tha t  d In [JK]/dln V 
= - 5 ,  then  it follows from T K ( 1 5 k b a r ) = 4 K  that  TK(0)-~0"2K. I t  would be 
desirable to use a method to estimate TK(P), like the p-slope method, which is 
independent of defect scattering. The formula used previously [57] is only valid fbr 
T>> TK; for a system like LaCe, with a relatively h~gh value of TK --~ 0"1 K, it is more 
accurate to use Larsen's resistivity curve directly. I f  we apply the p-slope method to 
Kim and Maple's data  [7.,3] and use Larsen's cMeulated S = 1/2 curve in fig. 6, then we 
obtain TK(15 kbar) ~_ 10 TK(0),,,0r TK(0),--0-4 K. The p-slope method is susceptible to 
errors arising from impuri ty  interactions, b u t  not  from changes in the defect 
scattering. In summary,  on the basis of the available normM state data, we estimate 
tha t  for both f.c.c.- and d.h.c.p.-LaCe: TK(0 ) lies between 0 ' I K  and 0"4K, 
T~(15 kbar) ~- 4 K, and d In ]JKl/d In V ~- - 5 to - 7. To improve the o~ccuracy of these 
estimates, a quant i ta t ive  analysis should be carried out employing theoretical 
expressions for the resistivity which include the effect of impur i ty- impur i ty  
interactions. 

3B2 
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678 J . S .  Schilling 

The pressure dependence of the suppression of the superconducting transi t ion 
temperature  T c caused by the addition of Ce impurities to La has also been used to 
estimate TK(P ) qr JK(V)  [76, 91,104-106].  The use of first Born approximat ion 
expressions (like eqn. (9)) in some of these analyses is clearly insufficient. A more 
accurate theory which includes temperature  dependent  pair breaking has been 
developed by Miiller-Hartmann et al. [81]; Miiller-Hartmann [107] has recently 
reviewed the current status of theory for superconducting Kondo systems. 
Experimental ly it is found tha t  the suppresssion of T c in LaCe is a maximum at  

15kbar, the same pressure at which the normal resistivity slope reached its 
maximum value, indicating that  TK(15kbar)-~4K~-0.5Tco , where T~0 is the 
transition temperature in pure La at  15 kbar. This is in disagreement with the 
expectation of theory [81] where TK= 12"9 Too for maximum T~ suppression and 
where detai ledcomparison with experiment [82] has yielded TK(0 ) --~ 1" 1 K (see table 
1), a value which would seem to be too high to be consistent with the T K estimate 
from the normal state properties,  even if the effects of impuri ty interactions are 
taken into account. In related experiments on La a _ xCexIn alloys [108], a maximum 
T~-suppression was also observed at  pressures near 20kbar.  Another  factor  
associated with superconductivity in La and La-compounds which causes un- 
certainty when using superconductivi ty as a probe of the Ce magnetic state in the 
present context  is the fact tha t  in La the superconductivity is probably predomi- 
nant ly  a proper ty  of the d-bands [109], whereas it is the 4f-character in the 'free 
conduction band'  which leads to the negative value of JK and to the resonant  
exchange scattering seen in the normal state anomalies [41]. As a result, not  only is 
there uncertainty in which value of the density of states is appropriate for the normal 
and superconducting regimes [105], but  also, as Wollan and Finnemore [110] have 
pointed out, it may be necessary to consider two separate pair-breaking and normal- 
state spin scattering times. Although a two-band model [111] may  be necessary, the 
fact tha t  the normal state resistivity slope and the superconducting Tc-suppression 
both reach their maximum values at  the same pressure, ~ 15kbar,  points to a 
common mechanism in both cases and to an intimate interconnection between the 
influence of the magnetic impuri ty on both superconducting and normal state 
properties. 

Posi t ive  J 

We have chosen to first discuss the pressure dependence of those very  dilute 
systems which have negative values of the effective exchange parameter  J because in 
this case the anomalies in the normal state properties are particularly large, allowing 
accurate determinations of even very  small shifts with pressure. For  magnetic 
impurities with very long-lived magnetic moments,  like Gd impurities in rare earth 
hosts, J is positive and relatively undramatic  effects are observed in the measurable 
properties: (1) a small positive slope in the spin-scattering resistivity observed, for 
instance, in LaGd [112], LaGdAI 2 [79, 113], and LuGd [114], and (2) a non- 
resonant suppression of Tc [98]. Unfortunately,  no measurements of the temperature  
dependence of the normal state resistivity under pressure have yet  been carried out 
on the above systems. We must, therefore, rely on the pressure dependence of the 
suppression of the superconducting transition temperature  AT~ alone to give us an 
estimate of JK(V). For  very low magnetic impuri ty  concentrations, AT~ is given by 
the Abrikosov-Gorkhov expression valid in the first Born approximation [115], 

AT~/Ac = - (~2/4]c)N (E f )S (S  + 1)J 2. (9) 
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Pressure effects in dilute magnetic alloys 679 

From the measured pressure dependence of T c in LaGd and La, Smith [76] obtained, 
using eqn. (9): 

dlnATc/dln V~-dlnN(Ef)/dln V + 2 d l n  IJI/dln V ~ +2-5. 

Since the measured logarithmic volume dependence of the La host density of states 
lies between - 2 and - 4"5 [91, 101], we have d In IJ lid I n V -~ + 2"2 to + 3"5, and thus for 
this positive J system, J decreases with increasing pressure. This result is in marked 
contrast to those on negative J systems where  IJKI is found universMly to increase 
with pressure. As will be discussed in § 5, studies of the pressure dependence of the 
magnetic ordering temperature  for a number of rare earths [117 ] are consistent with 
a decrease of J -with pressure for LaGd and indicate tha t  this result may hold for 
other 'good spin' rare earth impurities. 

3.4. Analysis of experiment--lattice pressure 
The substi tution of one noble metal host for another, as in the alloy series 

Cul-~AuxFe, where Cu is replaced by Au, can have the effect of reducing the lattice 
parameter  and average atomic volume. We now want  to investigate the question to 
what  extent  the reduction of average volume across such an alloy series is equivalent 
to a volume reduction by external pressure. 

3.4.1. Transition metal impurities 
In fig. 8 the volume dependences of JK(V) derived from studies on various very 

dilute magnetic systems under external  pressure are Compared to those from 
investigations on the alloy series Cul -xAuxFe by Loram et al. [34] and Star [118] and 
on Cu 1 _xAl~Fe by Schilling and Crone [94]. The JK(V) dependences are in general 
disjoint and clearly do not lie. on a universal curve, even for a given magnet ic  
impuri ty in different hosts (the d i~cu l ty  in accurately estimating T K at  P -  0 causes 
some uncertainty in the values of JK(0), but  not  enough to account for the 
disjointedness). A comparison of the dependence of JK on the average volume in 
CuFe under pressure and in the Cul -~Au~Fe alloy series offers a clue to the problem. 
I t  is clear from fig. 8 tha t  for relatively small Au concentrations, applying :lattice 
pressure to the Fe impurities by changing the Au concentration is equivalent to 
applying externa] pressure. The ionic radius of Au is about  40% larger than tha t  of 
Cu and thus adding Au to Cu expands the lattice, generating, in effect, a negative 
pressure. Indeed, from fig. 8 it appears tha t  there is a tendency of single impurities in 
a Cu host to have larger values of TK (or IJKI) than  in a Au host, indicating tha t  the 
smaller lattice parameter  in the Cu host is an impor tant  factor. The JK(V) curve of 
AuFe, however, does not  match up to tha t  of Cul-~AuxFe or CuFe. In the simple 
lattice expansion model discussed until now we have included only the average 
atomic volume but  have neglected any influence of the immediate local surroundings 
of the Fe impurities on JK- In fact, the cage surrounding each Fe impuri ty is 
considerably smaller in Au than  in Cu owing to Au having a 400/0 larger ionic radius; 
this would be expected par t ly  to counteract  the lattice expansion effect and to raise 
T K for AuFe above the value expected by an extrapolat ion of the JK(V) data  for 
Cu 1 _xAuxFe to larger atomic volumes. A similar result should also apply to CuMn 
and AuMn. 

We would now like to go one step further  and discuss a method introduced by 
Schilling and Crone [94] which indicates how pressure studies can be useful in gaining 
information about  the electronic structure of ternary alloys at  zero pressure! We 
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680 J . S .  Schilling 

have, in fact, already done this in the C u  1 _xAuxFe alloy series where we used the Fe 
ion as a 'Kondo-probe '  to tell us tha t  for small Au concentrations the exchange 
interaction JK appears to be a function of the average atomic volume regardless of 
whether this volume has decreased under  the influence of external pressure or has 
increased by the addition of An to Cu. In  the spirit  of the free electron model we now 
make the assumption tha t  JK is, in fact ,  not  merely a function of V alone, bu t  ra ther  
of the free electron density N / V  of the host matr ix.  Under this assumption,  then, 
increasing the electron density in the alloy sys tem Cul - xAl~Fe by subst i tut ing AI 3 + 
(three valence electrons per atom) for Cu + (one valence electron per atom) should be 
equivalent  to increasing N / V  by applying external  pressure which decreases V. 
Invest igat ions on Cu 1 _xAlxFe by Schilling and Crone [94] show clearly tha t  the 
addition of 10% A1 to Cu does, in fact, increase IJKI by approximate ly  the same 
amount  as ~ 100 kbar  pressure, even though (see table l ) adding A1 to Cu expands the 
lattice. I t  is thus clear that ,  even if the JK = JK(N/V) functional dependence were not  
correct, increasing the number  of free electrons works in the same direction as 
decreasing the volume by  pressure. In  fig. 8 the dependence of JK on the relative 
volume per conduction electron is plot ted for CUl -~AI~Fe under the assumpt ion tha t  
each A1 a tom contributes all three of its valence electrons to a free conduction band, 
i.e. N =  (1 - x )  + 3x. The JK( V)-dependence for Cu 1 _xAl~Fe is seen to be too small to 
match  onto the CuFe high pressure data.  I t  is as if the dependence of N on x given by 
the above formula were too large! Good agreement  between the two sets of JK(V) 
dependences is, however, obtained if one assumes tha t  each A1 a tom contributes only 
approximate ly  half its three valence electrons to the conduction band.  The 
remaining electrons presumably  remain localized close to the A13 + ions as screening 
charge and are not 'seen' by  most  of the Fe Kondo-probes.  M66bauer isomer shift 
studies can also be used to est imate the degree of localization of the impur i ty  
screening charge [119]. The present  studies represent an a t t emp t  to develop a 
technique applicable to a wider class of systems than those accessible to the 
MSl~bauer technique. 

3.4.2. Rare earth impurities 
We now consider a number  of rare ear th systems and compare external to lattice 

pressure. Consider first dilute LaCe and YCe alloys, where TK(0)---0"I K and 40K,  
respectively, as discussed in § 3.3.2. W e  first ask the question: is the higher value of 
T K for YCe relative to LaCe unders tandable  in terms of lattice pressure ? Comparing 
the molar  volumes of the hexagonal phases of both  hosts, we find Vy/VLa=0"882; 
from this ratio and the known pressure-volume relation for La [89], we est imate tha t  
the lattice pressure in Y corresponds to an external pressure applied to La  of 
approximate ly  35 kbar.  The most  reliable information on the T K value of LaCe is 
probably  tha t  at  15 kbar,  T K -~ 4 K, as discussed in § 3.3.2. I f  we now extrapola te  this 
value to a pressure of 35 kbar  assaming the reasonable value (see table 1 and 
discussion in § 3.3.2) d In IgKI/d.ln V ~-- -- 4"5, we find tha t  TK(0 ) --~ 80 Z for Yee,  which 
is in reasonable agreement  with the above result f rom exper iment  [75]. The expected 
lattice pressure not only gives the correct sign but  also approximate ly  the right 
magni tude  for the TK-shift ti 'om LaCe to YCe. Indeed, measurements  of the specific 
heat  and To-suppression of La i _xYxCe alloys [120] also reveal a gradual  increase of 
T K with x across the alloy series. Rela ted  work has been done on the [(Lal -xYx)0.s5 
Ce0.1s ] A12 alloy, series by  Steglich et al. [79]. Re-analysing their  resistivity curves 
using the p-shift technique, we obtain the values of the parameters  given in table  1. 
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Pressure effects in dilute magnetic alloys 681 

The volume dependence of JK(V), d In [JKl/d In V ~-- -- 6'3, is in reasonable agreement  
with the high pressure results on LaCe and YCe and thus in this system lattice 
pressure appears  to be the dominant  factor. These results lend credibility for these 
systems to the use of lattice pressure, instead of external  pressure, as in our 
experiments,  to generate a' change in JK. I t  is natural  to ask why the concept of 
lattice pressure seems to work ra ther  well across the entire La~ _xYx Ce alloy series, 
whereas the correlation for Cui _xAu~Fe works well only for low Au concentrations. 
As explained in the previous subsection, the deviat ion at  higher Au concentrations 
can be a t t r ibu ted  to local environment  effects arising from the markedly  different 
(40%) ionic radii of Au and Cu. However,  for La and Y the difference in ionic radii is 
only ~ 10%, and local environment  effects should, therefore, be smMler in Lag _xY~ 
than  in Cul _xAu~. I f  this is true, then if one wants  to use lattice pressure to generate 
a continuous well defined change of the parameters ,  one should choose an alloy series 
where the difference in the ionic radii of the host metal  constituents is small; 
otherwise, 'loeM pressure '  effects will certainly be present and could conceivably 
dominate  the long-range lattice pressure effect. 

The si tuat ion for the alloy series La  t _xTh~Ce is apparent ly  more complicated 
than  for the above rare ear th systems [82, 98,121]. As shown in table 1 the increase of 
TK and IJK] with decreasing average atomic volume is extremely rapid, indicating 
tha t  more than  lattice pressure is involved. Indeed,  the additional outer electron of 
Th compared to La  should, analogous to the ease Cui -~Au~Fe, reinforce the increase 
of (N/V) and cause enhancement  of the increase of T K with x. I t  should also be noted 
tha t  for this system TK(P) was determined solely from the superconducting 
properties; it would be desirable to complement  these est imates with measurements  
of the normal s tate  properties. 

Latt ice pressure has been used to advan tage  in Lai_~YxCe [122] and 
Lai_xTh~Ce [123] alloys to s tudy the remarkable  phenomenon of re-entrant  
superconduct ivi ty  which had been previously only observed in La t _ ~C%A12 alloys 
at  P = 0 [124]. Re-ent ran t  superconductivi ty,  where the superconductor returns to 
the normal s ta te  at a t empera ture  below To, can be understood in terms of a 
tempera ture-dependent  pair-breaking paramete r  in Kondo superconductors which 
m a y  have a pronounced m ax i m um  [81,107], opening up the possibility of a return to 
the superconducting s tate  at  even lower temperatures .  The existence of such a third 
transit ion t empera tu re  in Lal  _~YxCe has recently been confirmed by  Winzer [122, 
125]. High pressure measurements  on La -2  at.~o Ce show evidence tbr re-entrant  
superconduct ivi ty a t  very  low tempera tures  [126]. 

Fur ther  systems where lattice pressure is surely an impor tan t  factor  are 
Zn i _~AI~Mn [127] and Y1 _~Th~Ce [128]. The success of the lattice pressure concept 
in some eases should not  detract  ti 'om the t'aet tha t  for a quant i ta t ive  analysis, as we 
are a t tempt ing  here, a var ia t ion of the magnetic properties of a single simple binary 
system by the application of external  pressure is always to be preferred over 
employing more complicated te rnary  and qua ternary  systems to generate lattice 
pressure. In  such mul t ieomponent  host systems the presence of not only lattice 
pressure but  also local pressure, whose relative importance changes with alloy 
concentration and homogeneity,  prevent  the extract ion of real quant i ta t ive  
information about  the nature  and intrinsic volume dependence of the physical 
parameters  responsible tbr the microscopic magnetic  state of the impurity.  In  more 
concentrated systems, where interactions between impurities become important ,  the 
var ia t ion of the composition of a binary or te rnary  host not  only influences the 
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682 J . S .  Schilling 

strength of these interactions by changing J ,  but  also by varying the amount  of 
defect scattering [129], severely complicating the interpretation. 

3.5. Discussion of' result8 
One of the primary goals of the preceding studies of very dilute magnetic alloys 

under pressure was to derive values for the volume dependence of the effective 
exchange interaction J(V) between a local moment  spin and the host conduction 
electrons. The preceding section was devoted mainly to outlining the methods used 
for extracting J(V) from the data  and tabulating the values obtained. The universal 
increase of the magnitude of J with pressure, when J is negative, is particularly 
noteworthy,  and is, in all likelihood as we shall see, but  another example of the 
general tendency for magnetic systems to demagnetize under pressure. In the 
present section we would like to examine the mechanisms contributing to J in more 
detail and t ry  to ascertain some of the ramifications of the pressure results. 

3.5.1. Wave-vector dependence of J 
At the beginning of §3.1 the actual spatial dependence of the exchange 

interaction between a local magnetic impuri ty  and the conduction electrons j(r), 
given in eqn. (1), was replaced by a simple delta-function, resulting in a constant 
value of the effective exchange parameter  J which was used in the preceding 
discussion of the data. In  reality, the spatial dependence cliff)  leads to a wave-vector 
dependence of the effective exchange parameter  J(k,  k'), which is the sum of two 
terms, a positive direct exchange interaction J+(k,  k') and a negative interband 
mixing interaction J_  (k, k') [130-133]. I f  W k is the conduction electron wavefune- 
tion, ~i is a localized 3d (transition metal) or 4f (rare earth) impuri ty orbital, and 
R12=lr~-r21, then We have [130, 132, 133] 

2 

J+(k, k')= ~ ~ ¢P*(r2)~,(rl)~ ~(r~)Wk(r2)drldr2. (10) 

This integral is always positive since it is the Coulomb interaction of an overlap 
charge density with itself [132]. The negative interband mixing integral is given, 
according to Sehrieffer [41], by 

J- (k 'k ' )~- -Vk ' iV~[U I S  E(U-E) ' (11) 

which is valid for ]k']=]k]=/cf and where E is the energy required to remove an 
electron from the impuri ty orbital and place it at  the Fermi level, U is the screened 
Coulomb interaction energy of two electrons located in orbitals of the magnetic 
impurity,  and Vk~ is the mixing matr ix element given by [133, 134] 

Vki ~ ~ aPe(r) V(r)Wk(r) dr, (12) 

V(r) being a one-electron Har t ree -Fock  atomic potential. The total  effective 
exchange interaction J(k,  k') is the sum of its positive and negative components 
[130 133] 

J (k, k') = J+  (k, k') + J _  (k, k'). (13) 

The sign of J (k, k') depends on which of these two components is larger. In  particular, 
we see from eqn. (1 l) tha t  J_  (k, k') is especially large when the energy E is small, i.e. 
'when the virtual bound state approaches the Fermi level.' 
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Pressure effects in dilute magnetic alloys 683 

For the following discussion it will be useful, following Watson et al. [130,132], to 
expand J(k, k') into its angular momentum components 

J(k, k') = ~ (2L+ 1)JL([k[, Ik'[)PL(eos 0), (14) 
L 

where 0 is the angle between k and k', gL(]k[, [k'[) is the exchange parameter 
associated with the L th  partiM wave, and PL (cos 0) are the Legendre polynomials. 
Different experiments average over J(kl k') in different ways [69, 131, 133]. For 
instance, as pointed out by Davidov et al. [69,131] E.P.I~. measurements determine 
J ( k =  k', [k[ =kf) from the g-shift given by 

Ag = J (k  = k')N(Ef) = (J0 + 3J1 + 5J :  +.. .)N(E~), 

whereas in the electrical resistivity, for example, the pertinent average is over 
J:(k, k') (1 -cos  0), where k and k' run over the Fermi surface. Because different 
experiments weigh the various L-components of J differently, it is possible to 
estimate the magnitude of each component individually by carrying out a number of 
experiments on the same system [69, 131]. From eqns. (13) and (14) it is seen tha t  
each L-term can be written JL=JL+-~JL-" For 3d-impurities it is expected 
tha t  J0 + > J1 + > J3 +, where the value of J2 + may be somewhat enhanced by virtue 
of the Clebsch-Gordon coefficients [132]. Also, we have for the mixing interaction, 
I gz -  I >> I J0-I,  all other components being negligible [130, 131]. I f  the L = 2 mixing 
interaction is strong enough, then I J2_ ]> J2 + and thus J2 < O, leading to the Kondo 
resonance. For a 3d-impurity all other JL-eomp0nents are positive. 

In the present context we are mainly interested in the extent to which the various 
angular momentum components are contained in our estimates of J(V) in the 
preceding section. Davidov et al. [69,132] have written down an expression for the 
eleetrleal resistivity in the second Born approximation containing explicitly the 
relevant JL s (i.e. J0, Jx, J2 for a 3d-impurity). The crucial point is tha t  although the 
positive L-components may be larger in magnitude than a negative J2 they do not 
lead to the large resonant exchange or Kondo scattering (see fig. 6) which dominates 
the temperature dependence of the electrical resistivity. In particular, as pointed out 
by Larsen [46], the only JLS which appear in the expression for TK in eqn. (2) are 
those which are negative, i.e. J = Ja for 3d-impurities. Experiment itself supports 
these conclusions. The relative unimportance of the resistivity contribution from J0 
and J1, compared to J2, is shown by the fact tha t  for CuFe, for instance, both the 
universal resistivity curve [22] as well as the expected [12] 

Pspin0C 1 2S+3 (T/TK)2 

dependence for T<<TK are observed [68]. In the present pressure investigations on 
Kondo systems with 3d-impurities, therefore, it is clear tha t  we are determining the 
pressure dependence of the d2-component alone. The above discussion is directly 
applicable to rare earth impurities, when L = 3  is substituted for L = 2 .  In the 
following discussion the 'Kondo' JK is therefore defined as JK = J2 for 3d-impurities 
and JK = J3 for 4f-impurities. 

3.5.2. Pressure dependence of J ( J < 0 )  
One of the principal results of the present section is the universal increase of IJK[ 

with pressure for negative JK. Although the physical mechanism responsible for this 
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684 J . S .  Schilling 

behaviour  is not  yet  completely clear, the universal i ty of the result alone would point 
to a common mechanism for all dilute alloys. Unfortunately,  calculations of 
exchange integrals, such as those in eqns. (10) and (11) are only of prel iminary 
character,  the values J + and J _ depending, in general, on the exact  character  of the 
wavefunetions involved [11]. The pressure dependence ofJK + is expected to be quite 
small [105], al though no exact  calculation of JK+(V) exists, to our knowledge. 
However,  if we assume in zeroth order approximat ion  tha t  the relative amount  of 
wavefunet ion overlap in eqn. (10) remains constant,  then, since R12oc V -1/3, the 
volume dependence of JK+ would be given by d In JK+/d in V = -- 1/3, a value much 
smaller than  the values din  [JK]/d In V ~- - 2 to - 6 given i n table 1. Some insight into 
possible mechanisms for the present  pressure increase of IJK] is provided by  
Sehrieffer's expression [41] in eqn. (11) which can be writ ten in the approximat ion  
U >> E in the form 

J K -  = J K - -  JK+ I rk,I 2 
- S E  (15) 

Using the result from §3.3.1 tha t  dS/dP=O and assuming [JK_]>>JK+ and d J+~ 
dP~O, it follows from eqn. (15) t ha t  

dln[JK]/dln V~-dln[JK_[/dln V~-dln ]Vki[e/dln V-dinE~din V. (16) 

The observed increase of [JK[ with pressure could thus either arise fi'om an increase in 
the covalent admixture  matr ix  element [Vk~] 2 or a decrease in the separat ion E of the 
local magnetic level from the Fermi level Ef, or both. I t  would seem reasonable tha t  
]Vkl] z would increase somewhat  with pressure, however no careful calculation of 
d ln] Vk~[2/d In V is available. I f  we assume tha t  a decrease in E is mainly responsible 
for the increase in [JK-], then from eqn. (16) it follows tha t  d ln  ]JK]/dln V~- 
d in E/d In V. Setting E = E i - E f ,  where E i is the energy of the local impur i ty  state, 
and assuming d ln  Ei/dln V = 0  and d ln  Ef/dln V= - 2 / 3 ,  as for a free electron gas in 
the la t ter  case, then we find 

2 
d In ]JK[/d In V = -- ~(Ee/E). (17) 

Using Ef -- 7 eV for a Cu host and Ef = 5"5 eV for Au and Ag hosts, one can use eqn. 
( 17 ) and the values ofd In ]JK]/d In V from table I to est imate tha t  E ~ 1 '3 to 1"8 eV for 
the 3d-impuri ty systems; values of E about  half  this large are found for the 4f- 
impurities. These values are in reasonable agreement  with other experiments  [33], 
part icularly noteworthy being optical [135] and photoemission [136] da ta  on AgMn 
where it was es t imated tha t  U = 5 e V  and E = 2 e V ,  compared to our value of 
E = 1'8 eV for the same system. One objection to the present analysis is tha t  it is 
ditticult to understand why E should always decrease under pressure; it is certainly 
conceivable tha t  in some systems pressure Would shift the local s tate  away from El, 
causing E to increase. Hopeful ly the present  work will help s t imulate  the 
development  of a suitable theory for the magni tude and volume dependence of 
exchange interactions in dilute alloys. 

3.5.3. Pressure dependence of J (J > O) 
LaGd is one of the few dilute magnet ic  alloys with positive J which has been 

studied Under pressure. From the pressure dependence of the To-suppression it was 
inferred (see table 1 and § 3.3.2) tha t  d In [J]/d In V > 0, where J here is an average 
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Pressure effects in dilute magnetic alloys 685 

exchange parameter  appropriate for the superconducting properties. This decrease 
of d with pressure is somewhat surprising since, as discussed above, one would 
expect tha t  a positive J should increase slightly. I t  can be hypothesized that  the 
observed decrease of d = d +  + J_  with pressure arises principally, in fact, from an 
increase in the magnitude of the negative d3-  component with pressure, the d+s 
staying essentially constant,  i.e. the same mechanism operative in the negative-J  
Kondo alloys. I f  this is true, then under sufficient pressure J3 = J3 + q-J3-  should 
become negative after going through zero at  an estimated pressure of several 
hundred ki lobars--LaGd,  a high pressure Kondo system! Such a behaviour would 
also be consistent with the general tendency for magnetic systems to demagnetize 
under pressure, as was discussed at length in the Introduction.  A negative value of J 
is a warning signal t h a t t h e  magnetic impuri ty  is preparing to demagnetize. This can 
be understood from eqn. (15) where JK should always become increasingly negative 
as E-+0. When E = 0  the impuri ty spin S is no longer well-defined and the simple 
hamiltonian in eqn. (1) is no longer applicable. At extremely high pressures Gd will 
presumably lose one of its 4f-electrons completely to the conduction band. 

3.5.4. Orbital moment 
One of the assumptions implicit in the basic hamiltonian in eqn. (1) is tha t  the 

orbital angular momentum can be neglected, i.e. L =0.  This assumption is certainly 
not  valid for many rare earth impurities; Hirst  [137] has pointed out that  the orbital 
moment  of even 3d-impurities in the noble metals need not be quenched because of 
the high local symmet ry  in these hosts. Indeed, E.P.R.  studies [138] of Fe in Cu show 
that  L # 0  and more recent N.M.R. studies [59, 139] indicate strongly tha t  Fe, Cr, 
Mn, and Co impurities in Cu are characterized by both well-defined spin and orbital 
quantum numbers, in agreement with Hirst 's  model [140]. The assignment to a 
magnetic impuri ty  of orbital as well as spin degrees of freedom can be carried out in 
the context  of a generalized s-d interaction model [140,141]. Fortunately,  as pointed 
out by Hirst  [142], the generalized Kondo problem arising from this model is very 
similar in structure to tha t  arising from the simple s-d hamiltonian of eqn. (1). I t  
would therefore not be expected tha t  consideration of the generalized model would 
change the methods used or the main conclusions reached in this paper. Clearly both 
orbital as well as spin moments can contribute to the value of the exchange 
interaction J (K  k') [142]. The present high pressure experiments were carried out on 
systems with both S-state (Mn) and non-S-state (Fe, Cr, V) impurities. However, 
inspection of table 1 indicates tha t  the orbital state of the impuri ty does not seem to 
play a dominant  role in the volume dependence of the exchange interaction J K ( V ) .  

3.5.5. Functional dependence of T K on JK 

The expression given in eqn. (2) for 5~ = 0 which relates the Kondo temperature  
T K to the effective exchange parameter  JK, i.e. TK--Trex  p [1/JKN(Ef)], differs 
somewhat from tha t  obtained in the renormalization-group calculation [38], 

1 

TK = Tf[ IJKI N(Ef)]~- exp [1/JKN(Ef) ], which is valid for IJKI N(Er) << 1. Although 
1 

the inclusion of the prefactor [IJKI N(Ef)]2 will result in a somewhat larger value of 
IJKI for a given value Of TK, the accuracy of eqn. 2 is sufficient tbr an extract ion of the 
volume dependence o f  JK from the pressure dependence of TK(P ) due to the 
dominance of the exponential factor. For  values of I JK[ N(Ef) ~< 1 a more complicated 
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686 J . S .  Schilling 

relationship between 7' K and JK must be employed [38] when determining JK(V) in 
systems with very large values of T K which are approaching the magnetic-non- 
magnetic transition as E-~0._In this region the impuri ty  moment  is no longer well 
defined and one must replace the simple s-d hamiltonian in eqn. (1) by a more general 
Anderson hamiltonian [134]; unfortunately,  the relationship between the effective 
exchange parameter  JK and measurable experimental  properties is here poorly 
understood. I t  is apparent  tha t  to obtain accurate values of the volume dependences 
OfJK(V), we should stay well within the 'good moment '  region where the values o f t  K 
are relatively small. In particular, we have seen that  estimating TK(P) depends 
heavily on the existence of a universal dependence of the physical properties (here 
resistivity) on T/TK; such universal behaviour surely breaks down near the 
magnetic-non-magnetic transition. 

In the next  section we consider interactions between impurities in more 
concentrated magnetic systems. In the g K K Y - t y p e  of interaction, the exchange 
interactions discussed above lead to an indirect interaction between impurities in 
which the average is over all non-zero JL-eomponents.  A comparison of the volume 
dependence of the magnetic ordering temperature  To(V) in such systems with the 
value of JK(V) determined in Kondo systems should therefore give information not 
only about  whether the l~KKY-interaet ion is responsible for the magnetic ordering 
but  also about  the relative magnitudes of the various JL-components. 

§4. MORE CONCENTRATED ALLOYS (SPIN GLASSES) UNDEP~ PRESSURE 

The major par t  of the previous section was concerned with deriving values for the 
volume dependence o f  the effective exchange interaction JK(V) in very dilute 
magnetic alloys from resistivity studies under pressure. In  these measurements care 
was taken to keep the magnetic impuri ty  concentration as small as possible to 
minimize the effects of inter- impuri ty interactions in the experimental temperature  
range. In the present section we concern ourselves predominantly with more 
concentrated magnetic alloys where the interactions between impurities are 
relatively strong and dominate over such single impuri ty  properties as the Kondo 
effect. One of the inter / impuri ty interaction mechanisms believed to be impor tant  in 
such alloys is the indirect Ruderman-Ki t t e l -Kasuya-Yosh ida  (RKKY)  interaction 
which uses the host conduction electrons as intermediaries. In  the R K K Y -  
interaction, the elementary interaction between a magnetic impuri ty and the sea of 
conduction electrons, given by the various angular momentum components JL as in 
eqn. (14), sets up a long-range spin density polarization which in turn interacts with 
all other magnetic impurities in t h e  system. The effective RKKY-exchange  
parameter,  in the asymptotic  limit and for zero exchange enhancement,  is given by 
the following average over the JL-components [69, 131, 132, 143] 

JRKKY : J0 - 3J1 -~- 5J2 - 7J3 +. •., (18) 

where, as discussed in § 3.5. l, for a 3d-impurity the J0, J1, and J2 = JK terms and for 
a 4f-impurity the Jo, J1, J2, and J3 = JK terms are impor tant  and must be included in 
eqn. (18). The pre-eminent importance of the JK-component in very dilute Kondo 
alloys, where JK is negative, is due to the fact tha t  only this angular momentum 
component is involved in the large Kondo resonance, as was discussed in § 3.5.1. I t  is, 
however, not  at all obvious from the outset which of the above components is 
dominant  in the gKKY~interact ion in eqn. (18), even though JK has the largest 
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Pressure effects in dihde magnetic alloys 687 

prefaetor. In light of the discussion in the previous section, it would seem reasonable 
to assume tha t  JK would have the largest pressure dependence; by  determining 
JRKKY(V) and comparing it to JK(V), it should be possible to gain some information 
about  the relative magnitudes of the various angular momentum components 
contributing to JRKKY' I t  is also an interesting question whether or not the JK- 
interaction, which, when negative, leads to fluctuations in the z-component of the 
spin, if not in its magnitude [144], is at all able to contribute to those interactions 
between spins which can lead to magnetic ordering at  low enough temperatures.  

In addition to the indirect gKKY-in te rac t ion  between magnetic impurities via 
the conduction electrons, several other interaction mechanisms have been proposed 
as being possibly operative in dilute magnetic alloys. One such mechanism is the 
direct exchange interaction arising from the overlap of impuri ty  orbitals [145] and 
another  is the magnetic dipolar coupling [146, 147]. A pressure experiment, in fact, 
can be used to help decide which interaction mechanism is dominant  in a given 
system. Each of the above types of magnetic interaction has its own intrinsic or 
characteristic volume dependence which we assume, for the purposes of discussion, is 
known. Since the magnetic ordering temperature  To involves a sum over the 
individual interactions between pairs of spins, a comparison of the volume 
dependence of T o in a given system to tha t  of each possible interaction mechanism 
helps Us point to which interaction mechanism is responsible for the particular type 
of magnetic ordering in question. The guilty interaction mechanism will betray itself 
by how it behaves under pressure! 

To illustrate the above, consider the extensively studied system AuFe. The 
concentration dependence of the magnetic ordering temperature  T o for AuFe is 
shown in fig. 9 [148]. T o is seen to increase with Fe concentration in a reasonably 
linear fashion, the downward curvature tbr c <  15a t .% Fe being at t r ibuted by 
Larsen 1129, 148], using the gKKY-mode l ,  to self-damping by the Fe impurities. In 
the low concentration regime, where c is a few per cent, the type of magnetic ordering 
is believed to be of the spin glass variety whereby as the temperature  drops below T O 

1000 

1 0 0  

~ lO 

Fig..q 

/ " 1  
A___u.u Fe / I 

.1 I . . . .  ! I 
,01 .1 1 10 100 

c Fe (at?/o) 

Dependence of magnetic ordering temperature T O and resistivity maximum temperature T m 

on Fe-concentration in AuFe alloys using data collected by Larsen [148]. Note that T m 
lies above T o, a general result. For c > 15 at.To Fe the nature of the magnetic ordering 
changes from spin glass to ferromagnetic. 
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688 J . S .  Schilling 

Fig. 10 

6 [a) ~ _ A u F e  

\ 

i I N  I I I i i 

2 3 4 5 6 7 8 
TIK) 

0.700 

3.692 

0.382 

0.374 

0.106 

3.098 

| , i , , , , 

(b) A#u Fe 

001! ~ 
I i , , , , 

2 6 8 10 12 14 
T(K) 

0.838 

0.830 

0.822 

0.54.8 

0.54-0 

.226 

.218 

Temperature dependence for AuFe alloys of (a) low field a.c. magnetic susceptibility X from 
[152] and (b) spin-resistivity Ap = fit - flAu fronl [154]. Both the susceptibility cusp at T o 
and the resistivity maximum at T m shift to higher temperatures with increasing Fe- 
concentration; in general, T m lies above T o for a given concentration. 

the paramagne t  freezes into a magnetic  s tate  with only short-range order, the spins 
pointing in more or less random directions [149, 150]. At temperatures  below T0, 
t ime dependent  magnetic remanenee effects are also observed [147, 151]. The so- 
called spin glass freezing tempera ture  T 0 is marked  by  a sharp cusp in the low field 
a.c. susceptibility, as shown in fig. 10 (a) [149, 152]. The electrical resist ivity has in 
general no sharp break in slope at  T 0 [153], but  does go through a m a x i m u m  at a 
t e m p e r a t u r e  T m [154] located somewhat  higher than  To, as seen in figs. 9 and 10. 
Both To and Tm increase with increasing impur i ty  concentration. The precise nature  
of the spin glass frozen s tate  is a ma t t e r  of controversy at  the present  t ime [149, 150]. 
In  the so-eMled phase-transi t ion model, each spin senses the presence of all other 
spins via the long-range oscillatory l~KKY-interaet ions;  as the t empera ture  is 
lowered through To, the spin system is believed to condense into a frozen spin state 
[150]. in  a completely different physical model, the spin freezing is a t t r ibu ted  to the 
N6el spin-blocking mechanism [155] where at tempera tures  below T o spin clusters 
are locked into certain fixed directions by  an anisotropy energy which is perhaps 
magnetic  dipolar in origin, Without the necessity of invoking the RKKY- in te rae t ion  
[146]. For  completeness it should be mentioned tha t  there are also hybrid  models 
invoking both R K K Y  and anisotropie dipolar interactions leading to the format ion 
of so-called 'spin clouds' [147]. For  the sake of clarity, we will here restrict  our 
a t tent ion initially to either the ex t reme phase transit ion or the spin-blocking models. 
As we will see, the interactions involved in these models are expected to have 
markedly  different volume dependencesl A determinat ion of To(P ) by a high 
pressure experiment  would help clarify which model is more appropriate.  

As the impuri ty  concentration in AuFe is increased beyond the few per cent 
range, a sudden upward break in the concentrat ion dependence of T o is observed a t  
c-~ 15 a t .%  Fe, as seen in fig. 9, which marks  a change-over in the nature  of the 
magnet ic  ordering from spin glass to long-range ferromagnetic.  In  the concentrat ion 
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Pressure effects in dilute magnetic alloys 689 

range near  and above 15% it is conceivable t ha t  direct exchange interactions 
between impur i ty  d-orbitMs have gained sutfieiently in importance to be instru- 
mental  in the observed long-range o rde r ing .La r sen  [148] has suggested tha t  a 
determinat ion of the pressure dependence of T o could shed some light on whether  or 
not at  this critical concentrat ion a change in the relevant  interaction mechanism is 
present. Pure  Fe is generally believed to be an a lmost  strong i t inerant  ferromagnet.  
As the Fe concentrat ion is inereased,therefore,  the sys tem AuFe is shutt led through 
a var ie ty  of different types  of magnetic behaviour,  namely,  f rom Kondo o s p i n  glass 

inhomogeneous fer romagnet  o i t inerant  ferromagnet .  The pressure dependence of 
the magnetic  ordering temperature ,  in addit ion to the concentrat ion dependence of 
To, contains valuable information about  the nature  of the appropr ia te  interaction 
mechanism in each magnetic  regime, a knowledge of which is essential to an 
understanding of the microscopic nature  of the par t icular  ordered magnetic s tate  
itself. In  the next  section we present the results of high pressure experiments  on 
AuFe and other systems in the low concentrat ion or spin glass regime. 

4.1. Results of experiment 
The most  direct method to determine the pressure dependence of the magnetic  

ordering tempera ture  To(P ) is by measuring the low-field magnet ic  susceptibility 
under pressure. However,  it is very difficult experimental ly to a t ta in  simultaneously 
the high sensitivity necessary to accurately measure the tempera ture  dependence of 
the low-field susceptibility cusp and the high pressures necessary for an accurate 
determinat ion of the volume dependences. In  an electrical resistivity measurement ,  
On the other hand, high sensitivity and high pressure are much more easily realized. 
There are also advantages  in using the same technique as on 1;he extremely dilute 
Kondo systems to s tudy the changes which occur in the pressure dependence as the 
concentration increases. Although, as seen in fig. 10 tbr AuFe, there appears  to be in 
general no sharp effect in the resist ivity at  T0, the interactions between impurities do 
lead to a resist ivity m a x i m u m  in those spin glasses which are Kondo systems in the 
very  dilute limit [149, 153]. The tempera ture  of this resist ivity m a x i m u m  T m is 
generally located above T 0. In  § 4.3 we will see tha t  from the value of T m we can infer 
the mean r.m.s, interaction strength A c which is related to To. 

The first measurements  on a spin glass under  high pressure conditions were 
carried out by  Schilling et al. [156] on the sys tem AuFe. The results of these and 
subsequent measurements  of the electrical resist ivity on the spin glasses AuFe and 
CuMn by  Schilling et al. [156-158] and AgMn by  Olijnyk et al. [24, 60] are shown in 
fig. 11. The directions of  the shifts in T m with pressure are seen to vary  markedly: for 
AuFe T M decreases, for CuMn T m stays constant,  and for AgMn T m increases under  
pressure. An almost  identical decrease of T m with lattice pressure is also observed in 
Aul - xCuxFe alloys with increasing Cu concentrat ion [156, 159]. Also observed in fig. 
11 is an increase with pressure in both  the negative resistivity curvature  Trn and the 
value of the resist ivity a t  an arb i t ra ry  t empera tu re  T s which lies below 10 K where 
Pspln dominates  the resist ivity (see caption to fig. 11). Similar experiments  have been 
carried out on the following spin glasses at  various concentrations: AuMn by  
Schilling et al. [157], AuCr and CuCr by  Willer et al. [251 160], MoFe by Ford and 
Schilling [161], and LaCe by  Zimmer  and Schilling [70, 27]. The volume dependence 
o f t  m is shown in the upper  half  of fig. 12 for all systems stud~ied. T m is seen to have 
manifold behaviour  under  pressure, the sign and magni tude of dT~/dP depending 
not only on the system studied but  also in a given system on the concentration. 
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690 J .S.  Schilling 

Fig. 1 l 
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Total measured resistivity Pt of A~0"154 at.% Mn [24, 60], Cu-0"15 at.% Mn [157], and Au-  
0'1 at.% Fe [156 158] as a function of logT at different pressures, the order of 
measurement being given by the direction of the vertical arrows. Solid lines connecting 
data points are drawn tbr clarity. Absolute resistivity scale applies to the P = 0 data. 
The high pressure data are shifted vertically for clarity with the relative scale the same 
tbr all data in a given graph. The values ofpt at T m are given in the respective references. 
In all eases pt(Ts) increases with pressure, where T~ is an arbitraLw temperature below 
10K. Vertical lines give T~ values at P = 0  (see table 2). For AgMn, dTm/dP>O; tbr 
CuMn, dTm/dP-~ 0; for AuFe, dTm/dP < O. 

Par t i cu la r ly  notable  is TIn(P) for the  sys tems  CuMn and AuCr where dTm/dP 
ac tua l ly  changes sign a t  different concentra t ions!  Inspect ion  of  fig. 12 reveals t h a t  in 
a given sys tem d In Tm/dP always  becomes  more positive with increasing, concen- 
t ra t ion.  The behaviour  of  Tm under  pressure is thus  ra the r  complicated.  The quest ion 
now is whether  an  increase or decrease in T m implies a similar behaviour  for the  mean  
in terac t ion  s t rength  A c or the spin glass freezing t empera tu re  To. I t  would seem 
unlikely t h a t  A c or T O would  behave  radical ly  different under  pressure, as does Tin, 
when  the  impur i ty  concent ra t ion  is var ied  by  only  a fac tor  of  three. W h a t  is needed 
for a quan t i t a t ive  analysis  of  the  d a t a  is an accura te  theory  of  the  resis t ivi ty 
m a x i m u m .  Larsen  has developed such a t heo ry  [12, 45, 162], deriving an explicit  
expression for T m as a funct ion  of  bo th  the  r.m.s, in terac t ion s t rength  Ac and  the 
K o n d o  t empera tu re  ir K. Using this theory ,  the  vo lume dependence of  At(v) is found 
to be indeed far more  simple t h a n  t h a t  of  Tm(v ), Ac always  increasing wi th  pressure, as 
seen in the  lower half  of  fig. 12. The pressure dependence  o fA c is seen to  have a t  mos t  
a small concen t ra t ion  dgpendefiee, in con t ras t  to  Tin. A volume reduct ion  of  5%,  
which corresponds to  ~ 80 k, bar  pres~sure on a noble metal ,  causes Ac to increase b y  
between 10 and 35%,  depending  oh the  par t i cu la r  system. F r o m  table  1 we see t h a t  
the  same pressure caused the q u a n t i t y  j2N(Ef) to  increase between abou t  13 and  
26%,  which is comparab le  to the  A~ increase observed here, i.e. we have  ve ry  roughly  
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Pressure  effects in  dilute magnet ic  alloys 691 

1.? 

Fig. 12 
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v o l u m e  r e d u c t i o n  v = ( V o - V ) / V  o 

Dependence of the resistivity maximum temperature Tm(v ) and the mean interaction strength 
A~(v) on the relative volume reduction v = ( V o - V) /V  o for a number of alloys, where V is 
the atomic volume at a given pressm'e and V0, Tin(0), and Ac(0 ) are P =0 values. Ac(v ) is 
derived from Tin(v) and TK(V ) using Larsen's theory [12, 45] for those systems where 
TK(V ) is known with reasonable accuracy. Whereas the pressure dependence of T m is 
strongly system and concentration dependent, Ac always increases with pressure, 
having little concentration dependence. For references to systems listed, see § 4.1 in text 
or table 2. 

d A c / d P ~ d [ J ~ N ( E f ) ] / d P .  As will be discussed in the next section, for a R K K Y -  
interaction it is expected that  Ac~:J~KKyN(Ef) ,  where JRKKY is given by eqn. (18). I t  
would thus appear, and this will be confirmed by the detailed analysis to follow, tha t  
in the spin glass systems studied, the RKKY-interac t ion  i s the  principal impur i ty-  
impurity interaction mechanism and that  the negative angular momentum com- 
ponent JK makes the most important  contribution to this interaction [157, 163]. 

We now summarize the principal aims of the present investigations of spin glasses 
under pressure: 

(l) Determination of the volume dependences of impuri ty- impuri ty  interac- 
tions Ac(V) in spin glasses. 

A.P. 3C 
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692 J . S .  Schilling 

(2) Use of Ac(V ) to help determine which of several possible interaction 
mechanisms is operative in spin glasses. 

(3) Determine what  role JK (which leads to the Kondo resonance in very dilute 
systems) plays in impuri ty- impuri ty  interactions. 

(4) Critical test of Larsen's theory of the resistivity of 'Kondo' spin glasses. A 
large body of resistivity data  on such systems exists; a good theory is needed 
to extract out quanti tat ive information. 

(5) Test for existence of predicted spin glass to Kondo transition by applying 
pressure to increase IJK[ and T K. Study of the critical behaviour of this 
transition. 

(6) Comparison of these results to those at  higher impurity concentrations where 
different types of magnetic ordering and interaction mechanisms may 
become prevalent. 

4.2. Volume dependence of magnetic interactions 

4.2.1. Generalized R K K  Y-interaction 
The exchange interaction between a local impurity spin S at  t i and the 

conduction electrons given by eqn. (1) sets up a spatially oscillatory @in density 
polarization which in turn interacts with a second spin at  tj. The general solution of 
this problem for an arbitrary magnetic impuri ty state and host conduction electron 
band structure is a problem of enormous complexity [11, 31, 69, 130-132,143, 164, 
165]. 

Davidov et al. [69] have derived the following expression within the free electron 
model for the radial dependence of the generalized RKKY-spin polarization in the 
approximation tha t  the effective exchange coupling J(k, k') given in eqn. (14) is only 
a function of k - k ' =  q: 

C 
aRKKy(2/cfRij) = (2krR'i) , ~ [ ( -  1)L(2L + 1)JLFr(2k~R,j)] = ~  a L, (19) 

where R,j = It~- til, ]cf is the Fermi wave-vector, C = 9uz2SzE~ -1 , z is the number of 
conduction electrons per atom, J r  is the exchange parameter associated with the L th  
partial wave as in eqn. (14), and the oscillatory functions Fr(2lcfR~j ) are given in [69]. 
The first E L function, for L = 0, is given by 

Fo(x ) = (sin x -  x cos x) (20) 

and will be recognized as the usual gKKY- te rm.  The other F r  functions are more 
complicated functions of 2kfRij, for instance, 

~ x  1 0 - ~ - + ~ - )  sin x J .  (21) 

The corresponding dependences of the spin polarizations.a0 and qz on 2/cfR~i are 
shown in fig. 13; the oscillatory character and rapid decay of the spin polarization in 
the conduction electron sea with increasing separation from the impurity spin is 
clearly visible. 

In the present context we are mainly interested not in the absolute magnitude of 
the spin polarization 0-RKKY but  rather in how it changes with pressure. I t  is 
important  to note that  in the free electron model /ClOt V -1/3 and thus, since Rij 

V + 1/3 the product ]cfRij remains constant under pressure. This implies tha t  in the 
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Pressure effects in dilute magnetic alloys 

Fig. 13 

693 
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4 / / /  8 2kf Rij 12 \/kk_/ 8 2kI 
\ / 

5 2 

- - I  

16 

Partial RKKY-spin density polarization versus 2kfRii for s-wave a 0 and d-wave o- 2 
components using eqns. (t9 21) setting, for simplicity, Jo =J2. Value of 2kfRq -~13"3 is 
appropriate for a Au 10at.% Fe alloy. 

general expression in eqn. (19) for (TRKKy(2]~fRij), pressure primari ly serves to va ry  the 
JLS, the oscillatory spa t ia l  functions FL(2kfRij ) merely acting as pressur e in- 
dependent  weighting factors. This result carries over  to the more pert inent  case of a 
magnetic alloy where a large number  of magnet ic  impurities interact  with one 
another  via the generalized I~KKY-interact ion.  For  a relatively dilute magnet ic  
system, the average separat ion b e t w e e n  impurit ies can be a number  of lattice 
spacings and we need only consider the long-range pa r t  of aRKKY. In  this limit of large 
2kfRij, all the Fcs become equal to 2kfRii cos 2kfRij , so tha t  f rom eqn. (19) we have 

C 
aRKKy(2kfRij) (2kfRq)3 [ J 0 -  3J1 + 5J2 - 7J3 + . . . ]  cos 2kfRq 

C 
- (2kfRii)3 JRKKY COS 2kfRij , (22) 

where JRKKY is the effective RKKY- in te rae t ion  pa ramete r  previously defined in eqn. 
(18). Indeed, for AuFe alloys with concentrations less than  10 a t .%  Fe, as seen in fig. 
13, the spin polarizations a 0 and a2 already have  a nearly identical cos2kfRij 
oscillatory dependence. F rom eqn. (22), therefore, JRKKY is the only factor  in the spin 
density polarization expression which should have any  appreciable pressure 
dependence. For  a fl'ee electron gas, d In C/d In V = - d In Ef/d In V = + 2/3, a weak 
dependence. 

We now consider wha t  effect a pressure-induced change in JRKKY would have on 
an observable quant i ty  like the magnetic  ordering tempera ture  T 0. For  a spin glass, 
Larsen [148] has shown tha t  

V _ _ q l / 2  
' 

L j ~ - i  --I 

3c2 
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694 J . S .  Schilling 

where A~ is the root-mean-square (r.m.s.) interaction strength in the alloy and o¢i1 is 
the effective interaction strength between spins S t and Sj. For  a system with g K K Y -  
interactions involving one angular momentum component  of J r ,  JijocN(Ef)J 2 [1331. 
For  the case when more than one J r  component is important ,  Larsen has derived [46] 
an analogous expression 

~¢~j ~:/V(Ef )J2KKY, (24) 

where JRKKY is defined in eqn. 18. From eqns. (23, 24) it follows for the volume de- 
pendence of  the ordering temperature  To, in the case of gKKY-interact ions ,  tha t  

dlnTo/dln V=dlnA~KKY/dln V=2dln[gRKKYl/dln V +dlnN(Ef)/dtn V. (25) 

This result holds generally tbr magnetic ordering in systems with long-range g K K Y -  
interactions and is not specific for the spin glass type of ordering [166]. In  the 
previous section we listed in table 1 the volume dependence of the effective exchange 
parameter  J2 for a number of very dilute K0ndo systems with transit ion-metal 
impurities. I f  in eqns. (18) or (22) the J2 term makes the dominant  contribution to 
JRKKY, then we expect from eqn. (25) tha t  

dlnTo/dln V=dlnA~KKY/dln V~-21n Ig21/dln V+dlnN(Ef)/dln V. (26) 

Inserting the volume dependences o f J  2 and N(Ef) from table 1 into eqn. (26) we can 
make the prediction that ,  i f  the gKKY- in te rac t ion  is responsible for the magnetic 
ordering and the J2 wave-vector component is dominant,  then 

d In To/d In V = d In RKKV A~ /dln V ~ - 3  to - 5  (27) 

for 3d-impurities in the noble metals. This predicted increase of T o or Ay Kiv with 
pressure is quite rapid, i.e. i f T  0 ~- l0 K, then 100 kbar  should be sufficient to increase 
T o between about  2 and 3 K. Whether  or not J2 does, in fact ,  dominate over the other 
wave-vector components is certainly riot clear at  the outset and the expression in 
eqn. (26) is intended at present to be used as a basis for further discussion. 

4.2.2. D@olar anisotropy 
Let  us assume tha t  the spin glass freezing process is due to the blocking of spin 

clusters in certain fixed directions by a magnetic dipolar anisotropy interaction 
given by the following expression 

APa = p. :  3 ,j ~.,: [~ui.juj-3(qj.~ui)(qj.#j)], (28) 

where q j =  (t i -  tj)/R~j and g~ and ~j are the respective magnetic moment  vectors. 
Since AD2ocl/R~oc V 1, this interaction is clearly inversely proportional to the 
sample volume for isotropic compression. Therefore, if dipolar anisotropy were the 
dominant  mechanism responsible for the spin glass freezing at T0, from eqn. (23) we 
would expect a measurement of the pressure dependence of T o to give 

d In To/d In V = d In A~n/d In V = - 1, (29) 

where A~ A is the r.m.s, interaction strength of the dipolar anisotropy interaction. 
This pressure dependence is relatively small and should be easily distinguishable 
from that  of the RKKY-interac t ion  which, according to the preceding subsection, is 
expected to be about  four times larger. 
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Pressure effects in dilute magnetic alloys 695 

4.2.3. Direct 3d-3d exchange 
In a given magnetic alloy, in addition to the relatively long-ranged I~KKY- or 

magnetic dipolar interactions, there also exists the possibility of direct exchange 
interactions between the magnetic impurities owing to the overlap of their  3d- 
orbitals. In fig. 14 we reproduce the well-known Bethe-Sommerfeld-Slater  interac- 
tion curve [167] where the direct exchange interaction between two spins Ji~ E is 
considered to be a function of the ratio of the Separation of the two spins R u to the 
radius of their magnetic orbitals R d. Since Ru/.R d decreases under pressure, the 
volume dependence of the Curie temperatures  d lnTo /d ln  V of Fe  (0__0-05), Co 
(0_+0"07), and Ni ( - 1 ' 1 )  [168] would qualitatively agree with what  would be 
expected from this interaction curve if the three alloys were shifted a bit further  to 
the right. However,  calculations by Stuar t  and Marshall [169] of the magnitude of 
o¢i~ E have given values approximately two orders of magnitude too weak to account 
for the measured ordering temperatures  of the iron-group ferromagnets; later 
estimates by Watson et al. [170] even gave the wrong sign of the interaction. In fact, 
Fe, Co, and Ni are generally believed to be i t inerant  ferromagnets and not a 
collection of localized moments coupled by direct exchange. In the case of the 
fcrromagnet Gd, measurements by McWhan and Stevens [171] have shown that  its 
Curie temperature  decreases with pressure, in contrast  to an increase expected from 
fig. 14; this result is not  surprising since it is widely accepted tha t  the R K K Y -  
mechanism, and not direct exchange, is impor tant  for interactions between rare- 
earth ions in metals. 

Fig. 14 

Direct Exchange 

Co 

lMn 

Dependence of direct exchange interaction jDE between two magnetic impurities on the ratio 
of their separation Rij to the magnetic-orbital radius R a according to the Bethe- 
Sommerfeld-Slater interaction curve [167]. 

As is seen in fig. 14, when the magnetic impurities are close together, the direct 
exchange mechanism is expected to vary  strongly with the separation between 
impurities [167, 172] only t)eing of real importance for nearest- or next-nearest- 
neighbour spins. For  this reason, this mechanism can hardly be important  for dilute 
magnetic alloys such as we are studying here, e.g. Au-0"l at.~o Fe, where the mean 
inter-impurity separation is many lattice spacings. Such a dilute system would be 
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696 J . S .  Schilling 

located well to the right of the maximum of the interaction curve in fig. 14 where j ~E  
is determined primarily by  a normal positive exchange integral of the form 

e 2 

where d) i and (Pi are the impuri ty wave functions and R12 = I t1 -  r2 I. Owing to the 
1/R12oc V -1/3 dependence in this integral, in a very  crude zeroth order 'scaling 
approximation ~ [172] one would expect  tha t  

d In To/d in  V = d In a~E/d In V = d In g~E/d In V = - 1/3. (31) 

This dependence is quite small, being three times weaker than the dipolar interaction 
and 10-15 times weaker than the gKKY-in te rac t ion .  However, as Monro [172] has 
pointed out, in addition to the above scaling dependence, there is also a pressure 
dependence of 5 ~  E arising from electronic screening and wave-function distortion 
effectsl which can be appreciable. In fact, for Cr 3 + impurities in ruby he estimates 
tha t  dlnJ~E/dln V -  ~ - 2  [172]. At the present time there would appear to be 
considerable uncertainly in the values of Ji~ .E and its volume dependence; fur ther  
work on both the theoretical as well as on the experimental side are necessary to 
clarify the situation. 

4.3. Results of theory 
To fulfil the aims outlined at the end of § 4.1 it is necessary that  we carry out a 

quant i ta t ive analysis of the high pressure resistivity measurements presented in figs. 
11 and 12. As seen in figs. 10 and 11 the spin=resistivity of 'Kondo'  spin glasses, i.e. 
spin glasses which in the extreme dilution limit are Kondo systems (JK < 0) with a 
negative resistivity slope, can go through a well-defined maximum. The origin of this 
resistivity maximum is indicated in fig. 15. In  the extreme dilution 'Kondo'  limit 
each impuri ty  spin can scatter the conduction electron spins independent of all other 
impuri ty  spins and the spin-resistivity follows PKonao. At high impuri ty  concen- 
trations, the effect of the interactions between impurities, which lead to the spin glass 
freezing at To, is to markedly disturb the build-up of the delicately balanced Kondo 
resonance, causing the resistivity to fall off, resulting in a resistivity maximum at a 
temperature  T m which lies above T 0. The value of T m clearly depends both on the 
magnitude of the slope of the Kondo resistivity (which is a function of T/TK, see fig. 
6) as wellas on T o or the r.m.s, impuri ty  interaction strength A s defined in eqn. (23). 
There is-some evidence from experiment tha t  A c and T o are proportional [148]. I f  the 
functional dependence T m = Tm(Ac, TK) is known, then from the volume dependences 
Tm(V) and TK( V) it should be possible to extract  the volume dependence of the mean 
interaction strength A~(V), the quant i ty  of principal interest to us here. I t  should be 
pointed out tha t  the resistivity maximum in the present context arises from a 
quenching of the Kondo resistivity by inter- impuri ty interactions and is not to be 
confused with the resistivity maximum originating from the critical scattering in 
long-range ordering systems at  temperatures  slightly above £heir ordering tempera- 
tures [173]. 

Recently Larsen has extended his accurate resistivity calculation [174] ap- 
propriate for the extreme dilution Kondo limit to include interactions between 
impurities which are important  a t  higher' impuri ty concentra-tions [12, 45,162]. The 
results of this calculation are illustrated in fig. 16 where the normalized resistivity is 
plotted versus log T/TK for a wide range of the parameters Tm, Ac, and T K [12]. The 
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Pressure effects in dilute magnetic alloys 

Fig. 15 
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spin glass freezing temperature To 

PKo~ 

T K To T m Tmin 

log T 

Schematic diagram of the resistivity of isolated impurities flKondo and interacting impurities 
flspin glass aS a function of log T. Interactions between impurities give rise to a resistivity 
maximum at T m and a susceptibility peak at T o. 

uppermost  curve corresponds to the extreme dilution zero-interaction (At=0) 
Kondo limit and is the same dependence as shown in fig. 6. As we turn on the 
interaction strength Ac, while keeping T K constant,  for instance by, increasing the 
impuri ty  concentration,  the ratio A~/T K increases and the uni tar i ty  limit value of the 
resistivity a t  the lowest t empera ture  decreases. This behaviour, is clearly seen in 
resistivity measurements  to low temperatures  on CuCr by  Daybell  and Yeo [175] and 
on CuFe by  Silverman and Briscoe [176] shown in fig. 17. At higher concentrations 
for A~>T K a clear resist ivity m a x i m u m  appears  in fig. 16 and shifts to higher 
tempera tures  with increasing concentration, in quali tat ive agreement  with the AuFe 
da ta  shown in fig. 10. On the other hand, increasing T K, for instance by applying 
pressure, while keeping A~ constant,  would decrease the ratio AJTK and move one up 
the group of curves in fig. 16. A decrease of Ac is thus equivalent  to an increase of TK 
because only the ratio A~/T K determines which resist ivity curve is appropriate.  I t  
should be noted tha t  if the resist ivity is plot ted against  log T instead of log (T/TK), 
then the appropr ia te  resist ivity curve should also l~e shifted to higher temperatures  
when TK increases. 

We now focus our a t tent ion on the principal feature of the spin-resistivity of 
Kondo spin glasses, the resistivity maximum,  and ask how its tempera ture  T m 
depends on A~ and T K. For  the purposes of i l lustration we assume for the moment  
tha t  the l~KKY-interac t ion  is the principal interact ion mechanism and tha t  the 
negative Kondo-JK is the principal angular  m o m e n t u m  component  in JRKKY, i.e. we 
assume A~ocJ2K as in eqn. (26) (for 3d-impurities, J K = J 2 ) .  This quadratic depen- 
denee of A~ on JK is shown in the upper  half  of fig. 18 and compared to the much more 
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698 J . S .  Schilling 

rapid exponential  dependence of T K on JK, TK°C exp [I/JKN(Ee)],  from eqn. (2). For  
sufficiently small values of IJKI, then, A~>>T K and inter- impuri ty  interactions 
dominate  over the Kondo effect; the system is in the spin glass regime. I f  we now 
increase ]JK], for instance by applying pressure, T K will eventually become larger 
than  A~; the system is in the Kondo regime. Under  a sufficiently large pressure, 
therefore, every Kondo spin glass should become a fully-fledged, albeit interaction 
inhibited, Kondo system. An example  for such a pressure-induced magnetic  
transit ion will be gi~Jen in § 4.5. 

Fig. 16 

0 0.1 S= 1/2 ~1.0 \ ~ 0 . 2  
c _ L o r s e n  ( 1 9 7 6 )  
O_ .E o.s 

O _  

~o.s 
._> 

o 
0.01 0.1 1 10 100 

T / T  K 

Functional dependence of the resistivity per impurity on the relative temperature TIT  K and 
on the relative interaction strength A~/T K according to Larse n [12]. The uppermost 
curve is for A~ =0, the single impurity limit (see fig. 6). For A~>0 the low temperature 
resistivity plateau decreases, a pronounced resistivity maximum appearing for 
A~/T~ ~ 1. 

1.5 

c L  

C 
- -  1 
< 

o.5 

Fig. 17 

-,.~..,, , , ,.IH. i J i~iiiii r i llillll 

~' ~\%~ o 30 
• 60 

'-'~'~.. %~\ C U  CF o 110 
~: ,~k " 200 

%' ~ 350 
• 600 

• " -  " , x  ,,~ \~,Xa~ ppm Cr 

" \ S ~ ,  o 

(a) 
lllll l l IILIIll I I lllllll I I I llilll i 

0.1 1 10 100 
T(K) 

I I [ I I I [ I I  { I I I I H  

oe ~ ~  o.0.7O, o 

2 
• ° o ~  

I I I l J l l l l  I I i i  

10 100 
T(K')  

Total measured resistivity per impurity versus log T for (a) CuCr alloys [175] and (b)CuFe 
quenched films [176]. The low temperature resistivity plateau is depressed as the 
impurity concentration increases, as expected from theory (fig. 16)• However, the 
impurity concentration is not sufficient to cause a pronounced resistivity maximum. 
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Pressure effects in dilute magnetic alloys 699 

q~ 
L_ 

Q_ 

E 

Fig. 18 

F q 

SPIN GLASS KONDO 

l 

/ \ 

L ~  L ~  L,,,. AuFeF~--  L,,._ I - ~  L,.,. 
A g M n  A u M n  C u M n  [ __MoFe CuFe_ __AuV 

A u C r  I C u C r  ~[ 
- -  I - -  Y C e  

LG Ce 

I JK I 
increasing pressure 

J 

Expected functional dependence of T m, A c, TK, and T O on IJKI at  fixed impuri ty concentration 
in both spin glass Ac > T K and Kondo A~ < T K regimes. We use AcocJ ~, TKocex p [--1/  
[JK[N(Ef)], T m is from Larsen [12], and T o dependence is conjectured. Lengths of arrows 
correspond roughly to pressure increase of 100 kbar.  For  smMl IJK(0)I, dTm/dP > 0; for 
loorger IJK(0)[, dTm/dr ~- 0; for still larger tJK(0)I, dTm/dP < O. 

The  t e m p e r a t u r e  of  t he  r e s i s t i v i t y  m a x i m u m  T m has  been shown by  La r sen  [45, 
157] to have  the  fol lowing exp l ic i t  d epend e nc e  on  A c a n d  T K in the  l imi t  Ac>>TK: 

A [ 2(R2+Rlx°+x~) I 1 
Tin= CLio(l~44x ~ xg) ' 

(32) 

where  x 0 = I n  (Tm/TK), i o = 1"0855, R 1 = 9"527, R 2 =20"792,  R 3 = 10"00, R 4 = 25'375, 
a n d  R5 = 24"610. W h e n  A~ >> T K d o e s n ' t  hold ,  a more  genera l ,  t h o u g h  less accura t e ,  
express ion  [177] can be used.  The  depende nc e  of  T m on ]JK] shown in fig. 18 was 
de r ived  us ing these  express ions  a s suming  the  d e p e n d e n c e  of  T K and  A c on JK g iven  
a b o v e  for  the  R K K Y - i n t e r a c t i o n  case. The  curves  for  A~ and  T m in fig. 18 are  d r a w n  
for  a ce r ta in  f ixed i m p u r i t y  concen t r a t i on  and  will  shi f t  i f  th is  c onc e n t r a t i on  Varies. 
I n  c o n t r a s t  to  t he  mono ton i c  increase  of  T K and  A~ wi th  IJKI, Tm, the  t e m p e r a t u r e  of  
the  r e s i s t i v i t y  m a x i m u m ,  goes t h r o u g h  a p r o n o u n c e d  m a x i m u m  itself! This  means  
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700 J . S .  Schilling 

tha t  T m c a n  either increase, s tay constant, or decrease as IJKI increases with pressure, 
even though A c always increases! The assumption sometimes made that  T m -  A~ is thus 
clearly false. The behaviour of T m under pressure should thus depend heavily on the 
P = 0 value of JK" Fur ther  general predictions of Larsen's theory in the spin glass 
regime A~ > TK are: 

(1) The value of the resistivity at  an arbi t rary  temperature T s increases with 
pressure (see fig. 16). 

(2) The negative resistivity curvature at  T m increases in magnitude with 
pressure. 

(3) dlnT~/dP becomes more positive in sign as the concentration increases, 
independent of its sign at P--O. 

4.4. Analysis of experiment 
The results of the electrical resistivity measurements under pressure on a number  

of spin glasses have been presented in figs. l l  and 12 and discussed in §4.1. The 
pressure dependence of the resistivity maximum temperature T m was seen to be 
quite complicated, dTm/dP depending in magnitude and sign not  only on the system 
being investigated, but  also on the concentration of magnetic impurities in a given 
system. The results of Larsen's theory presented in the preceding section showed 
tha t  indeed a varied dependence of T m on pressure should be expected, dTm/dP 
depending sensitively on  the initial P = 0 value of JK(0)  or, equivalently, ~K(0) for a 
given system. Using the values of TK(0 ) from table ], a number of systems are drawn 
in fig. 18 according to their approximate values of JK(O).. Owing to the limits of 
attainable pressure, in a given experiment one can trace out only a small portion of 
the entire Tm(IJK[ ) curve; the lengths of the arrows in fig. 18 correspond roughly to 
the change i n  ]JKI for ~ 100 kbar. In  general, therefore, under the assumption of 
gKKY-in te rac t ions  with dominant  J K  angular momentum component, Larsen's 
theory predicts tha t  for small values of IJKI (T K G 10- 6 K, e.g. AgMn), T m increases 
with pressure, for intermediate values of IJKI(TK ~-- 10- 2 K, e.g. CuMn), T m should be 
pressure independent, and for large values of IJKI (TK>0"l K, but  always Ac> TK, 
e.g. AuFe), T m should decrease with pressure. According to fig. 16, for even larger 
values of IJKI (TK > 10 K, e.g. CuFe, AuV, or YCe, where TK > Ac) a well-pronounced 
resistivity maximum should no longer be observed; this expectation is confirmed 
experimentally (see figs. 3, 4 and 17). The above critical TK-values are based on a 
transit ion-metal impuri ty concentration of roughly 0"1 at.~o in a noble metal. 

A comparison of the above expectations from Larsen's theory, outlined both in 
the present section and at  the end of § 4.3, with the experimental results in figs. 11 
and 12 show tha t  they are in excellent qualitative agreement. Part icularly 
impressive is the good correlation between the value of JK or T K at P = 0 for a given 
system an d the sign and magnitude ofdTm/dP, as a comparison of fig. 18 with fig. 12 
will substantiate. In fact, this correlation appears to be on such firm footing tha t  it 
would seem possible to use the measured value ofdTm/dP in a given spin glass system 
to estimate TK(0 ) itself: ifdTm/dP > 0, TK(0) is relatively low, whereas ifdTm/dP < O, 
thenTK(0 ) is relatively high. In addition, the good agreement between experiment 
and theory lends some support  to the assumption, which was used to construct the 
JK dependences of A c and T m in fig. 18, tha t  the RKKY-interac t ion  is impor tant  in 
spin glasses. To investigate this question on a more quanti ta t ive basis we use the 
measured values of TIn(V) and TK(V) to calculate, using eqn. (32), the volume 
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Pressure effects in dilute magnetic alloys 701 

dependence of the r.m.s, interaction strength Ac(V) for those systems where TK(V) is 
known to sufficient accuracy. The results are shown graphically in the lower half of 
fig. 12 and numerically in table 2. In  all cases the interaction strength A c increases 
with pressure, even though the pressure dependence of T m has different signs. The 
value of the volume dependence of A c, d In Acid In V, is large and lies between - 2" 1 
and - 7 ' 5  for 3d-impurity systems. The measured volume dependence of the 
interaction strength A~(V) is clearly too large to be consistent with the value 
d ln ADA/dln V = -  1 expected for the magnetic dipolar interaction discussed in 
§ 4.2.2. The present expe}iments thus indicate tha t  the dipolar mechanism cannot be 
solely responsible for the inter-impurity interactions in spin glasses. As discussed in 
§ 4.2.3, the anticipated pressure dependence of the direct 3d-3d exchange interaction 
Ap e is not well known, but  is probably less than the values of d In Ac/d In V found 
here. A further  argument against the importance of direct exchange in the 
present studies is the strong dilution of the 3d-impurity systems studied, where 
c<~0'35 at.°/o . Direct exchange may play a role at  much high impuri ty ~ concert- 
trations, like c>  15 a t .% in AuFe. If, on the other hand, the RKKY-interac t ion  is 
operative here, then we expect as in eqn. (26) tha t  dlnA~/dln V=2dlnIJRKKY]/ 
dln V+dlnN(Ef)/dln V~-2dln[g2[/dln V+dlnN(Ef)/dln V, assuming J2 is the 
dominant angular momentum component in the exchange interaction given in eqn. 
(18), i.e. JRKKY-----5J z. In table 2 we compare values o fd l n  AJdln V from the present 
high pressure measurements on spin glasses with the values of 2din[J21 / 
d In V + din  N(Ef)/d In V obtained from table 1 which were derived from the results 
of very dilute Kondo alloys in § 3.3. The agreement in all cases is reasonably good. As 
discussed in § 4.2.1 with reference to eqns. (25, 27) the present results are not only 
consistent with the dominance of l~KKY-interactions in dilute spin glasses, but  also 
indicate tha t  the same J2 or interband mixing interaction which leads to the Kondo 
effect in very  dilute alloys with transition metal impurities is also predominantly 
responsible for the magnitude of the RKKY-interac t ion  between these same 
impurities at higher concentrations. 

The prevalence of I~KKY-interactions in the spin glasses AuFe [129, 148] and 
CuMn [46] is also indicated by  studies of the concentration dependence of T 0 which 
bends over with increasing concentration to c~-15%, as shown in fig. 9. In the 
l~KKY-interaction model one expects a linear concentration dependence of T o in the 
absence of any damping of the I~KKY-spin density amplitude due to scattering 
centres such as the magnetic impurities themselves [129, 148]. Estimating this 
damping from the magnitude of the electrical resistivity at  T"To ,  leads to good 
agreement with the observed concentration dependence of T o and thus implies tha t  
the same electrons which are scattered, giving the increase in the resistivity, are 
responsible for the interactions between impurities, i.e. the RKKY-interac t ion  
mechanism. For  AuFe this damped l~KKY-model seems to work well all the way up 
to th~ percolation limit of ~ 15°/o Fe in Au [129,148]. Because the dipolar interaction 
is not t ransmit ted by electrons and thus cannot be damped by  electron mean free 
path effects, it Would not, for instance, be able to account for the observed 
concentration dependence of T o [46]. 

Therefore, both pieces of evidence, the present high pressure experiments and the 
analysis of the concentration dependence of To, refute the applicability of the 
extreme magnetic dipolar anisotropy model [146] of spin glass freezing. However, it 
should be pointed out at this time tha t  these two sets of experiments cannot, 
unfortunately,  clearly distinguish between the pure t~KKY phase-transition model 
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Pressure effects in dilute magnetic alloy,s 703 

1150] and the hybrid  'spin cloud' model [147], discussed a t  the beginning of § 4, the 
la t ter  of which employs both t~KKY and magnet ic  dipolar anisotropy interactions. 
The reason for this inabili ty is tha t  in the spin cloud model the size of a 'spin cloud', 
which together  with the dipolar energy determines the magni tude of the anisotropy 
energy barrier  which is related to the value of To, depends on the strength of the 
RKKY-in te rae t ion ,  which varies with pressure or damping. I t  turns out tha t  the 
pressure or damping dependence expected for T o or A c is the same both in the phase- 
transition and 'spin cloud' models, making them indistinguishable with either 
technique. 

4.5. Spin glass to Kondo transition 
Changing the effective exchange paramete r  JK with pressure, in addition to 

varying the magnetic  ordering tempera ture  T0, can also precipitate a phase 
transit ion f rom one magnetic  regime to another.  A second-order transition from an 
ant iferromagnetic  to a Kondo spin-compensated ground s ta te  is predicted by  
Doniaeh [13] for a one-dimensionM system as JK is increased in magni tude to a 
critical value Jc. Similarly, Larsen [12] finds a sharp transit ion a t  T = 0 K signalling a 
transit ion from a spin glass (Ac > TK) to a Kondo (TK > Ac) phase as ]JKI increases 
beyond a critical value where Ac = T K. Tha t  such a transit ion should always occur in 
Kondo spin glasses when sufficient pressure is applied is evident from fig. 18 where it  
is seen tha t  no ma t t e r  how small T K or JK at  P = 0 ,  because of its exponential  
dependence on JK, TK will eventually pass up *RKKY T2 a~ COOK, precipitating a spin glass 
to single-impurity transition. For  TK<<Ac, T0(P ) should initially increase with 
pressure as ]JK[ increases. As T K, however, approaches Ac from below, Kondo  
ttuetuations should begin interfering with the spin glass ordering process, causing 
To(P ) to pass through a m ax i m um  and eventual ly fM1 to zero, as indicated in the 
upper  half of fig. 18. "A determinat ion of the critical behaviour of T0(P ) at  this 
transit ion is interesting in its own right and would provide an impor tan t  test  of 
theories of this phenomena.  As was shown in the last  section, the electrical resistivity 
is a particularly sensitive function of both TK and the strength of the interactions A~, 
which lead to the spin glass freezing phenomena a t  To, and as such is a useful 
technique for determining when the system in question has passed through the 
critical value of the parameters  T K = A c. The question now is, how does the resistivity 
behave when the transit ion is crossed? In  fig. 19 we plot the resistivity versus 
tempera ture  using the results of Larsen 's  theory shown in fig. 16 for values of the 
parameters  which would roughly correspond to an exper iment  under pressure, 
setting the interaction s t rength A c = 1 K and letting ~PK increase from 0"1 K to 10 K 
with pressure. For  the purposes of discussion we ignore for the momen t  the relatively 
small increase of A~ocJ~ with pressure. The critical value of the parameters  tbr the 
spin glass to Kondo transit ion is obtained for T K = A~ = 1 K. Inspection of fig. 19 
reveals the following characteristic changes in the resistivity which are to be 
expected as the magnet ic  phase transit ion is crossed by  applying pressure: 

(1) dTm/dP < 0, as is true tbr all 'h igh-T K' systems. 
(2) The resist ivity becomes increasingly asymmetr ic  about  Tin, the low tempera-  

ture side lifting up rapidly. 
(3) For  TK>>A ~ the resistivity m a x i m u m  becomes very broad; the resistivity 

looks increasingly Kondo-like. The expected slight increase of T m at  very 
high pressures seen in fig. 18 for T K > A~ is in practice very dit~ieult to observe 
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704  J . S .  S c h i l l i n g  

Fig. 19 

1.0 

EL 
E 

~0.5 

~n 
u) (p L 

T m TK(K) 

" ~ O  Lorsen (1'97B) 

0 I I I I ~ I I I I 

0.01 0.1 1 10 100 1000 
T(K) 

F u n c t i o n a l  dependence  of the  sp in , res i s t iv i ty  per  i m p u r i t y  on T and  T~ for a c o n s t a n t  va lue  of 
A c = 1 K using curves  in fig. t6  f rom Lar sen ' s  t h e o r y  It2]. As T K increases w i th  pressure,  
T m should  decrease and  p(Tm) increase,  the  a s y m m e t r y  of the  res i s t iv i ty  a r o u n d  T m 
should  increase for TK>Ac, curves  becoming  Kondo- l ike  (fig. 6) for TK>>A c. Our  
t e m p e r a t u r e  window res t r ic ts  obse rva t ion  of these  curves  to  1-20 K t e m p e r a t u r e  range.  
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Tota l  measu red  res is t iv i ty  Pt of (a) Mo-1 a t . %  Fe  [161] and  (b) C u - 0 " 6 a t . %  Cr [25, 160] as a 
func t ion  of log T a t  different  pressures• Abso lu te  res i s t iv i ty  scale applies  to t he  P = 0  
data .  The  high pressure d a t a  are sh i f ted  ver t ica l ly  for c lar i ty  wi th  the  re la t ive  scale the  
same for  all d a t a  in a g iven  graph.  T he  values  of Pt a t  T m are g iven  in the  respect ive  
references. I n  all cases pressure  causes pt(Tm) to increase and  T m to decrease. 
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Pressu're effects in dilute magnetic alloys 705 

owing bo th  to the  ext reme flatness of  the resist ivi ty m a x i m u m  and the low 
tempera tures  a t  which T m O c c u r s .  

(4) dp(Ts)/dP>O for all values of  A c and TK, where T s is an a rb i t r a ry  
t empera ture .  

F r o m  fig. 18 suitable candidates  for such a pressure- induced magnet ic  phase  
t rans i t ion  in our  t empera tu re  and pressure range are MoFe, CuCr, and LaCe. I n  fig. 
20 the results o f  high pressure exper iments  on MoFe by  Ford  and  Schilling [161] and  
CuCr by  Willer et al. [25, 160] are shown. Fea tu res  (1), (2), and (4) listed above are 
clearly visible in the data,, bu t  the  pressure available is no t  large enough to sweep T K 
from well below to  well above  Ac, as would be desired for clear identification of  the 
transi t ion.  Fo r  such studies the  rare ear th  sys tem LaCe, with its relat ively high 
compressibi l i ty  and the nearness of  the 4fl-level to the Fermi  energy,  is the ideal 
candidate .  Indeed ,  the increase of TK with  applied pressure in this sys tem is ve ry  
rapid,  as was discussed in detail  in § 3.2.2. 

The results of  the high pressure resis t ivi ty measurements  on the alloys La-3~o,  
10%, 20%,  and  40% Ce are shown in fig. 21. As was previously  discussed, and is seen 
in fig. 7 (c), the  increase of  the  low t empera tu re  resis t ivi ty slope with pressure in 
L a - 3 %  Ce is due to the  increase of  the  K o n d o  t empera tu re  T K. At  higher Ce 
concent ra t ions  a resist ivi ty m a x i m u m  is seen to  appear  which shifts to higher 

Fig. 21 
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Total measured resistivity fit of various LaCe alloys versus log T at difterent pressures. 
Absolute resistivity scale applies to the P = 0 data. The high pressure data are shifted 
vertically for clarity with the relative scale the same for all data in a given graph. The 
values of Pt at a fixed temperature T s are given in [70]. In all cases pt(Ts) increases with 
pressure, where T S is an arbitrary temperature below 10 K, a temperature region where 
pspin(T) dominates the resistivity. 
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706 J . S .  Schilling 

tempera tures  with increasing Ce concentration. For  the La-40~o Ce alloy the 
resist ivity m a x i m u m  is buried under the phonon scattering but  appears  if the La 
host resist ivity is subtracted [2711 or if pressure is applied. In  all eases dp(Ts)/dP > 0 
and the resistivity m a x i m u m  is seen to shift to lower temperatures  with pressure, 
becoming increasingly asymmetr ic  about  T m. The spin-resistivity also clearly 
becomes more Kondo-like with pressure; this is part icularly clear in the L a - 1 0 %  Ce 
da ta  a t  17"9 and 26kba r  which look very much like the CuFe da ta  in fig. 3. 
Par t icular ly  interesting are the measurements  on La-40~o Ce where the resistivity 
m a x i m u m  is seen to appear  from under the phonon scattering a t  9"3 kbar,  broaden 
markedly  at  16"2 kbar,  and probably  Shift to higher temperatures  again a t  23-5 kbar,  
in agreement  with the Tm(P ) dependence expected from fig. 18. The above 
observations are consistent according to the above criteria for a pressure-induced 
spin glass to Kondo transit ion in LaCe. The concentrat ion range over which LaCe 
shows spin glass behaviour  has not  ye t  been clearly established; the presence of a 
resist ivity m a x i m u m  alone is not sufficient to prove  the existence of the spin glass 
state. I t  is doubtful  whether the L a ~ 0 ~ o  Ce system with its high impur i ty  
concentrat ion is a spin glass. I t  is, however, clear t ha t  the present measurements  on 
L a - 3 % ,  10%, 20%, and 40% Ce alloys can be at  least quali tat ively accounted for by 
considering the spin-resistivity to be a function of only the temperature ,  an 
interaction strength pa ramete r  Ac, and the Kondo tempera ture  T K. According to 
table 2, the volume dependence ofA c is larger than  for 3d-impuri ty systems; it is also 
seen tha t  this volume dependence is in good agreement  with the dominance of the 
RKKY- in te rac t ion  mechanism in LaCe. 

I t  is natural  to ask whether  the behaviour  of pure Cerium metal  can be 
understood with the same model as for LaCe alloys. I t  is interesting to note tha t  the 
a tomic volume of 7-~e is about  8% less than  for pure La which corresponds to a 
lattice pressure of about  23kba r  [89]. The Kondo  tempera ture  of 7-Ce should, 
therefore, lie near  ~ 12 K, assuming tha t  for dilute LaCe TK(0 ) = 0"4 K and dlnlJ31 / 
d In V = - 4"5. I t  is certainly conceivable tha t  the K ondo spin fluctuations associated 
with this relatively high value of T K could be par t ly  responsible for the low Neel 
t empera ture  TN= 12-5 K of fl-Ce [180] and the lack of magnetic order in the a-Ce 
phase, both of  which have about  the same density as ~-Ce. I t  should, however, be 
noted tha t  in d.h.e.p. Lal_xCe x alloys there is no sign of the concentrat ion 
dependence To(x ) bending over at  the highest Ce concentrations which would be 
indicative of a suppression of To(x ) by the increasing value of T K [181J as the Ce 
concentrat ion increases. 

§ 5. SUMMARY AND CONCLUSIONS 
In  the present review we have a t t emp ted  to bring together the results of most  

available high pressure measurements  on dilute magnetic  alloys and show how such 
investigations can be used both to give detailed information about  the magnet ic  
states of such alloys as well as to provide a critical test  of theory. In  particular,  as 
discussed in § 3, high pressure studies on ext remely  dilute Kondo alloys were 
successful, first in confirming the existence of the universal resistivity law 
p =p(T/TK) predicted by theory, and then in using this law to derive the volume 
dependence of the negative effective exchange interaction JK(V) between a local 
momen t  spin S and the conduction electron sea. Unfor tunate ly ,  an accurate theory 
of this impor tan t  exchange interaction is still lacking. Values of the relative change 
o f J  K with volume, such as those given in table 1, should provide a more sensitive test  
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Pressure effects in dilute magnetic alloys 707 

for the correctness of' the structure of a proposed theory than, say, the absolute 
magnitude of JK at  P = 0 alone. Perhaps the single most impor tant  result in § 3 is the 
universal increase of the magnitude of JK with pressure in Kondo systems. Although 
the exact physical mechanism responsible for this behaviour is not yet  clear, the 
universality of the result alone would point to a common mechanism in all cases. I t  is 
suggested that  the increase of ]JKI with pressure is connected with the approach of 
the magnetic impuri ty  state to the Fermi level and thus constitutes another example 
of the general tendency for magnetic systems to eventually demagnetize under 
pressure, as discussed in the Introduction.  

The phenomenon of lattice pressure in a number of ternary magnetic systems was 
discussed in § 3.4 and compared to similar investigations on binary alloys under 
external pressure. A reasonably good correlation is found for several systems, 
particularly in those cases where the difference in ionic radii of the host matr ix 
components is small. However,  we emphasize here tha t  the application of external 
pressure is always to be preferred to lattice pressure, as a technique, when the object 
of the experiment is to extract  well-defined ~eolume dependences of the parameters 
from the data  or make exacting comparisons with theory. On the other hand, 
combining external pressure and lattice pressure results on Cu 1 _ xAlx-100 p.p.m. Fe 
alloys, it was shown how the Fe-impurities could be used as 'Kondo-probes'  to sense 
the local electron density. I t  was estimated that  only about  half  of each A13 + ion's 
three valence electrons go into a t)ee band, the other half remaining localized as 
screening charge. 

Whereas in very  dilute magnetic alloys each magnetic impuri ty can interact with 
the surrounding sea Of conduction electrons independently of the other impurities, at 
higher impuri ty  concentrations interactions between impurities become important  
and can lead to a spin glass type of ordering. The various models of the spin glass 
freezing phenomenon [146, 147, 149, 150] rely, in part,  on different relevant 
interaction mechanisms. Since each possible interaction mechanism has its own 
characteristic volume dependence, a high pressure experiment can, in principle, help 
to decide which mechanism is dominant  in a given system. The present high pressure 
studies Of the electrical resistivity of various dilute spin glass alloys (e.g., An-  
0-1 at.~o Fe) are discussed in § 4.4 and indicate tha t  the largest contribution to the 
interactions between impurities arises from the indirect RKKY-mechanism and 
the negative 'Kondo'  angular momentum component JK makes the dominant  
contribution to this interaction JRKKY- This d0minanee of the JK component is 
consistent with recent E.P.R.  results by Davidov et al. [69] on very dilute AgMn 
where it is estimated tha t  J0 -~ +0.13eV, J1--- +0"09eV, and Ja=JK~-- --0'13eV. 
Using eqn. (18), we find JRKKY=Jo--3Jl+5J2--...~--+O'13--0"27--0"65= 
--0"79 eV, so tha t  JRKKY ~ 5J2 because of the partial  cancellation of the first two 
terms. Apparently,  a similar result holds for other systems as well. I t  is interesting, 
and perhaps paradoxical, tha t  the same interaction JK, which is responsible for the 
Kondo spin fluctuations in very  dilute systems, can also, in more concentrated 
systems, be mainly responsible for the spins freezing in place below T o. The use of a 
single JK to give, depending on the magnitude of JK, both magnetic ordering and 
Kondo behaviour has been proposed in theories of Larsen [12] and Doniaeh [13]. I t  
should be noted, however, tha t  tbr the systems discussed in the present context  the 
values of TK or ]JKI are rather  low, i.e. T o >> TK. For  systems with larger values of TK 
or IJK[, where T o ~-TK, the Kondo spin fluctuations should interfere with the spin 
freezing process and lower T 0 [12, 13]. Evidence for a pressure-induced spin glass to 

a.e. 3 D 
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708 J . S .  Schilling 

Kondo  transit ion in LaCe was discussed in § 4.5. Such a transit ion is ant ic ipated in 
general for Kondo spin glasses because the increase of T K with pressure is far larger 
than tha t  of T o or A C. In  fact, the spin glass to Kondo transit ion is but  another  
example  of how a magnetic  system can begin to demagnetize under pressure. 

The present high pressure resist ivity studies also:provided a critical test  for the 
correctness of Larsen 's  theory for the resist ivity of Kondo spin glasses 112, 45, 162] 
which was outlined in § 4.3. The excellent agreement  between theory and exper iment  
gives confidence when applying this theory to other problems, for instance:to studies 
of the concentrat ion dependence of the mean interact ion strength A c(c). Such studies 
on AuFe [129, 148] and CuMn [46], in fact,  have revealed tha t  Ac(c)OCTo(C ) over an 
appreciable concentrat ion range, supporting the close connection between these two 
quantit ies asserted by  eqn. (23). 

Fur ther  evidence for the importance of the R K K Y - m e e h a n i s m  in spin glasses is 
provided by an analysis of the concentration dependence of To in AuFe [129, 148] 
(see fig. 9) and CuMn [46] where the deviat ion of T O versus c from linear{ty can be 
quant i ta t ive ly  accounted for by  including the damping of the RKKY-osei l lat ions.  
For  AUFe this l~KKY-damping  model works well at  concentrations all the way up to 
the percolation limit a t  15TO Fe, above which AuFe becomes a long-range 
inhomogeneous ferromagnet.  The changeover in the type of magnetic ordering at  
15% Fe is evident in the concentration dependence of T 0 shown in fig. 9 which shows 
a sharp break a t  c -~ 15% and a steeper slope for c > ] 50/o . Pure  e-Fe is widely believed 
to be an i t inerant ferromagnet.  Increasing the Fe concentration in Au from 0"1 to 
100% thus causes a drastic change in the nature  of the interaction mechanisms which 
lead to magnetic ordering, i.e. f rom local moments  interacting via the indirect 
l~KKY-interact ion to band exchange in an i t inerant  ferromagnet.  This difference is 
mirrored in the volume dependence of A~ and To: for Au-0"l at.To Fe, d In A~/d In V ~- 
- 3  and for e-Fe, dlnTo/dln V-~0_+0"05, as listed in table 2. Large differences are 
also evident in table 2 fox' AuMn and a-Mn and for AuCr and Cr. A notable exception 
is tbrmed by  the spin glass LaGd [182] (dlnAc/dln V=dlnN(Er)j2/dln V~-+2"5 
from table 1 ) and the ferromagnet  Gd (d In To/d In V-~ + 2"0) which indicates tha t  the 
same interaction mechanism ( R K K Y )  is operable at both  low and high Gd 
concentrations. The absence of marked s t ructure  in T0(c ) in La 1 _ xGdxA12 [183], and 
d.h.c.p. La x_xCex [181] alloys for all z is also consistent with a dominance of the 
g K K Y - i n t e r a c t i o n  mechanism across the entire concentration region in these 
systems. Gd and Ce local moments  are relatively well-localized and one expects 
neither i t inerant magnet ism nor any  contr ibution from direct exchange in alloys 
with Gd, Ce, or other rare-earth impurities. The pressure and concentration 
dependence studies sketched here are thus consistent with the general picture tha t  
has evolved of the differences between magnet i sm in 3d- and 4galloys which arise 
from differences in the degree of localization of the magnetic orbitals. 

In  this review we have emphasized the general tendency of pressure to 
demagnetize a magnetic system and have given examples of this behaviour  evidently 
present  in the present results on dilute magnet ic  alloys, i.e. universal increase of ]JKI 
with pressure, spin glass to Kondo transit ion in LaCe, etc. In  fact, we predict tha t  
even a 'good moment '  JK = J3 > 0 system like LaGd will become a Kondo system 
under sufficiently high pressure. Carrying this idea further,  we hypothesize tha t  a 
spin glass system like La-5  at.To Gd will exhibit  the following behaviour as pressure 
is successively increased from 1 a tm  to an arbi t rar i ly  high value which lies certainly 
in the multi  megabar  pressure range: 
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Pressure effects in dilute magnetic alloy~ 709 

(1) Spin glass, J3>O,  S=7 /2 ,  L=O,  dTo/dP<O (because J3=J3++J3_ de- 
creases with pressure as I J3_ I increases, see § 3.3.2; 

(2) Kondo spin glass, J3 <0,  dTo/dP> 0; 
(3) Spin glass to Kondo transition, To--'0 K; 
(4) Kondo system, dTK/dP > 0, T K gets large; 
(5) possible intermediate valency behaviour. 
(6) Gd loses one 4f-electron, S = 3, singlet ground state; 
(7) Gd loses second 4f-electron, S = 5 / 2 ,  L = 5 ,  spin glass, J3 >0,  dTo/dP<O; 
(8) K0ndo spin glass, J3 <0,  dTo/dP>O; 
(9) Spin glass to Kondo transition, T o o 0 K ,  and so forth! In pure Gd at some 

pressure the 4f-4f  overlap may become sufficiently large tha t  Gd becomes an 
i t inerant  ferromagnet; further pressure would then lead to weak i t inerant  
ferromagnetism and finMly paramagnetism. 

The above behaviour is essentially a repeated fall and rise of magnetism as 
pressure is increased. I t  could thus be possible to magnetize a non-magnetic metal 
like Cu by applying enough pressure to squeeze an inner d-electron out into a free 
band. This rise and fall of atomic or band magnetism should continue with increasing 
pressure until all electrons have been squeezed out  of their orbits, with only the bare 
nuclei left over. Of course, owing to the limitations of available pressure in the 
laboratory,  only a very  narrow section of the entire magnetism-pressure phase 
diagram can be mapped out in an experiment on a given system. Whether  or not the 
above hypotheses prove to be true in detail, it is certainly clear tha t  a rich variety of 
magnetic behaviour will be exhibited by a single system when it is subjected to 
sufficiently large pressures. The application of very high pressures can thus not 0nly 
contribute to the understanding of known magnetic phenomena but can also create 
n e w  oYles. 
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710 J . S .  Schilling 

impurities (see, for example: ME~Eg, J.  S., CHRISTOE, C. W., WORTMANN, G., and 
HOLZAPFEL, W. B., 1974, Solid St. Commun., 15, 485, and references therein). In 
these giant momen t  systems J is positive and is es t imated to vary  roughly inversely 
proport ional  to the sample volume, i.e. d In J/d  In V ~ - 1. This is in contrast  to the 
apparen t  decrease of J with pressure observed in LaGd, also a posi t ive-J  system. 
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