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Pressure study of the magnetic and electrical properties of the Eu- Yb alloy system
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Measurements of the ac magnetic susceptibility, magnetization, and electrical resistivity at hydro-
static pressures up to 15 kbar and of the thermal expansion were made for the Eu„Yb& „alloy sys-
tem {x&0.4) in temperatures from 1.6 to 400 K. The paramagnetic-ferromagnetic transition tem-
perature T, versus pressure p curve for x =0.025 has a maximum near p =1 kbar. For x =0.25,
T, decreases and the ferromagnetic —spin-glass-like transition temperature T, increases at rates of
hT, /hp = —9.5 K/kbar and AT, /hp =+1.7 K/kbar, respectively. The ferromagnetic region
disappears near p =2.5 kbar, and above it the paramagnetic —spin-glass-like transition temperature

T~, which is pressure insensitive, appears. The T value for x=0.35 decreases initially and in-

creases slowly with increasing p above p =2 kbar at a rate of b, T~/Ap =+0.15 K/kbar. Both the
magnetization in the ferromagnetic concentration range and the value of the ac magnetic susceptibil-
ity near Tg in the spin-glass-like state decrease with increasing p. From electrical-resistivity mea-
surements under various pressures, semiconducting character was observed at the ambient pressure
for x =0.35 and the transition from semimetallic to semiconducting states appears with increasing p
for x =0.025. Thermal expansion shows the large positive volume magnetostriction. These results
of the measurements under pressure are discussed on the basis of the Ruderman-Kittel-Kasuya-
Yosida interaction by considering that the dominant variable is the number of carriers (electrons or
holes) which is strongly controlled by the pressure.

I. INTRODUCTION

In rare-earth metals and alloys, it has been generally ac-
cepted that the exchange interaction for producing the
magnetic ordering is the indirect one [the Ruderman-
Kittel-Kasuya- Yosida (RKKY) interaction], ' in which
the electrons in the Sd 6s conduction band are responsible
for the interactions between the well-localized moments of
the 4f magnetic electrons. With respect to this interac-
tion, therefore, the properties of the 5d6s band, such as
the number of carriers, the density of states at the Fermi
level, etc., are important factors to be considered. In or-
der to understand the role of these factors and/or the
mechanism of the exchange interaction from the experi-
mental point of view, the substitution method has been
usually employed, in which the matrix element is substi-
tuted by an element with a different number of valence
electrons from that of the matrix; thus the number of
5d6s band electrons could be changed. The results ob-
tained from this method (alloying effect), however, cannot
be analyzed simply as a function only of the number of
band electrons, since the alloying effect might be accom-
panied by so-called spatial heterogeneity or randomness of
the electronic structure, for example.

On the other hand, hydrostatic pressure deforms the
Sd 6s band uniformly and pressure has been considered a
clean technique in this respect. For the purpose of inves-
tigating the effect of pressure on the exchange interaction,
the variation of the magnetic transition temperature with
pressure is the most straightforwardly observable quanti-
ty. The effect of pressure on the magnetic transition tem-
perature through the deformation of the 5d6s band is
about 1 K/kbar for the metallic alloys and compounds in

which the constituent elements are rare earths. There-
fore, if we choose a system in which the number of con-
duction electrons could also be controlled by the applica-
tion of pressure, the change induced in the magnetic prop-
erties will be drastically enhanced, and we will obtain
more information about the mechanism of the indirect ex-
change interaction than can be found in the stable system.
In the present work, the Yb-rich Eu-Yb alloy system
Eu„Yb~ ~ was chosen as an appropriate one with respect
to the above-mentioned circumstances for the following
reasons. (i) The crystal structure of the system for x &0.5
is a simple fcc. (ii) The electrical character of pure Yb
changes from semimetallic to semiconducting with appli-
cation of pressure. Therefore, the number of conduc-
tion electrons is expected to be controlled with pressure in
Yb-rich alloys. (iii) Since an Eu atom has the electronic
structure for the divalent and S7/2 ground states, it is not
necessary to consider the magnetic anisotropy which
comes from the orbital effect. Therefore, the data ob-
tained from polycrystalline samples are sufficient.

In the course of our investigation, we first studied the
magnetic and electrical properties at ambient pressure.
The concentration x versus temperature T magnetic phase
diagram obtained is shown in Fig. 1(a) (Fig. 3 in Ref 9), .
where we have found the paramagnetic (PARA), fer-
romagnetic (FERRO), and spin-glass-like (SG) phases.
The transition from semimetallic (SM) to semiconducting
(SC) states appears near x=0. 1, as indicated in Fig. 1(b).
Secondly, with the same sample that was used for estab-
lishing the phase diagram, we measured the effects of hy-
drostatic pressure on the paramagnetic-ferromagnetic
transition temperature T„ the ferromagnetic —spin-glass-
like transition temperature T„ the paramagnetic —spin-
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FIG. 1. (a) Concentration x vs temperature T magnetic
phase diagram and (b) spontaneous magnetization at 0 K, o.o vs
x curve. In (b) the semimetallic (SM) and semiconducting (SC)
ranges also are shown. They are quoted from Ref. 9.

probe dc method with a nanovoltmeter. The thermal ex-
pansion was measured with a differential-transformer-
type dilatometer.

High hydrostatic pressures were generated in the
clamp-type piston (WC) —cylinder (Be-Cu) pressure cell'
for the electrical resistivity and susceptibility measure-
ments and in the clamp-type piston (Alz03) —cylinder
(Be-Cu) miniature pressure cell' for the magnetization
measurement. The sample was set in a Teflon bucket in
the cell and the bucket was filled up with mixture of 1:1
n-pentane and isoamyl alcohol as the pressure-
transmitting medium. Pressurization was always done at
room temperature. Pressure values at room temperature,
4.2 K, and those between room temperature and 4.2 K
were determined with the crystallographic transition pres-
sure of NH4F, the pressure dependence of the supercon-
ducting transition temperature of Sn, and the pressure
dependence of the resistance of manganin wire, ' respec-
tively.

The temperature was determined with a AuFe-Chromel
thermocouple and a carbon and Ge thermometer. Mag-
netic fields up to 20 kOe were generated by a laboratory
electromagnet.

III. EXPERIMENTAL RESULTS

glass-like transition temperature Tg, the magnetization o.,
and the electrical resistivity p. The thermal expansion
was also measured. The results obtained have revealed the
remarkable positive volume magnetostriction effect and
have already been briefly reported. ' " This paper is con-
cerned with the summary of our results obtained so far in
order to understand how the pressure-induced change in
the number of conduction electrons modifies the magne-
tisrn; that is, the magnetic phase diagram.

II. EXPERIMENTAL PROCEDURES

The concentrations of 99.9% pure Eu and 99.9% pure
Yb were sealed in a tantalum crucible in an Ar atrno-
sphere, melted at 1000'C in an electric furnace, and the
alloys were obtained after rapid cooling. Subsequent an-
nealing in order to homogenize the composition was done
at 500'C for one week. The Eu concentrations x in the
prepared samples were x =0.025, 0.05, 0.1, 0.2, 0.25, 0.3,
0.35, and 0.4. W'ith x-ray diffraction, it was confirmed
that the crystal structure of all the samples thus prepared
was fcc at room temperature.

The samples were shaped into spheres of -3—4 mm in
diameter for the ac magnetic susceptibility and magneti-
zation measurements, and into rectangular rods of
0.5 & 1 & 2 mm for the electrical resistivity measurement.
They were 1&1&5 mm for the thermal expansion mea-
surement. After shaping, the annealing for removing the
strain was done at 500 C for several hours. The ac mag-
netic susceptibility was measured with a Hartshorn bridge
circuit at weak magnetic field of amplitude 1 Oe and fre-
quency 800 Hz. The magnetization was measured with an
induction method in magnetic fields up to 20 kQe. The
electrical resistivity was measured by a standard four-

A. Magnetic and electrical properties
at ambient pressure

Before describing the data obtained at high pressures,
the results obtained at ambient pressure in Ref. 9 will be
briefly summarized by using the data shown in Figs. 1(a)
and l(b). The x-T magnetic phase diagram in the figure
is composed of three phases: paramagnetic (PARA), fer-
romagnetic (FERRO), and spin-glass-like (SG) phases. In
the range from x =0.2 to 0.3, the phase transitions from
the paramagnetic to the ferromagnetic and from the fer-
romagnetic to the spin-glass-like states develop successive-
ly with decreasing temperature. With respect to the spin-
glass-like phase, Legvold and Beaver' did not observe the
boundary temperature Tg, which has been found in the
present work, and the reason for this inconsistency will be
understood from the following experiments. In the tem-
perature dependence of the ac magnetic susceptibility X, a
sharp maximum was observed at Tg. When a dc magnet-
ic field was applied, however, the 7 value at Tg and Tg it-
self decreased rapidly with increasing dc magnetic field,
suggesting the sensitivity of X for the dc field. Legvold
and Beaver measured P in the relatively high-field range,
so that it was possible that they could not find the transi-
tion temperature Tg. As seen in Fig. 1(b), the spontane-
ous magnetization at 0 K, o.o, obtained from the back ex-
trapolation of the temperature dependence of magnetiza-
tion, is 7.6@~/(Eu atom) for x &0.1. This value is larger
than the theoretical value gJ=7p~ and the excess mag-
netic moment 0.6pz may come from the Sd6s polariza-
tion. For x &0.1, o.o decreases with increasing x.

With respect to the electrical properties, the alloys had
semimetallic ( bp/b, T & 0) and semiconducting
(b,p/b, T &0) characters for x &0.1 and x &0.1, respec-
tively. The lattice constant of the alloy system increases
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with increasing x and may be linearly interpolated be-
tween the lattice constant of pure Yb and the calculated
constant for the fictitious fcc Eu. Therefore the transition
to the sexniconducting state due to an increase iri x may
suggest that the fictitious fcc Eu is either a semiconductor
or an insulator. The anomaly in p was observed at T, but
not at T, or T&.

B. Pressure effect on the magnetic transition
temperatures T„T„and T~

The results of the pressure dependences of the magnetic
transition temperatures T„T„and Ts obtained from the
P measurements will be given separately for respective al-
loy samples.

(i) Eu0025Ybo 975 (x =0.025). This is the most dilute al-
loy sample in the present work; one Eu atom exists on an
average in the third-nearest-neighbor sphere of Yb. Fig-
ure 2(a) gives the X versus T curves at various pressures p

and the T, versus p curve obtained from Fig. 2(a) is plot-
ted in Fig. 2(b). The T, value is defined as an inflection
point' ' in the P versus T curve as indicated by an arrow
shown in Fig. 2(a), where X increases abruptly with lower-
ing temperature. It is to be mentioned that the relative
magnitude of X below T, decreased drastically with in-
creasing p. In Fig. 2(b) the T, value increases initially at
a rate of bT, /bp=+2 K/kbar, reaches a maximum
around p=1.5 kbar, and decreases in an S-shape curve
and the ferromagnetic phase appears to vanish around
p =7 kbar, with increasing p.

(ii) Euo IOYbo 90 (x =0.10). This sample has the
highest T, value of the present samples. In Figs 3(a. ) and
3(b) are shown the X versus T curves for various p and the
T, versus p curve obtained from Fig. 3(a), respectively.
The value of T, decreases almost linearly at a rate of
bT, /bp= —6.0 K/kbar and appears to vanish around
p =5 kbar.

(iii) EuoppYbo gp (x=0.20). This sample shows the
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FIG. 2. (a) ac magnetic susceptibility g vs temperature T at

various pressures p and (b) magnetic transition temperature T,
vs p curve. Sample is EuQ. Q25YbQ 975.
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FIG. 3. (a) ac magnetic susceptibility P vs temperature T
curves at various pressures p and (b) T, vs p curve. Sample is
EuQ. lOYbQ. 90
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hX/AT, in the ferromagnetic temperature range increases
with increasing p.

It should be pointed out in Fig. 4(a) that the X versus T
curves show sharp cusps above a pressure of 1.9 kbar.
From the analogy between the x-T magnetic phase dia-
gram in Fig. 1(a) and the p Tma-gnetic phase diagram in
Fig. 4(b) (Fig. 2 in Ref. 11), we have regarded the cusp
point as Tg. The Tg value is almost pressure indepen-
dent, which is very different from b, T, /hp mentioned
above. Above p=4 kbar, the anomaly in the 7 versus T
curve which represents Tz could not be detected, possibly
due to the lack of the sensitivity of the P measurement.

(iv) Euo 3oYbo 70 ( x =0.30). As is evident from Fig.
l(a), the ferromagnetism disappears or appears at concen-
tration x close to 0.3. In the 7 versus T curves in Fig.
5(a), only the transition temperature Tg has been ob-
served. At p=0 kbar, the curve has a sharp peak al-
though it is asymmetric and the curvature above Tg is
concave downwards. As pressure increases, Tg decreases
with an initial slope b, Tz/hp of —1.7 K/kbar and the
slope becomes small at high pressure, as seen in Fig. 5(b).
The 7 values at Tg decrease rapidly with increasing p.
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FIG. 4. (a) ac magnetic susceptibility P vs temperature T
curves at various pressures p and (b) magnetic transition tem-
peratures T„T„and Tg vs p curves. Sample is Eup 2pYbp Sp.
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most peculiar characteristics of the present work. Figure
4(a) shows the X versus T curves at various p. At p =0
kbar, 7 increases, with decreasing temperature, very steep-
ly around 26 K (= T, ); its value is then almost constant
below T, . Then it decreases drastically around 2 K,
which indicates the transition from a ferromagnetic to a
spin-glass-like phase. The transition temperature T„de-
fined also as an inflection point indicated by an arrow in
the temperature-decreasing run, was found to be 2.3 K.
As pressure increases, T, decreases and T, increases. The
pressure derivatives of T, and T„4T,/bp and hT, /hp,
were —9.5 K/kbar and +1.7 K/kbar, respectively. As
far as we know, this value of b, T, /bp is the largest in the
alloy system composed of only rare-earth elements. The
absolute value of the average slope of 7 with temperature,
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FICx. 5. (a) ac magnetic susceptibility p vs temperature T
curves at various pressures p and (b) Tg vs p curve. Sample is
Eup 3oYbo 7p.
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C. Pressure effect on the magnetization
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The pressure dependences of the magnetization were
measured at 4.2 K. Figure 8 gives the magnetization o.
versus the effective magnetic field H curves at various
pressures for x=0.025, and the spontaneous magnetiza-
tion 0., versus p curve is shown in the inset. Here, cr is the
magnetization per Eu atom in units of p~, and o, was ob-
tained from Arrott's plot. Figures 9 and 10 are the results
for x =0. 1 and 0.2, respectively, and Fig. 11 concerns the
magnetization curves for x=0.35. The points which
should be mentioned in these figures are as follows. (a)
The high-field susceptibility BM/BH at p =0 kbar in-
creases with increasing x. (b) For x=0.025 and 0.1,
BM/BH increases with increasing p. For x =0.2,: the o,
versus H curves at high field are almost parallel to each
other; that is, the BM/BH's are roughly pressure indepen-

FIG. 6. {a) ac magnetic susceptibility g vs temperature T
curves at various pressures p and (b) T~ vs p curve. Sample is
Euo 35Ybo. 65.

Fu Yboss (x=0.35). Like the aHoy with,
x =0.30, this alloy has only transition temperature Tz
and Ts decreases with an initial slope of ATslbJ'= —1.0
K/kbar [Fig. 6(b)]. But Ts reaches a minimum around
p=2 kbar and then increases definitely with increasing
pressure, although the rate of increase is smaIl,
'Ts/~p =+0.15 K/kb r aJudging . from this fact, the Tz
value for x=0.30 shown in Fig. 5(b) also may increase
with increasing p in the higher pressure range. In regard
to the alloys with x =0.30 and 0.35, the summarized re-
sults are the following: (a) The magnitude of b, Ts/br' is
very small in comparison with that of b.T, /bp for the al-
loys with x &0.30, and (b) X values at Ts drastically de-
crease with increasing pressure [Figs. 5(a) and 6(a)].

From the above-mentioned results of the pressure ef-
fects on T„T„and T~, we can draw the three-
dimensional temperature T-x-p magnetic phase diagram,
and it is shown in Fig. 7.
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pressures p as a function of effective field H. The inset shows
spontaneous magnetization a, [ps/(Eu atom)] as a function of
p. Temperature is 4.2 K and sample, is Euo O25Yb(} 975 ~
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shows spontaneous magnetization cr, [(pz/(Eu atom)] as a
function of p. Temperature is 4.2 K and sample is Eup qp Ybp Sp.

dent. (c) All the cr, versus p curves reveal that o., de-
creases with increasing pressure. Except for x =0.025,
however, the curvatures of the curve are concave down-
wards and upwards in the low- and high-pressure ranges,
respectively. For x =0.025, the T, versus p curve has a
maximum [Fig. 2(b)], while there is no maximum in the
o, versus p curve. (d) From the smooth extrapolation of
the o., versus p curve to cr, =0, o., 's for x =0.025, 0.1,
and 0.2 samples vanish near p =5, 4.5, and 1.7 kbar,
respectively. (e) Large field-induced magnetizations were
observed at p =6 kbar in the paramagnetic region of
x =0.025 and at p =4 kbar of x =0.1. (f) As is evident
from Fig. 4(b), the sample of x=0.2 at 4.2 K exhibits
spin-glass-like character above about p=2 kbar. In ac-
cordance with this fact, the cr versus H curve of x =0.2
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FIG. 11. Plots of magnetization cr [ps/(Eu atom)] at vari-
ous pressures p as a function of effective field H. Temperature
is 4.2 K and sample is Eup 35Ybp 65.

shows no spontaneous magnetization above p=2 kbar.
For x =0.'35, BM/BH decreases against the initial
pressurization, but the rate of decrease becomes small
with increasing pressure.

D. Pressure effect on the electrical resistivity

The resistivity measurements at high pressures were
carried out for the alloys of x =0.025, which is the most
dilute and shows only ferromagnetic character, and of
x =0.35, which is relatively concentrated and shows only
spin-glass-like character. In Figs. 12(a) and 12(b) are
shown the p versus T curves for. x =0.025 at various pres-
sures, where the results up to 7.8 kbar and above are
shown in Figs. 12(a) and 12(b), respectively. The break
points indicated by arrows in the curves in the lower tem-
perature range in Fig. 12(a) are the Curie temperatures
T„T, shifts to lower temperatures with increasing p and
disappears in the curve at p=6.4 kbar. In the curve at
p=2. 9 kbar, on the other hand, a broad hump appears
around T=120 K. The maximum of the hump shifts to
lower temperatures as p increases, and it is around 60 K
at p=7. 8 kbar. Although the semiconducting character
is seen in Fig. 12(a), the character becomes more definite
when p increases, as seen in Fig. 12(b). In the inset of Fig.
12(b), the lnp versus T ' plot at p =14.9 kbar is shown.
From the plot, the energy gaps E of the semiconductor
were evaluated to be 4.27 X 10 and 0.014 eV at low- and
high-temperature ranges, respectively. The latter value is
comparable with that of pure Yb obtained by McVfhan
et al.

Figure 13 shows the p versus T curve of x =0.35 at
various pressures. This sample is semiconducting at am-
bient pressure [Fig. 1(b)] and the character becomes clear-
er at higher pressures. From the slopes of the low- and
high-'temperature ranges of Inp versus T ' plots at
p =14.6 kbar shown in the inset of Fig. 13, the energy
gaps E were evaluated to be 1.15)&10 and 0.012 eV,
respectively.
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evaluated from the thermal expansion of pure Yb. From
Eq. (1), xC for x =0.1 and 0.2 are 4.8&&10 and
4.2&(10 cm /emu, respectively The.se values are fair-
ly large in comparison with those of well-known Invar al-
loys; for example, 0.9&&10 cm /emu for Fe65N135,

—8 6 2 18

and 0, 63 X 10 cm /emu for Fe&5Pt25,
' respectively.

Since «C is 1/4X~p~(BJ/Bto) on the basis of the localized
electron model, ' large a C and pressure dependence of T,
mean that the volume dependence of exchange constant J
is very large.
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IV. DISCUSSION

FIG. 12. (a) Electrical resistivity p vs temperature T curves
at various pressures p up to 7.8 kbar and (b) above 9.7 kbar for
EuooqqYboq7q. The inset shows Inp vs T ' plot at 14.9 kbar.

E. Thermal expansion

Because of the remarkable negative pressure dependence
of T„ large positive spontaneous volume magnetostriction
was expected to be observed in the thermal expansion
below T, . As the detailed results have been reported in
our previous paper, "we will give a brief summary here.
The spontaneous volume magnetostriction co, (T) is gen-
erally described as follows

co,(T)=LCM (T),
where K, C, and M are the volume compressibility,
volume xnagnetostriction coupling constant, and magneti-
zation, respectively. The value of co, (T) was derived by
subtracting the phonon part from the observed result in
the present alloy system, and the phonon part was

A. Change of the number of conduction electrons

It is well known that pure Yb, which is one of the con-
stituents of the alloy system in the present work, is
semimetallic at ambient pressure, becomes semiconduct-
ing at high pressures above about 10 kbar, and then
transforms into a metallic bcc phase near 40 kbar. Rath-
er detailed theoretical approaches have been used to study
these interesting pressure-induced transformations in pure
Yb. According to the volume-dependent band-structure
calculation of Yb by Johansen and Mackintosh, ' electron.
and hole pockets exist near I. and m.any other symmetry
points, respectively, at ambient pressure. They have also
maintained, on the basis of their calculations, that the d-
resonance broadening is induced with application of pres-
sure, and resulting increase in sp-d hybridization at the
Fermi level produces the band gap which is the cause of
the transition to the semiconducting state. On the other
hand, Koelling and Harmon have pointed out that elec-
tron and hole pockets exist near the symmetry points K
and 8' respectively, and that the former are very sensitive
to the crystal potential.
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Jullien and Jerome ' have estimated the number of con-
duction electrons in the electron pocket, using their data
on the galvanomagnetic measurement for pure Yb, to be
0.02/(Yb atom) at ambient pressure. Therefore, the num-
ber of effective carriers n (electrons plus holes) was es-
timated as 0.04/(Yb atom), since Yb is semimetallic at
ambient pressure. Then, n decreases linearly at a rate of
b.n/hp= —0.04 K/kbar as pressure increases and be-
comes zero around p = 10 kbar at a temperature of 4.2 K.
As is evident from Figs. 12 and 13, it may be reasonably
.understood that we can discuss the pressure dependence of
n in the present alloy system in a similar way to that in
Yb.

The transition from the semimetallic to semiconducting
states is induced also by the substitution of Eu for Yb (al-
loying effect) in the Eu-Yb alloy system near a Eu concen-
tration x of 0.1 [Fig. 1(b)]. Therefore, both the applica-
tion of pressure on pure Yb and the alloying effect in the
Eu-Yb alloy system presently investigated may have simi-
lar effects on the electrical properties. In case of pressuri-
zation, the transition to the semiconducting state occurs
through the deformation of the band resulting from the
lattice or volume contraction. However, the alloying ef-
fect cannot be explained by the mechanism of Johansen
and Mackintosh, ' because the lattice constant increases
with increasing x in the Eu„Yb~ „system. In order to
remove this inconsistency, therefore, one might propose
that, in the alloying effect, the fictitious fcc Eu acts as in-
sulator or semiconductor. Because of these cir-
cumstances, we will arrange and investigate the data ob--
tained in the present work as a function not of the lattice
constant but mainly of the number of carriers n which is
controllable by both pressure p and concentration x.

B. Pressure-sensitive ferromagnetic state

On the basis of the free-electron model of the
Ruderman-Kittel-Kasuya- Yosida (RKKY) interaction, T,
is expressed as follows:

T '""'g—''J(J+') ~F(2k R )C kE V
On

where n, E~, kF, and F(2kpRp ) are the number of car-
riers (electrons plus holes), the Fermi energy, the Fermi
wave vector, and the Friedel oscillation function, respec-
tively. With this equation (2), Liu ' studied the pressure
effect on T, of heavy rare-earth metals. In his first paper,
he assumed that n and F are pressure independent, and in
his second paper carried out the calculation using his es-
timated 5d 6s band.

In the present alloy system, the number of carriers n
decreases with increasing pressure, so that all the parame-
ters n, Ez, kz, and F(2k+Ro„) in Eq. (3) have been con-
sidered to be pressure sensitive. The pressure dependence
of the volume V was not taken into consideration, since
the value of the volume compressibility,
V 'AV/Ap= —7.46&&10 kbar ', is very small in
comparison with the pressure coefficient of n,
n 'b, nlhp= —0.2 kbar '. ' In other words, this com-
parison means that it is not necessary to consider our data

as a function of the lattice constant, as mentioned in Sec.
II A.

For the pressure-sensitive factors in RKKY interaction,
the following discussion will be made on the basis of
Mattis's relation T, -kF(WMF). Then we get the fol-
lowing by simple differentiation with respect to p:

d lnT,

dp

d ln[kF ( WMF) ]
cEp

d in[kgb(WMF)] d Inn
d inn dp dp

(3)

where the last equation was derived from the relation
kz(WMF) ~n when the value of n is less than 0.15.
According to Eq. (3), the positive b, T, /Ap comes from
the positive An/bp. Therefore the positive b, T, /Ap for
x =0.025, at which concentration the alloy is semimetal-
lic, in the lower-pressure range [Fig. 2(b)] could not be ex-
plained with Eq. (3), since we have assumed that n de-
creases with increasing p for this alloy as mentioned
above. In order to remove this inconsistency, we have
considered the following. We have already pointed out in
Sec. IIIA that the large excess magnetic moment of
0.6ps/(Eu atom) at 0 K in comparison with the theoreti-
cally expected value may come from the polarization of
the 5d 6s band. In other words, the split of the band due
to the exchange field will be realized. When pressure is
applied, the semimetallic overlapping of the split band
may increase due to the pressure-induced band widening,
resulting in the increase of n and the positive b,n /by.

With further increase in p, the decrease of band polari-
zation and sp-d hybridization tends to create the energy
gap. In the semiconducting alloy for x &0.1, it may be
assumed that n in Eq. (3) is expressed as
n =noexp( E/kT) and th—at b, T, /Ap comes from the
pressure effect on n through that on the energy gap E.
Since E increases with the application of pressure, n is ex-
pected to decrease with p. From these arguments, the fact
that T, for x =0.025 decreases rapidly above p =3 kbar
after reaching a maximum will be attributable to the
strong pressure effect on n through E, since the alloy
shows semiconducting character above p =3 kbar as seen
in Fig. 12(a). Although the pressure dependence of T, for
x =0.025 could tentatively be understood in these ways, a
detailed check should be required.

The large negative AT, /bp for x =0. 1 and 0.2, which
are semiconducting means a drastic decrease in n with p
and could be regarded as an indication of remarkable n-
dependent volume magnetostriction below T, . Positive
volume magnetostriction in the present alloy system is,
however, somewhat different in mechanism from that in
the well-known Invar 3d metal alloys such as Fe-Ni and
Fe-Pt. In the case of Invar alloys, the behavior is attribut-
ed to the volume dependence of the d band (the volume-
induced band widening effect). ' In the case of the Eu-Yb
alloy system presently studied, on the other hand, the
volume expands below T, so as to induce a decrease in the
band gap E and an increase in n, resulting in the decrease
of the magnetic exchange energy (carrier number effect).
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C. Spin-glass-like state

According to the simple RKKY model, the decrease in
n changes the magnetic phase from ferromagnetic directly
to the paramagnetic. In the Eu-Yb alloys with x &0.2,
however, the spin-glass-like phase appears at low tempera-
tures [Fig. 1(a)]. This fact suggests that other kinds of in-
teractions different from the RKKY type should also be
considered in this concentration range. Furthermore, even
if the remaining RKKY interaction will be suppressed
with pressure, the spin-glass-like phase does not appear
for the alloys of x=0.02S and 0.1. Therefore, another
kind of interaction mentioned above may be the one
which is effective for the appearance of the spin-glass-like
phase for x )0.2, but ineffective for x &0.2. One of the
key points in understanding these circumstances will be
the fact that the concentration x=0.2 is very close to
x =0.195, the fcc percolation limit. Therefore, the oth-
er kind of interaction is likely to be of an antiferromag-
netic short-range type, while the RKKY interaction is a
long-range type. It has been pointed out that in the fcc
crystal structure, the short-range antiferromagnetic in-
teractions have frustration and high degeneracy in the
magnetic structure. However, the appearance of the
spin-glass-like phase in the present alloys may be attribut-
able to the heterogeneous distribution of interactions
which is statistically unavoidable in the alloying process.
A similar mechanism has been reported for the insulating
spin-glass system of Eu«Sr& „S.

Next, we will discuss the pressure effect on Tg and re-
lated problems. The long-range RKKY interaction still
remains in the samples as mentioned above, and it pro-
duced ferromagnetic clusters which are distributed ran-
domly due to the spatial fluctuation of the short-range in-
teraction. Because of the pressure sensitive character of
the RKKY interaction, the ferromagnetic clusters become
vague, resulting in the decrease of Tz with initial applica-
tion of pressure. But once the RKKY interaction be-
comes ineffective at large enough pressure, the pressure
dependence of the short-range interaction dominates. The
positive ATslbp at relatively high pressures as seen in
Fig. 6(b), for example, may come from this circumstance.

Since it may be assumed that the value of X at Tg is
roughly proportional to the size or the number of fer-
romagnetic clusters, the decrease in ferromagnetic clusters
due to pressure will bring a strong negative pressure
dependence of X at Tg. On the basis of spin-glass
theory, Tg is expressed as Tg -~z b Jwhere b.J is the
standard deviation of the exchange interaction J. From
the fact that the pressure dependence of Tg is consider-
ably smaller in comparison with that of T„we can say
that AJ is almost insensitive to pressure, contrary to the
case of the RKKY interaction.

The reentrant phenomena (paramagnetic —ferro-
magnetic —spin-glass phases) shown in Fig. 1 have been
found in many other systems. The examples are
Au~ „Fe„(Ref.30), (Pd, Fe)~ „Mn„(Refs. 16 and 31),
(Fe, Mn„)75P $686Al& (Ref. 32), (Fe& „Ni„)75P,686Alz
(Ref. 32), and Eu& „Sr„S(Ref. 27). The first and second
examples are crystallized 3d-electron systems, the third
and fourth are amorphous 3d electron systems, and the

last one is an insulating rare-earth system. Furthermore,
the system Eu Yb~ „presently employed is a semicon-
ducting localized 4f electron system. The triple-point
concentration, x, reported are 0.16, 0.06, 0.40, and
O.S3 for Au~ „Fe„, (Pdo 9935Feo 0065) ~ «Mn«,
(Fe~ „Mn«)75P&6B6Alq, and (Fe~ «Ni„)75P~686Alz,
respectively. The magnetic properties under pressure
which are common among these systems, are arranged as
follows (a. ) The signs of b, T, /hp and b T, /bp for x &x,
are negative and positive, respectively. (b) At x=x„ the
P versus T curve is asymmetric and the 7 value near T~
drastically decreases with increasing pressure. (c) In some
systems, the sign change in b, Tg /bp from negative to pos-
itive occurs as pressure increases. (d) The pressure depen-
dence of the X value at Tg is negative. These results are
also maintained in a Eu-Yb system in the present work.
Therefore it may safely be concluded that the response of
the magnetism of the 5d 6s band to pressure is very simi-
lar to that of the 3d band.

D. Resistivity maximum

As seen in Fig. 12(a), the resistivity p versus T curves
for x =0.025 have maxima in the paramagnetic tempera-
ture range and the temperature at the maximum shifts to
the lower-temperature side with increasing pressure. Up
to p =4.3 kbar, the temperature dependences of the curves
below T, have been expressed experimentally as AT,
where the a value increases from —, at 0 kbar to 2 at 4.3
kbar while A is almost constant. Furthermore, the curves
at p =6.4 and 7.8 kbar below T =30 K are expressed as
AT, where A at 7.8 kbar is larger than it is at 6.4 kbar.

Although they are not ferromagnetic cases, we will dis-
cuss the resistivity maxima of two examples: (i) a simple
semiconductor, containing Bi impurity ' " and (ii) a
spin-glass alloy, CuMn. For (i), the electrical resistivity
p is expressed as p=(en@), whe, re e, n, and p are the
electron charge, the number of carriers, and the mobility,
respectively. As temperature rises, p decreases because of
the increase of the phonon scattering and n increases by
thermal excitation over a narrow energy gap. Then the
maximum in the p versus T curve occurs as the result of
the competition between these two causes. However, the
temperature at which p reaches its maximum tends to
shift to the higher-temperature side with increasing pres-
sure, since the energy gap increases with increasing pres-
sure. Therefore, this analysis is not applicable to the
present result.

In the case of (ii), on the other hand, Ford and My-
dosh have interpreted the maximum as arising from the
competition between the creation of short-range magnetic
ordering at temperatures far beyond Ts and the Kondo
effect. There, on the basis of the conduction-electron
scattering by a magnetic impurity, p was expressed
p=po+AT, where the symbols in the equations are
from their paper, Ref. 35. According to their analysis,
the present results obtained for p=6.4 and 7.8 kbar are
likely to be understood qualitatively by taking the thermal
excitation over energy gap into consideration, instead of
the Kondo effect. Then the carrier number decreases, as
temperature decreases, due to the decrease of thermal ex-
citations over energy gap, and p increases in the high-
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temperature side. When the temperature decreases fur-
ther, short-range magnetic ordering develops dominantly,
or overcomes the effect of thermal excitation, and tends to
decrease after reaching a maximum. As pressure in-
creases, the RKKY interaction for the short-range mag-
netic ordering becomes weak and the temperature at
which p reaches its maximum falls. Concerning the in-
crease of A with increasing pressure, it may be roughly

understood that A will be inversely proportional to n,
W ~n-' "
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