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Nuclear-induced ferromagnetism below 50 mK in the Van Vleck paramagnet PrCu,
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In the intermetallic compound PrCu5 the H4 multiplet of the Pr ion is crystal field split such that
the lowest state is a singlet, leading to a nearly temperature-independent Van Vleck susceptibility below

4.2 K. At very low temperatures (below —50 mK) however, we observe ferromagnetic self-polarization

of the singlet due to hypeHine and exchange interactions. Specific-heat and magnetization measurements

down to S mK are presented and discussed in the molecular-field model of a coupled electron-nuclear

system.

I. INTRODUCTION

Singlet-ground-state magnetism has been of much
interest recently because of the various effects one

can expect in a system of singlet-ground-state ions
in the presence of both exchange and hyperfine in-
teractions. It has been demonstrated both theoret-
ically and experimentally that if exchange interac-
tions exceed a critical value, the singlet ground

state becomes unstable against self-polarization
at low temperatures. The transition tempera-
ture, '~ the ordered moment" (at zero tempera-
ture) and even the excitation spectrum3'4 (as de-
tern', ined with neutron scattering techniques) of
such overcritical induced moment systems have

yielded to theoretical analyses. '8 Hovrever, some
details about the dynamical behavior of induced
moment systems, such as the existence or non-

existence of a soft mode at the transition tempera-
ture, are still controversial and unresolved. Sin-
glet systems with far undereritical exchange inter-
actions have been shomn to remain Van Vleek para-
magnetic into the mK range of temperature and

eventually to undergo spontaneous nuclear magnetic
order at very lovr temperatures. In such systems
(e.g. , prTI1, ' prpt1, prCu6' ) the hyperfine in-
teraction can lead to large enhancements of the
local field at the Pr nuclei by a factor of 10 to 20
over the external applied field, a fact that has been
utilized successfully in hyperfine enhanced nuclear
cooling experiments to reach temperatures dovrn to
1.6 mK. Fol near-crltlcal exchange intel actions,
more complex magnetic ordering phenomena" l4

can be expected vrhereby the self-polarization of the
singlet ground state is triggered by the high en-
hanced susceptibility of the nuclear magnetic mo-
ments. The Pr-Cu phase diagram contains several
phases which are mell suited to the study of these
phenomena: PrCu6 10 (which has an orthorhombic
crystal structure) is a case of a singlet-ground-
state system vrith meak exchange interactions vrhieh

is useful for nuclear magnetic cooling dovrn to at
least 2. 6 mK. In PrCu~" (also orthorhombic) the

exchange interactions are close to critical and lead
to antiferromagnetic induced moment order belovr
54 mK. In PrCu, (which has the well-known CaCu,
hexagonal structure) we find ferromagnetic order
belovr about 50 mK, and the exchange interaction
again seems to be close to critical in this case.
PrCu5 is the first exchange coupled singlet-ground-
state system vrith near-critical exchange interac-
tions for vrhich me mere able to obtain susceptibility
and specific-heat data over a temperature interval
extending vrell below its ordering temperature.

II. EXPERIMENTAL

A. Sample preparation

Appropriate amounts of Pr and Cu mere arc
melted together under a gettered Ar atmosphere.
The polycrystalline samples so obtained vrere sub-
sequently annealed for four weeks at 740'C and
quenched from this temperature. The color is red-
dish pink and the samples are stable against oxida-
tio11 111 R11' (111 colltI'Rs't to prCup). X-1'Ry Rlld 1118g-

netic ana, lysis showed that the samples mere single
phase after this heat treatment and had a lattice
constant of a=5. 125, e=4. 106, in good agreement
vrith Buschom and van der Groot'6 and Dwight. '~

Some single crystals mere grovrn from the arc
melt by dipping a cold tungsten rod into the melt
and slowly pulling a crystal from it under constant
rotation. These crystals grevr vrith the e axis along
the axis of rotation as evidenced by their perfect
hexagonal magnetic amsotropy (see below). An-
nealing these elystals at 750 C for three vreeks,
hovrever, deteriorated them to some extent and

made it somewhat difficult to determine their true
magnetic anisotropy (see below).

B. Measurements above 1.2 K
\

Specific-heat measurements betmeen 2 and 30 K
m+re ca.rried out in a heat-pulse calorimeter de-
scribed earlier. '8 Susceptibility and magnetization
measurements mere taken both with a pendulum
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of R) should be given by 7

b./0 T
R go kT

where d is the energy of the excited state and the
g's denote the multiplicity of the states. The anal-
ysis between 4. 2 and 15 K yields b, /ks = 32 K and

g, =g, . Below 4 K we find deviations from (1}, the
observed values of C/R being higher than predicted
by (1). The origin of this extra contribution is not
clear at present. Hyperfine specific-heat mea-
surements (see below) show convincingly that the
ground state is a singlet, so that the first excited
state must also be a singlet located about 32 K
above the ground state.

Starting from this knowledge of the two lowest-
lying singlets we then tried to guess at the next
higher level by fitting the data to the Schottky spe-
cific-heat formula
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Here the indices i and j label the excited states
individuaQy (a doublet state being counted as two
states with the same energy), and v;=S, ;/kT. The
sums ran over the excited states only, the formula
being correct for a singlet ground state. The best
computer fit to the data using Eq. (1a) is obtained

by assuming the first singlet to lie 30 K and a next
higher doublet 55 K above the ground state (solid
line in Fig. 2). The fit reproduces properly the
location of the Schottky-type peak at 16 K, but over-
estimates the height of the maximum. %e believe
that this "smearing out" of the Schottky peak is
again due to the ferromagnetic exchange interac-
tions which actually broaden the sharp crystal-field
levels into bands of collective excitations. The
same behavior was observed in specific-heat mea-
surements of Van Vleck paramagnetic (Pr, Lal ),Tl
alloys, where the ferromagnetic exchange interac-
tions increase with the concentration x. As we
show below, a sequence singlet-singlet-doublet
for the lowest levels is indeed consistent with a
point-charge crystal-field calculation with rea-
sonable assumptions of the relative strength of
second-, fourth-, and sixth-order crystal-field
pa a et

The inverse low-field susceptibility of a poly-
crystalline sample below room temperature is
shown in Figs. 3(a) and 3(b). It initially follows a
Curie-gneiss law down to about 30 K with a slope
corresponding to an effective moment of 3.36p.~
and 8 =+12 K. The free effective ion moment is
3.58p.~. Below 20 K, the susceptibility flattens
out in a manner characteristic of a nonmagnetic
ground state (Van Vleck paramagnetism). The

0.1

0
0

I

4

FIG. 3. (a) Inverse magnetic moment of PrCu5 (ob-
served in 14 240 Oe) plotted against temperature. The
slope of the solid line corresponds to the Curie law with
effective moments of 3.36@~ per ion. (b) Low-field sus-
ceptibility of PrCu& at low temperatures.

value of y.«at 1 K equals 0. 455 emu/mole, which
is surprisingly large and again points to a strong
ferromagnetic exchange enhancement. Figure 4
shows the magnetization as a function of applied
field at 1.2 K. Typical Van Vleck (VV) paramag-
netic behavior is observed. The decrease of the
VV susceptibility with increasing magnetic fleM ls
a crystal-field effect and is enhanced by the ex-
change interactions (i.e. , the susceptibility in high
fields is less exchange enhanced than in low fields).
In order to compare this polycrystalline value with
expectations, it is necessary to know the suscepti-
bility of a single crystal both in the direction of the
c axis and normal to it. Single crystals as grown
fl'0111 'tile al'c Qlelt (see allove) did i11deed allow pel'-
feet magnetic hexagonal symmetry with the c axis
in the pulling direction (probe axis}, but with sus-
ceptibility values at 4. 2 K of 0.503 emu/mole in
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Pr CU5 B, vanishes. For pure point charges we have
B4&0, Be& 0, and IBel « IB4I, and the parameter
x= (B4F4/BBF6)/(1+ tB4F4/BBFB I) (p. 354 in Ref.
20) equals 0.944. The four lowest crystal-field
levels in this case, listed in order of decreasing
energy, are (see Fig. 11 of Ref. 20)

I', (doublet): a~~ +2)+a4~ +4),
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FIQ. 4. Magnetization of PrCu5 at 1.2 K as a function
of applied field.

the direction of the c axis and 0. 180 emu/mole
normal to it. In agreement with this, the unan-
nealed leftover button (polycrystalline) showed a
value of g at 4. 2 K of 0. 29 emu/mole. X-ray pic-
tures of the material indicated the correct phase,
but with somewhat fuzzy Bragg reflections. After
annealing both this crystal and the leftover button
at 750 'C for three weeks, the button again showed
the correct polycrystalline value of 0.455 emu/
mole, but the "single crystal" unfortunately no

longer showed perfect hexagonal symmetry, indi-
cating more than one preferred orientation. In a
particular direction normal to the probe axis, a
susceptibility value as low as 0. 15 emu/mole was
observed, while the probe axis value was as large
as 0. 7 emu/mole. If the lowest value is indeed the
a-axis value, then the true c-axis susceptibility
has to be 1.05 emu/mole at 4. 2 K in order to agree
with the polycrystalline value. The solid lines of
Fig. 5 show the observed temperature dependence
of the "&-axis" susceptibility as well as of the c-
axis susceptibility deduced from it and from Figs.
3(a} and 3(b}.

We can now try to fit these observed susceptibili-
ties as well as the specific heat with a crystal-
field-level scheme, taking into account the presence
of ferromagnetic exchange interactions in molecu-
lar field (MF) approximation. The Hamiltonian for
crystal fields of hexagonal symmetry can be written
in the form

Lvsg g g, ((Z„,) +2A„,kT)e s~'~
X tl(yer mole) pip . ~ g) f/'

g&e

(3)
(and similarly for y, , ), where L is Avogadro's num-
ber, the sum is over all &+1 levels of the multi-
plet, (J„) is the expection value of angular momen-
tum of each level in the c-direction, and A,
= $gg; n;~/(E; —Eq}, and o.,) = (q&( I J„l pg) is the ma-
trix element of angular momentum between levels
i and j. When applying this formula to the above

PrCus
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This would indeed be in qualitative agreement
with our conclusions from specific-heat measure-
ments. By choosing x=0. 70 and the overall crys-
tal-field splitting to be 101 K, the I'~ and I, states,
respectively, would be at 30 and 61 K above the I"4

ground state, in fair quantitative agreement with
our specific-heat result. The low-field suscepti-
bilities can be calculated from the wave functions
and their energies by the Van Vleck formula

& = B202+B404+BeOe+ Be0eoo oo oo ee (2)

in Stevens's operator equivalent notation. Segal
arid Wallace2o have calculated all eigenvalues and
eigenvectors for the point-charge model (where
Bo/Be =~77} and for a hexagonal close-packed struc-
ture (c/a = 1.83), for which the second-order term

FIG. 5. Anisotropy of the observed low-field suscepti-
bility in a single crystal of PrCu~ (solid lines). X„ is de-
duced from X~ and X polycrystalline (see text). The dashed
lines are computed using the wave functions in Table I
and a molecular field exchange parameter A. of 6.2 mole/
emu (see text).
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level scheme (x= 0. VO, overall splitting = 101 K) we
find that an appreciable anisotropy in the susceptibility
develops only below 25 K, whereas the observed an-
isotropy persists to much higher temperatures (at
40 Kit is still a factor of four). In order to improve
the theoretical fit to the observed susceptibility we
have included the second-order term in the Hamilto-
nian (2). Starting fromthe wave functions and energies
given in Ref. 20 we diagonalize the additional per-
turbation B~02, which only mixes the two I'5 states.
Rewriting the Hamiltonian in the form
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A best fit to our experimental data is obtained by
assuming &=6.2 mole/emu. This yields the dashed
lines in Fig. 5. It is thus apparent that the large
observed anisotropy at low temperatures is mostly
due to the strong ferromagnetic exchange enhance-
ment, which equals 8. 9 along the c axis and 1.17
normal to it. As can be seen, the predicted anisot-

TABLE I. Wave functions and energies of the crystal-
field-split H4 multiplet of Pra+, calculated in the point-
charge model for @=0.8, y= —0.494, and 8"/k3=-7. 88K
(see text).

Wave function (H= 0)

1"g= I 0)
r, = I+1)
I'52 = —0.1404 I + 2) + 0. 8834 I ~4)
I'~g = 0.8834 I T2) + 0.1404 I + 4)

1 1~3=~ I
—3)+~ I'3)

1 1

E/u~ (K)

241.7
218.1
138.0
55.1

30.0

0.0

B4B4 = xy 8',

&s& =&(I —
I xl)w.

and F'~ =1, F4=60, F6= —1260 being multiplicative
factors contained in the respective operators 0~,
04, and 06, we obtain a much better fit to the sus-
ceptibility with the following choice of parameters:
x=0. 80, y= —0. 49, and W/ka= —V. 88K. The cor-
responding wave functions and energies are tabulated
in Table I.

Computer calculations of the crystal-field sus-
ceptibilities X„, and X„in the two principal direc-
tions using Eq. (3) and the wave functions in Table
I are plotted in Fig. 6. The actual susceptibilities
are exchange enhanced over the crystal-field sus-
ceptibilities (in MF approximation) by

FIG. 6. Crystal-field susceptibilities along and nor-
mal to the c axis computed from the wave functions in
Table I.

1 1
X 3 X[( (6)

With g =0.455 emu/mole and X„,=O. 144 emu/mole
we obtain from Eq. (6) & = 6. 21 mole/emu, a value

practically identical to the one deduced above on

the basis of the complete level scheme.
We can thus say that both the thermal and mag-

netic properties of PrCu, above 1 K are rather well
explained with the crystal-field-level scheme in
Table I which was calculated from a point-charge
model, when at the same time ferromagnetic ex-
change interactions are assumed. The largest
critical parameter is observed in the c axis and is
equal to &X„,=O. 89 (using &=6.2 mole/emu), rather
close to the critical value of 1 for spontaneous in-
duced moment order.

B. Properties below 1 K

Only polycrystaLLine samples were used for the
very-low-temperature experiments. Because of

ropy at 1 K is appreciably larger than observed,
which may again reflect the fact that we did not
have a perfect single crystal for our measurements
(see above). The calculated polycrystalline value,
however, is in fair agreement with our observa-
tions.

It should be pointed out that the value of & is very
sensitive to the calculated value of X for polycrys-
talline material at low temperatures (- 1 K). Also,
the value of X„, at 1 K is insensitive to the choice
of the crystal-field parameters x and y, as X„,
arises only through the mixing of the I'3 and I'4

wave functions. A first approximation for the value
of & can thus be obtained by setting Z, = 0 (i.e. , by
neglecting the states above the I', state) and using
the equation
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the large Van Vleck susceptibility of PxCu„ large
hyperfine fields (of order 86 times the applied field,
see below) can be induced at the Pr nuclei with
moderate applied fields, and the technique of hy-
perfine enhanced nuclear magnetic cooling can be
effectively used to cool the material to very lorn

temperatures. If the Van Vleck susceptibility is
temperature independent, the local field at the Pr
nuclei is given by

IIj.c = IIext. +&yXvv &ext

= H,„,(1+hgX„) = H,„,(1+K)

and is thus enhanced by 1+K over the external ap-
plied field. Here h& is a hyperfine coupling con-
stant defined by
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H~754 oe

H=mO Oe

A
&

——18V. V mole/emu,
g~P~gzPa

)(„=—"((1+K)')„. (10)

Here C& is the bare nuclear magnetic Curie con-
stant of Pr', which is equal to 9. 50M 10 ~ emu K/
mole. Now 1n a magnetically an1sotrop1e material
like PrCus, the average of the square of the sus-
ceptibility is not equal to the square of the average
susceptibility, and likewise for the hyperfine en-
hancement factor. If we denote the magnetic an-
isotropy by a =y, /y„, it is easily shown that the two
averages are related by

9 8 sm+ 4s+I
5 4&'+4&+1

where the bar means average over all directions.
Gur measurements above 1 K indicate = 0. 143;
from our calculated and exchange enhanced sus-
ceptibilities at 1 K we would deduce @=0.019.
Since our anisotropy measurements mere done on
an imperfect single crystal (see above) we adopt
the latter value and obtain

(X'&.,=1.VI(X )'

and likewise

(12)

((1+K)3)„=1.Vl(1+K)„3.

Using the value 86. 4 obtained from Eq. (8), for

where we have used the values g~ = 1.71, g~ = 0. 8,
and A./K = 0. 0525 K. In our polycrystalline sample
X» =0.455 emu/mole, and we thus get an average
hyperfine enhancement factor

(1+K),„=86.4,
which is the largest one observed to data in an in-
termetallie praseodymium compound. It leads to a
very large enhancement of the nuclear magnetic
susceptibility, which is superimposed on the Van
Vleck susceptibility and given by

0-
0 0.1 0.2 0.3

H= 25 Oe
T Y'

0.4 0.5 0.6 0.T 0.8
T(K}

0.9 1,Q

FIG. 7. Molar magnetic moments of polycrystalline
PrCu5 in different fields at temperatures below 3. K.

(1+K)„, the expected enhanced nuclear suscepti-
bility would then be

X~,„,= 1.21~ 10 2 emu K/mole . (14)

Magnetization and specific-heat measurements be-
low 1 K were carr1ed out as follows The sample
was first preeooled in a field of 25 kGe to around
40 mK with the dilution refrigerator. It was then
demagnetized to a fixed field, and the change in
magnetization mas observed on warming the cold
sample up to 1 K. Demagnetization to 25 Ge re-
sulted in a lowest end temperature of 4. 5 mK.
Measurements were carried out in four fields,
namely 25, 330, 734, and 1468 0e, and the results
are shown in Fig. 7. The hyperfine enhanced nu-
clear susceptibility which is superimposed on the
Van Vleck susceptibility (dashed lines) is clearly
visible already at 1 K. It can further be seen that
an additional moment, more or less independent of
field, develops below 0. 1 K. Magnetization curves
at constant temperature deduced from Fig. 7 are
shown in Fig. 8. There is clear evidence of an
ordered ferromagnetic moment at zero degrees of
magnitude:

o',« —940 emu/mole . (15)

According to Fig. 7, the ordered moment disap-
pea, rs above about 40 mK. However, even in a field
as low as 25 Ge there ls no eleal evidence of a
sharp phase transition in this vicinity. In Fig. 9
me plot the inverse of the difference between the
observed susceptibility and the Van Vleck suscepti-
bility for tmo different fields versus temperature
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FIG. 8. Magnetic moment of polycrystalline PrCu& vs
applied field at four different temperatures below 1.2 K.
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below 1 K in the paramagnetic regime. The Van
Vleck susceptibilities in 1468 and V34 Oe have been
evaluated by fitting the data to the equation

)0-5 10 2

I I I I I IIII

I0-1 IO 5

T (K)

10-2 10'
I I I I I I IIII I I I I I IIII

aT = ovvT+X„a

and the values found for these two fields are 0.455
and 0. 459 emu/mole, respectively. We observe
indeed a Curie-Weiss law with a mean Curie con-
stant of l. 6x 10 2 emu K/mole and a Curie-Weiss
temperature of 10 +10 mK. This is considerably
larger than the theoretical value l.21x 10 emu K/
mole deduced above and casts some doubt on this
method of analysis. While it has been demonstrated
before" in a number of cases that for smaller ex-
change interactions (and lower ordering tempera-
tures), the susceptibility is indeed separable into a
(temperature independent) Van Vleck part and a
"nuclear" part, this may no longer apply for PrCu,
where the exchange interactions are closer to the

FIG. 10. Observed molar specific heat of PrCu& in four
different applied fields at very low temperatures.

critical value for induced moment order. In other
words, the hyperfine enhanced nuclear susceptibility
may eventually no longer be treated as a second-
order effect, and one should rather consider the
total susceptibility of the combined electron-nu-
clear system. However, we show below in the dis-
cussion that when doing this in MF approximation
one recovers an expression for the temperature-
dependent part of the susceptibility which is very
similar to (10), even for near-critical exchange in-
teractions. The second-order estimate of the or-
dered moment at zero temperature is given by

A
cr = y«I = 1111emu/mole .

ggPa
(16)

70- Prius
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0
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FIG. 9. Plot vs temperature of the inverse of the dif-
ference between the observed and the Van Vleck suscepti-
bility for two different applied fields (see text).

Surprisingly, this is in rather good agreement with
our observation [Eq, (15)].

The specific-heat measurements in the four fields
are shown in Fig. 10. Again it can be seen that
there is no sharp transition. Instead, we observe
an initial 1/T rise which corresponds to the hyper-
fine enhanced nuclear Zeeman splitting in the ap-
plied field, then below about 70 mK a more rapid
rise to a maximum centered at about 1V mK in 25
and 330 Oe and shifted to 20 and 25 mK, respec-
tively, in V34 and 1468 Oe is observed. In the two
higher fields, these specific -heat anomalies look
qualitatively like nuclear Schottky-type anomalies.
In lower fields, they look like sharpened-up Schottky-
type anomalies and can be interpreted as arising from
a temperature-dependent hyperfine field which (in
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IV. DISCUSSION

The data presented above show that PrCu, is a
Van Vleck paramagnet with exchange interactions
about 0.89 times the critical value necessary for
spontaneous induced moment order. Thus PrCu,
is a near-critical singlet-ground-state system
which orders magnetically below - 20 to 50 mK only
because of hyperfine interactions. Such coupled
electron-nuclear magnetic systems have been
treated theoretically for the first time by Murao
in the molecular field (MF) approximation. "' He

was the first to point out that when hyperfine in-
teractions are included, the transition temperature
of an induced moment system is a continuous func-
tion of the critical parameter XX, across the criti-
cal value of 1, with T, showing the characteristic
rapid drop into the nuclear ordering regime at ~X,
just below 1. The electron-nuclear Hamiltonian
to be considered has the form

X=Ãc —2KO(J)J -A J ~ I, (17)

where (J) is the total temperature-dependent ex-
pectation value of 4f angular momentum and Ko

=g &, K,
&

——&Xga~ p2s (K,~
= exchange interaction be-

tween ions i and j, & = molecular field exchange
constant). JC, is the crystal-field Hamiltonian
which in our case leads to the eigenfunctions and

energies tabulated in Table I. If one acts with (17)
on these eigenfunctions and their nuclear. substates
and diagonalizes the Hamiltonian, one gets a self-
consistent equatian for (J) which can generally be
solved only by iteration on a computer. Triplett
and White~4 have presented solutions for (J) as a
function of T and the critical parameter ~X, for the
case af Pr', assuming two singlet states (having
only a matrix element of J, equal to 2. 582 (in units
of k). For our energy separation of ks&& 30 K and

our critical parameter &X,= 0.89 (the largest one,
observed along the c axis), the computer plots of
Ref. 14 would suggest a transition temperature of
about 35 mK, in fair agreement with what we ob-

25 Oe) starts developing rapidly below about 50 mK
and attains its full value around 10 mK. It is thus
obvious that no long-range order exists among the
Pr nuclei close to T,. However, long-range order
must be developing in the system of the 4f elec-
trons of the Pr ions. It is obviously present below,

say, 10mK and gradually develops below about 50mK.
We have evaluated graphically the entropies be-
tween 0 and 400 mK by extrapolation and obtain the
values b,S/R = 2. 03, 2. 05, 1.95, and 1.75 for the
four fields 25, 330, 734, and 14680e. These
values are reasonably close to the ideal value of
ln6 = 1.792 and are consistent with the assumption
that the specific-heat anomalies are entirely due
to the six nuclear substates in the Pr singlet ground
state.

serve. We have shown before'3 that a good approxi-
mation for the transition temperature can also be
obtained from the MF formula for the susceptibility,

Xo
1 —XXO

' (IS)

provided that X() is now taken to be the sum of the
(crystal-field) Van Vleck susceptibility and the hy-
perfine- (but not exchange-) enhanced nuclear sus-
ceptibility:

X„,+ (C„/T)(1+K„,)'
I —~Xcc —~'(C~/T)(I +Kcc)' ' (19)

The transition temperature T, then would be the
temperature for which the denominator of (19) is
zero. With K,c:kg&&X t, 27 03 [Eq (7), we again
take the maximum values of X and X along the c
axis to be the crucial ones for determining T, ],
the denominator in (1io is zero for (we have set
x= x')

"Ctv(1 +Kcc) 42 (2o)

X -X« is the quantity which we called the hyperfine
and exchange enhanced nuclear susceptibility X&
(see above and Fig. 9). With the approximation
X'—= X and some simple algebra we can rewrite (20)

which is similar to the result of Ref. 14. [Equa-
tion (20} applies if we can neglect the temperature
variation of x, below T,. ] Previously, "we have
argued that in other Pr singlet-ground-state com-
pounds with smaller exchange interactions (and
hence lower ordering temperatures), better agree-
ment with observed (or extrapolated) ordering tem-
peratures is obtained when the actual observed
value of K rather than the crystal field value K,
(which is not enhanced by excha~ne-interactions) is
used in (20}. However, using K„ instead af K„, in
(20) yields a T, of 2. 10 K, which is much too high
[roughly (1 —&X,) ~=(0.'») higher than 37. 9 mK].
Thus the simple MF estimate for T, seems to work
rather well for PrCu~, especially in view of the
fact that our measurements can pinpoint T, no
claser than being between 20 and 50 mK (see below).

We now discuss the susceptibility above T, in the
light of formula (19). In a polycrystal, we would
have to average (19) over all crystalline directions,
which would be rather difficult to do analytically.
Instead, we first separate out the temperature-in-
dependent parts and write (for a particular crystal
orientation)

X, + (C~/T)(I +K.)' X,
1 —xx, —x'(c~/T)(1+K, ) 1, —xx, '

(21)
with

Xc
Xvv
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in the form

C„[(1+K,)/(1 —Xg,)]' C„(1+KP
Xg =X —Xvv =

(22)

8 = LCD(1+Kc) /(1 —Xg~). (22)

Thus we see that the exchange enhancement of X, at
very low temperatures [which arises because of the
term &'(C„/T)(1+K,) in (19) as well as the exchange
enhancement of the hyperfine enhanced (crystal
field only) nuclear susceptibility] can be summed

up into the hyperfine and exchange enhanced nuclear
susceptibility which was derived before from the
local nuclear field point of view [Eq. (10)]. 8 in
Eq. (22) is again the ordering temperature T, [sim-
ilar to (20)]. As pointed out recently by Murao,
&, must be proportional to (1 —&y,) ' in strict MF
approximation, in contrast to the (1 —&)(,) 3

& (1 —l& Iy,,) ' dependence with which we have tried
to explain electron-nuclear ordering phenomena in
PrTl3, PrCu6, and PrCuz. ~3 Much above T„ the
nuclear susceptibility X& is now easy to average
over all directions, and by doing so we recover
Eq. (10). As pointed out above, the agreement of
(10) with our observation is somewhat less satis-
factory, in that our experimental nuclear suscepti-
bility (Fig. 9) is consistent with an average hyper-
fine enhancement factor (1+K)„of99.2 while the
value deduced from the observed and crystal-field
Van Vleck susceptibilities is 86.4. In spite of that,
we can still say that both the observed susceptibility

above T, and the ferromagnetic saturation moment
much below T, are in fair agreement with MF esti-
mates of the coupled electron-nuclear system. On
the other hand, MF theory predicts a sharp second-
order transition at about 3'7 mK, which is not ob-
viously borne out by the data. We may not expect
to see an anomaly in the specific heat at T, since
we are still in the regime of electronic induced mo-
ment order where the hyperfine splitting of the sin-
glet ground state just below T, is still smaller than
kT„" (and hence no appreciable lowering of the
nuclear entropy can be expected at T, ). However,
we would have expected to see a sudden increase
of X at T, in our lowest field of 23 Oe, but this is
not observed. Thus it may be that the nuclear in-
duced ferromagnetic polarization of the singlet
ground state happens inherently in a continuous
fashion without any sharply defined transition tem-
perature and has to be explained by going beyond
MF theory and taking short-range correlations be-
tween ions into account. The rather high values of
the nuclear specific heat even above T, support this
assumption and indicate that there are already
small ferromagnetic polarizations between neigh-
boring ions in this temperature range that are long-
er lived than inverse nuclear precession times.
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