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The induced magnetic moment of polycrystalline PrNis was investigated at 7=4.2 K in magnetic
fields up to 40 T. The magnetization increases faster than linear in magnetic fields less than 14 T,
which is believed to be a result of a level crossing induced by the magnetic field. The observed mag-
netization compares well with the induced magnetic moment, calculated on the basis of a molecular-
field Hamiltonian, which includes the crystalline electric field potential, Zeeman term, and isotropic
exchange interactions. The calculations indicate that at lower temperatures the level crossing would
give a stepwise increase of the magnetization, which is expected to be between 15 and 19 T, depend-
ing on the crystal-field level scheme. At 4.2 K the transition is smeared out and should be very

sharp if the temperature is lowered below 1 K.

I. INTRODUCTION

The intermetallic compound PrNis crystallizes in the
hexagonal CaCus structure.! The Ni ions are thought to
be nonmagnetic or weakly magnetic’ as a result of the
filling of the 3d shell with the valence electrons of the Pr
ions. Therefore the magnetic properties of PrNis are
prescribed to the magnetism of the praseodymium ions.
The praseodymium ions are placed in lattice points with
hexagonal symmetry.

The magnetic susceptibility of polycrystalline PrNis
shows a weak maximum around 16 K.® The lack of a
specific-heat anomaly around 16 K led Craig et al.* to
conclude that the anomaly in the susceptibility was a crys-
talline electric field (CEF) effect, and that the ground state
of the Pr ions is a ', singlet, with a first excited state s
doublet. The anisotropy in the magnetic susceptibility
predicted by this model was opposite to the observed one.’
The full energy scheme was deduced in (Ref. 5) by fitting
the experimental data to the heat capacity and magnetic
susceptibility of a monocrystalline sample to a Hamiltoni-
an which includes the CEF potential and a Zeeman term.
A very similar CEF energy-level scheme was deduced
from the experiments on inelastic neutron scattering® (see
Table I).

The singlet ground state of the praseodymium ion will
remain stable down to very low temperatures only if the
value of the exchange interactions between the ions are
sufficiently small. In a number of different exper-
iments—magnetic susceptibility’ and NMR studies on
single crystals’ and the very low-temperature heat capaci-
ty of polycrystalline samples®—the value of the molecular
field exchange constant is estimated to be equal to 0.10
meV. This is several times smaller than the value neces-
sary for an induced magnetic order in the electron system.
For this reason PrNis was very successfully used in
hyperfine-enhanced nuclear magnetic cooling.®°

In this paper we report a study of the induced magnetic
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moment of PrNis at 7'=4.2 K in impulse magnetic fields
up to 40 T. The experimental results are compared with
the calculated magnetic moment on the basis of a
molecular-field Hamiltonian.

II. EXPERIMENTAL

The investigated PrNis samples were prepared from
powdered Pr with purity 99.9 wt. %, obtained from the
Alfa Division of Ventron Corporation Ltd., and powdered
Ni with purity 99.999 wt. % obtained from Johnson-
Matthey Corp., JM grade 1. Stoichiometric amounts of
the above metals were mixed and well homogenized. The
mixture was split up in several parts of about 2 g each.
They were heated up in Ta crucibles at 1000 K for 15 h.
The Ta crucibles were sealed off in quartz ampules with
pure argon at a pressure of approximately 200 Torr. The
so-reacted mass was sintered and homogenized carefully
again. Tablets were produced by cold pressing at room
temperature with a 20-ton press. These tablets were arc
melted on a water-cooled copper hearth, under an argon
atmosphere. The so-produced samples (of about 10 g
each) were used as cast, without any additional thermal
treatment. From these specimens, used in the investiga-
tion of the thermal properties of PrNis, small pieces were
cut for the investigation of the magnetic properties.

The analysis of the samples with an electron probe
x-ray microanalyzer type JXA-5A JEOL showed that
there was not any unreacted Pr and Ni. The x-ray
diffraction verified that the specimens were single phased

TABLE 1. Crystalline electric field parameters of PrNis (in
kelvin).

Reference BY BY % 10? BYx10* B$x10?
5 3.74 4.49 7.70 2.72
6 7.12 5.77 11.81 3.14
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and had hexagonal CaCujy-type structure. The lattice pa-
rameters were @ =4.960 A and ¢ =3.985 A Wthh com-
pares well with the results of other authors.”

The residual resistance ratio of our specimens is
R;y /R4 ,=4. For comparison the best PrNis specimens
have a residual resistance ratio 24—32.!!

Employing a ballistic magnetometer'? the magnetiza-
tion at T =4.2 K was measured in magnetic fields up to
14 T, produced by a water-cooled Bitter-type magnet.
The accuracy of the measurements was better than 1%.
The measurements in impulse magnetic fields up to 40 T
were performed with a pulse width of 18 ms for the
highest magnetic fields."> The magnetization measure-
ments were made using an induction method similar to
that described by Allen et al.!* The signal from the
pick-up coil, which was proportional to the derivative of
the magnetic moment (dM /dt), after integration was reg-
istered on the Y channel of a digital recorder. The signal
from the magnetic field pick-up coil, proportional to the
derivative of the magnetic field (dH /dt), after integration
was registered on the other channel of the digital recorder.
The curve M =f(H) was displayed on an X-Y recorder.
The magnetization was immediately deduced in arbitrary
units. The absolute values were obtained by making the
initial part of the magnetization curve coincide with the
induced magnetic moment of the same sample in station-
ary magnetic fields.

III. THEORY

The magnetic behavior of the praseodymium ion can be
described within the molecular-field approximation by the
following Hamiltonian:

H=Fcp+Hms, 1)
where
FHcr=B%0%+B20%+B202+BOS )

is the CEF potential of the Pr ions in hexagonal environ-
ment, O, are Stevens operators and B," are the crystal
field amplitudes.!> As pointed out in Refs. 5 and 6, the
¢ /a ratio differs from the ideal, and therefore the crystal
field amplitude BY cannot be taken equal to zero. More-
over the relation B¢ /B0 = Z obtained in the point charge
model does not hold any more. For these reasons the
CEF potential, in this case, is described by four indepen-
dent crystal field amplitudes.

Two sets of values for the CEF parameters were used
in the calculations-—those derived in Refs. 5 and 6—and
are summarized in Table I. In Table II are given the
eigenstates and eigenvalues calculated in Ref. 5 and those
derived from the CEF parameters from Ref. 6. It should
be noted that although the energy schemes are very simi-
lar, the CEF parameters in Refs. 5 and 6 diﬁ'er This is a
consequence of the fact that in Ref. 5 B? and Bs are in-
dependent variables, while in Ref. 6, the ratio B /B? was
calculated using the appropriate value of the c¢/a ratio,

e., the experimental data in Ref. 5 was fitted with four
independent variables, while in Ref. 6 there were only
three.
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The molecular field term (#,,¢) in Eq. (1), is written as
Hoe=—gyup(H+AM)-J, 3)

where H is the applied magnetic field, J is the total angu-
lar momentum, M is the induced magnetic moment, and
A is the molecular field constant, connected with the ex-
change coupling parameters (J;;) between the praseodymi-
um ions:

1
SJ;. (4)
2g12,“%3 i#j iy
By considering the explicit form of the eigenfunctions of
the Hamiltonian [Eq. (1)] it can be shown that the magne-

tization will be pointed along the applied external magnet-
ic field. The magnetization is calculated from:

M=g,up(J), 5)
where
g
> myexp(—e; /kgT)

(N ="= ; 6)
2 exp( _ei/kBT)

i=1

here m; are the matrix elements of J for all the eigenstates
of the Hamiltonian [Eq. (1)] and e; the corresponding ei-
genvalues. The Hamiltonian [Eq. (1)] was diagonalized
numerically and Egs. (5) and (6) solved self-consistently,
using an iteratative procedure for each given value of the
magnetic field and temperature.

The magnetization of PrNis is anisotropic. Therefore in
order to compare the calculated magnetization with the
experimental data an averaging has to be done. The fol-
lowing Hamiltonians were considered for magnetic fields
parallel and perpendicular to the ¢ axis:

H”:ﬁcp—g‘],liB(H +}LM)J" , (73)
ﬂlzﬁcp—gjﬂB(H +)\,M)Jl s (7b)

here M is the average magnetization, which is assumed to
be equal to

M= g.huB

QU+ . (8)

The magnetization of a polycrystalline sample was calcu-
lated in the same way as above, but Eq. (8) was also in-

TABLE II. Eigenfunctions and eigenvalues of the Hamiltoni-
an [Eq. (2)] as derived by Andres et al. (Ref. 5), a,=0.214 and
a4=0.977, and calculated with the CEF parameters of Andreeff
et al. (Ref. 6) a,=0.180 and a,=0.984.

e (K) e; (K)

Eigenfunction Ref. 5 Ref. 6
ri a,| *+4) +a,| F2) 332 392.4
r; 1/V2| +3)+ | —3)) 156.8 158.6
r? a,|t4)—a,| F2) 48.2 54.0
Te [+1) 39.4 39.0
T, i) 22.9 17.6
| 1/V2 | +3)— | —3)) 0.0 0.0
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cluded in the self-consistent solving of the equations for
the induced magnetic moment.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

The magnetization of the polycrystalline PrNis is
shown in Fig. 1. In the same figure are shown the results
of the calculated magnetization (as explained in Sec. III)
using both sets of CEF parameters. An interesting feature
of the experimental data is that for magnetic fields less
than 14 T the magnetization increases faster than linear.
This is clearly demonstrated on Fig. 2 on which the
differential susceptibility is shown. The differential sus-
ceptibility (M /0H) is calculated by numerical
differentiation of the magnetization (experimentally deter-
mined and calculated). From Fig. 1 it seems that for the
magnetization is better accounted if the CEF parameters
derived in Ref. 5 are used. In Fig. 2 the quantitative
agreement between the calculated differential susceptibility
with the parameters from Ref. 5 and that derived from
the experimental data is also better, though the position of
the maximum is better predicted with the level scheme
from Ref. 6.

Such a behavior of the induced magnetic moment is a
result of the crystal field effects, as will be discussed
below. First let us consider the case of a magnetic field
applied along the ¢ axis. The application of a magnetic
field polarizes the ground state to give a pure | +3) state.
The maximum magnetic moment of this state is
m;=g;{+3|J,| +3)=2.4up/atom (for Pr’* g,=0.8).
In high magnetic fields the energy of this state decreases
proportionally to the applied magnetic field and the mag-
netic moment m;. One of the excited states (in this case
one of the I'? states) is polarized in the magnetic field to
give a pure | +4) state, with a maximum magnetic mo-
ment m;=3.2up/atom. The energy of this state de-
creases proportionally to its magnetic moment, i.e., faster
than the energy of the ground | +3) state. So that there
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FIG. 1. Induced magnetic moment of polycrystalline PrNis at
T=42 K: @@e, measured in stationary magnetic fields;
— — —, impulse field measurements; , calculated with the
CEF parameters deduced by Andres et al. (Ref. 5); — - —.—. s
calculated with the CEF parameters of Andreeff et al. (Ref. 6).
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FIG. 2. Differential susceptibility of polycrystalline PrNis at

T=4.2 K; — — —, calculated from the experimental data;
, calculated with the CEF parameters of Andres et al.
(Ref. 5); —e —. —. , calculated with the CEF parameters of An-

dreeff et al. (Ref. 6).

exists a magnetic field at which the state | +4) should
cross the | 4+3) ground state, the result being a stepwise
increase of the magnetization (if the temperature is
sufficiently low so that only the ground state is popu-
lated). Calculations with the CEF parameters of PrNis
(either of those from Refs. 5 or 6) indicate that such a lev-
el crossing would occur at very high magnetic fields—of
the order of 400 T. The differential susceptibility would
have a maximum at the magnetic field at which the two
levels cross. This cannot explain the observed behavior of
the induced magnetic moment of polycrystalline PrNis in
magnetic fields around 14 T.

Similar behavior of the magnetization of singlet ground
state systems was first discussed by Cooper,“’ where the
cubic thulium compound TmSb was considered. In Ref.
16 it was predicted that the full magnetic moment of
Tm?3* ion would be reached stepwise, each step corre-
sponding to a crossing of the ground state by an excited
state with a greater magnetic moment, for magnetic field
pointed along the hard axis. Tsuneto and Murao!’ con-
sidered an effective S =1 system with a singlet ground
state. They showed that the level crossing is a second-
order phase transition. Polycrystalline PrNis cannot be
described by an effective S =1 system. Moreover, in or-
der to compare the calculated results with the experimen-
tal data all nine states of the Pr ion (for Pr’t, J =4) must
be included. The analytical solution, in this case, is easy
enough only for magnetic field along the ¢ axis, when the
diagonalization of the Hamiltonian [Eq. (1)] is reduced to
diagonalization of four matrices, each 2X2. In the case
of a magnetic field perpendicular to the ¢ axis, to obtain
an analytical expression would mean a diagonalization of
one matrix 4X4 and one matrix 5X5, which might not
be possible (to obtain an analytical solution). Therefore
the diagonalization of the Hamiltonian [Eq. (1)] and the
calculation of the induced magnetic moment were done
numerically.

The application of a magnetic field perpendicular to the
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FIG. 3. Calculated energy level scheme of PrNis at T =0.3 K
with the CEF parameters of Andres et al. (Ref. 5) as a function
of the applied magnetic field, perpendicular to the ¢ axis.

¢ axis admixes excited wave functions into the ground
state to give an antisymmetrical wave function (| 4)).
This antisymmetrical wave function is a linear combina-
tion of all states | +i), i =1,2,3,4. The state T"; (|0)) is
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FIG. 4. (a) Calculated induced magnetic moment of PrNis for
magnetic field perpendicular to the ¢ axis with the CEF parame-
ters deduced by Andres et al. (Ref. 5). (b) Calculated induced
magnetic moment of PrNis for magnetic field perpendicular to
the ¢ axis with the CEF parameters deduced by Andreeff et al.
(Ref. 6).
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[1/V2(| +3) — | —3))], because the latter is antisymme-
trical. The calculated maximum magnetic moment of the
state | A), m4=g;( A |J, | A) is equal to 2.4y /atom
(in the limit of extremely high magnetic fields). The mag-
netic field admixes into the excited state I'; other wave
functions to give a symmetrical wave function |S). The
maximum magnetic moment of |.S) is 3.2upz/atom, and
therefore at a certain magnetic field H, |S) should
cross the ground state. At this field there should be a
stepwise increase of the magnetization, under the condi-
tions mentioned above. The calculated energy level
scheme of PrNis for a magnetic field perpendicular to the
¢ axis using the CEF parameters from Ref. 5 is shown in
Fig. 3 for T=0.3 K. The expected magnetization of
PrNis for a magnetic field perpendicular to the ¢ axis for
temperatures 7T =2.0 K and 0.3 K is shown in Fig. 4(a)
(level scheme deduced in Ref. 5) and Fig. 4(b) (level
scheme deduced in Ref. 6). The amplitudes of the wave
functions | 4) and |S) strongly depend on the magnetic
field and therefore the increase of the magnetization
(equal to the difference of the magnetic moments of the
states | 4) and |S)) also depends on the magnetic field.
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FIG. 5. (a) Calculated induced magnetic moment of polycrys-
talline PrNis; with the CEF parameters deduced by Andres et al.
(Ref. 5). (b) Calculated induced magnetic moment of polycrys-
talline PrNis; with the CEF parameters deduced by Andreeff
et al. (Ref. 6).
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TABLE III. Predicted critical magnetic fields (H.,) and rise in the magnetization (AM) for mono-
crystalline (HLC) and polycrystalline samples at T =0.3 K.

CEF level scheme of Ref. 5

CEF level scheme of Ref. 6

Sample H, (T) AM (g /atom) H, (T) AM (up/atom)
monocrystalline 18.7 1.18 15.3 1.48
polycrystalline 19.3 0.75 15.8 1.04

The critical magnetic field H_ depends on the CEF split-
tings and on the amplitudes a, and a, (Table II). It
should be also noted that the full magnetic moment of the
Pr ion for magnetic fields perpendicular to the ¢ axis at
low temperatures should be reached in relatively moderate
fields.

The magnetization of a polycrystalline PrNis at T =2.0
K and 0.3 K was calculated with both sets of CEF pa-
rameters and the results shown in Figs. 5(a) and 5(b).
The predicted critical magnetic moments are higher than
those predicted for a monocrystal, because the magnetic
moments for H|C are smaller than those for HLC and
thus using Eq. (8) for the effective magnetic field H +AM
acting on the ions in a polycrystal is smaller than the
effective magnetic field in a monocrystal for HLC. The
full magnetic moment of the Pr ion in a polycrystalline
PrNis; can be reached only when the full magnetic mo-
ment for magnetic fields along the ¢ axis is reached.

The predicted critical magnetic field (H,,) and the cor-
responding rise of the magnetization (AM) for monocrys-
talline and polycrystalline samples are summarized in
Table III for T =0.3 K. The increase of the temperature
from T'=0.3 K to T'=4.2 K would smear out the transi-
tion. The region of magnetic fields for which both levels
| A and |S) have appreciable population is about 6 T
for T =4.2 K, while for T =0.3 K this region is less than
0.5 T. Therefore the magnetization at T =4.2 K rises
only slightly faster than linear (Fig. 1) and there is no
abrupt increase.

V. CONCLUSIONS

The induced magnetic moment of polycrystalline PrNis
was studied in magnetic fields up to 40 T at 7'=4.2 K.
The magnetization in magnetic fields less than 14 T in-
creases faster than linear. This is clearly seen in the field
dependence of the differential susceptibility (Fig. 2). We
consider this as an experimental evidence of a CEF level
crossing induced by the magnetic field.

The induced magnetic moment was compared with the
calculated magnetization using a molecular field Hamil-
tonian, which includes the CEF potential, Zeeman term,
and isotropic exchange interactions. The CEF parameters
used were those determined in Refs. 5 and 6. The calcu-
lations indicate that for monocrystalline samples the full
magnetic moment of the Pr’* ion (3.2up/atom), at
sufficiently low temperatures, would be reached stepwise
for magnetic fields both along and perpendicular to the ¢
axis. For magnetic fields along the ¢ axis the critical mag-
netic field is estimated to be about 400 T. For magnetic
fields perpendicular to the c axis the estimates of the criti-
cal magnetic field are 18.7 and 15.3 T for the CEF pa-
rameters deduced in Refs. 5 and 6, respectively.

The magnetization of a polycrystalline sample is an
average of the magnetization of a monocrystalline sample
along the different directions. The transitions in mono-
crystalline samples must also be present, in some way, in
polycrystalline samples, though at slightly different mag-
netic fields. The behavior of the magnetization of a poly-
crystalline sample cannot be explained by the transition
induced by a magnetic field along the c axis; for this, it
would be necessary to have a magnetic field an order of
magnitude higher than the one we attained. The observed
effect is believed to be the result of a CEF level crossing in
the crystallites of the polycrystal for which the magnetic
field is perpendicular to the ¢ axis.

The transition at T =4.2 K is smeared out and should
be very sharp if the temperature is lowered below 1 K.
Similar transition was experimentally observed in mono-
crystalline Pr at 4.2 K,'" for magnetic field along the ¢
axis. In the case of monocrystalline Pr the energy of the
ground state I'; is independent of the applied magnetic
field along the ¢ axis. On the other hand, in the case of
PrNis the energy of the ground state decreases with the
magnetic field. That while the transition would be very
sharp if the temperature is below 1 K, when the region of
magnetic fields, for which the two levels (ground and ex-
cited states) have comparable population, is very small.
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