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Synopsis
Temperature dependence of magnetic susceptibility and high field magne-
tism are studied for single crystals of antiferromagnetic compounds Prinz,
NdZnz and DyZnz. The paramagnetic Curie temperatures are anisotropic and
different field-induced transitions are observed along each crystal axis
direction.

I. Introduction
Rare earth intermetallic compounds RZnz ( R=rare earth metals ) have the
orthorhombic crystal structure of the CeCuz-type, in which the R atoms
occupy the 4e and the Zn atoms the 8h sites, forming a double-layer struc-
ture of R atoms along the c~axis as shown in Figure 1. Magnetic properties
of these compounds have been studied c f 7
by Debray et al.'’”™’ using polycrys- Py éf/y'

talline samples and reported that they o
are antiferromagnetic except for GdZnz '
and ErZnz and these compounds showed N A
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various interesting magnetic behaviors. Q-
The results of PrZnz'’ show that the ‘
magnetic moment of Pr ion decrease
monotonically with increasing tempera-
ture and the effective magnetic moment
and paramagnetic Curie temperature are
peii=3.56pe/Pr and 6r=14 K, respec- Fig. 1. Crystal structure of RZne.
tively. It is also reported that the The open and closed circles indicate
compound has no magnetic order down to the rare earth and zinc atoms.
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4.2 X and becomes a van Vleck paramagnet at low temperatures.

For NdZnz''*®’, the results of neutron diffraction experiments indicate
the magnetic structure to be a composite of sinusoidal transeverse wave
moment alignment polarized in the b-axis and propagation along the c-axis,
and ferromagnetic moment along the b-axis. The magnitude of the ordered
moment found for Nd is ~2.4 e and is considerably smaller than the free
ion value. However, no field-induced antiferromagnetic transition in the
magnetization process of a polycrystalline sample in magnetic fields up to
50 kOe has been observed. For DyZne, the results of magnetic measurements
on apolycrystalline sample by Debray et al.'’’™’ show that DyZne undergoes
simply some type of antiferromagnetic ordering below the Neel temperature
Tn=35 K, where the paramagnetic Curie temperature is +31.5 K and the ef-
fective paramagnetic moment is 10.45ze/Dy. Recently, we have carried out
neutron diffraction experiments on a polycrystalline sample of DyZnz®".

The results reveal that, with decreasing temperature, a linear modulated
antiferromagnetic structure (AF2) with (0 0 0.45) develops at 35 K. The
first order transition takes place at 29 K, below which DyZnz has a com-
mensurably modulated antiferromagnetic structure (AF1) with (0 0 0.5) and
the magnetic moment of 9.7 xe/Dy tilts about 16" from the b-axis. The oc-
currence of an incommensurate magnetic structure and the polarization of
magnetic moment of R ion along the b-axis are the common features for the
magnetic properties of TbZnz®’ and HoZnz®’ compounds.

In the last few years, we have studied high field magnetism on a single
crystal of NdZnz®', PrZne''’ and DyZnz'®’ under static magnetic field up
to 170 kOe and observed complex field-induced magnetic transitions for
each direction of the crystal axis. In this paper, we report the high
field magnetism of the NdZnez, PrZne and DyZne compounds.

IO. Experimental Procedure

The single crystals of RZnz were prepared by melting together stoichio-
metric amounts of rare earth metal(3N) and Zn(4N) in a tantalum crucible
and subsequently cooling slowly in an electric furnace under argon atmos-
phere, and annealing at 400 °C for 50 hours. The samples were confirmed to
be a single phase of the CeCuz type crystal structure by X-ray diffraction

The temperature variation of the magnetic susceptibility was measured
using a Faraday type magnetic balance in a magnetic field of 1~5 kOe at
temperature from 4.2 K to 300 K. Magnetization measurements were carried
out by a vibrating sample magnetometer in a static magnetic field up to
170 kOe, which was generated by a water cooled Bitter type magnet
installed in High Field Laboratory for Superconducting Materials, IMR,
Tohoku University.
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II. Experimental Results and Discussion

3-1. Prine
Figure 2 shows the temperature v .
dependence of the magnetic suscepti- ‘o ITa 1y,
bilities along the a-, b~ and c-axes Prin,
H=5k0e

of the orthorhombic cell of PrZnz 8y
under a magnetic field of 5 kOe. Both
the susceptibilities along the a- and
b-axes have remarkable temperature
dependence and sharp peaks at 23 K
(=Tn) and 10K(=Tm), respectively. The ~——
temperature dependence of the suscep- 0 v ——
e L. . 0 20 40 60 80
tibility along the c-axis is small in )
marked contrast to those along the a- Fig. 2. Temperature dependence of
and b-axes and shows a slight anomaly magnetic susceptibilities along
the a-, b~ and c-axe of Prins.
around 20 K.
Figure 3 shows the temperature depen-
dence of reciprocal susceptibilities 8

g | b

x lemu/g}

w10t

along the a-, b~ and c-axes at tempe~
rature far above Tnu. As seen in the
figure, all the reciprocal susceptibi-
lities followed well the Curie-Weiss
law, with the paramagnetic Curie tem-—
peratures, 8 s=16.9 K along the a-axis,

61v=2.9 K along the b-axis and 0= %0 100 200 300
=72.5 K along the c-axis. The effective Fig.3. Temperature dependence of the
magnetic moment was found to be 3.7 reciprocal magnetic susceptibilities
£ e/Pr, which is in good agreement along the a-,b- and c-axes of PrZn:.
with the value of 3.58us for the Pr¥’ '
free ion.

1/x (g/emu)

100 :

Hlla

Figure 4 shows the magnetization
curves along the a-axis at 6 K(below
Ta), 15 K(between Tw and Tw) and 20 K
(near Tu). The magnetization at 6 K
increases linearly with the field at
first, shows a discontinuous increase
at 17 kOe(= Hts), and appears to be L ST .

0 100 150 200
saturated above 60 kOe. The value of HikOe )
the magnc'at%zatlon at 170.}(06 is b4 Fig.4. Magnetization curves along
emu/g, giving the magnetic moment of the a-axis of PrZns at 6,15 and 20 K.
Pr ion, wrepr=3.1pe, which agrees well

dlemu/gl
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Pig. 5. Magnetization curves along Fig. 6. Magnetization curves along
the b-axis of PrZn: at 6,8 and 14 K. the c-axis of PrZn2 at 6,15 and 20 K.

with 3.2puze for Pr®* ion. The abrupt increase of the magnetization at 17
kOe is considered to be due to a field-induced magnetic transition from
the antiferromagnetic to the ferromagnetic state. In the magnetizing pro-
cess at 15 K, a field-induced transition was still observed at 1% kOe, but
the magnetization curve at 20 K did not show any significant anomaly.
Figure 5 shows the magnetization curves along the b-axis at 6 and 8 X
( below Tn),and 14 K(between Ta and Tw). The magnetization curve at § K
shows an abrupt increase at about 12 kOe(=Hwt) and a tendency to satura-
tion above 80 kOe. At 8 K, a steep rise in the magnetization around 8 kOe
was also observed, which corresponds to the field-induced transition. This
transition was not observed along the b-axis at temperatures above 10 X.
Figure 6 shows the magnetization curves along the c-axis at 6, 15 and 20
K. The magnetization curve at 6 K shows an abrupt increase at 96 kOe(=H=t)
and a tendency to saturation above 140 kOe. In contrast with the magneti-
zation process along the a- and b-axes, hysteresis at Illzt was observed and
the value of the magnetization at 170 kOe is much smaller than those along
the a- and b-axes. The magnetization anomaly around 30 kOe was dependent
on the setting of the sample. At 15 K above Twm, the field-induced transi-
tion was still observed, but the magnetization at 20 K increases linearly
with field within the magnetic field range employed here. These results
suggest that Tm would be the temperature where same kind of magnetic phase
change occurs

3-2 Ndinz

Figure 7 shows the temperature dependence of magnetic susceptibilities
and the inverse ones along the a-,b- and c-axes of NdZnz under a magnetic
field of 5 kOe and under a magnetic field of 1 kOe along the b-axis. The
susceptibilities along the a- and c- axes showed only one sharp peak at 18
K(= Tni). The susceptibility along the b-axis under a magnetic field of
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Fig. 7. Temperature dependence of the Fig. 8. Magnetization curves along the
magnetic susceptibilities and inverse b-axis of NdZnz at various temperatures.

ones along the a-,b- and c-axes of NdZn:

I kOe showed two peaks at 10 K(=Ta) and 23 K(Twz). The magnetic suscepti-
bility along the b-axis in a field of 5 kOe was large below 10 K(=T«) and
decreased with the rise of temperature, and it showed a sharp peak at 23 K
(=Twz). The reciprocal susceptibilities along a-, b- and c-axes at temper-
ature above 60 K obeyed the Curie-Weiss law, with the paramagnetic Curic
temperatures along the a-,b- and c-axes, 16.3, 17.5 and -22.7 K, respec-
tively; The effective magnetic moment was found to be 3.8 ue/Nd, which
is in good agreement with the Nd®* free ion value of 3.6 Le.

Figure 8 shows the magnetization curves of NdZnz along the b-axis at 6.6
K( below Tn), 16 K( between Tm and Tn1), 20.1 K( between Tu: and Twz) and
35 K( above Twe ). The magnetization at 6.6 K increased abruptly at a very
low critical field of about 1.5 kOe(= Hnt) and appears to be saturated.
This abrupt increase of the magnetization at Hut is considered to be a
field-induced magnetic transition from the sinusoidal magnetic structure
to the ferromagnetic one. The saturation moment at 150 kOe is 40 emu/g,
giving magnetic moment of 2.0 wxe/Nd which is in good agreement with the
calculated value of 1.9 pxe on the basis of the crystalline field parame-
ters estimated from the paramagnetic Curie temperatures. In the tempera-
ture range 16-20 K, a field-induced transition was observed at 5 kOe. This
critical field was higher than that at 6.6 K and thus, in the temperature
range 10-25 K, ‘there is an unknown antiferromagnetic structure different
from sinusoidal magnetic structure. This is related to the fact that the
susceptibility in § kOe is-different from that in 1 kOe in the temperature
range as shown in Fig. 7.

Figure 9 shows the magnetization curves along the a-axis at 6.4 K, 16.2
K, 20.1 K and 34.8 K. In the magnetization at 6.4 K, a field-induced mag-
netic transition was observed at 10 kOe(= Hs) and at ~80 kOe, respectively

At Hs, sinusoidal moment alignment directed to the b-axis underwent
spin-flop transition and increased toward saturation moment ~2 1 e/Nd
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Fig. 10. Magnetization curves along the

Fig. 9. Magnetization curves along the
c-axis of NdZnz at various temperatures.

a-axis of NdZn: at various temperatures.

above Hs. Above 20 K, no transition was observed.

Figure 10 shows the magnetization curves along the c-axis at 4.2 X
(below Ta), 16 K(between Tm and Tni), 20 K(between Twmi and Twz) and 35 K
( above Twz). In the magnetization curves at 4.2 K and 16 K, a field-
induced magnetic transition is observed at~8 kOe and~42 kOe, respectively.

It is noticeable that the magnetization curve at 4.2 K shows a large
hysteresis and no remanent magnetization.

In a tetragonal crystal field, the ten fold degenerate 4f state of Nd**
ion splits into relatively narrow five doublets state. The crystal field
only energy splitting was estimated as about 80 K. There is thus the pos-
sibility of mixing energy levels and demonstrating field induced magnetic
transitions in a high magnetic field.

3-3 DyZne
Figure 11 shows the temperature dependence of the magnetic susceptibili-
ties along the a-,b- and c-axes of a single crystal DyZnz under a magnetic

field of 3 kOe. All the magnetic sus- ey

ceptibilities have a peak at 38 K(=Tn) S ) e ]

and show a slight anomaly at 32 K(=Tt). Z 10} I

The temperatures of the susceptibility ~SOB |

peak and anomaly correspond to Tn and E

Tt observed in neutron diffraction ;2“6 |

measurements, respectively. 04| :
Figure 12 shows the temperature depend- T

ence of the reciprocal magnetic suscepti- o

bilities along the a-, b- and c-axes at 40 60 80
which follow well
The paramagnetic

v and G : along

temperature above Tu,
the Curie-Weiss law
Curie temperatures 8 a,

Fig.11. Temperature dependence of the
magnetic susceptibilities along the a-,
b- and c¢- axes of DyZnz
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Fig.12. Temperature dependence of the Pig.13. Magnetization curves along
reciprocal magnetic susceptibilities the a-axis of DyZnz at 5 and 30 K.

along the a-,b- and c-axes of DyZnea.

the a-, b- and c-axes were 21.0 K 38.4 K and -35.7 K, respectively. The
effective Bohr magneton was 10.9 u&/Dy, which agrees with that of a free
Dy** ion.

Figure 13 shows the magnetization curves along the a-axis. A two-stage
field-induced transition is observed around 40 kOe(= Hat1) and 75 kOe(=
Hst2) in a magnetization process at 5 K, Hysteresis in both transitions is
observed. It is considered that this transition is not that from the AF!l
to the AF2 atate, but to an intermediate state, since an extrapolation of
the magnetization after the first transition to zero field intersects the
magnetization axis at a finite value. The value of the magnetization at
150 kOe is smaller than the saturation magnetization o "'=190 emu/g
estimated from neutron diffraction studies®’. The transition disappears at
30 K.

Figure 14 shows the magnetization curves along the b-axis. At 5 K, the
magnetization increases abruptly at 14 kOe(= Hot) and is saturated above
about 80 kOe. A large hysteresis is observed at this field-induced tran-
sition. This transition corresponds to that from the AF1 to the ferromag-
netic state, since the value of the magnetization at 150 kOe is in good
agreement with that for o™’ At 40 K, no transition is observed

Figure 15 shows the magnetization curves along the c-axis. The numbers
in the magnetization curves at 5 K are ordinal numbers of sequential mag-
netization measurements. As the magnetic field increases, the magnetiza-
tion increases abruptly at 146 kOe(= Hst) (curve (1)) and shows a hystere-
sis with decreasing field (curve (2)). The curves (3) and (4) are those
measured just after the lst run(l) and(2) of measurements. A two-stage
field-induced transition occurs around 40 and 50 kOe. Once the sample is
annealed at room temperature, the magnetization process (1) is reproduced.
The magnetization curves (3) and (4) have features similar to those along
the a-axis, which show a two-stage induced transition around 40 and 75 kOe
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Fig. 14. Magnetization curves along Fig.15. Magnetization curves along
the b-axis of DyZnz at 5,30 and 40 X. the c~axis of DyZn2 at § X.

As mentioned above, both the a- and c-axes are hard axes and the spin
tilts 16" from the b-axis to the c-axis®’. From the peculiar behavior of
the magnetizing process along the c-axis it may be considered that the
tilt direction of the spin is changed from the c-axis to the a-axis at Hut
and pinned when the high magnetic field is applied along the c-axis. Then
the magnetization process similar to those along the a-axis appears after
the 1st run of measurements. A similar behavior of the magnetization is
observed in DyCuz by Hashimoto et al.’®’ and explained qualitatively in
terms of a magnetic anisotropy and magnetoelastic energy

As mentioned above, the results of magnetic measurements on single cry-
stalline samples of PrZne, NdZnz and DyZne exhibit peculiar behaviors of
the magnetization process along the each direction of the crystal axis.

In particular, the pinning of spin direction observed in DyZnz after the
field-induced transition occurs.
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