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The magnetic properties of DyAsO, and DyVO, have been studied by high-resolution optical
spectroscopy. The strength of the nearest-neighbor interaction in DyAsO, has been found from
the observed line splittings. The spectral behavior in a magnetic field indicates that DyAsO,
has the same magnetic properties previously observed in DyVO,. In addition, an unexpected
third phase is reported to exist in the transition region. The ordered magnetic structure is

also determined from the high-field behavior.

INTRODUCTION

There has been a great deal of recent interest in
the magnetic properties of the isostructural series:
DyPO,, DyAsQO;, and DyVO,. DyPO, has been
found to be a particularly simple example of an
Ising antiferromagnet whose moments are con-
strained along the tetragonal axis.!~® The magnetic
properties of DyAsQ, and DyVO, are more complex,
however. Spectroscopic measurements have shown
that both of these crystals order magnetically and
that their ground states are highly anisotropic.*

In contrast to DyPQ,, the anisotropy constrains the
moments to the plane perpendicular to the tetrago-
nal axis. The difference in the anisotropy between
DyAsO,, DyVO,, and DyPOQ, is caused by a rever-
sal in the sign of the AV term of the crystal field.
The sign reversal results in two states having pre-
dominately J,=+3 and +2 character, respectively,
lying lowest in DyVO, and DyAsQ, instead of the
predominately J,=+4 state in DyPO,.° This sign
change may be the result of small changes in the
angles which the Dy-O bond axis makes with the
tetragonal axis as one goes through the DyPO,,
DyAsO,, DyVO, series.® Recently, spectroscopic
and specific-heat measurements have shown that
DyVO, undergoes a crystallographic phase transi-
tion at 13.8K."™® The distortion from tetragonal
symmetry results in a mixing of the J,=+3 and
J=+ 3 states to produce the highly anisotropic
ground state actually observed in DyVO,. It is
thought that the phase transition is induced by Jahn-
Teller distortions which break the near degeneracy
of the two low-lying states. In addition, magnetic-
moment and magnetic-susceptibility measurements
indicate that a metamagnetic “spin-flip” transition
occurs at 2.1 kG and 0.5 K when a magnetic field
is applied along the ordering direction in the basal
plane. ® It was also observed that the direction of
distortion, and therefore the direction of magnetic
moment, could be rotated by rotating the magnetic
field in the basal plane since it is energetically
more stable to have the large moment aligned with
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the field.

In this paper, we present new spectroscopic ob-
servations of DyAsO,, DyVO,, YAsO,:5% Dy, and
YVO,:5% Dy. The spectrum of the dilute crystals
clearly shows the existence of the two low-lying
states needed for a Jahn- Teller distortion and the
large magnetic anisotropy observed. The spectra
of the concentrated salts in a field applied in the
basal plane indicate that DyAsO, and DyVO, have
almost identical magnetic properties. It is there-
fore expected that a crystallographic distortion also
occurs in DyAsO,. In addition, there appears to be
an unexpected third magnetic phase that appears in
the transition region of both crystals as one passes
from the antiferromagnetic to the “spin-flip” phase
by application of a magnetic field. The character
of this third phase is not known but it is distinctly
different from the “spin-flip” phase previously ob-
served. It is also shown from the high-field and
temperature spectrum that the ordering pattern in
DyVO, is that favored by magnetic dipole interac-
tions (see Fig. 1).

EXPERIMENTAL

The crystals used in this study were grown by a
flux method developed by Feigelson.®!® The crys-
tal structure is shown in Fig. 1.!! The dimensions
of the crystals were typically 4X3X 3 mm with the
tetragonal axis lying in the long direction. Thus,
fields applied perpendicular to the tetragonal axis
resulted in very large demagnetizing effects. A
given value of the magnetic field was always
reached by lowering the field from a much higher
value. The crystal was therefore forced by the
high magnetic field into a single magnetic domain.
The optical absorption spectra of the crystals were
then recorded both photographically and photoelec-
trically at high resolution. The details of the mea-
surements have been given elsewhere. !

OBSERVATIONS AND DISCUSSION
In rare-earth crystals having very anisotropic

near-neighbor magnetic interactions, the different
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FIG. 1. Crystal structure of DyAsO, and DyVO,. Ar-
rows have been drawn to show the suggested spin struc-
ture (Ref. 13).

possible configurations of a given ionic moment with
respect to its nearest neighbors (nn) give rise to

a set of evenly spaced lines in each electronic tran-
sition. !2 If the interaction between ions can be
written as ¥,,J SqS;, when all ions are in the ground
state and as Y,, J'S,,S;, when the ion 0 is in an ex-
cited state, the spacingsbetween each of the evenly
spaced lines is either 3(J+J’) or 1|J-J'|.! Since
DyAsQ, and DyVO, have four nearest neighbors,
one would expect a series of five evenly spaced lines
in the place of each electronic transition. In fact,
only one transition in DyAsO, and DyVO, has a dis-
cernible five-line pattern; the remaining transitions
are broad and without structure. The spacings be-
tween each of the five lines have been listed in Table
I for those transitions with discernible five-line
patterns. A value for J and J’ could only be ob-
tained for DyAsQ, since the spacing corresponding
to 31J-dJ’| could not be seen in DyVO,.

When these crystals order magnetically, there
are two changes in the spectral lines. At the or-
dering temperature, there is a sudden increase in
the intensity of the highest energy of the five lines
which corresponds to the ordered configuration of
an ion and its nearest neighbors. At low tempera-
tures, this line is the only one which survives. Its
increase in intensity was, in fact, used initially to
measure the ordering temperatures of 2.5K for
DyAsO, and 3.0 K for DyVO,.* The second change
that occurs below the ordering temperature is a
shift in the zero-field line position. It is caused by
the additional longer-range interactions present in
the ordered phase. The shift for DyAsQ, is shown
in Fig. 2. The shift for DyVO, was too small to
measure.

The five-line pattern can also be observed at

TABLE I.
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FIG. 2. Relative change in the zero-field line position
of the antiferromagnetic line of the DyAsO, Z;— Gy transi-
tion in T polarization as a function of temperature.

fields of ~ 20 kG and temperatures of ~15 K in
DyVO,. The strongest of the five lines under these
conditions is the middle one. A slight increase in
field leads to an additional increase in the middle
line intensity and a decrease in the intensity of the
other four lines. The middle line must therefore
correspond to a ferromagnetic alignment of an ion
and its four nearest neighbors. Since the middle
line also corresponds to an ion whose Kramer’s
levels are not split, the interactions between an ion
and two of its neighbors must be ferromagnetic
while the interactions with the other two neighbors
must be equal and antiferromagnetic. At zero field,
such interactions would lead to the ordered state
shown in Fig. 1. This ordered state has been con-
firmed by neutron-diffraction measurements. 18 gt
is the state which would be predicted on the basis of
magnetic dipole interactions alone. However, if
only magnetic dipole interactions were present, one
would also expect to see a nine-line pattern since
the magnetic dipole interactions are not equal in
magnitude for all four neighbors. This large num-
ber of lines may, in fact, be responsible for some
of the breadth of the lines observed. However,
since five equally spaced (although poorly resolved)
lines are observed, there must be an additional
antiferromagnetic interaction present in addition to
the magnetic dipole interactions which will tend to
equalize the magnitudes of the four neighbors.

The most interesting and significant changes in
the spectrum occur when a magnetic field is applied
in the basal plane and the crystal is in the ordered
state. The Z,-F, transition of DyAsQ, in 7 polar-
ization is shown in Fig. 3 for a temperature of 1.5
K and various fields. The line present at zero field
is the highest-energy line of the initial five lines.

Separation between each of five lines.

T polarization

o polarization J J’!

DyAsO, Z,—~G,
Dyvo, Z,—~F,

0.64+0.10 cm™!
2.32£0.12 cm™!

1.60+0.17 cm™!
2.32+0.12 cm™!

2.24+0.27 cm™! 0.96+0.27 cm™!
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FIG. 3. Photoelectric traces of the DyAsO, Z,—~ F,
transition in 7 polarization for different magnetic fields.
The crystal temperature is 1.5 K for all cases. The
zero-field line position of the original line is indicated by
the mark below each trace.

When a field is applied in the basal plane, this line
splits linearly into two lines. The two lines corre-
spond to ions whose moments point in opposite di-
rections along the magnetic field. At 1 kOe, the
lines stop shifting and the highest-energy line begins
to disappear. Another line now begins to appear

at the position of the original zero-field line. This
new line reaches a maximum and then decreases in
intensity as the lowest-energy line increases in in-
tensity. No further movement in line position oc-
curs until the newest line has vanished. The re-
maining low-energy line then moves linearly with
field. The total intensity of all three lines does not
change throughout this region indicating the transi-
tion probabilities are not affected by the field. The
line positions in Fig. 3 have been plotted in Fig. 4.
The Z,-F, transition of DyVO, has exactly the same
behavior, as shown in Fig. 5. The middle line in
the transition region is much more difficult to ob-
serve for DyVO, because of the larger linewidths.
The onset of the magnetic transition in DyVOQ, is ob-
served at 2 kG (see Fig. 5) in agreement with mag-
netic moment measurements.” The unexpected fea-
ture is the existence of the middle line at interme-
diate fields. Bearing in mind that each line repre-
sents the energy of a single ion, two of the lines can
be identified with a definite magnetic phase from the
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FIG. 4. Zeeman splitting of the DyAsO, Z,— F, transition

at 1.5 K,

behavior of the lines at high and low fields. The
lowest-energy line persists at high fields and there-
fore must correspond to the “spin-flop” (or meta-
magnetic) phase. The simple Zeeman splitting at
very low fields simply corresponds to the two pos-
sible directions of the moments in the initial anti-
ferromagnetic state. The middle line cannot be
associated with either of these two phases nor can
it be assigned to a “spin-flop” phase since it does
not transform continuously into the “spin-flip” phase
(see Fig. 3). The nature of this third phase is not
known at this time although it may be speculated
that it corresponds to a more complex spin struc-
ture such as a distorted helix. Determination of
the nature of this phase must probably await neu-
tron-diffraction experiments.

Since the demagnetizing effects in these crystals
are so large, the spectra of two additional DyVO,
crystals were taken under the same conditions to

Energy (cm™)

A N R N N N N
o] 2 4 6 8 10 12 14 (3 8
Magnetic Field (kilogauss)

o

FIG. 5. Zeeman splitting of the DyVO, Z; — F transition

in 7 polarization at 1.5 K.
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FIG. 6. Zeeman splitting of the YAsO,:5%Dy Z; and
Z,— D, transitions.
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determine the effect of shape. The dimensions of
the three crystals used were 4X1X1, 4x0.5X%0. 25,
and 0.5%X0.5X0.25 mm and all were in the shape

of rectangular parallelepipeds. Despite such dif-
ferences in shape, the spectra of all three crystals
were almost identical differing only slightly in line
shape at the higher field values (5. 7kG). Although
one cannot calculate demagnetizing factors for
crystals of this shape, it is quite surprising that no
large changes occurred in the spectra of crystals
with such different sizes.

The large slopes in Figs. 4 and 5 cannot be ex-
plained in terms of a single isolated Kramer’s level
in a tetragonal crystal. For this reason, dilute
crystals of YAsO4: Dy and YVO,: Dy were grown to
determine the character of these levels. The spec-
trum of YAsO,:Dy showed, in fact, two levels sep-
arated by only 1.5+ 0.2 cm™!. The levels mixed
very strongly in a perpendicular field to give the
same large Zeeman slopes observed in DyAsOQ,.
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The behavior in a perpendicular field is shown in
Fig. 6. The large slope is only possible if one of
the levels contained a large admixture of J,=+3 and
the other a large admixture of J,=+3. Two levels
were also observed in YVO,: Dy, which were sep-
arated by only 5.13+ 0.1 cm™. These levels also
mixed strongly in a perpendicular field. In pure
DyVO,, the levels are mixed with each other by the
crystallographic distortions instead of a magnetic
field to give the large magnetic moments observed.
Since we have found DyAsO, has an equally large
moment at low fields, there must also be a distor-
tion in this crystal. It is interesting to note that
the same large Zeeman splittings at very low fields
were not observed in the dilute salt, which indicates
the same crystallographic distortion is not present
in the dilute crystal at low temperatures. This
suggests that the distortion is a property of only the
concentrated salts and may possibly be the result
of the magnetic interactions. Although magnetic
interactions are very weak for the rare earths, the
crystal field splittings in the XPO,, XAsO,, XVO,
series (where X is a rare earth) seem particularly
sensitive to small changes in ion position. &* It
may therefore be possible to change the magnetic
properties by small external strains or applied
electric fields.

It has become evident that there are many inter-
esting properties of DyAsO, and DyVQ, which are
yet to be understood. It has been established that
a crystallographic phase transition occurs’ which
profoundly affects the magnetic properties by mix-
ing the two low-lying crystal field states. The na-
ture of the field-induced magnetic transition is still
not understood. The existence of the middle line in
the transition region is not consistent with a simple
“spin-flip” phase transition since the line disap-
pears at high fields. Further experiments by other
techniques must be performed to determine the
origin of this line.
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