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Three antiferromagnetic-resonance modes have been observed in single-crystal Nd,CuOQ,, two
excited by a magnetic field and one by an hf electric field. An anomalous temperature dependence
of the high-frequency losses, with singularities near the spin-flip temperatures, has been observed.

INTRODUCTION

The magnetic properties and structure of Nd,CuO, are
of interest both from the standpoint of superconductivity—
this compound was the first used to obtain high-temperature
superconductors with electron carriers—and from the
standpoint of its magnetic properties—the quasi-two-di-
mensional antiferromagnetic ordering of the Cu** in the
CuO, layers is combined here with the presence of a para-
magnetic subsystem of Nd** ions.

The ordering structure and the magnetic properties of
Nd,CuO, ions were already repeatedly investigated. "' This
substance is related to the pioneer La,CuO, of high-tem-
perature superconductivity, but has a different tetragonal
crystal-lattice modification and contains also a rare-earth
magnetic subsystem made up of the neodymium ions. In
contrast to the octahedral surrounding of the copper ions by
oxygen ions in La,CuOQ,, each copper ion in Nd,CuQ, is
surrounded by only four oxygen ions (see, e.g., Ref. 1). The
Nd,CuO, crystal lattice undergoes at 300 K a structural
transition in which the tetragonal character of the lattice is
preserved, while the unit-cell volume is quadrupled through
the displacements of the copper ions along their four sides of
the basal square, so that a square along the perimeter can be
traced along the displacement directions.?

An antiferromagnetic ordering is produced in
Nd,CuO, below T, = 250 K, followed at 7, = 70 K by an
abrupt rearrangement of the spin structure, a return to the
initial spin orientation at 30 K, and one more gradual struc-
ture change due to ordering of the neodymium
subsystem. ">* This ordering is revealed not only by the
change of the neutron-diffraction reflections, but also by the
smeared peaks of the magnetic susceptibility'' and of the
heat capacity.'”> Three types of spin ordering are thus ob-
served, which we shall designate as phases 1, 2, and 3. In
phase 3 the spin configuration of the copper ions is the same
as in phase 1, but at low temperatures the magnetizations of
the neodymium sublattices are appreciable.

The crystal symmetry below the structural-transition
temperature permits the presence of six antiferromagnetic
structures® with the spins arranged in the basal plane. Neu-
tron-diffraction data in each of phases 1, 2, and 3 can be
incontrovertibly interpreted on the basis of two models.

In the first model® the spin structure of phase 1 is as-
sumed to be noncollinear and have four sublattices (struc-
ture 7, in the notation of Ref. 8). It can be represented as a
superposition of two collinear antiferromagnetic structures
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with antiferromagnetism vectors perpendicular to one an-
other along the sides of the basal square of the high-tempera-
ture crystallographic modification. One antiferromagnetic
subsystem is made up of copper ions in the basal planes of the
unit cell, and the other by copper ions in positions that center
the unit-cell volume. At 70 K the angles between the spins of
the antiferromagnetic subsystems change— the 90° angles
become — 90° and vice versa. This produces phase 2 (struc-
ture 7g in Ref. 8). A return to phase 1 occurs at 30 K.

In the second model description® of the neutron diffrac-
tion data the crystal is represented as subdivided into do-
mains of antiferromagnetic phases with spin ordering along
the [110] and [110] axes. A transition from the La,NiO,
collinear structure into a collinear La,CuO, structure (the
spin orientation changes from parallel to perpendicular to
the structure propagation vector) and back is assumed at the
reorientation points.

Neither description of the neutron-diffraction data con-
tradicts experiment (see the discussion, Refs. 4 and 5). A
strong argument favoring a noncollinear model is the result
of Ref. 6, where application of a magnetic field causes a con-
version of the aggregate of the neutron-diffraction reflection
into a reflection system typical of a single-domain collinear
structure. This conversion has no noticeable hysteresis, thus
offering evidence in favor of a model that assumes a noncol-
linear four-sublattice structure rather than domains of col-
linear phases.

In addition to the analysis of possible antiferromagnetic
structures possible in the crystallographic structure of
Nd,CuO,, Ref. 8 contains also an analysis of homogeneous
spin oscillations in a zero field and predicts the presence in
Nd,CuO, of a linear magnetoelectric effect due to exchange
interaction.

The magnetization curves of Nd,CuO, were investigat-
ed in Ref. 7 at a temperature lower than 2 K. Two types of
spin-reorientation transitions with respect to the magnetic
field were observed. The first is revealed by a kink on the
magnetization curve when the magnetic field is oriented in
the [110] direction of the crystal. In the 7, structure this
direction is inclined 45° to the spins of both antiferromagnet-
ic subsystems. This transition is apparently the end of the
rotation of the two antiferromagnetic subsystems perpendic-
ular to the magnetic field. The second transition with a mag-
netization jump was observed in Ref. 7 when the field was
directed along [100], and its nature remains unclear.

We study in the present paper the spin dynamics of anti-
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ferromagnetic Nd,CuO,—the high-frequency magnetic
losses and the magnetic resonance. A study of the spin-oscil-
lation spectrum can cast light on the type of the structure,
since the antiferromagnetic resonance spectrum of a noncol-
linear four-sublattice structure contains according to Ref. 8
three acoustic modes and one exchange mode, as against one
exchange and one acoustic for a collinear one.

EXPERIMENTAL PROCEDURE AND SAMPLES

A free-passage type microwave spectrometer with a rec-
tangular cavity measuring 7.2X3.4X20 mm was used to
measure the high-frequency losses and record the absorption
lines in a magnetic field. It has a number of natural frequen-
cies in 30-80 GHz range. A cavity with a sample measuring
1 X 1X0.7 mm was placed in a vacuum jacket that permitted
regulation of the sample temperature in the range 1.3-300
K. A constant magnetic field up to 60 kOe was produced by a
superconducting solenoid.

To measure the temperature dependence of the magnet-
iclosses y” we used the TE,,, oscillation of a cavity having a
frequency 36 GHz and a Q of 1000. To decrease the effect of
the electric losses £” on y” the sample was glued-on outside
the cavity, covering a hole of 0.8 mm diameter drilled in the
cavity wall at the peak of the high-frequency magnetic field.
The wall thickness was 0.2 mm. This procedure prevents the
onset of a high-frequency electric field in the sample volume
without decreasing the sample itself, and preserves its vol-
ume to ensure sufficient sensitivity for the study of the mag-
netic-resonance spectra. The filling factor for such a sample
placement was determined by comparing the signals
through the sample located inside and outside the cavity
near the hole.

The imaginary part of the rf magnetic susceptibility y”
was determined from the relation

u 1

" Ty

where 7 is the cavity filling factor, and u and u, are the
signals passing through the cavity in the presence and ab-
sence of sample, respectively.

The electric losses were likewise measured by placing
the sample outside the cavity, on an opening drilled at the
location of the maximum of the hf electric field.

The dependences of the absorption on the magnetic
field were obtained mainly with the sample placed inside the
cavity at the location of the maximum magnetic field of the
TE,,,, with a polarization perpendicular to the constant
field. The sample could be rotated in this location relative to
the direction of the external magnetic field.

The objects investigated were Nd,CuO, single crystals
grown in a platinum crucible from a melt of ultrapure copper
oxide, on a single-crystal seed on a platinum holder, in the
presence of an axial temperature gradient. The temperature
was lowered at a rate 0.5-1° per day. During the concluding
stage of its growth, the seed was rotated slowly at 2—-5 rpm.

The grown crystal was a disk 70 mm in diameter and 2
mm thick. The samples used in the investigations were parts
of this disk. Control x-ray, neutron-scattering, and neutron-
topography experiments performed at the Kurchatov Atom-
ic Energy Institute have shown that the single crystal consti-
tuted a single block. The rocking-curve widths did not
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exceed 8”.0 The lattice constants were @ = 3.944 A and
¢ =12.17 A, respectively.

RESULTS OF EXPERIMENT
A. Absorption in a microwave magnetic field

The temperature dependence of the imaginary part of
the high-frequency susceptibility y” at 36 GHz is shown in
Fig. 1. It is nonmonotonic, with the absorption increasing as
the temperature is lowered. The absorption begins to in-
crease at T, = 250 K, and abrupt absorption changes are
observed in vicinities of the transition temperatures 70 K
and 30 K. The £” loss in an electric high-frequency field is
smaller by about one order than y” in the entire temperature
range. This rules out a possible contribution to the observed
" from losses connected with the sample conductivity.

The dependences of the signal passing through the cav-
ity on the magnetic field at 1.3 K and at 36 and 72 GHz are
shown in Figs. 2a and 2b. A family of curves is shown for
different values of the angle ¢ between the magnetic-field
direction and the [100] axis. These plots have complicated
forms—a curve can have up to three minima (corresponding
to absorption maxima), some curves even show breaks and
jumps. The fields of the signal minima are labeled H,, H,,
and H;, respectively, the break field H,, and the jump field
H_. The fields H, and H, do not depend on the frequency of
the signal used to determine them, and agree well to the field
values given in Ref. 7 for spin-reorientation transitions. The
dependences of the aforementioned characteristic fields ob-
tained at 36 GHz on the angle @ are shown in Fig. 3a, while
the dependences of H, and H. on g, obtained at various
frequencies, are shown in Fig. 3b.

Families of curves similar to those in Fig. 2 were ob-
tained at various frequencies. All are similar in form to those
of Fig. 2a, except that above 42 GHz there is no minimum
corresponding the field H,. At these frequencies, the trans-
mitted signal increases monotonically when the field
changes from 0 to H,, as in Fig. 2b.

The fields H, and H, turned out to be frequency depen-
dent and their plots for fields along [100] and [110] are
shown in Figs. 4a and 4b. The field H, is independent of
frequency within the limits of measurement errors.

The temperature variation of the dependence of the ab-
sorption on the magnetic field is shown in Figs. 5a and 5b for
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FIG. 1. Imaginary part of high-frequency susceptibility vs temperature at
36 GHz.
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two field orientations, and is generalized in Figs. 6a and 6b.
The resonant-absorption line corresponding to the field H,
becomes smooth when the temperature is raised above 2 K.
The transition in the field H, also vanishes when the tem-
perature is raised above 10 K. As seen from Fig. 6a, with rise
of temperature the absorption discontinuity decreases to
zeroat T'= 3 K and changes into a break that is observed up
to 10 K. The resonance in the field H, and the transition in
the field H, are observed all the way to 30 K. A resonance
similar to the absorption in the field H, was observed in Ref.
9 at 9 GHz.

In all the dependences of the transmitted signal on the
magnetic field one can trace a smooth decrease of the losses
with increase of the magnetic field. This is most clearly seen
on the plots for ¢ = 45° and on the plots for temperatures
higher than 15 K, when the singularities connected with the
resonant modes are substantially smoothed out.

B. Absorptionin an electric field

The dependence of the transmitted signal on the mag-
netic field, obtained with the sample placed outside the cav-
ity on an aperture at the peak of the electric field, has the
form of a sharp resonance peak and is shown in Fig. 7. The
electric-absorption intensity is much lower than the absorp-
tion in a high-frequency magnetic field. Therefore when the
sample is located inside the cavity in the vicinity of the elec-
tric-field maximum one observes the sum of the magnetic
and electric absorption signals, making approximately equal
contributions, under conditions when the electric field is sig-
nificantly stronger than the magnetic. The dependence of
the frequency of this resonant absorption on the magnetic
field is shown in Figs. 4a and 4b. The field H, of the resonant
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FIG. 7. Transmitted signal vs magnetic field in observation of the electric
absorption mode. H||[100].
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absorption of the energy of the electric high-frequency field
is independent of the direction of the magnetic field in the
basal plane. Electric resonance is observed up to a tempera-
ture 50 K.

DISCUSSION OF RESULTS

The results of the preceding section attest to the pres-
ence of three resonant-absorption modes in the investigated
Nd,CuO, sample—in fields H,, H;, and H,. The absorption
in field H, is apparently nonresonant (no frequency depend-
ence is observed in our frequency range).

The spin dynamics without allowance for the influence
of the magnetic field in the Nd,CuO, magnetic structure was
considered in Ref. 8. The treatment, based on a symmetry
analysis, predicts the presence of four antiferromagnetic-
resonance modes, three acoustic and one exchange. Follow-
ing the authors of this reference, we designate the acoustic
modes by a,, a,, and a5, and the exchange mode by e. The
frequencies of modes a, and a, in a zero field are equal. Each
of the above modes is excited by definite projections of the
magnetic and electric field. The spin oscillations are excited
by an electric field as a result of the aforementioned magne-
toelectric effect. In the 7, structure, the modes a, and a,
presumably realized in Nd,CuO, in the temperature inter-
vals 270-70 and 30-2 K, are excited in particularly a high-
frequency field polarized respectively along the [100] and
[001] axes, while mode aj; is excited by an electric field po-
larized along [001].

It can be assumed in connection with this proposed
mode structure of the spin oscillations that the resonance in
the field H, corresponds to modes a, and a,, whose frequen-
cies should be degenerate when the field is directed along
[110] (equivalently with respect to the two collinear antifer-
romagnetic subsystems).

We observe no splitting of this mode at field directions
that are not exactly aligned with the [ 110] axis. This may be
due either to the small value of this splitting or to the weak
field dependences of the frequency of one of the modes, a, or
a,. It can be concluded from our data that the resonant-
absorption spectrum corresponding to the field H, has a gap
between 39 and 42 GHz, for on going from the lower of these
frequencies to the higher the plot of the transmitted signal is
transformed from one having a minimum into one that in-
creases monotonically.

The resonance absorption line observed in an electric
high-frequency field can be presumably identified as a;. The
polarization of the electric field that excites it agrees with
that predicted in Ref. 8.

The resonant absorption produced in the field H, at
T <2 K is apparently connected with Nd*>* ion subsystem
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which, according to Refs. 2 and 3, becomes ordered at this
temperature.

The temperature dependence plotted in Fig. 6a is a
phase diagram for a phase transition whose nature is not yet
clear. Note that this plot is that of a first-order transition
(shows an absorption discontinuity) for temperatures below
3K and of second order (an absorption break) at higher
ones. This line terminates at a critical point near 10 K, where
the break smoothens.

The presence of a paramagnetic spin subsystem of
Nd** ions together with an antiferromagnetic matrix of Cu
ions is obviously manifested in magnetic-dielectric losses
which are anomalous compared with other magnetic dielec-
trics. A paramagnetic contribution proportional to the reci-
procal of the temperature is apparently discernible in the
observed temperature dependence of y”. A paramagnetic
contribution is observed also in the susceptibility y’ (Ref.
11). The substantial influence of the neodymium subsystem
on the values of the magnetic high-frequency losses is con-
firmed by the observable growth of the losses in the course of
ordering of the neodymium subsystem close to 2 K. An
anomalous behavior near 2 K is observed also for other char-
acteristics measured in a zero field, such as the susceptibil-
ity,!! the heat capacity,'? and the nuclear quadrupole reso-
nance spectrum.'?

It is possible that the smooth decrease of the losses with
increase of the magnetic field is due to the decrease of the
losses by suppression of the magnetization fluctuations of
the neodymium subsystem by the magnetic field (according
to Ref. 7 the magnetic moment saturates in a field close to 60
kOe).

CONCLUSIONS

Three absorption modes were observed, two magnetic
and one electric. Two (one magnetic and the electric) are
presumably acoustic antiferromagnetic-resonance modes in
the noncollinear structure of the ordered Cu spins, and the
third corresponds to an ordered subsystem of Nd spins at a
temperature below 1.7 K. A gap was determined for one of
the modes. A more complete identification of the observed
absorption of the energy of the high-frequency magnetic and
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electric fields calls for calculation of the antiferromagnetic-
resonance spectra with allowance for the magnetic field and
of the rare-earth spin subsystem.

A phase diagram, with the magnetic field and tempera-
ture as coordinates, was obtained for a phase transition
whose nature is not yet clear. This transition is of first order
at low temperature and becomes of second order when the
temperature is raised.

An anomalous temperature dependence of the magnet-
ic dielectric losses was observed. The losses increase when
the temperature is lowered, have singularities near the spin-
reorientation temperatures, and increase in the low-tem-
perature region as the neodymium subsystem becomes or-
dered.
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