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Antiferromagnetic resonance in Bi 2CuO4

L. E. Svistov,* ) V. A. Chubarenko, A. Ya. Shapiro, and A. V. Zalesski 

A. V. Shubnikov Institute of Crystallography, Russian Academy of Sciences, 177333 Moscow, Russia

G. A. Petrakovski 

L. V. Kirenskii Institute of Physics, Siberian Department of Russian Academy of Sciences, 660036
Krasnoyarsk, Russia
~Submitted 10 November 1997!
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Magnetic resonance of the low-frequency spin-wave branch in the Bi2CuO4 antiferromagnet with
an easy-plane anisotropy has been studied. Angular, frequency, and temperature dependences
of the position and width of the antiferromagnetic resonance~AFMR! line have been measured.
Our measurements combined with earlier data@H. Ochta, K. Yoshida, T. Matsuya, T.
Nanba, M. Motokawa, K. Yamada, Y. Endon, and S. Hosoya, J. Phys. Soc. Jpn.61, 2921~1992!;
E. W. Ong, G. H. Kwei, R. A. Robinson, B. L. Ramakrishna, and R. B. von Dreele, Phys.
Rev. B42, 4255~1990!# have allowed us to determine anisotropy constants of this material and
to account for the unusual character of its static susceptibility anisotropy. The AFMR line
shifts to the high-field side and broadens in a temperature range of 10–15 K, and the cause of this
has remained unclear. In the low-temperature range the line shows a hysteresis corresponding
to a static field magnitude several times as large as the spin-flop field. The position and
width of the AFMR line depend sensitively on the sample preparation technique. ©1998
American Institute of Physics.@S1063-7761~98!02406-8#
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1. INTRODUCTION

Study of materials containing ions of variable valence
one of rapidly developing branches of modern physics. T
attract researchers’ attention primarily in connection with
discoveries of high-temperature superconductivity and g
magnetoresistance in such materials.

One representative of this class is Bi2CuO4, whose
structure belongs to the space groupP4/ncc.2–4 The mag-
netic moment of the Cu21 cation is due to a single uncom
pensated electron in thed-shell. Neutron diffraction
studies2,4–6 of Bi2CuO4 indicate the presence of three
dimensional magnetic ordering at temperatures belowTN

.42 K.
The unit cell of Bi2CuO4 contains four copper ions. In

the conventional notation,4 the positions of these ions in th
lattice are as follows: Cu~1!, (1/4,1/4,z); Cu~2!, (1/4,1/4,
z11/2); Cu~3!, (3/4,3/4,1/22z); Cu~4!, (3/4,3/4,2z). The
parameterz is the shift of the parallelepipeds formed b
Cu~1! and Cu~2! ions with respect to those of Cu~3! and
Cu~4! ions along theC(4) axis. The value ofz equals 0.076
of the lattice constantc.4 The chains of Cu~1!, Cu~2! and
Cu~3!, Cu~4! ions form two magnetic sublattices in the an
ferromagnetically ordered state of Bi2CuO4. The magnetic
anisotropy for Cu21 ions is determined by the anisotrop
exchange, since a one-ion anisotropy due to the electric c
tal field does not affect ions with spin 1/2. The exchan
anisotropy aligns the magnetic moments of the sublatt
within the plane perpendicular to the four-fold axis.6,7 In the
absence of magnetic field, the antiferromagnetic vecto
directed along a diagonal of the (a,b) square in the easy
1221063-7761/98/86(6)/6/$15.00
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plane.8 The effective magnetic moment of the Cu21 ion in
antiferromagnetic Bi2CuO4 at 4.2 K is 0.65– 0.85mB .6,7

The electron spin resonance in the magnetically orde
phase (T,TN) was studied in the submillimeter wav
region.1 From these measurements, the energy gap separ
the exchange~high-frequency! branch of the magnon spec
trum was derived. The antiferromagnetic resonance of
lower branch of the magnon spectrum in Bi2CuO4 single
crystals grown from a melt was studied by Pankrats et8

The frequency and angular dependences of the antiferrom
netic resonance field in the microwave and submillime
wave bands were in good agreement with the magnetic st
ture of Bi2CuO4 determined previously.6,7

The static magnetic characteristics of samples dep
sensitively on their preparation technique. Crystals grown
the hydrothermal technique9 have in the ordered state a sma
ferromagnetic momentm in the basal plane of less than on
percent of the nominal Cu21 magnetic moment, which drop
as the static magnetic field grows and vanishes
H.30 kOe (T54.2 K). Samples grown from a melt do no
manifest a weak ferromagnetism.5,6 In the range of strong
static fields, the susceptibilities of both types of samples
equal. The small ferromagnetic moment in samples made
the hydrothermal method was attributed to t
Dzyaloshinskii–Moria interaction.9

In the present work, we have studied the microwa
electron spin resonance of Bi2CuO4 single crystals of both
types in the temperature range belowTN , and also in
samples annealed after growth in an oxygen–helium at
sphere.
8 © 1998 American Institute of Physics
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2. SAMPLES AND EXPERIMENTAL TECHNIQUES

We have studied Bi2CuO4 samples grown both by th
flux method and hydrothermal technique.10,11,13

The samples were tested by x-ray diffraction and x-
microanalyzer. x-ray diffraction measurements using a
max-3C microdiffractometer produced by Rigaku demo
strated identical crystal structures of samples prepared by
two techniques. Nonetheless, the quantitative analysis of
samples performed on a JXA-8600 electron microsc
combined with an x-ray analyzer produced by JEOL,
which we used the ZAF-correction program and refere
samples of copper and bismuth~the oxygen content was de
termined by subtraction! revealed differences between com
positions of crystals made by the two different metho
Samples grown from a melt had the compositi
Bi1.9CuO3.87, whereas samples prepared by the hydrother
technique had the formula Bi2.05CuO3.84.

The comparison between the formulas of crystals gro
by different techniques indicates that the degree of oxida
of cations in crystals grown from the hydrothermal soluti
is slightly lower than in samples grown from a melt. Th
difference may be caused by the fact that it is difficult
create a high oxidation potential in an autoclave, theref
hydrothermal crystals are deficient in oxygen, and a sm
quantity of nonmagnetic Cu1 cations is present.

Experiments were performed on both as-grown crys
and samples annealed after growth in an atmosphere of
gen or nitrogen. The annealing was performed at 600°C
30 h. Note that the annealing in oxygen and nitrogen did
affect the positions and widths of AFMR lines in sampl
grown from a melt, but radically changed magnetic prop
ties of samples made by the hydrothermal technique.

Typical dimensions of Bi2CuO4 samples grown from a
melt and hydrothermally were 23230.5 and 131
30.1 mm3, respectively.

The electron spin resonance was measured on a tr
mission microwave spectrometer. A sample was placed
rectangular cavity whose resonant modes were in the
quency band of 23–78 GHz. The device was designed
allow sample rotation during an experiment. A magne
field of 0 to 40 kOe was produced by a superconduct
solenoid. The cell with a sample was in a vacuum jacket
that we could perform our measurements in a tempera
range of 1.2 to 110 K. Measurements at a frequency of
GHz were performed on a commercial ESR spectrom
produced by Brucker.

3. EXPERIMENTAL RESULTS

3.1. Measurements of samples grown from melt solution

Figure 1 shows traces of microwave power transmit
through the cavity versus magnetic field at various tempe
tures. In the temperature range close toTN , the ESR line is
considerably broadened, and a new line forms at a magn
field slightly higher than that of ESR. In the low-temperatu
range,T,12 K, the absorption line shape depends on
field scan direction. The solid curves in Fig. 1 were record
in an increasing magnetic field, and the dashed curves
y
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decreasing field. The hysteresis behavior is more pronoun
at lower magnetic fields, corresponding to lower reson
frequencies.

The position of the absorption line is strongly anis
tropic. Measurements of angular dependence performe
different microwave frequencies and temperature have d
onstrated that resonance conditions are determined by
static field projection on the plane perpendicular to the fo
fold symmetry axis. When the static field was rotated in t
basal plane, the line shift was well described by the funct
Acos(4w). The resonant field had maxima when its directi
coincided with thea- or b-axis.

The resonant field versus frequency is close to a lin
function. The absorption peak is close to the ESR position
a paramagnet withg-factor g52. Note that resonant field
measured in earlier experiments with the sa
configuration1,8,12,14were also close to a straight line of th
same slope. Figure 2 shows resonant fields of samples
respect to the resonant field of diphenylpicrylhydraz
~DPPH!, which was used as a reference (g52 for DPPH!. It
is clear that the curve of the frequency dependence is ste
than that of the free radical at 25 K, whereas at lower te
peratures it has a gentler slope.

The temperature dependence of the resonant field
microwave frequency of 36 GHz is plotted in Fig. 3. Expe
ments have been performed with two orientations of
static field in the basal plane,w50° and 45°. The resonan
field shifts to higher values in the temperature range
10–15 K.

As was noted above, experiments have been perform
on both as-grown samples and crystals annealed in the a
sphere of oxygen or nitrogen. Within the experimental u
certainty, the annealing has no effect on the resonance
Bi2CuO4 crystals grown from a melt. The microanalysis
chemical composition also has not revealed any change
ter annealing.

Figure 4 shows the AFMR line width as a function

FIG. 1. Typical curves of microwave power transmitted through the cav
loaded with a Bi2CuO4 sample grown from a melt versus magnetic field
several temperatures. The narrow resonance line whose position is ind
dent of the temperature is due to a DPPH sample, which is used as a
ence for measuring the applied static magnetic field. The solid curves w
recorded when the field was scanned in the upward direction, the da
lines correspond to decreasing magnetic field;n536 GHz, Hi@110#.
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1230 JETP 86 (6), June 1998 Svistov et al.
temperature for two nonannealed samples. One can see
the temperature-dependent parts of the AFMR line width
similar. The part of the line width independent of tempe
ture is, most probably, due to an inhomogeneous line bro
ening and depends sensitively on the sample quality.
most plausible factor leading to the inhomogeneous broad
ing is variation in the alignment of theC2 axis over the
crystal volume. No correlation between the line width a
annealing conditions has been detected.

Recordings of the derivative of the absorbed microwa
power with respect to magnetic field~at n59.3 GHz) as a
function of the field are plotted in Fig. 5. Absorption line
recorded for both scanning directions have a rich fine str
ture, which manifests in the low-temperature rangeT
,15 K). This fine structure is well reproducible. The fin
structure is seen in the range of magnetic field below
antiferromagnetic resonance at all static field orientation
the basal plane.

3.2. Discussion

The changes in the resonant absorption with tempera
~Fig. 1! and the strong dependence of the resonant fieldHR

on the static field orientation provide strong evidence in
vor of an antiferromagnetic resonance in Bi2CuO4. Another
argument in favor of the interpretation of the resonant
sorption in terms of uniform precession of the magnetic m
ment is the fine structure in absorption spectra in the fi
range below the main resonance~Fig. 5!. In all probability,
the recorded fine structure is due to spin-wave resonance
Bi2CuO4. The presence of resonances corresponding to la
wave numbers allows us to rule out an interpretation asc
ing the absorption line to impurities.

FIG. 2. AFMR field HR measured with respect to the ESR fieldH0 for
DPPH as a function of microwave frequency. Open symbols correspon
temperatureT54.2 K, filled symbols toT523 K; filled squares and open
circles correspond toHi@110#, and filled circles and triangles toHi@100#.
The samples were grown from a melt. The solid lines are calculations o
AFMR field as a function of frequency by Eq.~2! with parameters
HA

(4)HE510 and 6.8 kOe2 and a/A520.02 and20.1 at temperatures
T54.2 and 23 K, respectively. The dashed and dash-dotted lines show
culations atw522.5°, when the gap in the spectrum due to anisotropy in
plane perpendicular to the four-fold axis vanishes.
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The presence of the gapless branch in the spectrum
magnetic excitations is in accordance with submillime
wave and microwave measurements,1,8 and with neutron dif-
fraction experiments,7 but contradicts other neutronograph
measurements.12

All resonance properties of Bi2CuO4 can be easily de-
scribed considering it as a two-sublattice antiferromag
with an easy-plane magnetic anisotropy. A phenomenolo
cal theory of the antiferromagnetic resonance taking into
count an easy-plane anisotropy was given by Turov.13 The
energy density of such an antiferromagnet is expressed13

F m5A/2m21a/2 mz
21b/2 l z

21 f /2 l x
2l y

222M0 mH.
~1!

Here M0 is the saturation magnetization of one sublatticel
andm are the normalized vectors of antiferromagnetism a
magnetization (m21 l 251, m• l50). The first term on the
right-hand side is the exchange energy, the second and
are responsible for the crystallographic magnetic anisotr
of a uniaxial crystal~in the case of an easy-plane anisotro
b.0). The fourth-order term takes into account the anis
ropy in the basal plane perpendicular to the@001# axis. The
last term describes the magnetic energy due to applied m
netic field.

The two AFMR frequencies corresponding to the aco
tic and optic magnon branches are given by

v15g@H2~11a/A!2HEHA
~4! cos~4w!#1/2, ~2!

v25g@HEHA#1/2@12H2/HE
2 #1/2, ~3!

whereg5g'mB /\518.153109 s21 kOe21 is the gyromag-
netic ratio ~according to Ref. 1g'52.04), H is the static
magnetic field, HE5A/2M0 , HA5b/2M0 , and HA

(4)

5(g/2M0) f . From the static susceptibility measured b
Ochta et al.1 for H'C(4), we derive HE52M0 /x'c

52000 kOe;HA512 kOe can be derived from the width o
the gap separating the high-frequency AFMR branch.1 From
our measurements, we deriveHA

(4) and the ratioa/A. The
solid line in Fig. 4 shows calculations of the frequency d
pendence of the AFMR field by Eq.~2! with HEHA

(4)510
and 6.8 kOe2 and a/A520.02 and20.1 at temperatures
T54.2 and 23 K, respectively. The curves ofHEHA

(4) and
a/A versus temperature are plotted in Fig. 3. The minus s
in front of a indicates the easy-axis anisotropy for the ferr
magnetic vectorm, whereas the antiferromagnetic vectorl
has an easy-plane anisotropy (b.0). Given a/A, one can
determine the ratio between the static susceptibilitiesx' /x i
511a/A.13 The subscripts indicate the magnetic field o
entation with respect to the four-fold axisC(4). It is clear
that, given the negativea for Bi2CuO4, x' should be about
10% smaller thanx i at T520 K, which is in reasonable
agreement with static magnetic measurements.1,6 It is re-
markable that the temperature dependence of the anisot
constanta ~Fig. 3! is strong in the temperature range
10–20 K, which is far fromTN . The AFMR line also broad-
ens considerably in this temperature interval~Fig. 4!. All
these effects may be related to a structural transition
Bi2CuO4, because the unit cell volume also increas
abruptly in this region.4
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FIG. 3. ~a! Resonant field versus temperature at microwa
frequencyn536 GHz. Measurements were performed f
two orientations of the static field in the basal plane,w
50 and 45°. Different symbols show measurements
samples annealed in oxygen or nitrogen, and as-gro
samples. Within the experimental uncertainty, curves
HR(T) for all samples are identical. The samples we
grown from a melt.~b! and~c! Temperature dependences o
a/A andHA

(4)HE derived from measurements plotted in Fi
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In addition to the step on the curve of the AFMR lin
width versus temperature in the range of 10–15 K~Fig. 4!,
the width also grows rapidly as the temperature approac
the Néel temperature. This temperature-dependent part of
line width is largely due to the process of three-magnon
laxation. The solid curve in this graph shows calculations
the AFMR line width caused by the above mentioned rel
ation process using the equation given in Ref. 15 and par
eters of Bi2CuO4 given in this section.

The hysteretic behavior of the absorption line up
fields several times larger than spin-flop fields indicates
presence of a highly developed system of antiferromagn
domains. Unlike the case of a ferromagnet, antiferromagn
domains are equivalent in energy terms in fields higher t
the spin-flop field, so even a slight pinning makes a dom
wall stable up to the high fields. It is probable that the sh
of the resonance field, step-like growth of the line wid
hysteretic behavior of the absorption line, and the abr
change in the cell volume in the temperature range of 10
K are caused by a sharp decrease in the mobility of dom
es
e
-
f
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-

e
tic
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n

in
t
,
t
5
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FIG. 4. AFMR line widths versus temperature atn536 GHz. Filled squares
and triangles show measurements of two different as-grown samples.
solid curve shows calculations of line widths due to three-magnon relaxa
based on formulas of Ref. 15. The samples were grown from a melt.
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FIG. 5. Measurements of the derivative of th
microwave power absorbed by the sample wi
respect to magnetic field as a function of applie
magnetic field.n59.3 GHz, T510 K, w50°.
The arrow indicates the AFMR position calcu
lated by Eq.~2! with the parameters correspond
ing to the given temperature. The lower grap
shows curves on the extended magnetic fie
scale.
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walls. Information about the nature of antiferromagnetic d
mains in Bi2CuO4 may be derived from measurements
nuclear magnetic resonance and magneto-acoustic ex
ments.

3.3. Measurements of samples grown by the hydrothermal
technique and discussion

In experiments with samples obtained by the hydroth
mal technique, we have detected two lines of resonance
sorption. Typical curves are given in Fig. 6. The field
resonanceR1 strongly depends on the direction of the sta

FIG. 6. Typical curves of microwave power transmitted through the ca
loaded with a Bi2CuO4 sample grown by the hydrothermal technique
n536 GHz and different temperatures.
-

ri-

r-
b-

field H, whereas the position of resonanceR2 is independent
of its orientation. As in the case of samples grown from
melt, the conditions of resonanceR1 are controlled by the
static field projection on the plane perpendicular to the fo
fold axis. The position of the low-field resonanceR1
strongly depends on temperature~Fig. 7!. At the same time,

y
FIG. 7. Resonance fieldsHR1 andHR2 versus temperature atn536 GHz.
The samples were grown by the hydrothermal technique.
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the line width and intensity in the range of 1.2–25 K a
almost independent of the temperature. The amplitude of
R2 rapidly drops with temperature. The resonant fields c
responding to these lines versus frequency are plotted in
8. At frequencies higher than 45 GHz~i.e., in fields higher
than 9–10 kOe! only line R2 can be seen in the spectra. It
highly probable that lineR2 is due to paramagnetic defec
in the sample, whereas lineR1 is caused by excitations in th
magnetically ordered crystal. If we assume that the sm
ferromagnetic moment is caused by the canting of magn
sublattices due to the Dzyaloshinskii interaction,9 the Dzy-
aloshinskii effective fieldHD can be derived from measure
ments of the resonant field as a function of frequency.13 The
solid curve in Fig. 8 plots a fitting of the resonant field ca
culated by Eq.~2!, whereH2 in the first term on the right-
hand side is replaced byH(H1HD) and the rest of the con
stants are the same as in samples grown from a melt.
best fitting was obtained atHD520 kOe. This result is a
factor of four larger than the value derived from static me
surements of magnetization.9

Annealing of crystals grown by the hydrotherm
method led to unexpected results. The absorption lineR1
vanished after annealing in atmospheres of either oxyge
helium, whereas the position and intensity of lineR2 did not
change. The annealing was performed under the same
ditions as in the case of the crystals grown by the fl
method. Given the oxygen deficiency in the initial sampl
we expected that annealing in an oxygen atmosphere sh
have led to the appearance of an AFMR line similar to t
of samples grown from a melt, but it was not detected in
experiments. X-ray microanalysis showed that the cry
composition after the annealing in oxygen atmosphere

FIG. 8. Resonant fieldsHR1 and HR2 versus frequency atT54.2 K. The
samples were grown by the hydrothermal technique.
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Bi2.05CuO3.91, i.e., the oxidation degree of cations increas
after the annealing, but did not reach the value character
to the crystals grown from a melt. It is plausible that t
conditions of this annealing are too mild to get rid of th
oxygen deficiency in the crystal, but it is sufficient to relea
local elastic strains in the crystal or make the oxygen c
centration uniform over the crystal volume. On the oth
hand, the difference between the properties of the two ty
of crystals can be attributed to different ratios between
contents of copper and bismuth.

The elimination of lineR1 after annealing in oxygen o
helium atmosphere under relatively mild conditions ca
doubt on the conjecture about a relationship between
small ferromagnetic moment in Bi2CuO4 samples manufac
tured by the hydrothermal technique and canting of sub
tices due to the Dzyaloshinskii–Moria interaction. It see
more probable that the resonant absorption in lineR1 and the
small ferromagnetic moment are due to the presence of
main walls in the samples.
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