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Magnetic resonance of the low-frequency spin-wave branch in theugl, antiferromagnet with

an easy-plane anisotropy has been studied. Angular, frequency, and temperature dependences
of the position and width of the antiferromagnetic resonaf@eMR) line have been measured.
Our measurements combined with earlier dddaOchta, K. Yoshida, T. Matsuya, T.

Nanba, M. Motokawa, K. Yamada, Y. Endon, and S. Hosoya, J. Phys. So®61][#2021(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 techniquel998
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1. INTRODUCTION plane® The effective magnetic moment of the €uion in
. S ] _antiferromagnetic BICuQ, at 4.2 K is 0.65—-0.865.%"

Study pf materlals_contamlng ions of variable va_llence IS The electron spin resonance in the magnetically ordered
one of rapidly developing branches of modern physics. The)bhase T<T,) was studied in the submillimeter wave
attract researchers’ attention primarily in connection with theregionl From these measurements, the energy gap separating
discoveries pf high—f[emperature s_uperconductivity and gian{he exchangéhigh-frequency branch of the magnon spec-
mag(r;etoresstanc? Itr'] SUC? r:;gten?ls. . GO h trum was derived. The antiferromagnetic resonance of the
structlr}ree rbeé)lgisesnti I:/hee(; acles ﬁggsln'ié 294 fll"hewmzse lower branch of the magnon spectrum in,8u0, single
netic moment 09]1 the CGif cgtion g dui o é sinale uncgm— crystals grown from a melt was studied by Pankrats ét al.

ensated electron in thed-shell. Neutron ?jiffraction The frequency and angular dependences of the antiferromag-
Etudie%“‘e of Bi.CuO, indicate t.he presence of three netic resonance field in the microwave and submillimeter
2 4 - . . .
dimensional magnetic ordering at temperatures belgyw }[/tlj?geo?aBr';?:suV(\;ergelggrg%igggfeevr;igtlg\;lth the magnetic struc
=42 K. A ) =
The static magnetic characteristics of samples depend

The unit cell of B,CuQ, contains four copper ions. In . - ) .
the conventional notatichthe positions of these ions in the sensitively on their preparation technique. Crystals grown by

lattice are as follows: QQ), (1/4,1/4z); Cu(2), (1/4,1/4 the hydrothermal technigti@ave in the ordered state a small

2+1/2): CuB), (3/4,3/4,1/2-2); Cu(4), (3/4,3/4-2). The ferromagnetic moment in the basal plane of less than one
parameterz is the shift of the parallelepipeds formed by percent of the nominal Cii magnetic moment, which drops

Cu(l) and Cu2) ions with respect to those of C3) and @S the static magnetic field grows and vanishes for
Cu(4) ions along theC™® axis. The value of equals 0.076 H>30 kOe ('=4.2 K). Samples grown from a melt do not
of the lattice constant.* The chains of C(1), Cu2) and Mmanifest a weak ferromagnetistf.In the range of strong
Cu(3), Cu4) ions form two magnetic sublattices in the anti- Static fields, the susceptibilities of both types of samples are
ferromagnetically ordered state of BuQ,. The magnetic ~€qual. The small ferromagnetic moment in samples made by
anisotropy for C&" ions is determined by the anisotropic the hydrothermal method was attributed to the
exchange, since a one-ion anisotropy due to the electric cry&zyaloshinskii—Moria interactiof.

tal field does not affect ions with spin 1/2. The exchange In the present work, we have studied the microwave
anisotropy aligns the magnetic moments of the sublatticeglectron spin resonance of BluQ, single crystals of both
within the plane perpendicular to the four-fold a%sln the  types in the temperature range beldly,, and also in
absence of magnetic field, the antiferromagnetic vector isamples annealed after growth in an oxygen—helium atmo-
directed along a diagonal of the,p) square in the easy sphere.
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2. SAMPLES AND EXPERIMENTAL TECHNIQUES 42K

We have studied BCuQ, samples grown both by the
flux method and hydrothermal technictfe3

The samples were tested by x-ray diffraction and x-ray
microanalyzer. x-ray diffraction measurements using a D/ - 10 K
max-3C microdiffractometer produced by Rigaku demon-
strated identical crystal structures of samples prepared by the

two techniques. Nonetheless, the quantitative analysis of the —\/—”—K
samples performed on a JXA-8600 electron microscope P ——\_/32—1—(
combined with an x-ray analyzer produced by JEOL, in 40 K
which we used the ZAF-correction program and reference

samples of copper and bismutthe oxygen content was de- \/__ﬂ
termined by subtractigrrevealed differences between com- . : .
positions of crystals made by the two different methods. 12 13 14 H, kOe

Samples grown from a melt had the compositionfFg. 1. Typical curves of microwave power transmitted through the cavity

Bi, CUO; g7, Whereas samples prepared by the hydrothermabaded with a BiCuO, sample grown from a melt versus magnetic field at

technique had the formula Bi-CuQ; g,. severafl tﬁmperatures. The garrow re;ggaane Iin(le Wh(r)\_sehp_ositior(]1 is indep}en—

H ent of the temperature Is due to a sample, whnich Is used as a reter-

The compans_on bere_en the formulas of CryStalS _gI’O\_NI’gnce for measuring the applied static magnetic field. The solid curves were

by d'ﬁeren'_[ techniques indicates that the degree of 0X|da:t|omecorded when the field was scanned in the upward direction, the dashed

of cations in crystals grown from the hydrothermal solutionlines correspond to decreasing magnetic fiele;36 GHz, H||[110].

is slightly lower than in samples grown from a melt. This

difference may be caused by the fact that it is difficult to L i o

create a high oxidation potential in an autoclave, thereforéjecreaSIng field. ,The_ hysteresis beha\{|or is more pronounced

hydrothermal crystals are deficient in oxygen, and a smal?t Iower'magnetlc fields, corresponding to lower resonant

quantity of nonmagnetic Cucations is present. requencies. . o .
Experiments were performed on both as-grown crystals The position of the absorption line is strongly aniso-

and samples annealed after growth in an atmosphere of ox ropic. Mez_isurements of angular dependence performed at

gen or nitrogen. The annealing was performed at 600°C foplfferent microwave frequencies and temperature have dem-

30 h. Note that the annealing in oxygen and nitrogen did nopns.trat.ed that. resonance conditions are c_ietermined by the
affect the positions and widths of AFMR lines in samplesStat'C field projection on the plane perpendicular to the four-

grown from a melt, but radically changed magnetic proper_fold symmetry axis. When the static field was rotated in the

ties of samples made by the hydrothermal technique. basal planer,1 the line shi? v;/aiwell de_scribeﬂ by.the _funcjtion
Typical dimensions of BICUO, samples grown from a Acos(4p). The resonant field had maxima when its direction

melt and hydrothermally were »22x0.5 and Ix1 coincided with thea_- or b-axis. ) )
X 0.1 mn?, respectively. The resonant field versus frequency is close to a linear

The electron spin resonance was measured on a trang.inction. The absorption peak is close to the ESR position of

mission microwave spectrometer. A sample was placed in 8 parangngt wit}g—flz_actor 9=2. _Note that rehsone;]nt fields
rectangular cavity whose resonant modes were in the frél€asured 'le laar ler  experiments - with the  same
quency band of 23-78 GHz. The device was designed t80nf|gurat|oﬁ' ~>*were also close to a straight line of the
allow sample rotation during an experiment. A magneticsame slope. Figure 2 shows. resonant.fields of_ samples with
field of O to 40 kOe was produced by a superconductindeSpeCt to'the resonant field of diphenylpicrylhydrazyl
solenoid. The cell with a sample was in a vacuum jacket, S(SDPPH)’ which was used as a referenge=(2 for DPPH' It

that we could perform our measurements in a temperatur clear that the curve of the frequency dependence is steeper

range of 1.2 to 110 K. Measurements at a frequency of 9. an that of the free radical at 25 K, whereas at lower tem-

GHz were performed on a commercial ESR spectrometeﬁ)eratures it has a gentler slope. i
produced by Brucker The temperature dependence of the resonant field at a

microwave frequency of 36 GHz is plotted in Fig. 3. Experi-

ments have been performed with two orientations of the
3. EXPERIMENTAL RESULTS static field in the basal plang=0° and 45°. The resonant
field shifts to higher values in the temperature range of
10-15 K.

Figure 1 shows traces of microwave power transmitted As was noted above, experiments have been performed
through the cavity versus magnetic field at various temperaen both as-grown samples and crystals annealed in the atmo-
tures. In the temperature range closeTtp, the ESR line is  sphere of oxygen or nitrogen. Within the experimental un-
considerably broadened, and a new line forms at a magnetiertainty, the annealing has no effect on the resonances in
field slightly higher than that of ESR. In the low-temperatureBi,CuQ, crystals grown from a melt. The microanalysis of
range, T<12 K, the absorption line shape depends on thechemical composition also has not revealed any changes af-
field scan direction. The solid curves in Fig. 1 were recordeder annealing.
in an increasing magnetic field, and the dashed curves in a Figure 4 shows the AFMR line width as a function of

3.1. Measurements of samples grown from melt solution
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The presence of the gapless branch in the spectrum of
magnetic excitations is in accordance with submillimeter
wave and microwave measuremehfsand with neutron dif-
fraction experiment$,but contradicts other neutronographic
measurement.

All resonance properties of BtuQ, can be easily de-
scribed considering it as a two-sublattice antiferromagnet
with an easy-plane magnetic anisotropy. A phenomenologi-
cal theory of the antiferromagnetic resonance taking into ac-
count an easy-plane anisotropy was given by Tufovhe
energy density of such an antiferromagnet is expresse&d as

T m=Al2m?+a/2 mZ+b/2 12+ £/21315—2Mg mH.

i @
ol T I T Here M, is the saturation magnetization of one sublattice,
30 v, GHz andm are the normalized vectors of antiferromagnetism and

magnetization i?+12=1, m-1=0). The first term on the

FIG. 2. AFMR field Hp measured with respect to the ESR fit} for  rjght hand side is the exchange energy, the second and third
DPPH as a function of microwave frequency. Open symbols correspond to

temperaturelT =4.2 K, filled symbols toT =23 K; filled squares and open are responsible for the crystallographic magnetic anisotropy
circles correspond tél[[110], and filled circles and triangles td|[[ 100]. of a uniaxial crystalin the case of an easy-plane anisotropy

The samples were grown from a melt. The solid lines are calculations of théy > 0)_ The fourth-order term takes into account the anisot-
AFMR field as a function of frequency by Ed2) with parameters ropy in the basal plane perpendicular to fie®1] axis. The

H{PHe=10 and 6.8 kO® and a/A=—0.02 and—0.1 at temperatures . . .
T=4.2 and 23 K, respectively. The dashed and dash-dotted lines show call‘:iSt term describes the magnetic energy due to apphed mag-

culations atp=22.5°, when the gap in the spectrum due to anisotropy in theN€tic field. _ _
plane perpendicular to the four-fold axis vanishes. The two AFMR frequencies corresponding to the acous-

tic and optic magnon branches are given by

temperature for two nonannealed samples. One can see that w;=y[H?(1+a/A)—HgHY cog4¢)]Y2, 2
the temperature-dependent parts of the AFMR line width are y o 12012
similar. The part of the line width independent of tempera- ~ @2=Y[HeHAI"11—H?/HEI', ()

ture is, most probably, due to an inhomogeneous line broaq/'vhereyz g, uelfi=18.15¢10° 5! kOe ! is the gyromag-

ening and depends sensitively on the sample quality. Th@.sic ratio (according to Ref. ig, =2.04), H is the static
most plausible factor leading to the inhomogeneous broade'?ﬁagnetic field, He=A/2M,, Hx=b/2M,, and H
y - ] - ] A

ing is variation in the alignment of the? axis over the = (y/2M)f. From the static susceptibility measured by
crystal volume. No correlation between the line width andy .- ot ot for HLC® we derive He=2M/x

. o ; , e
annealing conditions has been detected — 2000 kOe;H =12 kOe can be derived from the width of
. o Ghe gap separating the high-frequency AFMR brah&hom
power with respect to magnetic fieldt v=9.3 GHz) as a . easurements, we derivél”) and the ratioa/A. The

function of the field are.plott-ed n Fig. 5. Absqrpthn lines solid line in Fig. 4 shows calculations of the frequency de-
recorded for both scanning directions have a rich fine struc- endence of the AFMR field by Ed2) with HeH(® =10
ture, which manifests in the low-temperature range ( P y E A

e : ) .\ and 6.8 kO& and a/A=—0.02 and—0.1 at temperatures
<15 K). This fine structure is well reproducible. The fine : p(4)
. . o T=4.2 and 23 K, respectively. The curves ldEH,"”’ and
structure is seen in the range of magnetic field below the L . .
. i L . : . alA versus temperature are plotted in Fig. 3. The minus sign
antiferromagnetic resonance at all static field orientations in - . .
in front of a indicates the easy-axis anisotropy for the ferro-
the basal plane. . . :
magnetic vectom, whereas the antiferromagnetic vector
has an easy-plane anisotroply>0). Givena/A, one can
determine the ratio between the static susceptibilitiesy
The changes in the resonant absorption with temperature 1+ a/A.*® The subscripts indicate the magnetic field ori-
(Fig. 1) and the strong dependence of the resonant figld entation with respect to the four-fold ax@®. It is clear
on the static field orientation provide strong evidence in fathat, given the negativa for Bi,CuQ,, x, should be about
vor of an antiferromagnetic resonance in®u0,. Another  10% smaller thany; at T=20 K, which is in reasonable
argument in favor of the interpretation of the resonant abagreement with static magnetic measuremé&fts. is re-
sorption in terms of uniform precession of the magnetic mo-markable that the temperature dependence of the anisotropy
ment is the fine structure in absorption spectra in the fieldconstanta (Fig. 3) is strong in the temperature range of
range below the main resonan@gg. 5. In all probability, 10-20 K, which is far fronT. The AFMR line also broad-
the recorded fine structure is due to spin-wave resonances @ns considerably in this temperature intergig. 4). All
Bi,CuQ,. The presence of resonances corresponding to largiese effects may be related to a structural transition in
wave numbers allows us to rule out an interpretation ascribBi,CuQ,, because the unit cell volume also increases

ing the absorption line to impurities. abruptly in this regiorf.

3.2. Discussion
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In addition to the step on the curve of the AFMR line " &
width versus temperature in the range of 10—-1%Hg. 4), v
the width also grows rapidly as the temperature approache:!
the Neel temperature. This temperature-dependent part of the
line width is largely due to the process of three-magnon re-
laxation. The solid curve in this graph shows calculations of 40001 v 7 g
the AFMR line width caused by the above mentioned relax- v: =, ®Y
ation process using the equation given in Ref. 15 and param -
eters of B,CuQ, given in this section.
The hysteretic behavior of the absorption line up to i
fields several times larger than spin-flop fields indicates the?0%
presence of a highly developed system of antiferromagnetic
domains. Unlike the case of a ferromagnet, antiferromagnetic ‘am m®
domains are equivalent in energy terms in fields higher than } o
the spin-flop field, so even a slight pinning makes a domain 00‘7 vw ¥ %0
wall stable up to the high fields. It is probable that the shift T.K

of the resonance field, step-like growth of the line width,
hysteretic behavior of the absorption line, and the abrupf
change in the cell volume in the temperature range of 10—150

IG. 4. AFMR line widths versus temperaturerat 36 GHz. Filled squares
nd triangles show measurements of two different as-grown samples. The
lid curve shows calculations of line widths due to three-magnon relaxation

K are caused by a sharp decrease in the mobility of domaifased on formulas of Ref. 15. The samples were grown from a melt.
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dP/dH

FIG. 5. Measurements of the derivative of the
microwave power absorbed by the sample with
respect to magnetic field as a function of applied
magnetic field.r=9.3 GHz, T=10 K, ¢=0°.
The arrow indicates the AFMR position calcu-
lated by Eq(2) with the parameters correspond-
ing to the given temperature. The lower graph
shows curves on the extended magnetic field
scale.
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walls. Information about the nature of antiferromagnetic do-field H, whereas the position of resonariR2 is independent
mains in B,CuO, may be derived from measurements of of its orientation. As in the case of samples grown from a
nuclear magnetic resonance and magneto-acoustic experielt, the conditions of resonané®l are controlled by the

ments. static field projection on the plane perpendicular to the four-
fold axis. The position of the low-field resonandgl
3.3. Measurements of samples grown by the hydrothermal strongly depends on temperatufég. 7). At the same time,

technigue and discussion

In experiments with samples obtained by the hydrother-

H,, kOe
mal technique, we have detected two lines of resonance ab- {
sorption. Typical curves are given in Fig. 6. The field of
2 1Sk
resonancdRl strongly depends on the direction of the static Hy,
(-3 (- - -] -] o LR a o on o -]
42K F
f'm ‘sz 10k o
14K r o ot

P %

5—
O~
—___\/’-———_M
. - t p [1] N SR UEIYH W TP S S UNrA S S T
0 5 10 15 14 H,kOe 5 - > 5 = %

T.K
FIG. 6. Typical curves of microwave power transmitted through the cavity
loaded with a BjCuQ, sample grown by the hydrothermal technique at FIG. 7. Resonance fielddg, andHg, versus temperature at=36 GHz.
v=36 GHz and different temperatures. The samples were grown by the hydrothermal technique.
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Hy, kOe Bi, o«CuO; o1, i.€., the oxidation degree of cations increased
after the annealing, but did not reach the value characteristic
to the crystals grown from a melt. It is plausible that the
conditions of this annealing are too mild to get rid of the
oxygen deficiency in the crystal, but it is sufficient to release
local elastic strains in the crystal or make the oxygen con-
centration uniform over the crystal volume. On the other
hand, the difference between the properties of the two types
of crystals can be attributed to different ratios between the
contents of copper and bismuth.

15¢

101

The elimination of lineR1 after annealing in oxygen or
helium atmosphere under relatively mild conditions casts
doubt on the conjecture about a relationship between the

ol small ferromagnetic moment in BLuQ, samples manufac-
0 tured by the hydrothermal technique and canting of sublat-

v, GHz tices due to the Dzyaloshinskii—Moria interaction. It seems

FIG. 8. Resonant fieldslz, and Hg, versus frequency af=4.2 K. The ~ More probable tha'_[ the resonant absorption inRieand the
samples were grown by the hydrothermal technique. small ferromagnetic moment are due to the presence of do-
main walls in the samples.
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