PHYSICAL REVIEW B

VOLUME 48, NUMBER 9

1 SEPTEMBER 1993-1

Magnon and acoustic-phonon light scattering from Bi-doped yttrium iron garnet
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Light scattering in Bi-substituted yttrium iron garnet has revealed different excitation-wavelength-
dependent cross sections for the acoustic phonons and magnons. Analysis of the magnon and phonon
frequencies showed a quadratic and linear dependence, respectively, with wave vector and models for
these results indicate that the spin-wave stiffness constant is increased, while the sound velocity is re-
duced, by the substitution of Y with Bi. With the reduction of excitation wavelength, which is accom-
panied by an increase in the light absorption, a line broadening, and finally a double peak with a continu-
ous band in between, is observed in magnon scattering.

I. INTRODUCTION

Bismuth-substituted yttrium iron garnet (Bi-YIG) crys-
tals are now widely used as magneto-optical materials be-
cause of their high figures of merit."> Although Bi*% is a
diamagnetic ion, its presence, however, increases the
Faraday rotation dramatically and also the Curie point
Tc of the magnetic material.® The physical origins of
these effects are not yet clear. In earlier Brillouin scatter-
ing experiments on Bi-YIG, only magnon scattering was
observed.* Why the acoustic phonons, which normally
exhibit a cross section similar to, or larger than that of
the magnon,5 were not observed is another interesting
question. From previous light-scattering studies of cubic
YIG,>* it has been shown that both dissipative and non-
dissipative magneto-optical effects influence the magnon
intensity, as revealed through the ratio of the Stokes and
anti-Stokes intensities. Thus, it is interesting in light-
scattering experiments to study the effects of Bi doping in
YIG not only on the magnon frequency but also on the
magnon intensity.

In this paper we report a detailed study by light-
scattering spectroscopy of a Bi-YIG single crystal. We
have measured the magnons and acoustic phonons at a
wider range of laser exciting frequencies and with higher
applied magnetic field than in the earlier Brillouin
scattering study.* It was found that the scattering inten-
sity of the magnons increases gradually, while that of the
longitudinal-acoustic (LA) phonon decreases markedly
and eventually becomes undetectable with an increase of
the laser frequency. This indicates that there is a special
light-scattering resonance occurring in these magnetic
materials, which enhances the intensity of the magnons
while suppressing that of the LA phonons. At the same
time, the linewidth of the magnon peak shows a broaden-
ing and, at higher resolution, an additional small peak is
observed at the lower-frequency side of the main one.

II. EXPERIMENT

The Bi-substituted YIG single crystals were grown by
the flux method in a Pt crucible.” A small and shiny sin-
gle crystal of approximate size 1X1X1 mm?> and with
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(001), (110), and (110) faces was selected as the sample for
this study. The sample composition was analyzed by en-
ergy dispersive x-ray analysis and was found to be
Bij 4,Y, soFesO;,. For this composition, Tc~560 K.
For the light-scattering measurements, the as-grown
(001) surface of the crystal was gently polished with 1 um
diamond paste.

In order to observe both magnon and phonon scatter-
ing with a wider range of laser frequencies than in con-
ventional Fabry-Perot spectroscopy, a SOPRA
DMDP2000 Raman spectrometer was used. This double
monochromator has a high resolution and a high rejec-
tion of stray light at low-frequency shifts.?

The pseudo-Brewster angle backscattering arrange-
ment was adopted in the experiments, where the incident
light is close to Brewster’s angle (the angle of incidence
was fixed at 67°) with the (001) surface, while the scatter-
ing light is collected at 90° to the incident one. Most of
the visible laser wavelengths of both Ar* and Kr™ lasers
were used to study the excitation-wavelength dependence
of the scattering. The incident laser power on the sample
surface was kept at 100 mW. No apparent damage to the
sample or variation of the recorded spectra were ob-
served due to the laser heating. A compact permanent
magnet of our own design was used to apply a magnetic
field orthogonal to the light-scattering plane (i.e., along a
(110) direction). The highest available magnetic field
from the 3 cm diameter Nd-B-Fe pole pieces was 1.108 T
at a gap width of 2.6 mm.

III. RESULTS AND DISCUSSION

Figure 1 shows the recorded spectra at various wave-
lengths for an applied magnetic field of 1.1 T, and Fig. 2
shows the wave-vector dependence of the frequency of
the recorded peaks. The wave vector of the excitation
was determined from the known refractive index of Bi-
YIG (Ref. 3) and the light-scattering geometry. Two
groups of Stokes and anti-Stokes peaks noted as M and P,
respectively, are identified in Fig. 1. The single peak
marked with X is an instrumental ghost line. With a de-
crease of the laser wavelength, the frequency shift of the
peak P increases and a direct linear relationship between
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FIG. 1. Phonon and magnon light-scattering spectra of single
crystal Bij 4, Y, 50FesOy;, in an applied magnetic field of 1.108 T
for different laser excitation wavelengths. The incident light
was polarized in the scattering plane and the scattered light was
recorded without analysis of its polarization. The spectral reso-
lution was ~0.15 cm™!. The spectra demonstrate the reduction
of the phonon intensities due to sample absorption while the
absorption-corrected magnon intensities are, in fact, increased
with decreasing excitation wavelength.

the shift and the scattering wave vector is observed.
Hence, we conclude that these peaks are due to light
scattering from phonons, and a further study of the scat-
tered light polarization showed that they are the
longitudinal-acoustic phonons. However, the intensity of
peak P reduces sharply with an increase of the laser fre-
quency and eventually is no longer observable. On the
other hand, the frequencies of the Stokes and anti-Stokes
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FIG. 2. The phonon and magnon dispersion relations ob-
tained in the light-scattering measurements with an applied field
of 1.108 T (see Fig. 1). The solid line is the theoretical fit to the
longitudinal-acoustic-phonon dispersion [see Eq. (1)]. The
theoretical fit to the magnon dispersion is shown in Fig. 5.
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FIG. 3. The linewidth broadening and the asymmetric line
shape of the magnon scattering measured with an applied field
of 1.108 T at different laser wavelengths. The spectral resolu-
tion was ~0.15cm™ .

peaks denoted by M do not increase so much with an in-
creasing wave vector and they show a strong magnetic-
field dependence. A scattered light polarization analysis
confirmed that peak M is due to scattering from acoustic
magnons. It appears from Fig. 1 that with the reduction
of laser wavelength, the linewidth of the magnon peak be-
comes broader and broader. This can be seen more clear-
ly in Figs. 3 and 4. Figure 3 demonstrates the broadening
of the magnon linewidth with decreasing excitation wave-
length and the appearance of an asymmetry in the line
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FIG. 4. Magnetic-field dependence of the magnon frequency
in Bi-YIG as measured using 457.9 nm laser excitation and a
spectral resolution of 0.08 cm~!. Note the additional small
peaks to lower frequency, which are now resolved in this
higher-resolution measurement.
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shape of the magnon peak at even shorter laser wave-
lengths. Figure 4 shows results obtained at higher resolu-
tion for 457.9 nm laser excitation with different applied
magnetic fields, where a double peak line shape with a
continuous band in between is now evident. The whole
structure shifts to higher frequency when the magnetic
field is increased. This clearly shows that the small peak
near the main magnon peak is not due to a possible reso-
nant crossover with a transverse-acoustic phonon, which
is calculated to lie close to the magnon frequency for blue
laser wavelengths and for applied fields ~1 T, but rather
is magnetic in origin.

In Fig. 2, the measured phonon frequencies w, are well
described by the usual linear dispersion relationship

w,=vg, , (1

where v is the sound velocity. The phonon wave vector
g, involved in the scattering process is given by
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where n is the refractive index,®> A the laser wavelength,
and 6 the Brewster angle (in this experiment we set
65 =67.0°, fixed for the different wavelengths, although,
strictly speaking, it should be changed slightly with the
change in the incident laser wavelength). The sound ve-
locity obtained in the fitting is v =6.851 X 10° cm/s for
the longitudinal-acoustic phonon propagating in the (001)
direction. On comparison with the corresponding value
in pure YIG (Ref. 9) (v=7.215X10° cm/s) it is found
that the elastic constant of YIG is reduced by the substi-
tution of Y with Bi. Such a result is consistent with the
large atomic mass change on going from Y (atomic mass
89) to Bi (atomic mass 209).

The magnon dispersion relation in a bulk ferrimagnet
may be expressed as follows:!°

o,=v{[B +(Ny—NZ M +Dq,2,, I[B+(N,—N,)M,
+Dgl 1}, 3)

where w,, is the magnon frequency, y the gyromagnetic
ratio, B the applied magnetic field, N,, N,, and N, are
the sample demagnetization factors (with x along {001)
and y and z along (110) directions), M, the saturation
magnetization, D the spin-wave stiffness constant, and g,,,
the magnon wave vector involved in the scattering pro-
cess, which is the same as that for the phonon, as given in
Eq. (2).

The shape of the sample is nearly cubic, N, =N, ~N,,
but we do not know the demagnetization factors exactly.
However, at a high applied magnetic field along z, the M|
related term is relatively small, and Eq. (3) may be writ-
ten as

©,,=y(B+NM,+Dgq?) , (4)

where N=~N,—N,~N,—N,. Equation (4) predicts a
linear relationship between the magnon frequency and

the applied magnetic field B and also the magnon wave
vector squared q,%,. This is proved to be the case by our
experiments, as shown in Fig. 5 for the magnetic-field
dependence measured with excitation at 457.9 nm and in
Fig. 6 for the wave vector dependence measured with an
applied field of 1.108 T. In the self-consistent fits
to the data of Figs. 5 and 6, we obtained y =28 GHz/T,
D=6.20 X101 Tcm?, and NMg=25 mT.

The increase of Dy;g =5.4X 107! Tcm? in pure YIG
(Ref. 11) with the substitution of magnetic ions with di-
amagnetic Bi*'ions is a very interesting result, and was
also seen in earlier Brillouin scattering experiments*
on other Bi-YIG samples. The composition dependence
of D is shown in Fig. 7, and our result agrees very
well with the earlier measurements. Although there have
been many light-scattering studies of the effects of dilu-
tion with nonmagnetic ions on the magnetic excita-
tions of antiferromagnets, we know of only one
such study in a ferrimagnet.> From a Brillouin scat-
tering study of zinc-substituted lithium ferrite
(Zn,Fe;_, NLi _) nFe;31,),2)0, Wilber, Kabos, and
Patton!? found that, for a given applied field, the magnon
frequency decreased with increasing Zn content, while
the spin-wave stiffness decreased rapidly to reach zero
near x =0.4. Clearly, in lithium ferrite the addition of
Zn disrupts the Fe’"-Fe?™ magnetic ion exchange in-
teraction, reducing T and the exchange parameter in the
process. This parallels the behavior found in antifer-
romagnets, for which there are a number of theories.’
The behavior in Bi-YIG is opposite to this general trend,
contrary to the predictions of existing theories. The ex-
perimental results of Fig. 7 when least-squares fitted to a
straight line yield

D:DYIG(1+O‘ 39x) (5)

for the Bi concentration dependence of the spin-wave
stiffness.

The only way to explain the contrary behavior in Bi-
YIG is to assume that at least for small Bi concentrations
(x <0.6) the diamagnetic Bi*" ions substitute only for
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FIG. 5. Magnetic-field dependence of the magnon frequen-
cies in Bi-YIG for 457.9 nm excitation: experiment (points) and
theory (solid line).
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FIG. 6. Wave vector dependence of the magnon frequencies
in Bi-YIG: experiment (points) and theory (solid line). The ap-
plied magnetic field was 1.108 T.

the magnetic Y3" jons in YIG. Thus, to first order, the
significant Fe>"-Fe?t magnetic ion exchange interactions
are not affected by the substitution and D would also not
be affected. Although Bi could replace either Y or Fe
from an ionic charge point of view, such a single-ion sub-
stitution would be reasonable given that OY” and Bi3*
ions have larger ionic radii (0.89 and 0.96 A, respectively)
compared with Fe3* ions (0.64 A) and that the Y37 ion
site in YIG is surrounded by a much larger oxygen cage
than the Fe*" ion site. The fact that D actually increases
with x could be due to a decrease in the superexchange
path distance between nearest-neighbor Fe’" ions via an
intervening O?~ ion owing to the “squeezing” effect of
neighboring large Bi’t ions. However, another more
likely explanation at low Bi concentrations is some
modification of the bonding between the O*~ ions and
the cations that enhances the Fe’'-Fe3" ion superex-
change.

The reduction in scattering intensity of the LA phonon
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FIG. 7. The observed linear increase of the spin-wave
stiffness constant D with the fraction x of Bi in Y;_,Bi,FesO;:
the experimental data are from Ref. 11 for pure YIG (solid cir-
cle), and from Ref. 4 (open squares) and this work (solid square)
for doped YIG. The solid line is the result of a least-squares fit
of a straight line to the data.
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with decreasing wavelength, as shown in Fig. 1, is ex-
plained by the concomitant increase in the sample light
absorption.> In marked contrast, on allowing for this
sample absorption, the intensity of the magnon increases
sharply with shorter wavelength excitation. This means
that the incident light is very strongly coupled to the
acoustic magnons, which is consistent with the fact that
the Faraday rotation is strongly increased in Bi-YIG at
shorter wavelengths.® This result could be used to help
assign the electronic transitions in Bi-YIG, where in the
visible many electronic transitions are observed, leading
to difficulties in assigning them. Raman spectra of the
sample measured with excitation at the shorter wave-
lengths on a Spex 14018 double monochromator show
that the optic phonons are quite strong in intensity, while
the optic magnons are very difficult to observe.!> Thus,
the mechanisms governing the coupling between the in-
cident light and these various vibrational and magnetic
excitations are very different.

The Stokes and anti-Stokes intensities of the acoustic
magnon are essentially equal for blue excitation wave-
lengths (see Figs. 3 and 4), but become unequal with
green-red excitation (see Fig. 1). Generally speaking,
this is the same overall behavior as found for pure YIG
(Ref. 6) and thus, the same conclusion likely applies, i.e.,
quadratic magneto-optic coupling of the light to the
acoustic magnon becomes important at the longer excita-
tion wavelengths. However, in detail, there are impor-
tant differences between the Bi-YIG and pure YIG re-
sults in that the Stokes to anti-Stokes intensity ratio for
Bi-YIG never shows the same disparity in the red as in
pure YIG and the wavelength dependences of the
scattered-light intensity are quite different. Both of these
major differences can be attributed to Bi-induced changes
in the magneto-optical parameters of YIG.

Another interesting result from these experiments is
the wavelength dependence of the linewidth of the mag-
non scattering. From Fig. 3 it is apparent that with de-
creasing excitation wavelength, the linewidth of the mag-
non peak becomes broader and broader, and also be-
comes asymmetric. Figure 4 shows higher-resolution
measurements at 457.9 nm, where the sample absorption
is highest, and with different applied magnetic fields. It is
clear that the asymmetric line shape is, in fact, derived
from two peaks, and both of them shift by approximately
the same amount with a change in the applied magnetic
field. Hence, the additional small peak to lower frequen-
cy is of magnetic origin and is related to the main acous-
tic magnon peak. Similar spectra have been observed in
Brillouin scattering from magnons in Bi-Ca-VIG single
crystals (where VIG stands for vanadium iron garnet).!*
In those experiments, the small additional peak is asym-
metric, and between the bulk magnon peak and this small
peak there is a continuum band. These features also shift
together with a change in the applied magnetic field.
Here, for Bi-YIG, the light-scattering spectra are record-
ed using a SOPRA DMDP2000 spectrometer, which has
a high-resolution capability, but the resolution is still low
compared to a Fabry-Perot interferometer. Hence, the
difference in the appearance of the spectra for the two
types of garnet likely originates from the different resolu-



48 MAGNON AND ACOUSTIC-PHONON LIGHT SCATTERING FROM . ..

TABLE I. Observed and calculated additional weak peak fre-
quencies @, for 457.9 nm excitation and with different applied
magnetic field B (see Fig. 4). For further details see the text.

B (T) Measured w, (GHz) Calculated w, (GHz)
0.368 11.99 11.56
0.466 14.39 14.31
0.651 19.49 19.49
0.834 25.48 24.60
1.108 32.40 32.30

tion capabilities of the two spectrometers. Since these
additional weaker peaks are observed for excitation in a
high light-absorption wavelength region, they are possi-
bly due to the wave vector uncertainty in the surface re-
gion of the sample. If this is true, then the additional
small peaks should correspond to the smallest available
wave vector, which, in our case, is the surface component
q, of the incident and scattered light wave vectors:

sinfp +sin , (6)

m
2%

=27
9=

which is 1.8 X 10° cm ™! for A=457.9 nm. Substitution of
4, With g in Eq. (4) allows predictions of the frequency
of these additional peaks at different applied magnetic
fields. Table I compares the results of the measurements
and this calculation (all other parameter values used in
the calculation are the same as those obtained earlier).
The agreement is very good.
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IV. CONCLUSIONS

Light-scattering spectroscopy of Bi-substituted YIG
has shown that the intensity versus wavelength depen-
dences are very different for acoustic phonons and mag-
nons. The intensities of the acoustic magnons are reso-
nantly enhanced at blue excitation wavelengths, while
that for the acoustic phonons are reduced due to the high
light absorption in the sample. At the same time, the op-
tic phonons show only a weak dependence on the laser
wavelength, and the optic magnons are still very difficult
to observe. These results have significance for the study
of the light coupling to the phonons and magnons in pure
and impure garnets, as well as the nature of the electronic
transitions involved.

The observed increase of the spin-wave stiffness con-
stant in YIG due to the doping with Bi has proved that
diamagnetic Bi’" ions substitute for magnetic Y*>* ions
and not only influence but also enhance the magnetic
properties of the materials. The mechanism of this
unusual effect is probably due to the large spin-orbit cou-
pling, and subsequent mixing, of the 6p orbital of Bi**
ions with the 2p orbital of O?~ jons. The substitution of
Y with Bi softens the crystal, because the measured
sound velocity is smaller than that in pure YIG. The
magnon double peak and the peculiar line shape observed
at shorter laser wavelengths is most likely due to wave
vector nonconservation, because of the high light absorp-
tion of the sample at these wavelengths. If so, then the
observed line shape will yield information on the density
of states of the spin waves for small wave vectors and on
the pinning of spin waves at the surface.

*On leave from Institute of Physics, Chinese Academy of Sci-
ences, Beijing, China.
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