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The complete Raman spectra comprised of 4E~ and 1A,~ modes have been observed in four

materials of calcite structure (point group D3&) from 15 to 400'K: ferromagnetic VBO3 (Tc
=32. 5'K), antiferromagnetic FeBO2 (T,=350'K) and Fep t) Gap IBOS (T, =272'K), and nonmag-

netic InBO&. The energies of the modes are similar in all samples, with approximate values of

930 cm '
(A&~) and1210, 650, 400, and 270 cm ' (E~), and show no significant shiftover thetem-

perature range studied. Observed intensity variations with temperature of three lines in

InBO3 relative to the A&~ symmetric mode are consistent with changes in phonon population

with temperature. Large variatiations in intensity of lines relative to the A&~ modes were
observed in the region of T, which were qualitatively similar in all three magnetic materials.
At high temperatures (T & 6T,) in VBO& the intensity changes with temperature were consis-
tent with phonon population changes. The intensity changes in the magnetic crystals are at-
tributed to a phonon-magnon interaction arising from an exchange coupling which depends on

ion position. No scattering from magnons was observed in the borates, but the temperature
dependence of a line in the spectrum of the structurally related (point group Ds„) transparent
antiferromagnet FeF3 was characteristic of magnon scattering.

I. INTRODUCTION

Recent scattering experiments on magnetic ma-
terials have demonstrated the influence of magnetic
order on the phonon Raman spectrum. ' The ma-
terial studied in Ref. 2 was FeBO& which is a
transparent canted antiferromagnet having calcite
structure (point group DB,)~; the materials studied
in Ref. 1 were the semiconducting chalcogenide
spinels, CdCr28e, (T, =130'K) and CdCr284 (T, =85
'K), both of which are ferromagnetic and highly
absorbing in the visible region of the spectrum.
Despite their very different physical properties,
the Raman spectra in all these materials show
similar significant intensity variations with tem-
perature in the region of the Curie points. These
intensity changes may possibly be attributed to an
interaction between spin system and phonons.
Infrared absorption measurements in CoFz, which
also showed temperature-dependent intensities,
were explained by an interaction between magnetic
excitations and phonons; other related papers'0'"
include the electron-hole interaction in discussions

of optical absorption in magnetic semiconductors.
The present work extends the study of FeBO3 to

two other materials, VBO3 and In803, which have

the same structure as FeBO, while differing mark-
edly in their magnetic properties. The small
saturation magnetization of 2. 07 emu/g in FeBO,
(T, = 350 'K) results from the canting of the two

magnetic sublattices. The much larger magne-
tization of 83. 5 emu/g observed in VBO, (T, = 32. 5
'K) is equivalent to l. 64 ',e per V~ ion. '3 Although

this is smaller than the expected value of 2p.~ it
does indicate that VBO, is a true ferromagnet.
InBO, is, of course, nonmagnetic. There are two
experimental advantages to dealing with these bo-
rate compounds. First, they are highly transparent
to the exciting laser radiation which leads to ex-
cellent signal-to-noise ratios. Second, the calcite
structure has a simple Raman spectrum of five
allowed modes, one of symmetry A«and four
E~. All these are observed and easily identified
in the crystals studied here. A comparison of the
Raman spectra as a function of temperature in
FeBO, and VBO, should cast some light on the
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effect of the type of magnetic ordering on the cou-
pling between phonons and magnetic spins. For
comparison, In803 is expected to show no magnetic
effects, the only temperature dependence arising
from phonon population eff ects.

II. EXPERIMENTAL DETAIL

Single crystals of FeBO, with planar growth sur-
faces approximately 1 mm long were grown under
pressure by Dr. T. A. Bither from starting materi-
al in which Fe was the only cation. The Curie
temperature" was 350 'K. Samples with 10-at. % Ga
doping were grown by Dr. L. H. Brixner using
a flux technique. These Fep,Gap, BO, samples
were platelets of area up to 1 cm and thickness
0. 2 mm, and the Curie temperature was 270 'K.
Both these samples were green with an absorption
minimum at 5200 A. Single crystals of VBO, were
grown under pressure. ~~ The crystals were deep
red, but as they were small (& 0. 3-mm linear
dimension), a compressed pellet was used for the
Raman experiments. The InBO3 crystals were
grown by Dr. R. D. Shannon and were colorless
transparent platelets of thickness 0. 2 mm and area
up to 1 cm . All the material growth was carried
out in this laboratory.

A schematic diagram of the Raman spectrometer
is shown in Fig. 1. The mode of operation for
FeBO3 and InBO3 was to excite the Raman spectrum
using the 5145-A line of an argon laser and to de-
tect using a S-20 photomultiplier and photon counting.
Because of the high absorption of VBO3 in the green,
a Nd" yttrium aluminum garnet (YAG) laser at
1.06 p, was used as source, and an S-1 photomulti-
plier for detection. The relatively high dark cur-
re'nt of a tube with S-1 response made an ac tech-
nique most effective with the reference signal ob-
tained from a mechanical chopper in the laser
beam. The laser beam was focused onto the sam-
ple which was held in a helium-exchange-gas cry-
ostat. The temperature could be varied from 4. 2
to 400 'K with control of s 1 'K. With laser power
of approximately 500 mW focused to a spot of di-
ameter 0. 3 mm, the largest sample heating ob-
served, which occurred for the VBO, pellet, was
20 K above ambient. This temperature differential

was measured by comparing the relative sizes of
Stokes and anti-Stokes signals. The problem of
estimating the sample temperature is most severe
for VBO, because of the low signal-to-noise ratio
and the fast changing photomultiplier response. The
response of the S-1 tube, measured using a tungsten
source and corrected for the small change in output,
decreased by a factor of 1. 75 between the anti-
Stokes and Stokes components of the 260-cm' line.
This factor was taken into account in obtaining the
ratio used to calculate the temperature. The best
accuracy was obtained in the region of T = 150'K,
where the VBO, anti-Stokes line at 260 cm ' was
still clearly visible yet the temperature was low
enough to make the ratio a sensitive function of
temperature. The estimated error in sample tem-
perature was + 6 'K. In the helium-temperature
region where the anti-Stokes signals were not
visible, the differential was assumed to be the
same as that at higher temperatures for the same
sample and incident power density. The scattered
light was collected at 90' to the laser beam and
passed through a double monochromator to the
detecting photomultiplier.

III. RESULTS

The Raman spectra were obtained over the fol-
lowing temperature ranges: FeBO, and Fep gGap j
BO&, 20 —380'K, InBO» 79- 330 K, and VBO&,
15 - 310 'K, where all temperatures were correct-
ed for laser heating effects. Sample spectra are
shown in Fig. 2. The relatively poor signal-to-
noise ratios in the VBO& spectrum, caused by the
low quantum efficiency of the S-1 photomultiplier,
are particularly noticeable at the higher energies
where the extreme end of the photomultiplier re-
sponse is being approached. The spectrum of
Fep QGap, BO„which is not shown, is indistinguish-
able from that of FeBO, within the experimental
error of + 1 cm . This is not surprising as the
phonon modes do not involve motion of the cation.
Except for FeBO3 which has an extra line at 535
cm ~, five lines are visible in each trace represent-
ing the complete Raman spectra.

In the calcite structure only two phonon symme-
tries are allowed, A«and E,. The easiest way of
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is unambiguous. The lines in the regions 1200 cm
(Fx), 900 cm (A~ ), and 600 cm (E,) arise, re-
spectively, from the asymmetric breathing mode (vA),
the symmetric mode (I, ), and the in-plane bending
mode (v4}of the BOA molecule; the lines near 400 cm
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arise from lattice modes. All these lines except the
symmetric modes are infrared active. " Details of the
line positions and widths at diff erent temperatures are
given in Table I, and clearly there are no large
shifts or broadenings. Each material will now be
discussed separately for the purpose of presenting
intensity variations as a function of temperature.
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FIG. 2. Stokes Raman spectra of the Fe, V, and In
borates. (c) has been published previously (Ref. 2).

differentiating between these is to measure the
(ZZ) component of the Raman tensor which is zero
for E, and finite for A&. ' This procedure was
accomplished in the cases of FeBO, and InB03,
where single crystals were available, by using
appropriate scattering geometry and polarizations.
The particular molecular assignments were made
in conjunction with infrared data. " In the case of
VBO3, where single crystals were not available,
the assignments were made by comparing the spec-
trum with the spectra of the other two compounds.

The intensity ratios of three of the lines with the
line are plotted against temperature in

Fig. 3. (The measurement of the small line at
648 cm ' was too inaccurate for inclusion. ) The
lines represent the theoretical dependence calcu-
lated from the phonon-population factor (n+ 1) and
normalized to the experimental point at lowest
temperature. The expression for the population
factor is

1
n+ 1= „+1e"—1

where x = hIdo/kT and uA is the phonon Raman shift.
The agreement between theory and experiment in-
dicates that phonon population changes cause the
only temperature effect on the Raman intensities.
These nonmagnetic data provide a comparison for the
equivalent plots of the magnetic borates (Figs. 5
and 6}.

TABLE I. Positions of phonon Raman lines in three
borates at various temperatures. The numbers in
parentheses indicate linewidths measured with 4-cm i

slits. The slits had to be opened to 10 cm i to obtain
satisfactory traces of the weaker lines (see Fig. 2) and
the observed widths were instrumentally limited. No
values have been given in these cases.
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FIG. 3. Ratios of intensities of the (a) 240-, (b) 368-,
and (c) 1225-cm lines to the 938-cm line plotted as a func-
tion of temperature for InBO3. The curves represent
the theoretical predictions based on the temperature de-
pendence of phonon populations.
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present experiment the error is estimated to be
as much as 20%over the range studied. (Indeed,
it is to overcome this problem that the results
are presented in the form of ratios. ) It is thus
not possible to determine whether or not the A,
mode follows a temperature dependence determined
solely by phonon population effects, which would
amount to an intensity increase of only 3/p between 0
and 380 'K. There may be a dependence of the A j,
mode on magnetization which is smaller than the ex-
perimental error. However, on the evidence of the
temperature dependence of the ratios, any magnetic
effects must be smaller for this mode than for the
E modes.

The line at 535 cm ' observed at 20'K (Fig. 2}
does not fit in the pattern of the Raman spectra
as observed in the other two compounds. It is
already broader than the other five lines in FeBO3
at 20'K and was observed to broaden further as
the temperature increased until it disappeared at
85 K. The fact that it has a relatively large energy
that does not detectably change with temperature
and that it disappeared before the temperature
reached 4T, seems to preclude the assignment
of this line to a magnon. Although the origin of
this line is presently not understood, it should be
mentioned that the temperature-dependent behavior

The intensity ratio of the 1210-cm line with
the 926-cm line is plotted in Fig. 4 both for pure
FeBO3 and for the gallium-doped material. Both
curves are similar in shape and show that the 1210-
cm ' line decreases significantly as the temperature
is raised. The effect of the phonon population on
the temperature dependence of this ratio is expected
to be small and to be comparable with that shown
in curve C of Fig. 3. The temperature separation
of the curves by the difference in their respective
Curie temperatures demonstrates unambiguously
that the intensity change is associated with the
magnetic order. The intensity ratios of the 1210-,
644-, 401-, and 279-cm ' lines to the 926-cm '
line for pure Fe803, plotted in Fig. 5, decrease
as the temperature rises through T,. The effect
of the phonon population would be to increase the
ratios with increasing temperature for the 644-,
401-, and 279-cm lines as indicated in Fig. 3.
A correction for this effect would thus serve to
accentuate the temperature variation shown.

All ratios have been plotted relative to the sym-.
metric mode, and thus some discussion of the
intensity variation of this mode is relevant. With-
in the limits of experimental error the A& intensity
was found to be constant in all materials over the
temperature ranges covered. However, it is ex-
tremely difficult to compare absolute intensities
from one temperature run to another, and in the
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where the exchange constant J depends on the
ion position R,

possible following detailed calculations for the
various modes.

and so produces a coupling between spin system
and phonons. ' A quantitative comparison between
theory and experiment will, however, only be
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The effects of higher-order contributions to the linearized renormalization group equations
in critical phenomena are discussed. This analysis leads to three quite different results: (i)
An exact scaling law for redefined fields is obtained. These redefined fields are normally
analytic functions of the physical fields. Corrections to the standard power laws are derived
from this scaling law. (ii) The theory explains why logarithmic terms can exist in the free
energy. (iii) The case in which the energy scales like the dimensionality is analyzed to show
that quite anomalous results may be obtained in this special situation.

I. INTRODUCTION

It has been shown by several authors'~ that a
linearized form of the renormalization group equa-
tions leads to scaling laws for critical phenomena.
In this paper we use the renormalization group
equations to obtain corrections to the well-known
power laws for the singular part of the free energy
and for the expectation values of different opera-
tors and susceptibilities.

The free energy of a magnetic system and of super-
fluid helium as a function of the symmetry breaking

field h and 7~ T —T, isobtainedas an expansion

in which the redefined fields go, g~, and g, are
analytic functions of 7 ~ T —T, unless certain rela-
tions are fulfilled (see below). The function gs
vanishes for ~ =0, gs = a+ 0(r ). The first term go


