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We have observed Raman scattering from the antiferromagnet CsMnF; over the temperature
range from 5 to 300 °K. Of the 33 predicted Raman active normal modes, at low temperature,
we have observed and identified 29, belonging to the Ay, E,,, and E,, representations of the space
group D§,. At higher temperatures many of these lines broadened and shifted in energy from

anharmonic interactions.

Below the antiferromagnetic ordering temperature 53.5 °K, we have

also seen Raman scattering from a two-magnon excitation located at 92.8 cm™! at 5 °K. The
energy of this line is consistent with the prediction of spin-wave modes calculated using

previously determined excnange constants.

I. INTRODUCTION

The compound CsMnF; is a transparent antiferro-
magnet (Ty=53.5 °K)! which belongs to the hexago-
nal space group Dg,,. In this structure, shown in
Fig. 1, there are 30 atoms or six formula units in
the unit cell in both the paramagnetic and antifer-
romagnetic phases. This compound is different in
its structure and properties from the chemically
similar perovskites such as RoMnF; and KMnF,,
and is isomorphic with RbNiF; and the hexagonal
modification of BaTiO;. Much recent work, par-
ticularly concerning the magnetic and optical prop-
erties, has been carried on CsMnF;, including
NMR,'~* optical absorption,>® and magnetoelastic
interaction studies.” This paper reports on phonon
and two-magnon excitations which were observed
in CsMnF; by means of Raman scattering.

Before continuing with the results of the present
experiment and their interpretation, we shall brief-

ly summarize the most important features of the
CsMnF; structure. In their antiferromagnetically
ordered state, the spins of the Mn® ions (S=3) lie
in the basal plane in alternate antiparallel layers.!
In addition to the negative uniaxial anisotropy, there
is also a very small basal plane anisotropy having
sixfold symmetry. Examination of the crystal
structure shows that there are two different types
of sites for the Mn® ijons. One type, labeled A, is
in a slightly distorted octahedron of F~ ions which
shares only corners with other 6F"-Mn?* octahedra.
The second type of site, labeled B, is in an octahe-
dron which shares three corners with A-site oc-
tahedra and a common face with another B-site oc-
tahedron. As in RbNiF,,® this structure gives rise
to two types of superexchange paths, one with an
approximately 180° angle, for the Mn ,-F-Mng
bond, and the other, about 90°, for the Mng-F-Mng
bond. In CsMnF;, both of these interactions are
antiferromagnetic.
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FIG. 1. Crystal structure of CsMnFj.

Of the 90 phonon normal modes, 33 are allowed
by symmetry to be Raman active. In the present
work we have experimentally observed 29 of these
at low temperatures, and have examined the Raman
spectrum from 5 to 300 °K. At low temperatures
we have also seen a weak Raman line arising from
two magnons, Its temperature dependence is simi-
lar to that observed in other antiferromagnets. In
addition, there is a large degree of anharmonic
elastic interactions which causes a noticeable shift
and broadening of some of the observed phonon lines
as the temperature is increased.

II. EXPERIMENT

Three samples of CsMnF; were kindly lent to us
by Dr. M. Seavey of the Air Force Cambridge Re-
search Laboratory. After polishing, the largest
was about 2x3x3 mm, and the other two samples,
which were from a different boule, were slightly
smaller, Of the two smaller samples, one had been
annealed, but all three samples exhibited the same
degree of intense fluorescence in the red-orange
region at low temperatures, presumably arising
from defects or impurities, The largest sample
showed the best Laue x-ray patterns, and only the
small unannealed sample gave evidence of slight
polycrystallinity when viewed with a polariscope to
check the c-axis orientation. Identical Raman
spectra were observed with all three samples.

The Raman scattering measurements were car-
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ried out in standard fashion using 4880-A polarized
radiation from an argon ion laser, Separate fluo-
rescence spectra from the laser were obtained in
order to distinguish the Raman lines from fluores-
cence contributions. We also verified the Raman
spectra using the argon laser line at 5145 f\, which,
however, yielded slightly lower signal-to-noise
ratios. The laser power was varied from 75 to

400 mW, with the lower power being used at high
temperatures to minimize sample heating and pre-
vent damage. Consequently, the signal-to-noise
ratio was better at low temperatures, although the
temperature dependence of the Raman lines also
contributed to this effect. The samples were fas-
tened to a cold finger in a variable temperature
Dewar, in which the temperature was maintained
by regulating the flow of cold helium gas around

the sample mount and varying the electrical power
applied to sample mount heaters in a feedback-con-
trolled network. The measurement and control
thermometers were calibrated Ge and Pt resis-
tances, and temperatures were typically stabilized
to £ 0.5 °K. The laser beam was focused and trans-
mitted through the sample, and the scattered radia-
tion was collected in a direction 90° from the beam
and focused onto the entrance slit of a double-grat-
ing spectrometer. A half-wave plate in the laser
beam and a polarizing prism before the spectrom-
eter slit were used to vary the incident and detected
scattered radiation. The analyzed radiation from
the spectrometer was detected by a cooled photo-
multiplier tube having an S-20 cathode surface.
The photoelectron pulses from the tube were am-
plified and counted, and were also filtered to pro-
vide an analog signal to a chart recorder, which
was driven as the spectrometer wavelength was
swept.

III. RAMAN SCATTERING FROM PHONONS

As mentioned above, CsMnF; belongs to the space
group D}, and is isomorphic with RbNiF,;, whose
phonon spectrum has been studied by Fleury et al.®
Since these two compounds have identical crystal-
lographic symmetry (as far as corresponding site
locations are concerned, but not for spin orienta-
tions), we can make direct use of the group-theo-
retical results found for RbNiF;® in determining
the allowed Raman modes. There are

54, +2A,,+ 1A, + TAp +6B,, + 1By, + 2B, + 6B,,
+6E,, +8E,, +9E,, + TE,,

total phonon representations. Of these, 5A,, (non-

degenerate) and 6E,, + 8E,, (doubly degenerate)

modes are allowed to be Raman active. The scat-
tering tensors for these modes are'®
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a 0 O 0 0 0 0 0 -c¢ 0 d o0 d 0 0
0 a O 0 0 ¢ 0 0 0 d 0 0 0 -d 0
0 0 b 0 c O -c O 0 0 0 O 0 0 0 ,
Alg Eu Ell Eg‘, E2‘

where the tensor Cartesian coordinates refer to the
incident and scattered radiation polarization com-
ponents in the crystallographic reference system

(z parallel to the ¢ axis).

These modes could be distinguished experimen-
tally by selection of the incident and scattered po-
larizations for various crystal orientations. In
some cases, because of small misalignments, small
polarization ellipticity, internal reflections, and
the size of optical collection angle, strong Raman
lines appeared weakly in forbidden polarizations.
Some typical spectra are shown in Fig, 2 for xx +xy
and xz polarizations at 5 °K. Shown on the spectra
of Fig. 2 below some of the lines are stars which
indicate luminescence lines from the argon laser
or circles which indicate Raman lines appearing in
forbidden polarization. The experimental results
taken at a sample temperature of 5 °K are summa-
rized in Table I. A qualitative estimate of the rela-
tive amplitudes is indicated by very strong (VS),
strong (S), medium (M), weak (W), and very weak
(VW), where each strength is roughly a factor of
2 weaker than the preceding one. The small

CanFs
| TesK
XX +XY
A|° + EZq
| Gain=1/3

RELATIVE SCATTERED INTENSITY
-

amounts of forbidden polarization lines which ap-
peared (and could be readily identified) are not in-
dicated in the table. Some of the different sym-
metry modes were so close together that they could
not be resolved when scattering from both types of
representations was allowed. The presence of two
separate modes was established by examining con-
figurations when only one such mode at a time was
allowed. Small differences in peak locations were
found, and, more important, it was verified that the
intensities of the representations intended to be sup-
pressed were indeed small., At low temperatures
the phonon lines were quite narrow, on the order of
the instrumental resolution which was ~3 cm~! with
the narrowest practical slits, As the temperature
was increased most of the lines broadened noticeably
and underwent slight shifts in frequency. Some
typical spectra at 300 °K for the same configura-
tions as in Fig. 2 are shown in Fig. 3. A striking
change occurred in the most intense observed line,
an A;, mode with energy of 387.7 cm™!, at 5°K.

Its behavior was typical of several other lines, such
as the E,, mode at 276.6 cm™', and we have ex-

r
Instrumental

Width

| I FIG. 2. Raman spectra of
r CsMnF; at 5°K.

200
ENERGY SHIFT (cm )
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TABLE 1. Experimentally observed Raman active
phonons in CsMnF; at 5 °K.

Representation Frequency Polarization Relative
(cm™) amplitude
(at 5 °K)
Ay 70.7 XX, 22 M, S
Ay 253.9 XX, 22 W, VW
Ay 387.7 xx, 22 Vs, Vs
Ay 413.3 xx, 22 VW, W
Au 469.6 XX, 22 VW, W
E,, 69.6 xz S
Ey 109.3 xz M
E, 172.7 xz vw
E, 205.0 xz M
Ey, 231.6 xz S
Eyp 46.7 xy vw
Ey 79.6 xy S
E,, 130.8 xy M
Ey, 207.2 xy w
Eyy 233.2 xy Vs
Ey, 276.6 xy S
Ey 327.4 xy w

amined in greater detail the temperature dependence
of the Raman shift and linewidth for this most in-
The results of position and line-
width (full width half-maximum) measurements

from 5 to 300 °K are shown in Fig. 4. We have de-
termined the approximate linewidths by subtracting
the measured linewidth of the spectrometer response

tense A;, mode,

Raman spectra of ScMnF;

|

]
|
|
|

!
/

LINEWIDTH (cm™")

['I'f‘]'l‘l"l

r_ 1 1 1 1 1 1 1 | 1 1

388

386

POSITION (cm™")

— 382

100 150 200

TEMPERATURE (°k)
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FIG. 4. Raman shift and linewidth (full width half-
maximum) for most intense A;, mode in CsMnF; as a

function of temperature.

(2. 8 cm~! with 100-p slit openings) from the line-

widths of the recorded Raman spectra,

Because of

nonlinearities and inconsistency in the spectrometer
drive, the absolute energy shifts are accurate only

toxlcm™?,

It is difficult to formulate a quantitative explana-
tion for this temperature dependence since so little
is known about the total phonon spectrum of CsMnFj,
particularly the energies of the non-Raman active
phonons and the dispersion of any of the phonon en-

ergies,

The general theoretical results for the ef-

fects of anharmonic interactions on the phonon en-
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ergy shifts and linewidths, as found from Green’s-
function theory, have been successfully applied in
the study of @ quartz by Pine and Tannenwald.!! In
the present case, a very crude fit to the data can

be obtained by suitable combinations of Bose factors
for k=0 Raman active phonons with which the broad-
ened modes might interact. However, this is an

ad hoc unsatisfactory procedure in view of the lack
of knowledge of the other phonon energies. It can
be said that the relative amounts of shifts and
broadening in CsMnF; are at least consistent with
expected Bose population factors. It is interesting
that in the isomorphic compound RbNiFj, all of the
Raman lines observed by Fleury et al.® were less
than a few cm™! wide, even up to 300 °K.

IV. RAMAN SCATTERING FROM MAGNONS

Along with the phonon lines observed in the Raman
spectra, we have also seen a relatively weak broad
line with peak location at 92.8 cm™!, This line
broadened further and its peak shifted to lower en-
ergies as the temperature was increased from 5 °K,
and at 50 °K was quite difficult to observe. This
excitation was seen in all scattering configurations
with little change in intensity, and did not obey any
of the polarization selection rules for phonons.
From its position, breadth, temperature depen-
dence, and polarization properties, it seems clear
that this line arises from Raman scattering by two
magnons,

It was difficult to follow the exact position and
breadth of the two-magnon line as a function of tem-
perature because of its weak scattering cross sec-
tion, its small energy shift which put it close to the
tail of the elastically scattered laser radiation, and
its proximity to several phonon lines, not all of
which could be discriminated against. For these
reasons we have indicated the qualitative two-mag-
non scattering behavior in Fig. 5 with spectra re-
corded at several temperatures. The relative
strength of the two-magnon spectrum relative to
the A,, and E,, phonons of Fig. 5, as well as to the
E,, phonons, can be seen in Fig. 2, where the two-
magnon line appears just to the right of the 100-cm™*
mark, It is apparent that the temperature depen-
dence of this line is much more rapid than that as-
sociated with the phonons. The two-magnon spectra
observed in other antiferromagnets!®!® exhibited a
similar shift and broadening, and also persisted at
temperatures above the Néel temperature, In
CsMnF;, this behavior is at least approximately
maintained, although at T, we could not distinguish
the presence of the two-magnon line from the large
background.

Interpretation of the low-temperature magnon
scattering in a qualitative fashion is as difficult as
in the case of RbNiF,,® because of the complex na-
ture of the magnon dispersion relations. Even in
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FIG. 5. Two-magnon Raman spectra in CsMnF; as a

function of temperature .

the simplest approximation, neglecting anisotropy,
dipolar, and hyperfine interactions, there are three
doubly degenerate spin-wave branches in the one-
magnon dispersion relations., While these wave-
vector-dependent energies can be found as solutions
to a cubic equation, it is a rather difficult task to
evaluate analytically, or even numerically, quan-
tities such as the perfect crystal magnon Green’s
functions, which are necessary if effects like the
magnon-magnon interaction are to be included ex-
actly in the scattering analysis. This effect plays
an important part in understanding Raman scattering
from two magnons, since the dominant radiation
interaction causing the scattering from spin excita-
tions is assumed to be an interionic exchange mech-
anism between adjacent antiparallel spins. This
pair excitation process has the effect of altering the
line shape and shifting the peak to lower energy by
an amount roughly equal to the exchange constant,!*
Without treating the scattering in an exact fashion,
we may approximate the results by considering the
scattering to arise from the k = 0 excitation of two
noninteracting magnons with equal and opposite
wave vectors lying near the Brillouin zone edge
where the density of states is highest. This cor-
responds to an Ising model, and in this limit, the
binding energy arising from the proximity of the
nearest-neighbor spin excitations is also equal to
the exchange constant between the excited spins.
Before continuing with the discussion of Raman
scattering, we shall briefly review the main features
of the single-magnon modes in CsMnF,;. The model



126 S. R. CHINN

which is used to compute these modes is that of an
isotropic-exchange antiferromagnet, having ex-
change constant J,5 between nearest A- and B-site
spins, and Jgz between nearest B-site spins. Al-
though CsMnF; does have easy plane anisotropy,
with K,/ M = - 7500 Qe,’ this plays a major role
only for the lowest energy branch near k=0. Since
we are concerned with only the magnons near the
zone boundaries, where the energies change +0.7
cm™! with the addition of anisotropy,® it is a good
approximation to neglect the effects of the basal
plane spin orientations and anisotropy. By doing
this we can formulate and solve in a simple manner
the linearized equations of motion for the spin op-
erators S;=S57+i S}, as was done previously in in-

J

where the matrix A is given by

-Jpp=3J45 —Jpp 0
Jsn I S ¥ 0
0 0 +Jdgp+3J 45
A= l 0 0 ~Jgs
! 0 —Jpt* ~Jup &*
| g hee 0 0
Sp, Sp, Sg

3

The factors in Eq. (4) are defined as follows:

g=1+elkxa+eikxa/2+ikyaw/3/2 ,

£=1+2cos (k,a/2) ette3/2

and the stars denote complex conjugates. Using the
values J,5=3.53 cm™! and J55=3.71 cm™! deter-
mined by Seavey,” we have numerically computed
the magnon dispersion relations fhown in Fig. 6
for three different directions of k in the Brillouin
zone. Some of these were also computed by Seavey'
using a canonical transformation technique with
linearized spin-excitation operators, but the present
method has the slight advantage of giving more
physical insight from the equations of motion and
giving a very simple picture of the eigenmodes, as
well as energies, for certain points in the Brillouin
zone. The magnon normal modes and energies are
nearly the same over the six side faces of the zone,
and can be approximately characterized by the K-
point solutions, which are particularly simple. At
k=R, the upper branch energy is E, =6J 45 and the
spin excitations are completely on the A sites. The
two lower branches, which are degenerate at the K
point, have energy E_=[3J,5 (3J,5 +2J55)]"/2, and
the excitations are entirely on the B-site spins.
Although we have not computed the magnon density
of states, the dispersion relation analysis shows

6

jeo

vestigating the garnets'® and RbNiF,.® Using the
relation

i$1=[s1.%€] (=1 , 1)

where 3¢ is the Heisenberg exchange Hamiltonian,
we find

wST=812, (S5 0= (S o 20y iy S . )

where a time dependence e¢!“* has been assumed for
the normal modes. At zero temperature, we as-
sume (S*)y=2 3, the sign depending on the sublattice,
Using the CsMnF, lattice, after spatial Fourier de-
composition, we obtain the secular equation of the
normal modes

A=wl , (3)
0 0 —Tapetet |
0 J ap & 0
Jsg Iap & 0
~Jgp—3J 45 0 -dJ 45t (4)
0 - 6J 45 0
J 45 £* 0 6J 45
354 SAl SAZ B
-
€ ? T B
? |
.
|
aof-
|
g

S

M z r T K
WAVE VECTOR &

FIG. 6. One-magnon dispersion relations in CsMnF;
calculated using J45=3.53 cm™! and Jpp=3.71 cm~! with
no anisotropy.
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that the magnon branches are flat and maintain ap-
proximately the same energies over a large volume
near the zone edge sides, leading to peaks at these
energies near E, and E.. In contrast, the A-point
energies are much lower, and are a distinct mini-
mum on the top and bottom horizontal zone faces.

This analysis leads to a rather simple explanation
of the two-magnon scattering results, One pair of
magnons consisting of an upper branch excitation
near the K or M point and a lower branch magnon
with opposite wave vector fulfills the conditions as-
sumed in the Raman scattering mechanism and is
located at a peak in the joint density of states. The
pair excitation interaction, of the form }y; By, §,-§,,
has been consistent with all the observations of two-
magnon Raman scattering in MnF,,!" FeF,,!"
RbMnF,,'® NiF,,'® and RbNiF,.%° With this type of
scattering interaction, the magnon branches, having
high densities of states and able to give rise to sec-
ond-order Raman scattering, have energies ~E,
and ~E_and are on the A and B lattices, respec-
tively. Notice that the combination of two upper-
branch or two lower-branch zone edge magnons
would not be favorable for scattering since these
pairs would be almost completely restricted to the
A or B lattices, respectively, contrary to the as-
sumption of neighboring antiparallel spins being ex-
cited.

It is this same assumption which also leads to the
nonnegligible effects of magnon-magnon interactions
in the Raman scattering process. In the Ising mod-
el, which corresponds to the flat-band approxima-
tion used above, it is easy to see that the effect of
having two neighboring spins simultaneously excited
is to lower the total excitation energy by the amount
of their exchange interaction constant. More de-
tailed Green’s-function calculations'*2° have shown
that this is a good approximation when the true den-
sity of states has a single narrow peak. Since the
unperturbed joint density of states for allowed pairs
of magnons in CsMnF,; seems to have a sharp peak
near E, + E_, this approximation is probably valid.
Therefore, in lieu of a more exact calculation, the
simplest estimate is for the two-magnon Raman peak
to have an energy

ERAM= GJAB + [3JAB (3JAB + ZJBB)]I/a_ JAB

Using the previously given values of the exchange
constants we find Ey,y=84 cm™!, This is compared
with the experimental location of the peak at 92, 8
+1.0cm™!, Although there is some experimental
error arising from the large linewidth, low signal-
to-noise ratio, and spectrometer calibration un-
certainty, our value for Eg,yis greater than the
theoretical prediction. However, the calculations
have neglected anisotropy energies as well as fur-
ther neighbor interactions which could increase the
predicted energies by several cm~!, A possible
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explanation of the remaining error lies in the uncer-
tainty of various parameters used to estimate the
exchange constants. The magnon-phonon interaction
measurements performed by Seavey™!® gave a value
of the parameter

@=0.85+0,03x10"* Oe?cm? |
where

a=[(2R+1)/27R]a® Hs® , R=dgp/3J4s ,
a=6.213 A =transverse unit-cell dimension, 2!
H:=0.35x10° Oe = exchange field.

In addition, Hgz, which was found from susceptibility
measurements, could be in error by several per-
cent, particularly in view of other values found,
ranging from 0.31x 108 to 0. 33x10% Oe. 3** With
a=0.88x10"* Oe?cm? and H;=0. 33x10° Oe, the
two-magnon Raman energy becomes Eg,y=90. 6
cm™!, which is quite close to the observed value,
particularly in view of the simplifications used in
the spin-wave and scattering models.

V. CONCLUSION

We have observed all but four of the 33 Raman
active phonon modes allowed by symmetry. In
terms of the D}, space group representations, these
were divided into five (out of five allowed) singly
degenerate A;, modes, five (out of six allowed) dou-
bly degenerate E,, modes, and seven (out of eight
allowed) doubly degenerate E,, modes. They were
identified by their polarization selection rules de-
termined from group theory. The phonon behavior
in CsMnF; provides an interesting contrast to its
isomorph RbNiF;, since the anharmonic interactions
in the former are so much larger., Perhaps a more
detailed examination of corresponding vibrations
can provide some insight into the lattice potentials
of these two materials. Of course, much more in-
formation is needed on all of the phonon modes
throughout the Brillouin zone before the phonon in-
teractions can be treated in a quantitative fashion.

As far as the magnetic scattering is concerned,
there are fewer unanswered questions in CsMnF,
than in RbNiF;, Because the 90° Nig-F-Niy inter-
action in RbNiF; is ferromagnetic, the spin order-
ing is with all the B-site spins parallel, and anti-
parallel to the A-site spins, with a resultant net
moment in the ferrimagnetic ground state. One
strong two-magnon Raman line was observed in this
material. RbNiF; has six magnon modes and from
the dispersion relations and mode analysis® at least
one other two-magnon line might be expected, but
was not seen, In CsMnF;, however, only one peak
is predicted and was observed, coming from oppo-
site upper- and lower-branch magnons at the trans-
verse Brillouin zone edge. The observed energy is
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also consistent, if not in precise agreement, with
the value calculated from previously determined
exchange constants. No interaction effects between
the magnons and k =0 Raman active phonons were
seen, although such coupling might be expected.
Also, since the crystallographic cell remains the
same above and below Ty, no symmetry changes
affecting the phonon spectrum were seen. Although
not observed in our experiments, it should be pos-
sible to see single k= 0, one-magnon Raman scat-
tering, This would take place by a different means
from the two-magnon process, probably by spin-
orbit interactions as opposed to a pair exchange in-
teraction with the radiation fields. The one-magnon

R. CHINN 3

scattering could therefore be much weaker, and its
low expected energy, ~6.7 cm™! from the acoustic
branch'® or ~35 cm™! from the optic branch, would
put it on a large background signal of elastically
scattered laser radiation.
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Spin Dependence of the Neutron-Capture Cross Section of Vanadium and the Internal
Magnetic Field at Vanadium Nuclei*
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The spin dependence of the neutron-capture cross section of vanadium at 0.115 eV has been
measured with the aid of polarized neutrons and polarized vanadium nuclei. It is concluded that

the capture cross section of V°! is mainly related to spin J=I— 3.

In addition, it is shown that

the internal field at the vanadium nuclei is less than 4 kOe in very pure vanadium, which ap-
parently does not become ferromagnetic down to 0. 06 K.

Transmission experiments with polarized neu-
trons through a target of polarized vanadium nuclei
were carried out at the High Flux Beam Reactor at
Brookhaven. Polarized neutrons of 0.115 eV were
obtained with the aid of the high-precision crystal
spectrometer using (111) reflection from a magne-
tized 92% Co-8% Fe single crystal.! Second-order
reflected neutrons were removed from the beam
using an erbium filter. Vanadium nuclei were po-

larized at temperatures between 0. 05 and 4.2 K
using a magnetic field up to 50 kOe generated with
the aid of a superconducting split solenoid. Tem-
peratures below 0. 85 K were obtained by adiabatic
demagnetization of a chrome-potassiumsalum salt
assembly thermally connected to the sample. The
vanadium sample (10. 3 mm thick) and indium

(3.35 mm thick) were soldered between two strips
of copper, which were connected to the salt assem-
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FIG. 5. Two-magnon Raman spectra in CsMnF; as a
function of temperature .



