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The optical absorption in manganese fluoride hés been
studied in the range of 30 to 300 cm—l with emphasis placed
on the possible multiple magnon absorptions (other than
two-magnon) and an induced single magnon absorption. It is
shown that theoretically one can expect four-magnon processes
by expanding the Heisenberg spin hamiltonian to higher
orders in the creation and annihilation operators introduced
by the Holstein-Primakoff transformation. However, neither
an induced one magnon nor four magnon process was observed.
The absorptions which were seen in the spectra were

attributed to phonon processes.
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CHAPTER I

INTRODUCTION

Manganese-fluoride has undergone considerable investi-
gation in recent years because it is one of the simplest anti-
ferromagnets to treat theoretically. Of particular interest
have been the results of local magnon ﬁodé experiments as
reported by Weberland by Buyers et alf of two—magnon»absorption
as reported by Allen et al?, and inelastic neutron measurements
to determine the magnon dispersion curves by Low et al4and
others? Variation of the frequency of the zone boundary
magnons with temperature has been reported by Turberfield et
aléwith emphasis placed on the nature of the excitations near
the Neel temperature. Phenomenological theories describing
the two-magnon process have been developed by Allen et aL?
Loudon? Elliott8and Thorpe, and other workers?'lo

In the present work an attempt is made to observe an
induced one-magnon absorption in doped crystals'of Mth and
multiple magnon processes (other than two-magnon) in pure
MnF,. The experimental apparatus and sample preparation are
discussed in Chapter II. In Chapter IiI, the possibility of
four-magnon processes are derived using the Heisenberg spin
hamiltonian as proposed by Loudon? The results are presented
in Chapter IV and it is significant that within the limits of

the present experimental setup, no one-magnon or multiple-=



magnon processes are observed. However phonon absorptions
do appear throughout the range of the experiment (from 30 to

300 cm™ 1

). These are analyzed with respect to polarization
and origin. It is important that the phonon absorptions are
well known so that one is able to distinguish magnetic effects

apart from these.



CHAPTER II

EXPERIMENTAL APPARATUS AND TECHNIQUE

(a) Egquipment

The experiments were performed using a commercial far
infrared Michelson interferometer (RIIC FS-720) which has
been modified to provide a double beamvsignal. The top half
of the beam is used as a standard and is not incident on
the travelling mirror in the interferometer.‘ It is reflected
from a fixed mirror shadowing the upper half of the movable
mirror. Adjustment of the mirrors allows one to obtain a
null signal of the desired frequenéy at the detector when
the travelling mirror is well removed from the position of
zero path difference. The actual signal at the detector is
composed of one half from the standard beam and the other
half from the ihterfefing beam ‘180 °out of phase. The lock-in
amplifier gives the difference between these two signals
yielding zero at the output. It was not possible to regulate
the high pressure mercury lamp (Phiilips HPK 125W) to better
than 1% fluctuations in both the visibie and far infrared
regions by other means. The double beam operation reduces
these changes to less than 0.05% of the maximum signal éize
at the detector.

The spectral region from 10 to 625 cm—-l may be scanned

with this interferometer although the high frequency region



1 is inaccessible due to lack of a proper filter

beyond 400 cm
system. Aﬂ acceptable filter combination for the present

high frequency work consisted of a black polyethylene membrane
at the exit from the'interferometer, at room femperature, and

a liquid*helium—tem?erature sapphire window above the detector.
The black polyethylene eliminates all chopped radiation from
the source at higher frequencies than can be sampled by the
pulse system. Most of the room temperature background radia-
tion is absorbed by the sapphire. Room temperature measure~
ments with a Beckman IR-12 spectrometer showed sapphire

absorbs in the region 300 to 1350 cm_l. The black polyethylene
and sapphife together transmit less than 0.5% fromb300 to

l. At helium temperature the absorption band in

1500 cm
the sapphire becomes narrower as evidenced by runs done only
with the filters. Here the intensity of the spectrum decreases

1 1

steadily from a maximum at 150 cm - to about 15% at 300 cm

and 5% at 350 cm—l. Above this frequency the signal to noise
retio of the spectrum is too large to make acceptable
measurements.

The light pipe and sample holder are shown in figures
1l and 2., The sample chamber must be electrically isolated from
the interferometer. This is accomplished by a nylon coupling
joining the light pipe to the inte;ferometer and a thin mylar
vacuum window glued at the entrance to the light pipe. Radia-

tion travels down the polished brass pipe, through a long cone

containing the sample, and is incident on the detector assembly.



Figure 1
Top section'of<sample chamber showing connection to
interferometer, light pipe elbow, and gate valve
assembly. The mylar window provides electrical
insulation from the interferometer and a vacuum
seal. The gate valve allows changing the sample

without retransferring liquid helium.
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Figure 2 -
Bottom section of sample chamber showing position
of superconducting solenoid. Note the long cone for

focussing radiation onto the detector.
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Thevlong cone condenses the light to the size of the detector
and minimizes the number of rays reflected back up the light
pipe. The detéctor is a liquid-helium-cooled, gallium-
doped, germanium bolometer having a resistance of about 300
kilohms at 4.2°K. The leads are soldered to the element with
indium in a reducing hydrogen atmosphere and this improves
the noise characteristiés of the detector compared to'those
.which had been used previously?‘l “

The gate valve enables one to remove the liéht pipe
and sample from the chamber, exchange samples, and re-insert
the light pipe without retransferring liquid helium. In
practice it was found fhat this process caused about a litre
of helium to boil off. The use of exchange gas and a slower
insertion, thereby allowing the light pipe to reach thermal
equilibrium grédually;could possibly reduce the helium loss
to a third of a litre. When experiments were performed
without the superconducting magnet , an inner glass dewar
with 2 1/2 litres capacity was utilized to minimize helium
requirements and hence chéngingvof samples without retrans-
ferring helium was not feasible. However, with the magnet
dewar, the capacity is about 10 litres and itvis important
to be able to change samples without having to remove the
complete sample chamber.

With the sample chamber in‘position, the detector
is level with the bottom end of the solenoid. A 50 kilo-

gauss field at the centre of the magnet increases the



resistance of the bolometer by about 10%. However, no adverse
performance characteristics of the bolometer were noticed
and the use of magnetic shielding was éonsidered unnecessary.
With the magnet power supply off the RMS signal-to-noise
ration on the interferogram was about 600. The electrical
noise from the power supply reduces the ratio to about 400.
Increasing the field to the maximum of 60 kilogauss further
reduces the ratio to about‘300. This latter noise increase
ié attributed to the higher rate of helium boil—off which
causes mechancial vibrations of the detector.

The thermocouple and heater leads pass through an
epoxy seal in the elbow and down the inside of the light
pipe. A 100 ohm Allen Bradley miniature carbon resistor at
the junction of the sample holder and light pipe is effective
in heating the sample to about 100°K. The thermocouple
passés through a small hole in the side of the sample holder
and is in cénEact with the sample. The chromel vs. gold .02%
iron thermocouple was calibrated frqm 4.2 to 20°K using a
germanium-pesistance thermometer and from 20 to 100°K with a
standard copper-constantan thermocouple. Readings were taken
with é Hewlett-Packard model 3420B differential voltmeter which
has an upper sensitivity of 0.2 microvolts. The temperature
-variation during runs was less than 15K in the range 4.2 to
20°K and less than 2°K above that. At helium temperatures the
thermocouple reading was constant to one microvolt (about 0.1°K).

Although the light pipe is machined down to .015 inches



wall thickness, there is still considerable heat conduction
to the helium bath if the sample chamber is evacuated. This
necessitates the use of helium exchange gas fér.experiments
at 4.2°K. About 250 microns of helium gas in the sample
chamber is sufficient to cool the samples to 4.2°K and
minimize liquid helium boil-off. The performance of the
bolometer deteriorates to an unacceptable level in thé pre-
sence of exchange gas because of the high thermal conductivity
of £he gas. Figure 3 shows a simple method of isolating the
bolometer from the sample chamber. The epoxy (Emerson Cuming
Inc. Stycast 2610 GT) used to hold the sapphire filter to

the thin wall of the brass bolometer holder will not crack

at helium temperatures. Differential thermal expansion is
not a problem because the .010 inches thick brass flexes
enough to maintain the seal. The air inside the cavity is
frozen to the walls of the holder when liquid helium is
transferred into the dewar and the bolometer is thus under
vacuum. Mounting the cold filter immediately above the
bolometer ensures that the filter remains close to 4.2°K even
during the high temperature runs. The absorption character-
istics of the filter are not altered and variations with
temperature in the spectra are attributable directly to the
change in temperature of the saﬁple béing studied. The
detector holder has been cYcléd frém 300°K to 4.2°K about a

hundred times without adverse effects.



Figure 3
Detailed view of detector holder. The epoxy
(Stycast 2610 GT) provides an effective vacuum

seal at liquid helium temperatures.

Figure 4
Circuit to provide reférence signal.for lock-in
amplifier. The reversing switch at the input
changes the phase at the output by 90°. The
set or clear buttons on the counter changé the
phase by 180°. The resistors provide almost 180°

sweep in the phase.
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A block diagram of the experimental layout is given
in figure 5. The reference signal for the phase sensitive
detector is supplied by the phase shifter of figure 4. A
variable frequency amplifier drives the synchronous chopper
motor which is designed to run at 1800 fpm with a 60 cps supply.
The transformer is in parallel with the chopper motor. Changing
the resistance in the secondary from zero to infinity causes
a phase shift of 180° ih the signal between the centre tap
of the transformer and the input of the operational amplifier
(4eltex Inc. Model ZEL-1). The amplitude of this signal remains
at a constant 10 volts peak-to-peak. Phase shifting propefties
of the RC network are not affected by the high input impedance
of the operational amplifier and, in practice, a shift of about
170° is obtained for the range 100 to 106 ohms. The desired
signal frequency is half of the chopper supply frequency and the
divide-by-two output of the binary counter (M9t0r01a4MC839P)
provides this. The reversing switch at the transformer input
and the set and clear buttons for the éounter provide phase
shift of 90° and 180° respectively at the output. N
The Moire grating in the interferometer produces fringes

‘every 8 microns, or 16 microns path difference. Amplification and

selection of these fringes is accomplished by the circuit

shown in figure 6. TIf the interferogram is sampled at every
fringe the maximum frequency of signal radiation which can be
unambiguously resolved is 1/16 microns or 625 cm-l. Since

not all of the spectra studied extended to this frequency



Figure 5
Block diagram of experimental equipment used.for
producing and recording interferograms. The
oscilloscope and pen recorder are used to monitor

signal noise during a run.
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"Figure 6
The Moiré fringe signal amplifier and seiectbr circuits.
The capacitor and resistor combination at the
monostable multivibrator delay the pulses to the
counter if desired. The binary outputs determine
the range of spectral radiation which may be

detected during any run.
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limit it is desirable to be able to sample the interferogram
at 16, 32, 64, or 128 microns giving uéper frequency limits of
312.5, 156, 88, and 44 cm'-1 respectively thereby saving on
running time for the experiment computer time for the transforms.

A d.c. light source is focussed through the Moire
grating onto a photodiode (Texas Instruments IN 2175). A
4.4 megohm load resistor was found to épproximately zero the
d.c. voltage level at the input to the amplifier. The 1.0
nfd capécitor removes any remaining d.c. level. A sine wave
signal of 0.3V peak-to-peak around zero is thus fed into the
fifst amplification stage. As well as being an impedance
matching device, the first stage eiiminates most of the
60 cps pickup in the system and amplifies the signal to
about 8 voits peak-to-peak. The second amplifier stage is
driven to saturation producing an almost square wave input
to the pulse selector; The two amplifier stages are
capacitatively coupled to ensure only that portion of the
signal immediately about the zero level is‘used for the
triggering. Zero drift at the output of the photodiode was
found to be of the order of the Moiré signal size over the full
range of mirror travel. Both halves of the square wave at
the amplifier output are of equal duration'indicating long
term drifts on the fringe signal have been eliminated.

The amplifier output signal is passed through a
Véltage divider and é clipping diode to produce a 0 to 5

volt half sine wave input to the nand gates (Motorola MC 846P).
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These shape the pulse into the proper square wave for the
monostable multivibrator (Motorola MC 851P). External

timing capacitors and resistor allow one to select delays
ranging from 0.0l to 0.8 seconds in the triggering pulses.
This delay helps to position the first pulse on the grand
maximum of the interferogram when one-sided runs are

desired. The phasé error in the fourier transform is thereby
minimized. The counter (Motorola MC 839P) allows selection

of the desired frequency range to be scanned during the
experiment. For exaﬁple; the divide-by-four output will
sample the interferogram every 32 miCrons producing a spectrum
from 0 to 156 cm—l. The "set" button on the counter is used |
for one-sided interferograms. The button is depressed until
just prior to scanning thropgh the central maximum in the
interferogram. When the button is released the next incoming
pulse clears all the flip-flops in the counter and triggers
the digital system.

The Brookdeal model 450 preamplifier has good noise
characteristics for the signals of about 50 microvolt Strehgth from\
our bolometer. The 6utput from the Brodkdeal model 411
phase sensitive detector is monitored with a pen recorder
simultaneously as the digital system is recordiﬁg—readings.
Any excessive noise on the interferogram is readily apparent
and the run may be discontinued. .The Non-Linear Systems
model X-2 digital voltmeter has resolution of 10~ % which is

adequate for our best signal-to-noiseé ratio of 1000 on the
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0 to 625 cm—1 spectra. The trigger circuit and transformer
in the phase shifter provide electrical isolation of the
signal measuring apparatus from the interferometer.

b) Sample Growth and Preparation |

The zinc dopant for the crystals studied was prepared
by reacting zinc oxide with an excess of hydrofluoric acid
and drying at 110°C.

Zn0 + 2HF - Zan + H20
The zinc fluoride and manganese fluoride powder (from Alfa
Iﬁorganics) were placed in a thinwall (0.4 mm)'Ultrq PuritylZ
graphite crucible which was placed)in a Stockbarger furnace
containing HF atmosphere. It was heated‘above the 872°C
melting point of ZnF, for about an hour before lowering the
temperature to begin crystal growth. Thisénsuresboth the
manganese and zinc fluoride are molten and an excess zinc
concéntration at the top of the resulting crystal does not
occur. Any zinc oxide remaihing in the prepared dopant
would be readily converted to the fluoride by the HF gas
at the high temperature in the furnace.

The melt was lowered out of the hot zone at a rate
of 2.5 mm per hour. The crystals were coolea to room temp—
erature over a period of 15 hours. This does not always
eliminate the thermal strains. When attempting to cut the
crystals to sample holder size they invariably cracked.

However, good quality crystals about 0.5 cm thick could

be removed from the boule although they were not large enough
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to orient them along a desired direction.

Neutron activation and atomic absorption techniques, however
showed only a traée of zinc impurity in these crystals even
with 4% Zan present in the melt.

Pure samples of MnF, were obtained frbm Alfa Inorganic
and Optovac. |
| Because manganese fluoride has many transversé optical
phonon frequencies above 150 cm_l, thick crystals are almost
opaque above this frequency due to festrahl absorption. This
is beneficial for the low fregency (25 to 85’cm—l) measure-
menté where every second point in the interferogram may‘be
sampled without introducing higher frequency errors into thé
spectrum. To provide appreciable transmission in the range

150 to 350 cmfl

the crystals were ground to 0.5 mm thickness
with a one or two degree wedge to eliminate most interference
fringes. These were glued with GE 7031 varnish into a thick
washer hollowed out on one side. The varnish is transparent

to far infrared radiation and is a good thermal conductor at
low temperatures. The washer ensures the crystals do not crack

due to the mechanical and thermal strains caused by the sample

holder.




CHAPTER III

THEORY

Manganese fluoride crystallizes in a tetragonal
structure (body-centred if we ignore the positions of the
fluorines) with the manganese ions occupying the centre

and corners of the unit cell. The manganese ions are. in
a 685/2 state and the spin; order antiferromagnetically
along the c-axis below the Neél temperature of 67.3°K.
The absence of orbital angular momentum for the manganese
simplifies the theoretical treatment of the ﬁagnetic
excitations since the higher excited states lie some 2 eV7
away and thus the normal states of the system are pure
magnons.

The magnon dispersion relation has been described
adequately by Low et al4 using exchange coupling up to
third nearest neighbours and an anisotropy field.

2,1/2

ho = ZSzzlJ 1+O.073/28)[(l+€)2-Y

2l (

where

.. 2,1
(HA/ZSzzlle)—(2zlJl/22J2)51n (5cq,)

™
It

.. 2,1 2,1
- (z3J3/22J2)[51n (faqx)+s1n (iaqy)]
_ 1 1 1
Y = cos(iaqx)cos(any)cos(icqz)
S is the spin on the manganese ion

I is the exchange integral between an ion and its

Zn nth nearest neighbours.

and HA

is the effective anisotropy field.

18
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Using this dispersion relation Allen et al3 have

constructed a single magnon density of states in MnF, which

2
exhibits shafp features atvvarious points at the zone boundary.
They explain the electric—dipole—induced two-magnon absorption
via an effective spin Hamiltonian involving the electric field
of the incident radiation and the spin operators of the system.
‘Loudon7 also develops a closely related formalism to account
for the observed strength and shape of the absorption. The
interaction is only betweén nearest neighbours and is of the

form: Z Xy Z

H= 3 {aEeY.+a*Yo® . +BEZ0%0Y 0% )57t
i,3 ij ij i3713°71%5

+ complex conjugate + SiS? term
‘where A and B are constants, E* are components of the electric
field, and Gij is a vector whose components have the value
+ 1 determined by
6% .= sign(xr.-x.) ; 0= X,¥,2
) i J _'] i’ ’ 4 ’
The term which gives rise to the selection rules for multiple
magnon prdcesses is the Z SEST term. Thus we can use the
' ij -
Holstein-Primakoff transformation of S5 and Sg to boson creation

and annihilation operators a* and a:

- _ 172 4 ok 1/2
Si = (28) a¥ (1 aiai/2S)

+ 1/2 1/2
st = (28 % (l-a*a./2S

3 (25) aJ ( ajaj/ )
s? = g-a*a.

1 1l 1
s? = -s+a*a,

j 393
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Then

S

.+

; 1/2 . 1/2
. * —_—n % * -k
2S a¥ (1 aiai/ZS) aj (1 ajaj/ZS)

* —_n% — cmk - -
2S a¥ (1 aiai/4S o) aj (1 aﬁaj/4s ces)

2S (a*a* - a*a*a*a./4S - a*a*afa*/4s)
173 17393973 17194195

retaining terms only up to fourth order in the operators.
A further transformation to spin wave variables:

_ 1/2 p mikex,

i b a; - N—l/2 5 e1k-x.

i b*

i k k k k
a, =NY? 3 Xy o at = N2 3 7R Xy on
J X k J Xk k
(where N is the number of atoms on a
sublattice.)
~gives
S;ST =.z% 5 etkKytX b e iky X of
J koko, 1 2
_ l2 5 1kl'xl bﬁ e—lkz-x. Cﬁ e—1k3-x.
2N° klk2k3k4 1 2
cf elk4°xj )
3 4
_ 12 5 elkl'xirb* 1k2-xi‘bﬁ —1k3'xi£bk
2N klk2k3k4 S < 2 3
emlk4.X cﬁ



The indices i and j refer to nearest neighbours on
different sublattices and we can replace xj by X, + § where
§ is the vector joining atom at i to thé_neighbours at j.

Then

r sist = 3 [3§ I ellky=ky)-x;  -ik,-$8 b} ok
i3 J 4,8 1%2

1 2

_ 12 5 e1(kl—k
2N klk2k3k4

2 Rgtky) sx; milkytkgky) S

_— — * *
= 28z I 6(kl k2) Yy bk cy

2 1 2

-z z 8 (k. =k,~ko+k,) v
ko kK 17F27%3" %) Yy _ax

*
-k, Pk. Sk
152K3Ky 27374
- 2 _ T 6(k1+k2—k3—k4) Y b} b} b c*

k k k k
klk2k3k4 4 1

* *
Yk Pk °k

e L . .
) [8 (ky=ky=ky+k,) ¥y b* c* ¢

-k, "k
k kokqk, 27375

+ 6(k1+k2~k3—k4) Yy b¥ b

where Y = 2 L e = Y_x

21

over the z nearest neighbours and assuming a centre

of symmetry.
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The first term in the expansion leads to the well known two-
magnon absorption. The second and third terms are four—magnon;
processes. Expanding the H-P transformation to still higher
orders will lead to six,-eight-, etc magnon scattering. The
complex conjugate term (SISS) and the term conéerving the total
number of magnons (Sis?) give similar'results, except Fhat

Sisg cannot be expanded beyond four—maénon processes.

Of note is that the four-magnon terms involve the
creation of 3 magnons of different k vector and the destruction
of a magnon with another k vector with the restriction thét
the vectors total zero according to the delta functions. The
fact that there is a magnon destruction operator implies that
the process will be highly temperature dependent. The lowest
energy magnon is at k=0 (AFMR) and has a thermal energy of about
12°K. At liquid helium temperature (4;2°K) there will not be
an appreciable number of magnons to be destroyed since the number
of thermal magnons excited in the system would vary according

to the Planck distribution

<n> = 1
~éhw/kT

-1

the factor being m0.0Sfat 4.2°K. Also, the density of states
for magnons is very small near k=0, rising to peaks near thé
zone boundaryﬂ The thermal enérgy of the zone boundary magnons
is of the order of 70°K. Therefore; although the absorption |
due to four-magnon processes would increaserwith temperature,

it would also broaden and shift toward lower freqguencies. This
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is because of decreasing sublattice'magnetization and that the
captured magnon may have successively highef energy. One
would expect the absorption to be most noticeable in the
medium temperature range around 45°K.

The absorption would necessarily be much weaker than
the two-magnon absorption because it is down by a factor of
(22

the order of 1% of the two-magnon intégrated intensity.

from the two-magnon process. An estimate would be of

Phonon assisted dipole-exchange interactions as
suggested by Hallegxhould perhaps increase the strength of
these processes. A term of the form b*c*c*q would have its
greatest contribution from the creation of magnons near the
zone boundary where the density of states is a maximum. An

1 could be expected and

absorption somewhere around 150 cm
it would shift to lower frequeﬁcies and grow in intensity
with increasing temperature as the number of magnons which’
could be destroyed increased.

Manganese fluoride has.6 atoms per unit cell giving
rise to 18 phonon branches, 15 optical and 3 acoustic. Thus
"the phonon spectrum would necessarily be complex and near a
phonon absorption one could expect a modification of the exchange
- parameter in the Heisenberg hamiltonian tending to increase the
strength of the magnon processes. In fact, as will be seen
in the results of the experiments, a strong traverse optical

phonon absorption occurs at 158 cm T almost where one might

expect a Tour-magnon absorption to occur.
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CHAPTER IV

EXPERIMENTAL RESULTS AND DISCUSéION

1

Figures 7 through 9 show the absorption in the region

(a) Low Frequency Data (25 to 85 cm

25 to 85 cm T of two different crystals of MnF, which were doped
with ZnF, (1 and 4%) in the melt prior to growth. Any
absorptioﬁs in pure MnF,, have been eliminated by dividing the
spectra of the home-grown cryétals by the spectrum of a pure

crystal obtained from Alfa Inorganics. All crystals were

1 1

3.3 + 0.2 mm thick. Absorption peaks at 31.1 cm” © and 63.5 cm

are present in both the spectrum of crystal A (1% ZnF2 in the

1

melt) and of B(4% ZnF. in the melt). The absorption at 63.5 cm~

2
varies from 20% in crystal B to about 5% in A. The integrated
_intensity undér the peaks also is in a 4:1 ratio. However,

the absorption at 31.1 cm—l has roughly the same strength in
both crystals. Comparison with spectra from the pure MnF,
confirms that this peak is not caused by filters or by some
other impurity in the pure crystal.

To determine if either of these peaks are caused by
magnetic excitations a magnetic field was applied to crystal B
where both absorptions are stronger. Figure 9 is the spectrum
with an applied field of 58 kilogauss. It is not significantly

different from the zero field spectrum (figure 8). The ratio

of five runs at zero field to five runs with a 58 kilogauss



- Figure 7
Transmission spectrum of sample A of MnF, 3.3. mm. thick,
with zero applied magnetic field. Impurity absorptions

are observable at 31.1 and 63.5 cm—l.
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Figure 8

Transmission spectrum of sample B of MnF,, 3.3 + 0.2

mm. thick, with zero applied magnetic field. The
absorptions at 31.1 and 63.5 cm'-l are stronger than
in sample #1 (Figure 7). Also there appears to be

a broad weak absorption between 42 and 58 cm_l.
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Figure 9
Transmission spectrum of sample B ?of MnF, with a

58 kilogauss applied field.
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Figure 10
The ratio of figures 8 and 9. The peak at 26 cm™t
is thought to be caused by noise. If the splitting
of the 63.5 cm_l peak is as shown by the arrows, the

g value for the peak is about 0.45. One would expect

a g value of 2 for manganese.
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Figure 11
Low noise ratio of sample B of MnF, with 58 kilogauss
applied field to zero applied field in order to
determine any magnetic effects to the broad peak
setween 42 and 58 cmnl (figure 8). The experiment
would have detected a shift for g > 0.90. No

shift is observed.
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field is given in figure 10. Averaging-ten runs reduced the
noise on the spectrum to about 1.5% RMS about the 70 cm'-l
region. The g value for manganese is 2 and the éxpected shift
of the peaks would be about 4 cm"l if théy were caused by
magnons. Aésuming the deviations about the mean value of the
ratio indicated by the arrows is caused by a splitting of the
63.5 cm"l peak, the calculatea g factor for the péak is about
0.45. |

There appears to be a broad weak absorption in crystal
B between 44 and 58 cm—l in figure 8. The one magnon density
of states is highest around this range. 1In order to ascertain
whether this broad peak is an impurity-induced one-magnon
agsorptiom forty low resolution run (4.9 cm_l) were donej;
twenty at zero field and twenty at 58 kilogauss field. Figure
11 is the ratio of the spectra obtained. The RMS noise on
the ratio is less than 0.5% over the range 35 to 85 cm—l.
An applied magnetic field removes the degeneracy of the
dispersion curves in manganese fluoride. Two identical one-
magnon densities of states woﬁld result, shifted up and down
in frequency by the appropriate guBH-value. Here g is the
gyromagnetic ratio of manganese, Mg is the Bohr magneton, and H
is the applied external field. The expected splitting for a

g of 2 would be about 8 cm™ 1

in this case. A shift in the
absorption for a g >0.9 would have been detected by the
experiment. The ratio is unity throughout the range of interest

and within the limit of the noise in the experiment it is not
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possible to determine if it is indeed a one—magndn absorption.v

Johnson and‘Nethercotl3 obtained a value of about 6 cm_2
for the integrated intensity of the antiferromagnetié resonance
in pure Man. One would expect the induced one-magnon absorption
in a doped crystal to approach this value as the concentration
is increased to 100%. The AFMR should broaden as,Well
in a doped crystal. The absorption in question in figﬁre 8
has an inﬁegrated‘intensity of 1 cm—z. This is about a factor
of 3 higher than could be expected even for a 4% doped crystal.
Svensson et al14 were not able to detect any broadening of the
AFMR in 5% zinc doped MnF,. From this we can conclude that
the strength of the induced one-magnon absorption in this
experiment would have been less than 1% of the strgngth of
the AFMR. This could not be resolved from the noise on the
spectrum.

Svensson et all4 do indicate a lowering of the frequency
of the zone boundary magnons by about 5% iﬁ the zinc doped
crystal and in addition a broad resonance at 3/4 of the zone
boundary wave vector in both <100> and <001> directions.

Changes in the magnon density of states corresponding to the
perturbed dispersion curves would possibly be noticeable in
the two-magnon absorption occuring around 110 cm—l. ‘Unfor-
vtunately the experiments were performed using a beamsplitter

giving virtually zero intensity at 100 cm“1 and a comparison

of the pure crystal and our sample was not possible.
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The fact that the observed peaks in the>spectra are
independent of applied magnetic field leads to the conclusion
that the absorptions are caused by phonons. A rigid ion
calculatiogf%f the phonon density of states in Man shows

1 (5 p—

maxima at 35 and 70 cm~ resolution). These maxima
arise from the first acoustic branch of the dispersion curves.
An impurity in a crystal destroys the symmetry and the<k=0
radiation can couple to phonons along this branch out to the
zone boundary. Thus peaks in the density of states would be
seen as absorptions in the spectrum. The phonons are created

via an electric dipole interaction and would be more prominent

than magnons which are due to a magnetic dipole interaction.

1

Pure crystals of MnF, were studied in this region.

(b) High Frequency Data (50 to 350 cm

Figﬁre 12 is the spectrum of an Optovac crystal, 0.017 mm
thick, oriented Such that the electric field of the incident
radiation is both parallel and perpehdicular to the c-axis
of the sample (Ellc and Elc). Absorption in the spectrum occur
at 100, 171, 210, 260, and around 330 cm Y. The broad peak at
100 cm'_l is the two-magnon absorption reported by Allen et af.
An explanation of the other péaks will be given later.

Figure 13(a) through (f) give the spectra of a

randomly oriented, 0.5 mm thick crystal of MnF., from Alfa

2
Inorganics for the temperature range 11 to 85°K. Random
orientation would exhibit all the general features of various

possible polarizations. The centroid of the two-magnon



Figure 12
Spectrum of pure MnF, crystal (Optovac), 0.17 mm

thick with the c-axis in the plane of the sample.
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Figures 13(a) fo (f)
Spectra of a randomly oriented cryétal of pure
MnF, (Alfa), 0.5 mm thi¢k, at various temperafures.
The two-magnon absorption shifts from 107 cm“l

at 11°K to 80 Cm—1 at 61°K. The peaks at 171

and 210 cm™ ! do not change their position.
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1 1

absorption shifts from 107 cm — at 11°K to about 83 cm = at

61°K. It cannot be detected at 84°K (above the Neél point);
No similar shift or boradening of the peaks at 171 and 210 em™t
is observed. The poséibility that these peaks ére due to ‘
higher order magnon processes is thefefore eliminated.

The relative frequency of the two—magnoh centroid,
the zone boundary magnon in the <OOl>'direction as measured
by Okazaki et ai? by ineléstic neutron scattering,and the value
of the Brillouin function for $=5/2 as given by Smar%Tare
plotted against reduced temperature in figure'14. The Brillouin
function describes the temperature dependence.of the sublattice
maghetization in the molecular field theory. Both the zone
boundary magnoﬁ frequency and the two-magnon centroid are
somewhat higher than the sublattice magnetization. Measurements
by Helle%gof the F19 zero-fi€ld NMR frequency in MnF2 also show
that the molecular field approximation is too low at higher
teﬁperaturesf Presumably the discrepancy is due to magnon-
magnon interactions and the onset of shdrt range order in
particular for the two-magnon absorption. Both effects are
ignored by the molecular field theory.

If, as has been suggested by Shapiro}gmagnon absorptions
other than those involving an even number ofrmagnons exists,
the application of an external magnetic'field could be .expected
Vto alter the spectrum. Figure 15 and 16 are high resolution
(0.16 cm—l) spectra of pure MnF, with zero and 57 kilogauss

applied magnetic field respectively. BAs expected, the two



Figure 14
Comparison of the relative frequencies of the two-
magnon centroid, the zone-boundary magnon (band

: 16
mode) in the <001> direction , and the brillouin

brillouin function for S=5/%7 versus temperature.
The 4.2°K value for the tWo—magnon centroid is
taken from the data of figure 15. Both the band
mode and two-magnon absorption are considerably
higher than the molecular field theory sublattice

magnetizatioh (Brillouin function with $=5/2).
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magnon absorption is unaffected. Aiso, the peaks at 170.9 and
210.6 cmnl appear identical for both zero and 57 kilogauss field.
If theré is any shift of the peaks it is less than 0.61 em™t
corresponding to a g < 0.23. 0dd multiplé magnon processes do
not appear to cause thesebabsorptions.

To identify’the true nature of these absorptioné
experiments were performed with 0.5 mm thick slices of.the
Alfa crystal cut with the c-axis in the plane of the sample
(FLC and ElIC) and perpendicular to the plane of the sample
(EL1C). The results are shown in figures 17 and 18. Figure

17, ElC, disélays zero transmission between 158 and 210 cm_l

1

and weaker absorptions between 250 and 258 cm ~ and from

320 cm ! to the high frequency limit. Beyond this point the
| intensity of incoming radiation is small and the noise level
on the spectrum is too large for an acceptable analysis.

The two-magnon absorption isrnot visible because it is very
weak in this orientafion.

In figure 18, E 1 and Il ¢, the two-magnon absorption
at 110 cm_l is causes almost entirely by E IC. No radiation
having E LC passes through the crystal in the range 158 to
210 cm_l as evidenced by the abrﬁpt Change in transmission at

1 1

158 cm . About 50% of the light is transmitted to 210 cm -.

The absorptions at 171 and 210 cm_l are thus caused.by radiation
having E [| C. Absorption bands from 250 to 268 cm T and from

1

310 cm ~ to the limit of the spectrum are also present.

Parisotzo has performed reflection measurements on MnF,



.Figure 15
High resolution (.61 cm_l) spectra of .5 mm slice of
pure MnF, (Alfa) with the c-axis in the plane of the

sample.
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Figure 16
Spectrum of the sample of Figure 15 with an applied field
of 57 kg. No shift of the peaks at 171 and 210 cm_l

can be detected.
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Figure 17
‘Pure MnF2 (Alfa) .5 mm thick with the c-axis perpen-

" dicular to the plane of the sample.
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Figure 18
Pure MnF2 (Alfa) .5 mm thick with the c-axis in the

plane of the sample.
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at room temperature. His results show a transverse optical

1

phonon frequency of 158 cm ~ and a longitudinal optical

1 for the E_LC orientation. No

‘phonon frequehcy of 210 cm
modes for light EL1C are allowed to propogate through the
crystal between the above frequencies. The present experimenfs
agree with-his results. In addition, for E 1 C there is another
transverse optical phonon at 255 cm-l_and a longitudinal af

1 and

260 cm_l, and for E || C a transverse phonon at 295 cm
longitudinal at 520‘cm_l. For both cfystal alignments in the
present work the spectra exhibit only weak transmission in the
range 250 to 268 cm™ Y and beyond 310 cm™ L. Again, the
agreement with Parisot's work is goéd but the noise on the spectra
does not allow the phonon frequencies to be determined more
accurately.

Unless there are other infrared activé Zero wave '
vector frequencies in manganese fluoride for E|l C, no absorptions
should appear between 158 and 210 cm"l in figuré 18. We must
assume the specimens used in this experiment contain impurities
which induce the absorptions at 171 and 210 cm—l. The spectrum
of the 0.17 mm thick Optovac crystal (figure 12) has the same
general shapé as the spectrum of the 0.5 mm thick Alfa crystal
(figure 18). However, the absorption at 171 cm"l is much stronger
in the Optovac crystal than in the thicker Alfa crystal. The
210 cm"l absorption is weaker in the Optovac samplé. The
Orientétion of these samples were verified accurate to at least

20 by means of crossed polaroids and x-ray diffraction experiments.

The different absorption strengths are not caused by different
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alignment in the sample holder. ‘Other spectra which were
obtained from pure crystals grown by us showed similar varia-
tions in the absorptions at 171 and 210 cm_l. They definitely
appear to be caused by impuritieé.'

The previously mentioned rigid ion model caiculation15
of the density of phonoﬁ_states produces a large maximum at‘

170 em ™t

. The impurity induced absorption at 171 em™t in the
spectra would correspond to this large density of States. The
absorption at 210 cm'-1 may be a coupling to the zero wave

vector longitudinal optical phonon by means of the impurities

in the crystal.



CHAPTER V

CONCLUSIONS AND PROPOSALS

The impurity induced one-magnon absorption could
not be detected in this experiment. However, it would be
an excellent means for determining the nature of the
one-magnon density of states. Critical points which ére
observed in the two-magnon absorption are affected by
magnon-magnon interactionsvwhich are not well understood
theoretically. The use of thicker samples of better quality
and a less noisy detector would be required to progress
further.

The multiple magnon absorptions which were shown
to be theoretically possible could not be resolved in this
experiment as well. There are some difficulties in
observing them which perhaps are not easily overcome. One
cannot perform the experiments on thicker crystals due to
the broadened restrahl absorptions. The presence of the
many phonon absorptions above 150 cm_1 also would tena to
obscure‘magnon processes in thin crystals. Careful tempera-
ture dependent measurement from 15 to 40°K aroﬁnd thel50 cm'_l
region would seem to be the best way of détecting such'

processes.

At the present time there has not been sufficient
neutron work done on the phonons in MnF, to develop an

accurate theory for the lattice dynamics. The phonons which

44



were observed in this experimént agree fairly well with a
rough calculation of the density of states and other
optical reflection measurements. Some further progress
could be made through the studies of crystals with known
impurity concentrations but without a good model to fit

the results this seems inadvisable.
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