500

REFERENCES
[1] P. Debye, Polar Molecules, Chemical Catalogue Co., New York,
1929,

[2] For an excellent account of this topic, see B. K. P. Scaife, Complex
Permittivity. London: English Universities Press, 1971.

[3] K. S. Cole and R. H. Cole, “Dispersion and absorption in
dielectrics, I. Alternating current characteristics,” J. Chem.
Phys., vol. 9, pp. 341-351, 1941.

[4] G. W. Chantry and H. A. Gebbie, “Submillimetre wave spectra of
polar liquids,”” Nature, vol. 208, p. 378, 1965.

[5]1 R. A. Sack, “Relaxation processes and inertial effects” (Pts. I
and II), Proc. Phys. Soc., vol. B70, pp. 402-426, 1957.

[6] Y. Rocard, “Analyse des orientations moléculaires de molecules
en moment permanent dans un champ alternatif, application a la
dispersion de la constant dielectric et I’effet Kerr,”” J. Phys.
Radium, vol. 4, pp. 247-250, May 1933.

[71 E. P. Gross, “Inertial effects and diclectric relaxation,” J. Chem.
Phys., vol. 23, pp. 1415-1423, 1955.

[8] B. Lassier and C. Brot, “Inertial effects in discrete sites model of
rotational freedom. Autocorrelation function and dipolar ab-
sorption,”” Chem. Phys. Lett., vol. 1, pp. 581-584, 1968.

[9] (a) G. J. Evans and M. W. Evans, “Use of the memory function
to simulate the Debye and Poley absorptions in liquids,” J.
Chem. Soc. Faraday Trans. II, vol. 72, pp. 1169-1184, 1976.

IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. MTT-25, NO. 6, JUNE 1977

(b) G. J. Davies and M. W, Evans, “Use of the generalised
Langevin theory to describe far infrared absorptions in non-
dipolar liquids,” ibid., pp. 1194-1205.
(c) M. W. Evans and G. J. Davies, “Effect of pressure and
temperature on the intermolecular mean square torque in
liquid CS, and CCly,” ibid., pp. 1206-1213.

[10] R. Kubo, “Statistical-mechanical theory of irreversible processes,
I. General theory and simple applications to magnetic and
(1:(9)r51;1uction problems,” J. Phys. Soc. Japan, vol. 12, pp. 570-586,

[11] H. Mori, “Transport, collective motion and Brownian motion,”
Prog. Theor. Phys., vol. 33, pp. 423-455, 1965.

[12] J. S. Rowlinson and M. W. Evans, “The motion of simple
molecules in liquids,”” Chemical Society, Annu. Rep. A, pp. 5-30,
1975.

[13] M. N. Afsar, J. Chamberlain, G. W. Chantry, R. Finsy, and
R. Van Loon, “An assessment of random and systematic errors
in high frequency dielectric measurements,” Proc. IEE, to. be
published.

[14] J. Chamberlain, “Submillimetre-wave techniques,”” in High Fre-
quency Dielectric Measurement. J. Chamberlain and G. W.
Chantry, Ed., London: Guildford IPC Press, pp. 104-116, 1972.

[15] J. W. Fleming, P. A. Turner, and G. W. Chantry, “Far infrared
absorption spectra of the monohalo-benzenes in the liquid and
polycrystalline phases,”” Molec. Phys., vol. 19, pp. 853-864, 1970.

Application of Submillimeter Spectroscopy to
Magnetic Excitations

REINHART GEICK

Abstract—Magnetic excitations are the collective excitations of the
magnetic moments in ferro- and antiferromagnets. The frequencies are
mostly in the far-infrared spectral range. Their study is of current interest
with respect to the properties of phase transitions, since in ordinary
3-dimensional crystals the dominating exchange interactions can be 3-
dimensional (MnF,, NiO) or may be restricted to 2 dimensions (K,MnF,,
CoCl,) or even to 1 dimension (CsNiF;, CoCl;-2H,0). In this paper,
an introduction and a review is given of the results on ¢4 = 0 magnon
modes (ferro- or antiferromagnetic resonance) which can be studied
rather directly by submillimeter-wave spectroscopy. Some results about
2 magnon bands are also mentioned. Experimentally, grating mono-
chromators, Fourier-transform interferometers, FIR laser, and microwave
techniques have been employed. In the past, not only pure materials have
been studied but also doped crystals where localized magnon modes can
occur (MnF,:Co?+, CoF,:MnF,, NiO:Co?+).

I. INTRODUCTION

AGNETIC EXCITATIONS are the collective modes
M of a system of spins or magnetic moments which are
usually observed in the ordered ferromagnetic or anti-
ferromagnetic state of the system. The frequencies of these
excitations fall in the microwave range and in the far-
infrared or submillimeter spectral region, up to 1000 cm ™!,

The study of magnetic excitations is of current interest
since the dominating exchange interaction between the
magnetic ions may be 3 dimensional or may be restricted
to 2 or 1 dimensions even though the crystal in an ordinary
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TABLE 1
EXAMPLES OF 1-, 2-, AND 3-DIMENSIONAL MAGNETIC MATERIALS

Dominating exchange interaction

l-dimensional 2~dimensional 3-dimensional

pure materials

CaNiFy /35/ K, MnF /20,29/ MnF, /1,4/

CoCl,+2H,0 /9,25/ K,MiF, /13,16/ NiF, /6,23,28/
Rb HnF, /20/ CoF, /5,23,32/
CoCl, /7,24/ KMnF 5 /21/
PeCl, /7,21,34/ MnO /3,22/
CoCl, 6H,0 /37/ NiO /3/

Co0 /11,12/

~«———doped materials, mixed crystals ——nuo—ov——ou
2+ 2+

K2MnF4:N}19 29,38/ MnF2:Fe2+ /8,10/
150 MnF2:2n2+ /15,17/
MnFZ:Co2+ /10,31/
CoF,:ln /18,30/

Co0/N10 /33,36/

3-dimensional one, but with an anisotropic structure. The
properties of such systems, i.e., susceptibility, excitations,
specific heat, etc., are of particular interest with respect to
the theory of phase transitions and critical phenomena
[14], [15]. Some materials are compiled as examples in
Table I. Among the great number of existing materials of
each kind, those have been selected which were actually
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studied by means of submillimeter spectroscopy, and the
references refer mostly to these investigations.

Materials with rather isotropic structures (cubic rock salt,
cubic perovskite, and rutile structure) are generally 3-
dimensional ferro- or antiferromagnets. In materials with
perovskite-type layer structures, such as K,NiF,, the inter-
layer exchange interaction is partly cancelled and is much
weaker as compared to the intralayer interaction. And in
hexagonal CsNiF; and monoclinic CoCl, - 2H,0, for ex-
ample, the spins are predominantly coupled along linear
chains. Thus these magnetic materials represent very
realistic model systems in 1, 2, or 3 dimensions. This was
shown by neutron-diffraction studies. In addition to the
lattice dimensionality discussed so far, we have to consider
the so-called spin dimensionality. The exchange interaction
is written as follows:

Hex = iZj(/ij"xSi"ij + J PSS + £7858H. (1)

If £,;=40,"=4,;°= 4y we have the isotropic
Heisenberg model and the spin dimensionality is 3. For the
planar or X-Y model (¢, = ¢/, #;/* = 0) and for the
Ising model (£, = #,° =0, ¢, # 0), the spin
dimensionality is 2 and 1, respectively. For materials with
Mn?* jons (ground state S), usually the Heisenberg model
is adequate to describe their properties. In systems with Co
ions (ground state *F), with orbital contributions to the
magnetic moment, however, the Ising model or an X-Y
model may be more appropriate to account for the magnetic
properties.

II. EXPERIMENTAL TECHNIQUE

Magnetic excitations can be studied by means of inelastic
neutron scattering, by Raman scattering, and by sub-
millimeter spectroscopy. Due to wavenumber conservation,
the two optical methods allow only the determination of the
g = 0 modes of the spin-wave spectrum, apart from broad
2-magnon bands, while there is no such restriction for the
neutron-scattering technique. The present paper is to review
the role that submillimeter spectroscopy played in studying
magnetic systems, and the other two methods and their
results will not be further mentioned in detail here. Indeed,
submillimeter spectroscopy is a rather direct method to
study the g = O spin-wave excitations or the antiferro-
magnetic and ferromagnetic resonance in antiferromagnets
and ferromagnets, respectively. For such investigations,
various techniques have been employed: 1) conventional
grating monochromator; 2) Fourier-transform spectrom-
eter; 3) FIR-laser spectroscopy; and 4) microwave
techniques.

In the frequency range 15-100 cm™", grating spectrom-
eters have been widely used for the investigation of magnetic
excitations, especially for the early work on 3-dimensional
antiferromagnetics [1], [3], [9]. As a broad-band source,
the mercury high-pressure arc is usually employed. Low-
temperature carbon, silicon, or germanium bolometers
improved as detectors the signal-to-noise ratio considerably.
In the last decade, an increasing number of investigations
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was performed with the method of Fourier-transform
spectroscopy [5], [6], [8], [10], [13], [15], [17], [18],
[29], [33], [35], [36]. For the range above 15 cm™*, the
Michelson interferometer and a bolometer at 4.2 K may be
used. Below 15 cm™!, however, it is necessary to increase
the interferometer efficieicy by using a lamellar grating
beam divider and to increase the signal-to-noise ratio by
means of a *He-cooled detector [8], [10], [21], [29], [35].

In most cases, the frequency of the ¢ = 0 magnon (anti-
ferromagnetic resonance) is not only determined in zero
magnetic field, but also as a function of an external static
magnetic field. And with grating or Foutier-transform
spectrometers, the transmission of the sample is usually
measured as a function of wavelength or frequency at fixed
magnetic field. In the microwave region, on the othier hand,
it is the usual magnetic-resonance technique to measure the
transmission of the sample as a function of applied magnet
field at a fixed frequency which is provided by a microwave
source (klystron, carcinotron, etc.). This technique is of
advantage at rather low frequencies and has been used there
frequently [1], [16], [20], [22]-[24], [28], [30], [32], [37].
The frequencies range from 20 to 600 GHz. For higher fre-
quencies, no microwave sources are available. But there are
a number of molecular-laser sources in the submillimeter
range which have been used for submillimeter spectroscopy,
e.g., the HCN (29.7; 322 cm™), the DCN (51.4;
527 em™'), the H,0 (127.5 cm™!), and the D,0
(118.7 cm™?) lasers [25], [31], [34]. And it seems that
lasers will be used increasingly in the future, since a great
number of frequencies are available from a variety of
molecular lasers which can conveniently be pumped by
powerful CO, lasers.

III. EXPERIMENTAL RESULTS

In this section, the results of studying magnetic excita-
tions will be reviewed and discussed with respect to their
contribution to the understanding of the properties of
magnetic materials. Mostly, the antiferromagnetic reson-
ance (AFMR) has been studied by means of submillimeter-
wave spectroscopy and not so much absorption by 2-
magnon excitations. Since the exchange field Hy is known
from other experiments, very often the determination of the
AFMR frequency means essentially a determination of the
anisotropy field H,. ‘

A. Three-dimensional Pure Materials

For a simple 3-dimensional easy-axis antiferromagnet
like MnF,, the AFMR frequency is

OAFMR = V[\/HA(zHE + H,) + Hy] (2

(gyromagnetic ratio y = gpy/#, isotropic exchange interac-
tion Hy = 2zS #y with z = & and S = 5/2). In the case
of MnF,, the anisotropy field (H, = 0.75 cm™!) arises
mainly from magnetic dipole-dipole interactions [1]. In an
external magnetic field H, parallel to the easy axis, the
doubly degenerate mode splits and varies linearly with H,.
In CoF,, on the other hand, the exchange interaction is
expected to be anisotropic and a large single-ion anisotropy
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Fig. 1 AFMR frequency versus magnetic field for CoF,, H | U,

and H | C4 (after [23]).

arises from orbital contributions. Therefore, the dependence
of wapyr O an external field H, is much more complicated
[23], [32] (cf. Fig. 1). For H, || ¢, waspmg is no longer a
linear function of H,. At 210 kOe, w,pyr softens and the
spin flop transition occurs. For H, || @, ®apyg also ap-
proaches zero at about 135 kOe. Such a phase transition is
expected in MnF, at much higher fields H, ~ 2H; (anti-
ferromagnetic —» paramagnetic). In a crude and more
qualitative way, this behavior can be understood by means
of a simple spin-wave calculation, including the (transverse)
Dzyaloshinski interaction [23] (parameter Hp)

oipmr = Y(RHgH, + HAZV_ Hp?)
. [1 __ (H + Hy)H? ]
(QHzH; + H? — Hp»?|’
Hylla (3)
ol = V[(VHQHg + Hy) + H)? — Hy?,
H, | c.

Physically, the Dzyaloshinski interaction means additional
terms of single-ion anisotropy or anisotropic exchange. For
quantitative agreement with the experimental data and to
describe finer details, such as dw/0H, = finite for H, <
210 kOe, a more elaborate theory is needed [32], [39].

Let us return to the simpler case of MnF, and consider
the variation of w,rve With temperature (cf. Fig. 2). ®arme
is closely related to the sublattice magnetization M. The
temperature dependence of w,pyr and M cannot be under-
stood only in terms of (4). A special temperature depen-
dence of H, has to be considered, and the AFMR studies
in the submillimeter range provide information about the
temperature dependence of H, [1], [4]. In Fig. 2, the
Brillouin function follows wsemp(T) closely, but not
M(T). For comparison, approximate solutions of a 3-
dimensional Ising and a Heisenberg model [14] are also
shown in Fig. 2. With reasonable accuracy for temperatures
not too close to Ty, the sublattice magnetization can be
calculated by means of a renormalized, temperature-
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v(T)/v(0] or M(T)/M(0]

0 | L 1 I ] 1
0 20 30 40 50 60 70

Temperature (K}

Fig. 2. Reduced AFMR frequency »(T)/v(0) of MnF, (e, after [1])
and reduced sublattice magnetization M (T)/M(0) of MnF, versus
temperature, experimental data (x), and calculated by means of
spin-wave theory ( ) (after [4]). For comparison are given
approximate results for M(T)/M() of a Heisenberg model
(———) for a FCC-lattice with s = { and of an Ising model
(....) for BCC-lattice with s = % (after [14]) as well as the Brillouin
curve for s = 52 (——

dependent spin-wave theory (Oguchi [2]) which yields for
H, =0

Hggo

WprMr = Y {\/HA(zHE + H,) — 2SN

‘;U%—D+%mn(®

Vo
mm=i%{

1
5 S—ﬁ;Kﬁ—D+%M}

with
9 = [HE(I - sz) + HA] ’ [(HE + HA)2 - HEZsz]—I/Z
fo = [Hg + H] [(Hg + Hy)? — HPp 2712

1
= — Y exp (ik
7= < 3 exp (ikr)

m, = [exp (hw/kgT) — 117"

We learn from (4) that there is a temperature independent
and a temperature dependent ‘“Oguchi-correction” in
lowest order for both w,pyg and M.

B. Two-dimensional Pure Materials

In the 2-dimensional material K,MnF,, each magnetic
ion is coupled to its four nearest in-plane neighbors by ex-
change The interplanar exchange is negligible. And there
should be no transition to an ordered magnetic state for
Ty > 0 according to theory. However, the small anisotropy
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Fig. 3. Reduced AFMR frequency w(T)/v(0) of K,MnF, (e, after
[20]) and reduced sublattice magnetization M(T)/M(@0) of
K.MnF, versus T/Ty, experimental data (x), and calculated by
means of spin-wave theory (: ) (after {20]). For comparison are
given M(T)/M(0) of Rb,CoF, (+) and of a simple quadratic
lattice Ising model ( with s = 1 (after [14]) as well as the
Brillouin curve for s = 5/2 (—: —).

field (dipole interactions!) causes a transition to an ordered
antiferromagnetic state at Ty = 42.1 K (K,MnF,). But the
spin waves are essentially those of 2-dimensional layers
with practically no interlayer coupling. Due to the modified
density of states in 2 dimensions, there is a rather large zero-
point spin deviation of nearly 20 percent in these materials
(2 percent in MnF,) [13], [16], [20]. At T" = 0, therefore,
the correction terms [cf. 4] X, (g — Dor 2, (i = 1)
are more important for 2-dimensional than for 3-dimen-
sional materials in calculating w,pyg and M by spin-wave
theory. The lattice dimensionality is also reflected in the
temperature dependence of w pyr and M (cf. Fig. 3). Here
again, the AFMR frequency measured independently from
M provides information about the temperature dependence
of H, which is needed for the spin-wave calculations (H; =
585 cm™ and H, = 023 cm™! at T = 0 in K,MnF,
[20], [29], [38]). As in many other cases, the deviations of
the data from simple mean field theory (Brillouin curve) are
more significant in the 2-dimensional case (cf. Fig. 3),
especially at temperatures close to Ty. In contrast to
K,MnF,, the sublattice magnetization of Rb,CoF, follows
closely the predictions of a 2-dimensional Ising model
which can be calculated rigorously [14].

C. One-dimensional Pure Materials

For the hexagonal compound CsNiF,, it has been found
by neutron-scattering experiments that the dominant
exchange interaction is along linear chains. Above the
3-dimensional antiferromagnetic ordering temperature
(Ty = 2.61 K), there exists a 1-dimensional short-range
order along the chains, and ferromagnetic spin waves were
observed up to 20 K. The antiferromagnetic resonance fre-
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Fig. 4. FMR frequency of the 1-dimensional system CsNiF; versus
temperature (+). The solid curve has been calculated by means of
spin-wave theory (after [35]).
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Fig. 5. AFMR frequencies (1,2) and impurity mode frequencies

(3,4) of Mn?* doped CoF, versus magnetic field.

quency is for a 1-dimensional easy plane ferromagnet [35]

WAFMR = Y\/HO(HA + Hy) (5)

where H, is the external field applied perpendicular to
M(H, || ¢) and H, = 3.3 cm™! is the anisotropy field,
respectively. In Fig. 4, the FMR is shown as a function of
temperature at fixed external field H, = 2.6757. The solid
line in Fig. 4 has been calculated by means of a spin-wave
renormalization. The agreement between experimental and
calculated data is quite good. CoCl,-2H,0 is also a 1-
dimensional magnetic material. Its peculiar property is that
the excitations in this material derived by submillimeter
spectroscopy can well be approximated by a 1-dimensional
Ising model [9], [25].

D. Doped Materials and Mixed Crystals

In the last section, let us consider the properties of 3-
dimensional materials doped with impurities. If an isolated
impurity is subject to an effective field H = Hy + H/
(exchange and anisotropy field) and if the frequency @ =
yH,;; is above the spin-wave band, a localized spin-wave
mode will occur. This happens for MnF,: Fe?* (Vi oo =
94.8 cm™!) and for MnF,:Co®" (Vo = 123.5 cm™ 1)
[8], [10], [31]. If, on the other hanq', o = yH is smaller
than @apygr, & local mode will occur below the spin-wave
band. This is the case for CoF,/Mn?* (cf. Fig. 5) [18], [30].
At a magnetic field of H, ~ 50 kOe, the frequencies of one
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Fig. 6. Antiferromagnetic resonance of Co,Ni;._,O mixed crystals
versus Co concentrations x, experimental data (upper mode x,
lower mode +) and results of calculations by means of model
]1;‘3 (-—), E4 ( ), EG (ovve-- ). The models are explained in
the text.

Co-concentration x —

AFMR-mode (2) and of one impurity mode (3) coincide.
For H, > 50 kOe, the local mode is no longer observed
because it is incorporated in the spin-wave band and is no
longer localized. If MnF, is doped with the diamagnetic
impurity Zn?>*, the exchange field is drastically reduced
[15], [17].

NiO and CoO are antiferromagnets with the rock-salt
structure [3], [11], [12]. The AFMR of CoO/NiO mixed
crystals has been studied for various concentrations (cf.
Fig. 6) [33], [36]. Here again the experimental data provide
information about the anisotropy, especially of the Co**
ions. The lower mode has been observed only for Co con-
centrations between 5 and 15 percent. The data can be
interpreted by means of model considerations. In these,
an average exchange field for the two kinds of ions is taken
into account [33]. For the Co®* ions, single-ion anisotropy
terms are considered with cubic symmetry (parameter K =
19.1 cm~?! for models E3,E4,E6) and with trigonal sym-
metry (parameter T = (10.9 + x™ . 15.3) em™!, with m =
3, 4, and 6 for models E3, E4, and E6, respectively). The
model also allows for a rotation of the preferred spin direc-
tion, which is different in the two end members (112> in
NiO and 2¢338) in CoO. The model considerations show
that the drastic variation of w,pyg on the Ni-rich side is due
to a drastic rotation of the preferred direction as a con-
sequence of the much larger anisotropy of the Co?* ions
(T = 0.25cm™ !, K = 0 for NiQ). The drastic variation on
the Co-rich side is attributed to collective contributions of
the Co ions to the anisotropy (~ third power of con-
centration!).
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Dispersive Fourier Transform Spectrometry with
Variable-Thickness Variable-Temperature
Liquid Cells

M. N. AFSAR, D. D. HONIJK, W. F. PASSCHIER, anp J. GOULON

Abstract—Dispersive Fourier transform spectrometry (DFTS) of
liquids with variable-thickness variable-temperature cells is described.
Different evaluative and computational methods are discussed and
comparisons with the free layer method are shown with the aid of experi-
mental results. Data for germanium and liquid chlorobenzene are
presented.

INTRODUCTION

ISPERSIVE Fourier transform spectrometry (DFTS)
D of liquids [1] in the millimeter and submillimeter-
wave region has been extended to include precise measure-
ment of the complex refractive index # or the complex
relative permittivity £ of medium loss as well as high-loss
volatile liquids over a wide temperature range (—80 to
80 °C) by the use of a variable-thickness windowed cell in
one active arm of the Michelson-type two-beam inter-
ferometer. In the past these measurements were restricted to
liquids of relatively low vapor pressure because of the
necessity to use a free layer of liquid. An excess of liquid
vapor absorbs radiation and gives its own characteristic
spectrum [2]. The free layer method and subtraction [3],
[4] and double subtraction [5] procedures enabled investi-
gation of liquids of absorption coefficient « up to 250
Np/cm. But as the absorption increases it becomes more and
more difficult to produce a sufficiently thin plane parallel
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layer held freely under gravity. However, for very absorbing
liquids, like water, reflection DFTS [5], [6] has been suc-
cessfully used in which accurate determination of the phase
shift and an extremely stable interferometric system are
essential.

In order to overcome these difficulties, two liquid cells
with windows have been constructed, one at the University
of Leiden, The Netherlands, and the other at the University
of Nancy, Nancy, France, in cooperation with the National
Physical Laboratory (NPL), United Kingdom. These cells
were used at the NPL with an improved Michelson-type
interferometric system. Different evaluation methods [7]-
[13] can be used with these cell techniques. Knowledge of
the complex refractive index of the window #,, is required
in all evaluation methods except the two thicknesses method.
A, is evaluated directly from the same set of measurements

(7], (8], [14].
EXPERIMENTAL

The ray diagram of the interferometer and the cell
arrangement is shown in Fig. 1. The fixed mirror arm is
mounted vertically upwards. The mirror can be moved up
and down above the window to produce different thicknesses.
The interferometer can be readily interchanged to either
the dielectric beam splitter mode or the polarization mode
[5]. The interferometer in the polarization mode with free
standing wire grid beam splitters covers the frequency range
between 3 and 250 cm ™! while the dielectric mode has been
normally used between 100 and 600 cm™!. The scanning
mirror arm is bent at 90° with the use of a half-cube. This
half-cube accommodates the phase modulator assembly.



