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Far-infrared laser study of magnetic polaritons in FeFz and Mn impurity mode in FeFz.Mn
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From a high-resolution, far-infrared laser study of the antiferrornagnetic resonance (AFMR)
of FeF2, it is shown that a magnetic polariton model not only reproduces the broad (-4 kOe)

complex structures observed in trarismission, but is essential to the determination of the intrin-

sic (radiative and nonradiative) contributions to the linewidth. For the purest FeF2 crystal an

upper bound of 20 Oe for b, H was found. The polariton model is extended to include the ef-

fects of Mn impurities. The theory correctly predicts the observed frequency pulling of host and

impurity modes as a function of Mn concentration c and the large enhancement of the

impurity-mode signal. From their dependence on c and sample thickness t the super-radiance

and impurity-impurity contributions to ldlIHi~p are separately obtained and compared with recent-

ly developed theories. The thermal relaxation of the host AFMR is shown to arise from four-

magnon scattering.

I. INTRODUCTION

Only in recent times has an understanding evolved
of the fundamental processes that contribute to the
relaxation of the uniform-mode antiferromagnetic
resonance (AFMR) and other long-wavelength
modes in an antiferromagnetic (AF). In fact, quanti-
tative comparison between experiment and theory in

this regard has been confined largely to MnF2, in
which AFMR linewidth' and parallel pumping
studies were made in the microwave (9—24 6Hz) re-
gion. For example, linewidths 0.05 ~ 50 ~ 20 Oe,
at T (& TN have been obtained for the uniform and
magnetostatic modes in highly polished disks of
MnF2 and have been shown to be associated with
two-magnon scattering and radiation damping. '
When one turns to the large anisotropy antiferromag-
nets which, because of the large gap at k =0, neces-
sarily must be studied in the far infrared (FIR)—
examples are FeF2 (Ref. 5) and CoF2 (Ref. 6) —then
broad asymmetric line profiles to the AFMR are
found, sometimes extending over several kOe. [See
data in Fig. I(a).l

We have made a high-resolution study of the
AFMR of FeF2 using a FIR laser. The transmission
spectrum is shown to be describable in terms of the
excitation of magnetic polaritons, the propagating cou-
pled photon-magnon modes. The polariton descrip-
tion is found to be essential to understanding the iri-

trinsic linewidth contributions. In addition, when Mn
impurities are introduced substitutionally for Fe, a re-
latively broad and intense impurity mode appears,
even at concentrations as low as 10 ' at. %. Because

of the close proximity of the Mn impurity mode
(1.509 THz) to the FeF2 AFMR (1.575 THz), strong
coupling between the two modes results. Using a
coupled-equations-of-motion model, many details of
the FeF2.Mn system, including the origins of AFMR
linewidth as well as interaction effects (such as
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FIG. 1. Transmission of 1.36-THz radiation vs magnetic
field Ho is shown as the solid line in (a) for a 77+ 2-p, m

thick sample of FeF2 containing (0.0014+'0,0007) at. % Mn.
Note the broad asymmetric line profile of the AFMR. The
dashed line is the prediction of the polariton model (neglect-
ing impurities) for t =77 p, m, ~=5.4, and hH =20 0e.
Spectral features A —Fare discussed in the text. In (b), the
magnitude of the normalized wave vector k/ko of the pro-

pagating excitation vs magnetic field Ho at 1.36 THz is plot-

ted, using parameters appropriate for FeF2. By comparison
with the spectrum in (a) the important features of the data
can be understood.
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frequency-pulling and impurity-mode enhancement)
between the two modes, may be quantitatively under-
stood.

In Sec. II we describe the experimental arrange-
ment, since the technique differs from the usual res-
onance methods and because the details of sample
geometry, etc. , influence the interpretation of the ob-
served data. In Sec. III the magnetic polariton model
is developed for the pure FeF2 system, and it is com-
pared to data for the host AFMR. Section IV intro-
duces a coupled-equations-of-motion model which in-

cludes the effects of Mn impurities and compares its
predictions to the experimental results. Section V
consists of a discussion of the AFMR and Mn-
impurity linewidths. A summary of our findings ap-
pears in Sec. VI.
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TABLE I, values of relevant physical quantities in MnF2
and FeF2 are given (Ref. 9),

MnF2 FeF2

HE

H~

Ms
Hc
a
C

528 Oe
8.37 kOe

576 Oe
92.9 kOe
4.87 A

3.30 A

555 Oe
191 kOe
560 Oe
501 kOe

4.70 A
. 3,31A

FeF2 is a high-anisotropy, uniaxial AF; its AFMR
in zero external field Ho at T =4.2 K occurs at 1.58
THz, well in the FIR. (See Table I for parameters
appropriate for FeF2.) Since an external field Ho of
nearly 0.5 MOe would be required to shift the. lower-
branch AFMR to microwave frequencies, and no
monochromatic FIR sources were available in this
spectral region, earlier work has relied on Fourier-
transform6 or grating-spectrometer' techniques. With
the advent of molecular gas lasers in the FIR, much
higher resolution ((2 Oe) may be achieved by fixing
the frequency at one of the available laser lines and
sweeping the field generated by a superconducting
solenoid.

The source in the current experiments is a cw,
electron-pumped laser with cavity length 7.2 m and
Michelson-type output coupling. In most of the ex-
periments the lasing species is H20 at 1.36 THz.
However, some measurements were made using D20
at 1.75 THz and DCN at 1.47, 1.54, and 1.58 THz.
The location of these lines in relation to the reso-
nance condition for the host and impurity modes is

FIG. 2. Observed resonance fields are plotted vs laser fre-
quency for both the host AFMR and Mn impurity mode in

FeF&.Mn with c =0.01 at. %. The lines are the least-squares
linear fit to the data, from which the c =0.01 at, % data in

Table II are determined.

shown in Fig. 2. Because the power output is very
sensitive to changes in mirror separation caused by
thermal expansion and to changes in the pressure of
the lasing medium, the cavity length of lasers of this
type must be "tuned" to achieve stable lasing action.
A portion of the laser output is monitored by a tri-
glycine sulfate (TGS) pyroelectric detector. A
phase-sensitive detection circuit and comparator are
used to control a stepper motor which moves one
mirror. This correction system maintains output
power within 2% of a preset level for periods of
several hours and has a'short term (20 min) stability
better than 0.5%. Light exiting the laser is mechani-
cally chopped at 35 Hz and focused by a polyethylene
lens into a light pipe of dry-nitrogen-flushed copper
tubing. After passing through a polyethylene win-

dow, the light enters the magnet Dewar via a stain-
less-steel tube. Because of multiple scattering in the
light pipe, the initially polarized light becomes totally
unpolarized by the time it reaches the sample.

Details of the sample holder-detector are shown in
Fig. 3. Samples are supported on a copper iris, which
is thermally anchored to a copper block. Light pass-
ing through a sample is collected in a conical pipe and
detected by a Ga-doped Ge bolometer placed outside
the region of maximum field intensity. The field Ho,
applied parallel to the direction of light propagation,
is precisely measured and monitored by observing
"Al NMR in a probe placed near the sample.
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III. M AGNETIC POLARITONS
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The AFMR of FeF2 is in the FIR, where the radia-
tion wavelength necessary to excite spin waves
(h. = 0.1 mm in FeF2) is comparabie to the thickness
of typical samples studied. Therefore, it is inap-
propriate to use a point-sample approximation (as is
customary in microwave experiments); rather, propa-
gation of radiation through the sample must be con-
sidered. As an electromagnetic wave propagates, its
associated electric (E) and magnetic (H) fields can
excite internal degrees of freedom of the material. A
polarifan is the composite excitation which has its en-
ergy partitioned between the driving E or H field and
the elementary excitations of the medium. In or-
dered magnetic systems, the H component of the ra-
diation field couples to the long-wavelength spin
waves (magnons). Therefore, magnetic polaritons are
propagating coupled photon-magnon modes. Mills
and Burstein' have reviewed the subject of polari-
tons involving elementary excitations of diverse ori-
gin. The derivation of the magnetic polariton disper-
sion will follow their treatment.

In an effective-field, equation-of-motion model,
the frequency-dependent transverse susceptibility
X+-—= X„+iX» of a uniaxial (C llz) AF with HOII C
and rotating driving field HI—is given by"

X'-( ) =2H„M,/(e,'-[( /y)+H, l'),
COPPER BRAID
"HEAT LEAK

FIG. 3. Shown are details of the sample holder described
in Sec. II. The assembly is placed in magnetic field Hp
directed parallel to the "beam path. "

~here co is the angular frequency of the exciting elec-
tromagnetic field, HI-, y is the gyromagnetic ratio,
H& is the sublattice magnetization, and H~ is the
zero-field resonance frequency expressed in field
units. %hen propagation of radiation through sam-
ples is considered, X—(co) enters the relevant
Maxwell's equations

P' xH= —,QxE+ — =0l &D - 1 (jB
Cp 9t Cp gf

(2)

The samples are disk-shaped, single crystals typical-

ly 4 mm in diameter and 15 to 800 p, m in thickness,
with polished ((1 p, m) faces normal to the C axis.
The samples range in Mn concentration from
c =10 ' at. % to 8 x10 ' at. %, as determined from
the relative intensities of the impurity associated and
host ' F NMR spectra.

For experiments at 4.2 K, helium gas surrounding
the sample holder provides heat exchange with the
liquid-helium bath. Sample temperatures up to 40 K
are achieved by reducing the helium gas pressure and
supplying current to a Constantan resistance heater,
which. is controlled by an ac capacitance bridge and a
calibrated capacitance thermometer. The bolometer
is maintained at 4.2 K by a copper braid "leak" to
the liquid-helium-cooled walls of the sample tube.
Additional details of construction and operation ap-
pear elsewhere.

kxH= D„kxE=—B
Cp Cp

(3)

In the linear-response regime

D = eE, B~= X p, ~aHtt
P

with e, the dielectric constant, taken to be real and
isotropic. From Eqs. (3) and (4) the following rela-

through the magnetic permeability tensor p, and leads
to a dispersion for magnetic polaritons. Assuming
plane-wave-like solutions, exp(i k ~ z —i cot ), with ~
the frequency of the wave, k its wave vector, z the
propagation direction, and cp the speed of light in a
vacuum, Eqs. (2) become
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tionship between k and co is obtained:

k x (k x H) = —(acu2/cf )p, A (5)

I.63

(a)

Equation (5) becomes particularly simple if we
choose rotating coordinates since in this representa-
tion p, is diagonal'o:

1.6l—

p, =1+4mx+' p, = ] +4m'

p,„=l; p» 0 fori W j
Combining Eqs. (1), (5), and (6) we obtain the

dispersion relation for magnetic polaritons

(6)

N I.59
I-
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I.57-
FORBIDDEN BANrrrrrrrrrrrr

8n MsHk-= —va 1+--
co Hp —[((o/y) + Ho]'

(7) I.55-

The poles coP of X- are the upper- and lower-branch
resonant frequencies (cuH-/y = Hc + Hp). As shown
in Fig. 4(a), important qualitative features of the po-
lariton dispersion curve follow from Eq. (7). When
cu is close to the AFMR frequency (coH), the pro-
pagating wave is a coupled mode of the electromag-
netic field and the spin waves. Near &AH(AH�) a "for-
bidden band" exists of width EFa=4rrMqH„/Hc
= 2.8 kOe in FeF2, within which k+(k ) has no
real solutions, This region of strong coupling
is particularly interesting, since information about
the magnetic properties can be inferred by ob-
serving the transmitted radiation. However, in order
to extract this information, it is necessary to examine
the transmission problem in detail. In the region
far-off resonance (Ice —coH I )) yb Fs) the dispersion
approaches k = roe'r2/co, the photon dispersion rela-
tion.

The complex wave vectors obtained in Eq. (7) are
used to determine the transmission T through a
plane parallel slab of thickness t (see Appendix A).
It is convenient to express the result in terms of the
real and imaginary part (rl and K, respectively) of the
complex wave vector n = k/ko, where ko—= ru/ep. Us-
ing Eq. (A3) we may express T in the form
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where

D= [ [( +'ag) +K ] + [(~ 7L) +K ] exp( 4koKr)—

2 exp( 2koKr ) [(e'—rt2 —K')' —4a'K'leos(2kortr)

—2exp( —2koKt) [4eK(e —rt —K )] sin(2kprtr)] .

The importance of the forbidden band in the study of
AFMR linewidths can now be seen. Note that, for
large values of x, the transmission coefficient is pro-
portional to exp( —2koKt). Therefore, the transmis-

FIG. 4, Theoretical polariton dispersion of pure FeF2 is

shown in (a) for the case of no damping (b, H =0) and
HO=0, (Splitting of the upper and lower AFMR branches
would occur for Ho & 0. ) Near zero-field AFMR frequency

vH there exists a forbidden band within which wave vector k

has no real component. Far from vH, the polariton disper-
sion converges to that of light (dashed line). In (b), damp-
ing is included (AH = 2 kOe). In the region corresponding
to the forbidden band in (a), k now has both real (heavy
line) and imaginary (thin line) parts, so polaritons may pro-
pagate at all frequencies, though they are strongly attenuated
when Im(k) is large.
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sion through a sample as a function of frequency is
small for frequencies within the forbidden band,
where the wave vector is pure imaginary. This pro-
duces a line profile which has an apparent width
determined not only by intrinsic relaxation processes
(yet to be included), but in large part by the forbid-
den band itself.

An observed transmission spectrum for FeF2 is
shown in Fig, l. The frequency was held constant
while Ho was varied. By comparison with the disper-

sion relation (shown on the same figure) the impor-
tant spectral features (A —F) can be easily under-
stood. Far-off resonance (A, F) k is entirely real and
varies slowly with Ho', therefore, the transmission,
which depends on thickness and wave vector
[(k = (co/co) Je in this regionl, is almost constant.
Approaching the resonance position (from either
side), Re(k) varies rapidly and gives rise to the in-
terference peaks which are labeled by B and E At
the resonance position the imaginary component of
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FIG. 5. Effects of thickness t, dielectric constant e, and linewidth Aff on tr ~nsmission vs Ho ~re illustr ited by fixing two of
the parameters and varying the third in the polariton model. In (a), v &riations in e for a thin sample «re seen to change the re-
lative shape and the amplitude of the off-resonance wings, In (b), v variations of e in a thi(. A.. s imple are seen not only to ch ange
the off-resonance background, but also to shift the positions of the "interference peaks. " In (c), t is varied ~nd e is fixed.
Since e and t together determine the optical thickness, varying t is seen to have simil ~r effects as varying e. In (d) and (e), AH
is varied for a thin and thick sample, respectively. As AH increases, the AFMR profile is broadened, and small "interference
peaks" are smeared, but the effects are most dram &tic in the thick sample. Hence the thick s &mples were used for determin ~-

tion of AH, ~s discussed in the text. See also I" ig. 6.
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wave vector rapidly varies from zero to its maximum
value, causing the sharp slope labeled C. The sharp
corner corresponds to the AFMR position for the
lower branch where the "—"polarization radiation is

completely absorbed. The flat portion of the curve at
D is a consequence of the forbidden band. Since the
extinction coefficient depends on the exponent (Kt ),
transmission in the forbidden band depends on both
wave vector and thickness. Therefore, for a given
thickness, there is a finite range of Im(k) where the"—"polarization radiation is almost completely ab-
sorbed.

It is to be noted that no spatial dispersion of mag-
nons appears in this treatment. Spatial dispersion
[i.e., p =p(k, cu)) introduces a second degenerate
solution at frequencies above the gap. ' In the case
of magnetic polaritons, the second solution lies at
such large wave vectors that it is not appreciably ex-
cited and may be ignored. In this respect, magnetic
polaritons are more amenable to study than other
types of polaritons which have degenerate solutions
of comparable k. In those systems, a transmission
calculation [as in Eq. (8)] usually requires a micro-
scopic model of the sample boundaries in order to
partition energy between the two possible modes. '

The polariton model may be extended to include
damping by letting co au+i Dao in Eq. (I), where the
damping parameter Aced is related to the linewidth 4H
(full width at half maximum, in field units) by
hem = —,y (hH }. This substitution is completely
equivalent to adding a Bloch-type relaxation term to
the linearized magnetization equations of motion.
The effect of damping on polariton dispersion is
shown in Fig. 4(b). For frequencies within the band,
k is no longer pure imaginary, but has both real and
imaginary parts. The singularity in Re(k) is re-
moved, and as has increases, the extreme values of
Re(k) are depressed toward the dispersion curve for
light. Im(k), which may be interpreted as an at-
tenuation constant, has a peak value at the AFMR
frequency. As hru increases, Im(k) is broadened, its
peak value diminishes, and the dispersion becomes
less asymmetric.

In order to determine the intrinsic linewidth, hH,
from the data it is necessary to make a detailed com-
parison with the model. The computer-generated
transmission spectra shown in Fig. 5 illustrate the ef-
fect of changing b, H, t, and e. Since ~ and t together
determine the optical thickness of the sample, both
have similar effects on the spectrum. As shown in
Figs. 5(a}—5(c), changing either e or t affects the re-
lative shape and amplitude of the off-resonance wings
as well as the position of interference structures (in
thick samples). Knowing t accurately enables e to be
determined by fitting the positions of these interfer-
ence peaks. In Figs. 5(d) and 5(e), hH is varied; as
b H increases, the line profile broadens and the in-
terference structures begin to smear.
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FIG. 6. Transmission data of 1,36-THz radiation vs mag-
netic field Ho is compared to the theoretical predictions of
the polariton model, for a thick [(786+3) p, m] sample of
FeF:Mn [c = (0.0014+0.0007) at. %]. This is a two-

equations-of-motion model and hence it neglects the effects
associated with the impurity modes. The parameters of the
model used are: AH =20 Oe, I =786 p, m, and a=5.4.

The slope near the AFMR position, the width of
the flat absorption region, and the intensity of the in-
terference peaks were the chief criteria used in deter-
mining the linewidth, b, H, needed to fit the data.

Experimental results The so.lid curve in Fig. 1(a) is
the transmission spectrum of a 77-p, m disk of FeF2
obtained at frequency v = 1.36 THz and a tempera-
ture of 4.2 K. The resonance at Ho= 50 kOe, which
we will discuss later, results from traces of Mn ions
(=0.002 at. %). The dashed curve is the model pre-
diction, Eq. (8), from which as we shall see later, an
upper bound on the intrinsic linewidth, of bH = 20
Oe is obtairied. Figure 6 shows the spectrum of a
thicker disk (=786 p, m) of FeF2. Except for thick-
ness, all parameters are identical, Since the relative
intensities of the numerous sharp "interference
peaks" which appear in the transmission spectrum of
the thick sample are very sensitive to the linewidth, a
more accurate determination of AH is possible than
with a thinner sample. The dashed curve is the
model prediction which is consistent with the upper
bound hH = 20 Oe obtained for 77-p, m sample. We
defer further discussion of the line profile and intrin-
sic width problem until after the effects of the Mn
impurity are considered in detail.

IV. Mn IMPURITY MODE

In Sec. III, good agreement between experiment
and an AFMR polariton model for FeF2 was ob-
tained. We now introduce a model which takes the
Mn impurity and its associated resonance into ac-
count, and which explains several additional features
observed in the data, such as impurity-mode
enhancement and frequency pulling of both the host
AFMR and impurity modes.

We begin from a set of four linearized equations of
motion, two for the transverse magnetizations of the
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FIG. 9. Transmission vs field data are compared to theoretical predictions of the four-equations-of-motion polariton model
for the same thick sample of Mn:FeF2 shown in Fig. 6, Now the impurity mode appears at its proper position but little else is

changed in the calculated spectrum in Fig. 6. The model parameters used are: AH =20 Oe, t =786 p, m, a=5.4, c =0.002 at. %,
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Experimental results

The solid curve in Fig. 9 is a transmission spec-
trum of a thick disk of FeF2.Mn (t = 786+ 3 y, m,
c =0.0014+0.0007 at. %, rp = 1.36 THz, T =4.2 K).
The dashed line is the synthetic spectrum generated

by computer from the coupled model, c =0.002 at. %,
AH~ =20 Oe, hH~ =1 kOe, A. 1=300, A.2=1234.
Now we see that nearly all spectral features of the
data are reproduced by the model, including the
impurity-mode position and width.

Figure 2 shows the resonance positions observed in

a sample with e =0.01 at. %, T =4.2 K, at several
FIR frequencies. Using these data (assuming a linear
splitting of the resonances with applied field), the
zero-field resonance frequencies of the host and im-

purity mode are obtained as v~ -1.575 + 0.001-THz

and v& =1.507+0.001 THz, respectively. The corre-
sponding g values are g = 2.22 + 0.01 and g' = 2.05
+ 0.01. Values determined for other concentrations
appear in Table II.

vtI and v] are plotted versus c in Fig. 10. The
curves shown are the frequency-pulling predictions of
the coupled model for various choices of A.|. The
quantity (A2 —

A.|) is required to be equal to 937 + 5
to fix the position of the mode at c =0, as seen.
from the Ising expression' col = y'[()I.2

—X|)
Ms+Her —Hp], using vl(c =0) =1.51 THz, H„' =8
kOe, and Ms = 560 Oe. [Note that the Ising expres-
sion is reproduced by Eq. (9b) in the limit c = 0. ]
The best fit is obtained for a value of A. ~

=300+ 50.
The positive sign of X~ implies the impurity ions are
antiferromagnetically coupled to host ions on the
same sublattice, in agreement with the NMR results
of Riedi et al. '4 Defining J~' and J2 in the Ising ap-

TABLE II. Zero-field resonance frequencies and g factors (as determined from data similar to
that shown in Fig. 2) are tabulated for four concentrations of FeF2'. Mn.

c (at. %) v~~ (THz) v& (THz)

(1+1)x 10-2

(2.8+0.3) x 10 '

(5.2+O.s) x IO-~

(7.5+O.7) x I'0-]

1.575 g 0.001
1 ~ 587 + 0.002
1.590 + 0.001
1.601 + 0.001

1.507 + 0,001
1.497 + 0.002
1.487+ 0.004
1.481 + 0.006

2.22 + 0.01
2.21 + 0.001
2.20+ 0.01
2.20 + 0.01

2.05 + 0.01
2;07 + 0.02
2.09 + 0,04
2.07 + 0.04
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V. LINEWIDTHS

1.58

N

re

1.50

1.48

I i

0.004
X

0.008

The interpretation of the linewidth data for the im-

purity and host modes is complicated by the interac-
tion between the two. Nevertheless, we have been
able to determine that at 4.2 K, the host linewidth is

EIII& =20+10 Oe, for a Mn concentration c =0.001
at. "/o and that of the impurity linewidth is hH~
=1 kOe. At this small value of c, the impurity mode,
which appears to have a Lorentzian line profile, is

clearly much broader than the host mode. While it is
true that an excitation localized on an Mn impurity
should exhibit "Mn plus ' F hfs spread over
600 Oe, " this cannot account for the observed d Hl.
For higher Mn concentrations (c = 0.0l at. %) both
host and impurity modes broaden with increasing c.
However, it is always the case that AH~(c) &) AHIq(c)
and d H~ = AH~ (c,t), whereas hHH depends only on c
and not on t, where t is the sample thickness.

A. Radiative contributions to hH&, T &( T&

FIG. 10. Measured zero-field resonance positions of both
host (v&0) and impurity (v&) modes are plotted vs concen-
tration and compared to the coupled-model predictions
(curves) for various values of intrasublattice, impurity-host
exchange parameter A, i. Best agreement is obtained for
A. 1=300, A2

—XI=937 (positive sign indicates antifer-
romagnetic exchange).

proximation

~i = y HA y OH+(2Sl )ll(8 J—
2 2J,' )

20
Mn„Fel „F&

1.56 THz

An indication of a possible broadening mechanism
comes from the explicit dependence of AHl on sam-
ple thickness t, as shown in Fig. 11. Previous experi-
ence' on the AFMR of MnF2 at 23 6Hz leads us to

we obtain J~' =2.0+0.2 cm ', J2 =2.04+0.05 cm '

for host-impurity exchange in FeF2.Mn. In Table III
these values are compared with the host-host ex-
change constants in FeF2 and MnF2, and the host-
impurity exchange in MnF2. Fe.

TABLE III. Host-impurity exchange constants in FeF2'. Mn
and MnF2. Fe and host-host exchange constants in MnF2 and

FeF2 are tabulated. J )0(( 0) indicates antiferromagnetic

(ferromagnetic} exchange.

15

= 10r
C)

x 10

10-5

FeF2.M n M nF2. Fe"' M nF2 FeF ' =10 '

J~ (cm ') 2.0+0.2
J, (cm-') 2.04+0.05

—0.70 —0.22 —0.024 + 0.030

1.22 1.82 + 0.05

"A. R. Oseroff;ind P. S. Persh in, in Light S(.a(Ieiilg; i» Soliil»,

edited by M. Balkinsi (F lammarion Science, P iris, 1971).
"A. Okazaki, K. C. Turberfield, and R. W. Stevenson, Phys.
Rev. Lett. 8, 9 (1964).
'Reference 12.

x= 10

0
0 0.5 1.0

SAMPt E THICKNESS (mm)

FIG. 11. Observed AH
1

vs sample thickness is shown for
several concentrations of Mn in FeF2. The straight lines are
best fits to the data; their slopes determine the radiative
contribution to b, H&,
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(l««H )o'd = —Ms V
Cp

AFMR:

(12)

««3
( hH )p"o =

3 Ms V (13)
Hg cp

«

where V is the sample volume, At microwave fre-
quencies the sample dimension d is small compared
to the radiation wavelength )«and Eqs. (12) and (13)
are appropriate. However, since the AFMR of FeF2
occurs in the FIR, where sample dimensions are not
negligible compared to the wavelengths, it is neces-
sary to consider propagation through the sample. A

convenient approach to the FIR problem (when
d & X) is obtained by adapting a theory of super-
radiance" to a magnetic dipole density. This results
in a smaller linewidth than would be obtained in the
d &( A. limit since the phases of both the incident
and radiated waves vary throughout the sample and
destructively interfere. The linewidth is given by
(EH )™d= p, (lt«H)Pd where p, depends both on the
sample geometry and k.

In the flat-disk geometry, with k i. to the plane of
the disk, (hH )"'o depends on thickness t, but not on
the lateral dimensions. " For the AFMR mode, the
radiative width is given by

« 1H„sin'( Jakpt )
(14)

where k p= «o/cp. Inserting t = 88 p, m, a width of 3.5
kOe is obtained (at «p/2n = 1.36 THz). Not only is
this an order of magnitude larger than the observed
/s, HH (for e = 0.01 at. %), but the latter does not vary
with t, as Eq. (14) suggests. Both aspects of this
dilemma are a consequence of the polariton gap.

The absence of t dependence in 4HH may be un-
derstood from Eq. (1) with damping included. Since
the imaginary part of k +—

, Im(k-), is the attenuation
constant for polaritons within the sample, a
transverse magnetization is induced only within an
effective thickness t,tt 1/Im(k). When t——» t,ff,

changing t does not change the effective sample size.
The implication of this is that, for. an order-of-
magnitude estimate of the radiative linewidth, t
should be replaced by t,„t in Eq. (14), which becomes

«

Hg . sin (Kckpterr)
EH/j = 2mkpMs tetr I +

c ekpfeff
(15)

associate a sample-size-dependent linewidth with a ra-
diation damping mechanism. Equating the power ra-
diated by a precessing magnetic dipole moment with
the power absorbed by the spin system in a rf field
leads to the following expressions (in the point-dipole
approximation'6) for the "free space" FMR and
AFMR linewidths, respectively, arising from radia-
tion damping, FMR:

1 f 3

In the absence of damping (li,H„O), Im(k) ap-
proaches infinity at the AFMR position and (,ff 0.
It follows that without nonradiative damping there will

be no penetration of radiation into the sample and hence
no radiation damping. %hen nonradiative damping is
introduced, Im(k) on resonance decreases, thereby
increasing t, lf and resulting in a larger radiative con-
tribution. For example, when c =0.01 at. %, the ob-
served linewidth hHH = 350 Oe, corresponds to a
value of Im(k ) = 2000 cm ' on resonance and
t ff I/Im(k ) = 5 p, m (( t For. these values, Eq.
(15) yields EHH'o = 370 Oe. Since /«Ht/'d & /s, HH, it
is clear that the choice of t,tt= 1/Im—(k) somewhat
overestimates the radiative contribution.

On the other hand, one does expect t dependence
in AH~, because the-radiation penetrates the entire
sample on resonance. [This is confirmed by Fig.
I (a)]. An expression for (hH )po is obtained from
Eq. (12) by choosing M, to be the enhanced impurity
sublattice magnetization, i.e, Ms AMs, where A is
calculated using Eq. (10) (or equivalently by taking
the ratio of the on-resonance values of the impurity-
mode susceptibility obtained from the coupled and
uncoupled models). By so doing, the following ex-
pression for the radiative linewidth for the impurity is

20

E
E

O~ l5-
Z'
Q

O
z'
O

~ IO-
Ci

K
IJ
O
IJJ
Q0
V)

Mn„Fe, „Fz

a l.36 THz ~ti= 250

r
=300

= 250

~t
/

/ /

/

/

/

f

x I.?5 THz

o( 0.002
X

0.004

FIG. 12. Slopes, hH&"' divided by thickness, obtained
from Fig. 11, are plotted vs Mn concentration. The curves
are the predictions of the four-coupled-equations-of-motion
model for various choices of A. l. The value of (X2 —X&)
= 937 is set by the zero-concentration impurity-mode position,
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obtained,

sin'( Jakpr
AHI"'d =2rrkoAMsr 1+

ekpr
(16)

Note the absence of the factor H„/Hc in AH f'p as
compared with b, HH' for the host AFMR.

The slopes, AH~'d divided by thickness, are ob-
tained from the graph of AHI versus thickness (Fig.
11) and are plotted versus Mn concentrations in Fig.
12. The curves shown are the predictions of the
coupled-equations-of-motion model for various
choices of A. ~. It is comforting to find that the ex-
change parameters which provide the best fit are con-
sistent with those values which were obtained from
frequency-pulling data, namely, A.

~
= 300+ 50,

X2 —X) = 940.

8. Intrinsic (nonradiative) contributions

to 50; T && Tpg

Since the radiative, hH""', and nonradiative, hH'"',
contributions to hH (host or impurity) are uncorre-
lated, we may assume the two to be additive
(AH =EH"P+hH'"'), provided AH'"' is associated
with a Lorentzian line profile. In the case of the host
linewidth, hHH, some uncertainty exists as to the ex-
act radiative contribution as discussed in Sec. V A.
Although this limits the accuracy with which a quan-
titative determination of AH~"' can be made, there
are certain qualitative features which can be inferred.

%'e have calculated the two-magnon imperfection
scattering arising from dipolar (pit) or impurity ef-
fects, using the Loudon-Pincus" formalism. For a
thin slab (( = 100 p, m, N = 0.5, pit size = 1 p, m) we
obtain a value of AHH (pit) = 2 Oe, not unlike that
found for MnF2. ' For the host-impurity two-magnon
exchange (including both AJI' and AJ2 ) and anisotro-

py scattering, we obtain values of 1.3 and 0.5 Oe/%,
respectively. None of these explains the observed in-

crease in b, HH from 20 Oe at c =0.001 at. % to 350
Oe at c =0.01 at. %, even though most of the ob-
served linewidth may be of radiative origin. In fact,
it would not be misleading to state that impurity
two-magnon scattering is 2—4 orders of magnitude
too small to explain the Mn-impurity c-dependent
contribution to the linewidth. We will return to con-
sider the possible origin of the host AFMR linewidth
after a discussion of the impurity-mode width,

As to the intrinsic contributions to the impurity-
mode widths, it first should be restated that for all

concentrations AH~ &) AH&. It is also clear from
Fig. 11 that a large, c-dependent linewidth AH~~ per-
sists in the t =0 limit. Since, even for e = 10 at. %,
hH~ is 50 times AH~, it is unlikely that strain-
induced variations in the exchange and anisotropy
parameters could be the cause.

Wiecko and Hone, "using a Green's-function tech-

lp—

I I I I I I II

Mn„Fe

I I I I I I I I
I

OP

O

a

(p-5
I IIIIl

)
p-4

I I I I IIIIl
(p 3

FIG. 13. c-dependent impurity linewidth, b, H j, as ob-
tained from the t =0 intercept in Fig. 11, is plotted vs con-
centration for the lower branch resonance (1.36 THZ). The
curves, which are discussed in the text, are predictions of
the Wiecko-Hone theory.

nique, have calculated the broadening due to random
spatial "diagonal" disorder in an impure (c & 1

at. %) bcc Heisenberg antiferromagnet with exchange
only between body center and corner ions taken into
account. For frequencies near that of the impurity
local mode, the dynamics are described by an effec-
tive tight-binding Hamiltonian where the dynamical
entities are the local modes associated with each im-

purity site. In the limit of c =0, the local-mode wave
functions have virtually no spatial overlap; therefore,
the modes associated with each impurity are dynami-
cally independent. As the concentration grows, the
impurity wave functions increasingly overlap, leading,
as in the usual tight-binding approximation, to an ef-
fective interaction between local modes; the spectrum
broadens from a sharp line into a band.

hH~ for Mn in FeF2 is plotted versus concentra-
tion for the lower (1.36 THz) branch resonance in

Fig. 13. The prediction of the Wiecko and Hone
model for the disorder broadening of the q =0
response at 0 K using the parameters appropriate to
the lower-branch resonance of the Mn local mode in

FeF2, is shown by the dashed curve.
Note that the data in Fig. 13 show a large impurity

linewidth hH~ =1 kOe in the low-concentration limit
which is not explained by the Hone-Wiecko theory or
any model which depends on impurity-impurity in-

teractions. Nor can this puzzlingly large residual
linewidth be accounted for by hyperfine structure
(hfs), strain-induced broadening, or random impurity
dipolar shifts. Although the width of an isolated
Mn2+ hfs spectrum is =600 Oe [e.g. , Mn'+ in ZnF2
(Ref. 15)j it is expected that the hfs in FeF2 would
be substantially narrowed as long as the dynamical in-

teractions are much larger than the hf fields. If the
hf fields were comparable to or greater than the
impurity-impurity interactions, the resultant spectrum
would have a flat-topped lineshape unlike that which
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is observed at low c. A strain-induced mechanism is
also an unlikely cause of the residual broadening,
since the rms variations in lattice parameters would
equally broaden the host AFMR, which depends on
both H~ and HE. Another improbable cause would
be dipolar shifts caused by substitution of a nonmag-
netic impurity, since a concentration as high as 10%
would still not account for the observed linewidth.

Clearly the origin of the large low-concentration
impurity-mode linewidth is not understood. Since it
is almost certainly uncorrelated with a c-dependent
linewidth, it may be appropriate to add AH = 1 kOe
of broadening to the dynamical broadening in at-
tempting to explain the c dependence of the
linewidth, as Hone and Wiecko' have done. Their
result appears as the solid curve in Fig. 13, which
shows qualitative agreement with the data.

AH~ for FeF2.Mn has also been measured on the
upper branch (1.75 THz): 3 kOe [c = (1.4+0.7)
x 10 at. %], 4.7 kOe [c = (1.0+0.1) x 10 ' at. %],
6.4 kOe [c = (3+0.3) x 10 ' at. %), and 7.3 kOe
[c = (5 + 0.5) && 10 ' at. %]. Linewidth errors are ap-
proximately +10%.

At still higher concentrations, one expects the im-

purity mode to exhibit a characteristic polariton shape
like that of the host mode. Indeed, such a shape is
observed in higher concentration samples and in
somewhat lower concentration but very thick sam-
ples. Nevertheless, any detailed linewidth analysis is
made difficult by the appearance of numerous "pair"
impurity modes, some of which overlap the ". single"
impurity mode. (See Fig. 14.) These will be treated
in a later paper.

Returning to the problem of the e-dependent con-
tribution to the host linewidth 3 HH"', it should be
noted that (in the four-coupled-equations-of-motion
approach) if the observed impurity-mode damping is
in the equations for the impurity magnetization, no
damping in the host magnetization equations, the ob-
served linewidths for the host are obtained for
c & 0.01%. Although these results are obtained from
a phenomenological approach they do suggest that

"linewidth transfer" is to be expected if the impurity
and host mode are in close proximity.

C. Temperature dependence of LLH

The temperature dependence (4 ( T ( 30 K) of
both host and impurity modes was determined in a
relatively pure sample (c = 0.01 at. %) at 1.36 THz.
No linewidth changes occur in either mode below 12
K. However, as T increases further, the host mode
broadens and shifts to lower field. Since at 1.36 THz
we observe resonance on the lower branch, this shift
corresponds to a lowering of the gap energy. For the
case where)tru (magnon energy) )) ks T, which is
the experimental region of interest, the four-magnon
exchange and anisotropy-induced relaxation theory of
Rezende and White' is readily modified to account
for field-induced changes in magnon population. The
measured T-dependent linewidth SHIT(T) (circles) is
compared to the four-magnon theory (curve) in Fig.
15. The nonradiative contribution to LLHH(T)
(crosses) was obtained by first subtracting the radia-
tive linewidth, hHH'd, calculated from Eq. (15). Note
that, although the qualitative agreement between

X
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82 IOO

FIG. 14. Observed transmission through FeF2.Mn vs Ho
for v=1.36 THz, c =0.3 at. % in a thick (t =460 p, m) sam-
ple. The Mn mode has a polaritonlike shape, and many ad-
ditional Mn pair modes are clearly visible.

FIG. 15. Comparison between the observed and predicted
temperature dependence of the FeF2 AFMR linewidths.
The raw experimental data are shown as open circles; data
corrected for radiation damping are shown as crosses. The
four-magnon scattering-theory prediction is shown by the
solid curve. The measurements were made in a nearly pure
sample (Mn impurity concentration, c =0.01 at, %).
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FIG. 16. Mn impurity-mode linewidth (c ——0.01 at. %)
minus its T =4.2 K value as a function of temperature. The
solid line is a best-fit T" curve through the data.

theory and experiment is quite good,
[ b Hg ( T) —EHgd ( T) 1 is generally lower in field
than the theoretical curve. This agrees with our ear-
lier observation that Eq. (15) somewhat overesti-
mates hHH"'d, with r, ff Im(/c)

The impurity mode shifts with temperature in the
same direction as the host mode, but not as rapidly,
so that at T = 25 K it is overtaken by the host mode
and is barely discernible. The apparent T-dependent
width of the impurity mode increases with tempera-
ture approximately at T4, as is shown in Fig. 16,
again indicating four-magnon scattering to be the
cause.

VI. SUMMARY

From this combined experimental and theoretical
study of the AFMR of FeF2 and the so local mode
associated with a Mn impurity in FeF2, there has
been achieved an understanding of several features
pertinent to magnetic-resonance studies in the or-
dered systems in the FIR. Perhaps most important is

that a magnetic-polariton approach correctly describes
the observed transmission spectra of the FeF2 AFMR
and implies, thereby, that it will be necessary to do
likewise to understand AFMR and related phenome-
na in the FIR in other materials, such as CoF2. The

upper bound on the intrinsic contribution to the
AFMR of "pure" FeF2 of 20 Oe at 4.2 K demon-
strates that uniform-mode excitations in the FIR are
not necessarily subject to a large damping effect.
That is the case in the microwave region, once
super-radiance is properly taken into account.

The study of the Mn impurity mode has shown
that the coupled-equations-of-motion model for the
impurity and host magnetization works very well in

providing a description of the frequency-pulling ef-
fects on both host and impurity resonances and
correctly yields the magnitude of the enhancement of
the latter. The fact that the impurity mode is so
much broader than the host for any concentration c
may be understood in terms of the Hone-Wiecko
theory for impurity-impurity interactions as manifes-
tation of long-range "diagonal" disorder and the
larger super-radiant broadening of the impurity reso-
nance resulting from the enhancement and radiation
penetration effects.

While we have been able to determine a consistent
set of host-impurity exchange parameters using an
Ising-like description, it is by no means implied that
these are the "true" interaction constants. It is well
known' that the Green's-function and Ising theories
applied to the Mn in FeF2 problem do not yield the
same values for the parameters. This is undoubtedly
connected with the fact that the so impurity mode lies
too close to the bottom of the host band and causes
the impurity wave function to be spatially extended.

Further work is now in progress to understand the
pair modes seen at slightly higher impurity concentra-
tions and to compare their positions and intensities
with the Green's-function theory.
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APPENDIX A

Consider the transmission of light which is normal-
ly incident on a semi-infinite dielectric slab. The
geometry and symbols used are shown in Fig. 17
where n, e, p, , and t are the index of refraction,
dielectric constant, permeability, and thickness of the
slab, respectively.
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FIG. 17. Geometry of the transmission problem appropri-
ate to a plane wave normally incident upon a dielectric slab
as discussed in Appendix A.
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FIG. 18. Resonant frequencies and widths (bars) of FIR
absorption lines in Mn„Fe& „F2 from Enders et at. (Ref.
21). The solid curve is the prediction of the four-coupled-
equations-of-motion mode) as discussed in Appendix B.

APPENDIX B

in which h and n may be complex. Since n inside the
slab is known explicitly for circularly polarized light,
and n will be different for the two senses of rotation,
it is convenient to treat each polarization separately.

Applying Maxwell's equations leads to the familiar
boundary conditions that tangential components of E
and H must be continuous at each interface. ' At
z=0

The set of four linearized equations of motion, Eq.
(9), can be modified to describe the Mn, Fe~ „F2 sys-
tem in the concentration range 0 ~ x ~ 1 by includ-
ing a MnF2-MnF2 exchange, A. '.

(to+that)M, b

= —yM, b [+(&2—
A, I)ms + H~ + )tMs+ Ho]

+yMs(XMb, +X2mb, +pm b
—H( )

h)+h2=h3+h4

h )
—h) = (n/e) (h3 —h4) ( tb + I 5QJ ) mz b

(Bl)

Atz=t
ik t

h3eiar+ h4e-ik' h5e

(n/e) (h3e'"' h4e '"') = hqe—

(A2b)

(A3)

From Poynting's vector, S = (cb/4w)(E x H'), one
obtains the transmission coefficient for polarized
light:

h5 16 Ineexp(ikbnt ) I'

h~ l(e+n) —(e —n)'exp(2ikont)I

= —y'm. .bl+ (~2 —~i)Ms+ H~ + & ms+ HOI

+ y'ms(X'mb, + 52Mb, + X(M, b
—H) )

Four types of exchange now appear: )t(h. ') is the ex-
change constant between opposite FeF2(MnF2) sub-
lattices; A. I(A.2) is the impurity-host exchange
between same (opposite) sublattices. In Fig. 18, data
taken from Enders et al. " are compared to the
resonant frequencies caiculated from Eq. (Bl) as
shown by the solid lines. The values of the anisotro-
py, exchange constants, and magnetization were al-
lowed to vary linearly between the values appropriate
for x =0 and 1. The agreement appears to be quite
good considering the simplicity of the model.
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