Interpreting magnetization from Faraday rotation in birefringent, magnetic media
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The Faraday effect is an extremely useful probe of magnetization dynamics on an ultrafast scale.
However, in birefringent materials, interpreting experimental results is nontrivial. We investigate the
link between magnetization and Faraday rotation by solving Maxwell’s equations in a magnetically-
ordered, birefringent material. We find that the periodic dependence of the Faraday rotation on
the sample thickness (a well-known effect of birefringence) complicates the correspondence between
the sample magnetization and the measured rotation; in particular, the normalization constant
for comparing magnetization and rotation depends on the sample thickness. Furthermore, sample
alignment becomes important. If the incident light is not polarized along a birefringence axis of
the sample, then the magnetization can be correctly interpreted only if the dielectric tensor is very

accurately known.

PACS numbers: 78.20 Ls, 78.20 Fm

I. INTRODUCTION

In the search to increase the speed of the read- and
write-processes in magnetic data storage, a number of dif-
ferent methods have been proposed. Precessional switch-
ing, which makes use of a short, intense magnetic pulse,
has been demonstrated to reliably switch the magnetiza-
tion direction on a time scale of around 200 ps [1-3]. Un-
fortunately, generation of strong magnetic pulses shorter
than around 100 ps is out of the range of modern ex-
periments [4], which determines the maximum speed at
which switching may be achieved. On the other hand,
extremely short laser pulses can be generated (with a
FWHM of lower than 50 fs) and demagnetization aris-
ing from the absorption of such a pulse appears to occur
within 300 fs (see e.g. [5-7]) after the absorption. How-
ever, absorption of a laser pulse causes heating, and any
magnetic storage device that is switched in this manner
will suffer a long down-time between write cycles, to al-
low the system to cool.

Recently, excitation of magnetic oscillations through
nonthermal optical processes has been demonstrated
in DyFeO3 [8], a canted antiferromagnet, with My =
8G. This indicates the possibility of obtaining magnetic
switching on the time-scale of a laser pulse, while not
requiring time for heat dissipation. The excitation pro-
cess makes use of the inverse Faraday effect: circu-
larly polarised light propagating through a (nonresonant)
medium undergoes Raman scattering via spin-orbit split
excited states, generating an effective magnetic field. The
strength of this field depends on the magnetooptical re-
sponse of the medium, which is also responsible for the
Faraday effect (where the polarization axis of plane po-
larized light is rotated according to the material’s mag-
netization) — this explains the name “inverse Faraday
effect”.
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Phenomenologically, the connection between the Fara-
day effect and inverse Faraday effect is well understood
(see e.g. [9, 10]). Using the phenomenological equations,
Kimel et al calculate the strength of their effective mag-
netic field to be around 0.3 T, with a FWHM of 200
fs [8]. They measure the magnetization dynamics us-
ing Faraday rotation, and they estimate the amplitude
of magnetic oscillations as (M — M,)/M, ~ 1/16. The
effect of their “effective magnetic pulse” can also be simu-
lated using a Landau-Lifshitz equation [11], which yields
a similar amplitude.

Despite this consistency, there are certain aspects of
the interpretation of Faraday rotation measurements that
pass unmentioned in [8], which we believe deserve more
attention. This is particularly true for the orthoferrites,
which are not only birefringent [12, 13] but also have
enhanced magnetooptical properties due to the so-called
“anisotropic orbital quenching” [14]. To obtain a reason-
able estimate of the amplitude of magnetization dynam-
ics, these effects must be taken into account.

It is well known that birefringence limits the rotation
angle of plane-polarized light (see e.g. [15]); instead of
being linearly proportional to the sample thickness d, the
rotation is a periodic function of d, and can vanish if d
is poorly chosen. Anisotropic orbital quenching is a pro-
posed explanation for the antiferromagnetic Faraday ef-
fect, where the antiferromagnetic vector 1 causes rotation
of the light’s polarization plane. (Symmetry considera-
tions show that this effect is only possible in materials
with inequivalent magnetic sublattices, like the orthofer-
rites [16].) This rotation opposes the rotation caused by
the magnetic vector m, and leads to a reduced observable
rotation [17].

For clarity of presentation, and to allow our results to
be directly applicable to the experiment described in [8],
we will assume our sample has the magnetic- and crystal
structure of the orthoferrites. More precisely, we con-
sider an orthorhombic crystal, antiferromagnetically or-
dered with the antiferromagnetic vector 1 directed along
the a-axis. Due to a small canting of the antiferromag-



netic sublattices, there is a weak residual ferromagnetic
component m directed along the c-axis (for more details,
see [18]). Birefringence is due to the crystal structure,
and the birefringence axes coincide with the crystal axes.
We will consider a light beam travelling parallel to the
c-axis. We are interested in near-equilibrium properties,
so that the dynamics of the antiferromagnetic vector will
have a negligible effect. Furthermore, we will assume that
the ferromagnetic vector remains directed along c at all
times, so that only its magnitude may vary. Therefore
1 =la and m = mc, with [ a constant and m a variable.
In what follows, we use the convention that x, y, and z
represent the a, b and ¢ directions of the orthorhombic
structure, respectively.

II. FARADAY ROTATION IN A
BIREFRINGENT WEAK FERROMAGNET

It is well known [10, 15, 19] that after propagating
through an isotropic, non-magnetically ordered material,
plane polarized light remains plane-polarized, and has its
polarization plane rotated by the angle

0 =VHd, (1)

where d is the path length of the light, H is an external
magnetic field, and V is the Verdet constant, which de-
scribes magnetooptical activity. This rotation is referred
to as the “Faraday effect”. Closely related to this is the
“inverse Faraday effect” (these effects can be related by
thermodynamic arguments [9]), where circularly polar-
ized light passing through a medium generates a magne-
tization according to the relation

M = )\QV(27TC)71(IR — IL) (2)

Here, \g is the vacuum wavelength of the light, and Ig 1,
are the intensities of right- and left-circularly polarized
light respectively. We note that both Eq.(1) and Eq.(2)
are only valid when the material is isotropic, optically
inactive and non-magnetically ordered. We now explore
how Eq.(1) changes as the birefringence and magnetic
order are introduced. (Since we are most interested in
the orthoferrites, which are optically inactive, we do not
investigate the effect of optical activity.)

Orthoferrites are orthorhombic structures. In the ab-
sence of magnetic order-, the dielectric tensor is sym-
metric and diagonal: ¢ = diag(e,, €, €;). In general,
€z # €y, and the material is birefringent. (We consider
light propagating along the z-axis, and so €, does not
enter our analysis.) Magnetic ordering introduces an-
tisymmetric (and therefore off-diagonal) terms into this
tensor [16]. It can be shown (see e.g. [20, 21] and the
references therein) that the antisymmetric part of €;; is
(proportional to) the dual of the ferromagnetic vector m
(i.e. €gy contains m., etc.). This is not true for the anti-
ferromagnetic vector 1 — since [, transforms identically
to m., it follows [20, 21] that [, enters €,y (and not e,
as we would naively expect).

As noted above, we assume that the deviation from
magnetic equilibrium is small. In this case, the anti-
ferromagnetic vector 1 is well described by a vector of
fixed length and direction. On the other hand, the ferro-
magnetic vector m, which is the result of a small cant-
ing of the antiferromagnetic order, has variable length
and direction. To simplify the exposition, we fix the di-
rection of m and allow only the magnitude to vary, i.e.
m = (0, 0, m). Under these assumptions, €;, = ¢,, =0,
and

€ry = —€ye = i(f +£1mﬁo>. (3)

The phenomenological parameters f; and £; describe the
antiferromagnetic and ferromagnetic contributions to €,
respectively, and my is the equilibrium magnitude of m.
We introduce the “ferromagnetic deviation” k = (m —
mg)/mo, and write Eq.(3) as

€y = 10(1 + (K) = i, (4)

where vo = (f1 + &1) describes the equilibrium magneto-
optical properties of the system, and ¢ = &;/70 mea-
sures the ferromagnetic contribution to magneto-optics.
Experimental values of vy for the various rare-earth or-
thoferrites at different wavelengths of light can be found
in Ref.[13]. The parameter ¢ is more difficult to find in
the literature; it has been evaluated as ( ~ 0.23 = 0.13
for YFeO3 at T = 295K, using light with wavelength
A = 0.6328um [21]. This value should vary with fre-
quency and temperature, although it should not vary
significantly for different rare-earths, as these have neg-
ligible effect on the magnetic order at high temperatures
[22]. Since the dependence of ¢ on temperature and fre-
quency is not known, we fix ( = 0.23 for the remainder
of this paper.

We note that Eq.(4) is valid provided the magnetic
field that caused the change of magnetization from equi-
librium has stopped acting, i.e. Eq.(4) holds while the
system relaxes towards equilibrium. If the magnetic field
is still present, then a diamagnetic term should be added
[21]. This was neglected in Ref.[17], which explains why
their estimate ¢ ~ 0.13 differs from that found in Ref.[21].

With the above assumptions in place, we may write
[12, 15]

e+n vy O
D=| —ivy e—n 0 | E; (5)
0 0 e,

the strength of the birefringence is determined by 7. As-
suming no conduction current exists, D and E obey the
wave equation

9°D
ot?

n = V’E. (6)

(All magnetooptical effects have been placed in the di-
electric tensor, and therefore the permeability p is a



scalar quantity [23].) We solve Eq.(6) for a plane wave
propagating along the z-axis:

E= Ey ez(wtsz). (7)
0

Substituting (7) into Eq.(6) and using Eq.(5), we obtain

e+n—k?/w?u iy E.\ _, ()
—iy e—n—k2/wn E, '

This equation provides us with both the admissible
wavevectors

ke = \/w2u(€ +Vn?+7?) (9)
and the normal modes in the material:

(10)

Here we have introduced I" = 1/~ to describe the relative
strength of the birefringence compared with magnetic ef-
fects. The medium admits two normal modes, which are
elliptically polarized and which propagate at different ve-
locity (since k4 # k_). The difference in velocities is re-
lated to the magnitudes of v and 7, and therefore to both
the magnetization and the birefringence. Note that since
€x> = 0 = €y, the z-component of the light always van-
ishes. In general, the light will emerge from the material
elliptically polarized; “rotation” of the light is therefore
defined by the change of direction of the major axis of
the polarization ellipse.

Now, assume that plane polarized light is normally in-
cident at z =0, i.e.

E._o— |E] ( cos ) (1)

sin 0

where 6 is the angle between the polarization plane and
the z-axis. Upon entering the material, this decomposes
into normal modes

1
E.-o= §|E| (4ny ,—0 +a-n_ .—9);

a4 are complex parameters, which are easily determined
using eq.(10). Furthermore, these equations also describe
the propagation of the wave through the medium. Since
we are interested in determining the rotation of the light
relative to its initial angle, it is convenient to rotate to
the coordinate frame (z’, 3’) in which the light is initially
polarized along the x’-axis. In this new coordinate frame,
after the light has propagated a distance d, the electric
field vector is

E _ |E|ei(m_m) V1 +T2 cosdd — il sin dd cos 20
a=d = V1IFTI2 —sin dd + I sin dd sin 26
(12)

where k = (ky + k_)/2 and 6 = (ky — k_)/2. Note
that under the assumption that /1% ++2 < e (which
is true in most materials, including the orthoferrites),
Eq.(9) allows us to rewrite the wave-vector mismatch ¢
as

1
o~ §w\/E\/72—|—r]2. (13)
€

The polarization ellipse of the outgoing light (12) is
described by the lengths of the major and minor axes,
and the orientation of the ellipse (see e.g. [24] for de-
tails). Relative to the initial angle (i.e. relative to the
x'-axis), the direction of polarization has rotated through
the angle 3, where

9Re(E:E,)

|Ex|? — | Ey[?
_ —V1+T2[sin26d + I'(1 — cos 20d) sin 26 cos 20
B cos 20d [1 + I'2 sin® 26| + I'? cos? 20

tan 20 =

(14)

The lengths of the major axis b4 and minor axis b_ of
the polarization ellipse are:

b 1 - - , ;
= <\/|E| +2Im(E; E,) £ /| B2 - 2Im(E; E,)

:{1+

Dsin2ddsin20  T(1 — cos20d) cos 20 }1/2

V1412 1+12
N {1 I'sin26dsin20  T'(1 — cos 2dd) cos 20 }1/2
V1+T2 1+12 '

(15)

These equations are the key to investigating the effect of
magnetization changes on the outgoing light beam. Since
magnetic effects are described by ~y, which is contained
in both ¢ (see Eq.(13)) and I = n/~, the dependence on
magnetization is complicated, and analytical results are
only available in certain limits.

III. LIMITING CASES
A. Zero birefringence

The first limit that should be examined is the case
of zero birefringence. In this limit, I' = 0, and Eq.(14)
reduces to

tan 28 = —tan 24d, (16)

i.e. the polarization plane of the light rotates through an
angle 3 = —0d = —4dw+/ju/e~. Furthermore, the light
emerges linearly polarized: b_ = 0. We define the angle
0o as the rotation caused when the sample is in magnetic
equilibrium:

o = — /w0, a7



From the definition of v (4), we have

B = Bo + BoCk; (18)

the dependence of the angle § on magnetization is con-
tained in kK = (m — myg)/mo.

Eq.(18) is the analogue of Eq.(1) for magnetically-
ordered materials. The effect of magnetic ordering is
most clear if we consider a magnetic configuration in
which the magnetization vanishes. In the case of Eq.(1),
this occurs for H = 0, and there is no Faraday rota-
tion. On the other hand, for Eq.(18) the magnetization
vanishes at k = —1, but Faraday rotation still occurs:
8 = Bo(1 = ¢). The factor of (1 — ¢) shows that this ro-
tation is caused by the antiferromagnetic ordering of the
inequivalent magnetic sublattices; ¢ is the normalized fer-
romagnetic contribution to magneto-optics, so (1 — () is
the antiferromagnetic contribution.

The Verdet constant, which describes the magnetoop-
tical response of the material, is defined from the slope
of B(m). Introducing m = xH in Eq.(1) (where x is the
magnetic susceptibility), we find that

x 0B
vy =X
d Om
From this definition, Eqs.(17)-(18) and letting y now rep-

resent the zz-component of the susceptibility in the mag-
netic medium, we find

_XCﬁo

o dmo '

This parameter can be used in Eq.(2) to provide an esti-

mate for the strength of the inverse Faraday effect.
Finally, we note that for the purposes of interpreting

experimental data, it is more useful to rewrite Eq.(18) as

f=bo _ o,

Bo mo

(19)

i.e. The change of rotation, normalized against the equi-
librium rotation, is proportional to the change of mag-
netization, normalized to equilibrium ferromagnetic mo-
ment. The proportionality constant is ¢, the ferromag-
netic contribution to magneto-optics. Note that for zero
birefringence, §p defined by Eq.(17) cannot vanish and
Eq.(19) is always well-defined.

B. Large birefringence, small 6

The second limit that we consider is the relevant limit
for analysis of the orthoferrites, i.e. large birefringence.
Indeed, the orthoferrites generally satisfy vy < n (see
e.g. [25]). For the particular setup described in [8], where
DyFeQg3 is probed by light with wavelength Ag ~ 0.7um,
experimental results reveal that |yo/n| = 1/30 [13], so
the parameter I' & 30. It will be useful in the subsequent
analysis to note that in equilibrium, this system has 6y =

50 Tads pum™?! for light with wavelength Ao = 0.7um, and
¢ = 0.23, as mentioned above.

When birefringence is present, the polarization direc-
tion of the incident beam is important. Analysis of
Eq.(14) for large I' and arbitrary 6 is best performed
numerically. In this section, we consider only the case
where the angle 0 is small, i.e. the incident light is po-
larized approximately parallel to the z-axis.

First, we quantify what we mean by “small 7. Ex-
panding Eq.(14) in &, we find that the § dependence can
be neglected up to linear order in x provided

cot dod > T'ysin 26, (20)

where Ty = I'(k = 0) and §p = §(k = 0). Note the
dependence of this condition on d — for poorly chosen
sample thickness, the experimental alignment must be
extremely accurate.

To illustrate the order of magnitude of the critical value
of 8, we consider DyFeO3 with d chosen so that cot dpd =~
1 for convenience. Then #-dependence can be neglected
provided

sin 26 <« 1/30

i.e. 6 must be less than 1° away from the birefrin-
gence axis. This accuracy in alignment is not difficult
to achieve, and makes the subsequent analysis of experi-
mental results far easier.

For 0 small enough, Eq.(14) can be reduced to

B =pPo(l - (k) — CI{COSQ(sod%, (21)

where
Bo = —sin28pd/|2T ], (22)

and terms of O(k?2) have been neglected. Eq.(22) shows
the well known ([12, 15]) phenomenon that the rota-
tion induced by the sample in equilibrium depends on
the sample thickness periodically when birefringence is
strong, not linearly as in the zero-birefringence case
(compare Eq.(17)). We also note that the equilibrium
(k = 0) rotation is constrained to lie between two limit-
ing angles (Bimaz, min = £(2l0)~!), another well known
fact [12].

Now consider the effect of magnetic deviations on the
Faraday rotation angle. Since I'y % is assumed to be small,
we may neglect the final term in Eq.(21), except when
Bo is also small (i.e. for particular values of d). If the
thickness of the sample is not near the value where 3y
vanishes, we have

ﬁO = _Cﬁv (23)

which is identical to Eq.(19), up to a factor of —1.
This change of sign arises because the magnetization
enters Eq.(14) through two different parameters, the



wave-vector mismatch 6§ and the strength of birefringence
T (relative to the strength of magnetic effects). Increas-
ing the magnetization (i.e. increasing ) will increase 6
and decrease I'. For zero birefringence, the rotation is
governed by changes to § (see Eq.(19)), while when bire-
fringence is large, the rotation is dominated by changes
in I'. (This is clear from Eq.(21), where the first term
in K arises from expanding I', while the second, smaller,
k-term is due to the change in §.) This explains the dif-
ference of sign between Eq.(19) and Eq.(23).

If Eq.(23) holds (i.e. if the light is accurately aligned
and the equilibrium rotation [y is nonzero) then magne-
tization dynamics are easily inferred from the measured
rotation. The accuracy of this correspondence is deter-
mined by the accuracy of measurement of 5 and the ac-
curacy with which ¢, the ferromagnetic magneto-optical
parameter, is known. It is important to note that the an-
gle by which we normalize the rotation is not the limiting
angle Bqz, but the equilibrium angle Gy, which depends
both on the material and also on the sample thickness;
Bo must be measured for each different sample. Further-
more, we note that if By is small (but still larger than
T';?, so that Eq.(23) holds), the change of rotation will
be extremely small, even for large changes in the magne-
tization.

Eq.(23) is valid provided

sin 2dpd > cos 2&&%.
0

Since Ty is large (birefringence is large), this condition

fails when sin 2dpd is extremely small, i.e. 2§pd ~ nw

(with n an integer). Writing 26pd = n7w + ¢, |¢| < 1, we

find that the Eq.(23) is invalid if

nm

e (24)

o] <

In this case, the final term in Eq.(21) must be included in
the analysis. Depending on the sign of 3, this additional
term may either enhance or diminish the magnetization-
dependent rotation. However, in either case it is clear
from Eq.(21) that the rotation induced by the sample is
extremely small, and variations in the rotation for chang-
ing magnetization will be difficult to measure reliably.
The sample thickness should be chosen such that 3y is
large, and this problem is avoided.

We illustrate the above analysis using numerical values
relevant to the experiment described in [8]. We define the
parameter P as the ratio between the change of rotation
and the normalized change of magnetization, i.e.

= M = —fFo¢ — ( cos 2dy Sod

P d—-—.
K To|?

(25)
(See Eq.(21).) Table I shows the values of 8y, P and
—% for several values of the sample thickness d. Note
that if P ~ —(0y, then Eq.(23) is approximately valid.
From Table I, we see that small changes of the sam-
ple thickness may lead to large changes both in Gy and

TABLE I: Theoretical values of By and P as a function of
the thickness d of a dysprosium orthoferrite sample, probed
with light of wavelength A ~ 0.7um. We also provide val-
ues for —%; if this parameter is close to 1, then Eq.(23) is
approximately valid. For this material, Bmaz ~ 1°.

d (pm)  Bo (degrees) P (degrees) —% (dimensionless)
55 0.95 -0.22 1.00
58 0.56 -0.13 0.97
59 0.30 -0.07 0.94
60 0.00 -0.004 0.00
61 -0.30 0.06 1.07
62 -0.56 0.13 1.03
65 -0.95 0.22 1.00

in P. However,—% remains approximately constant for

most values of d. Finally we note that 8y and P de-
pend strongly on the values of I'y and dg, which we know
only approximately. For this reason, our numerical re-
sults may be inaccurate; in particular, our estimates of
the critical thicknesses for which (y vanishes are unlikely
to be correct, and should rather be determined by exper-
iment.

This sensitive dependence on the accuracy of §g and I'g
explains why it is preferable to work in a regime where
Eq.(23) may be used, rather than trying to work directly
with Eq.(14).

We conclude this section with a discussion of the fre-
quency dependence of the above results. From Ref.[13],
we find that the parameter Jy (and, to a lesser extent,
Ty) is frequency dependent. Thus if we measure a sam-
ple using two different frequencies, we should find two
different values of the angle 3. If these are correctly
normalised, taking into account the frequency depen-
dence of 3y, the measurements will yield consistent re-
sults for the magnetization. If, on the other hand, the
rotations are compared without normalization (or if the
frequency dependence of By is neglected), the results will
appear inconsistent. In an equilibrium DyFeOg sample
that is 65um thick, for example, light with a wavelength
Ao = 0.7pum will be rotated By = Bmar =~ 1°, while light
with Ao = 0.75um will be rotated only Gy ~ 0.5°. If
the wrong value of 3y is used to interpret experimental
rotations, estimates of the amplitude of the magnetic os-
cillations will be wrong by a factor of 2. If Gy ~ 0 for
one of the frequencies used, the error can be arbitrarily
large.

This is of particular importance in the case where the
magnetic excitation is induced by the same laser source
that provides the measurement pulses (as in the inverse
Faraday effect experiment described in Ref.[8]). For the
same sample and fluence, but with two different laser
frequencies, significantly different rotations will be ob-
served. If these are not correctly normalized, it will ap-
pear that the induced magnetization is different between
the two experiments, i.e. that magnetic excitation via the
inverse Faraday effect is strongly dependent on the exci-
tation frequency. This is inconsistent with what is known



about the inverse Faraday effect (which, being a nonres-
onant effect, has a very weak dependence on frequency).
This example highlights the importance of correct nor-
malization of the measured rotation.

Another problem that may arise due to frequency de-
pendence is that extremely short laser pulses suffer from
frequency broadening, and we should repeat the above
derivation using a wave packet rather than a plane wave.
However, this only becomes necessary when either the
frequency broadening of the pulse is very large, or when
the frequency dependence of §pd is very strong. Fortu-
nately, laser pulses with a time-width of 50 fs do not suf-
fer significant frequency broadening, and are sufficiently
short for measuring magnetic oscillations, which have a
period of the order of 1ps. However, if we want to use the
Faraday effect to probe faster magnetic dynamics, e.g.
dynamics during excitation, we will need shorter pulses,
and a wave-packet approach must be used to interpret
the results.

IV. NUMERICAL EXPLORATION OF
NONPERTURBATIVE REGIONS

The results of the preceding section may be summa-
rized as follows. For incident light with 6 ~ 0, the depen-
dence of the rotation angle on magnetization is linear for
small x, with the ratio given approximately by the xk =0
rotation. This “equilibrium rotation” depends both on
the material, and on the sample thickness and must be
measured for each sample used.

If 6 is not extremely small (i.e. if the condition (20)
is not satisfied), the relationship between [ and k must
be determined from Eq.(14), which requires an accurate
knowledge of all parameters. Furthermore, the analysis
of the previous section does not extend to larger values
of k. (Recall that since both m and mg are small near
magnetic equilibrium, s can be large without violating
the assumption that we are near equilibrium.)

To investigate the relationship between rotation and
magnetization for large 6 and x, we must resort to nu-
merical methods. We calculate 8(k) from Eq.(14), where
k appears (through ) in both § and I". We use the phys-
ical constants appropriate for DyFeOg, i.e.

b ~ 1mds,um_l, ¢=0.23.

Ty ~
0~ 30, 20

To allow easy comparison with experiment, we plot Ag =
B — Bp in degrees. The magnetic deviation k is dimen-
sionless; to emphasize this, we write it as k = Am/my.
Fig.1 shows the rotation vs. magnetization for z-
polarized light, propagating through samples of thick-
ness d = 55,60 and 65um. For d significantly differ-
ent to 60um, the behaviour is almost linear for all , so
that determining magnetization from a measured rota-
tion is easy even for large k. The proportionality “con-
stant” between rotation and magnetization changes with
thickness, even changing sign (compare the behaviour for

Am9m N

FIG. 1: Comparison of the angle of rotation AS (in degrees)
with the deviation from magnetic saturation (k = Am/mg) as a
function of sample thickness. Note the change of scale between
different plots. In all of these, the incident light is z-polarized,
ie. 6=0.

-0.01
-0.2 0 0.2

FIG. 2: Comparison of the angle of rotation AS (in degrees)
with the deviation from magnetic saturation (k = Am/mg) as
the incident polarization angle is changed. The angle 6 is mea-
sured in degrees counter-clockwise from the x-axis. The sample
thickness is kept at d = 65um throughout. Note that the scale
varies between plots.

d = 55um with d = 65um). In fact, the ratio between
changes of 8 and changes of k is very well approximated
by Bo, and Eq.(23) is found to be valid even for large val-
ues of k. This only holds provided we keep d away from
the critical regions, and the incident light is assumed to
be z-polarized. Around d = 60um, the relationship be-
tween x and ( is no longer linear when s not small. In
fact the figure is not even symmetric around x = 0. In
this case, symmetric magnetic oscillations will give rise
to asymmetric rotation measurements.

Next, we fix d and consider the effect of changing the



angle 6. We avoid the region where 3y vanishes by setting
d = 65um. Fig.2 depicts A as a function of k for values
of 0 equal to 0°, 44° and 60°. Note that the range of k
is much smaller than that of Fig.1, and yet for § = 44°
we find Faraday rotation to be as large as 0.5°. We note
also that for = 60°, the Faraday rotation is nonlinear
and extremely weak; for most other values of 6, the linear
approximation is reasonable, although the ratio between
Ap and k is dependent on 6. (In particular, Eq.(23) is
a very poor approximation when 6 # 0.) Measurements
with nonzero 6 are useful for experimentally evaluating
the values of dg and I'y.

V. CONCLUSIONS

We have investigated Faraday rotation in birefringent
magnetically ordered media, and attempted to relate the
measurable rotation to the magnetization of the sample.
It was found that Faraday rotation is a valid probe for
magnetization dynamics, but that care must be taken
when interpreting the results. Birefringence breaks the
symmetry of the plane transverse to the light propaga-
tion direction, so that alignment becomes an important
consideration. Furthermore, results must be normalized
against the equilibrium rotation, which depends on both
the material used and the sample properties (notably,
sample thickness).

We have restricted our investigation by ignoring mag-
netization dynamics in the plane orthogonal to the prop-

agation of the probe pulse, ignoring higher order correc-
tions to the dielectric tensor and ignoring diamagnetic
terms. The first two of these should have some effect
on the rotation, but can only be included at the cost
of introducing a number of unknown parameters, which
are difficult to estimate. On the other hand, the dia-
magnetic contribution will have no effect on the rotation
unless an external magnetic field is present. If Faraday
rotation is used to measure magnetic relaxation after an
external field has been switched off, the diamagnetic term
may be neglected; however, when trying to determine the
magnetooptical parameters of the material using a static
magnetic field, the diamagnetic term must be included.

Finally, we have focussed primarily on the rotation and
neglected the ellipticity of the outgoing light. Although
these contain equivalent information, it is advisable to
measure both, and to check that the results are consis-
tent. Inconsistency between these indicate that either the
material parameters are not accurate enough, or that an
additional effect is present that has been neglected in our
analysis.
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