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not occur. Experiments of this type using DyAlG
doped with Er3t are being carried out.
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for building apparatus and Mr. M. Davies for
preparing the garnet samples used in this work.
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MAGNETIC BIREFRINGENCE OF EuSe
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IBM Watson Research Center, Yorktown Heights, New York
(Received 5 March 1965)

Magnetically ordered EuSe exhibits very large
magneto-optical effects in a wavelength region
where the material is exceptionally transpar-
ent. We have previously reported Faraday ro-
tation and absorption of EuSe in the paramag-
netic region.! This paper describes measure-
ments of Faraday rotation (magnetic circular
birefringence) and Cotton-Mouton phase differ-
ence (magnetic linear birefringence) made at
4.2°K where EuSe is ferromagnetic in high mag-
netic fields and antiferromagnetic in low mag-
netic fields.

The Curie point measured in an applied field
and the Néel point measured in zero field by
neutron diffraction are both approximately 7°K.2
Neutron diffraction also has shown that the zero-
field magnetic structure consists of a basic
component having the second kind of fcc anti-
ferromagnetic ordering and an additional square-
wave-modulated ferromagnetic component. Ap-
plication of a moderate field (1750 Oe at 1.9°K)
aligns the modulated component, causing the
appearance of a partially saturated ferromag-
netic moment, and a high field (8000 Oe at 1.9°K)
eliminates the basic antiferromagnetic compo-
nent, leaving pure ferromagnetism.

EuSe has the NaCl crystal structure and is
semiconducting with a low Hall mobility.? A
sharp optical absorption edge is observed at
about 670 mu. Some values of room-temper-
ature absorption coefficient (neglecting reflec-
tion losses) are 293 cm™! at A =660 mu, 89
ecm™! at A=700 my, and 66 cm™! at A =750 mu.

Due to the strong absorption at shorter wave-
lengths, even very thin bulk crystals could

not be measured at wavelengths less than 600
mu. Absorption measurements made on evap-
orated thin films of EuSe showed! that the ab-
sorption edge observed with bulk crystals of
670 mu is actually the long-wavelength edge
of a broad absorption band with a peak at 460
mu. It has been suggested that this absorption
peak at 460 mpu is due to a charge-transfer
transition (4/7)(4f7) - (41°)(475d) between
neighboring Eut** ions.*

The magnetic birefringence was measured
on a single crystal approximately 2 mm square,
with a thickness of 157 u (+5% error). The
sample was directly immersed in liquid helium.
The light source is a Bausch and Lomb mono-
chromator with a tungsten lamp and an output
of about 60 A half-width. The remainder of
the experimental apparatus includes a 12-in.
magnet with axial hole, 150-cps light chopper,
Glan-Thomson prisms, several lenses, Soleil
compensator, RCA 7102 photomultiplier, and
a lock-in detector.

In the Faraday configuration H is applied
parallel to the light beam, and the two eigen-
modes of propagation in the crystal are right-
and left-handed circularly polarized light (for
magnetization M parallel to H). The difference
in index of refraction for these modes Angp=n,
-n, gives rise to Faraday rotation, and the
difference in extinction coefficients Ak =k,
—k, results in circular dichroism. In the Cot-
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FIG. 1. Field dependence of Faraday rotation of
EuSe single crystal (thickness 157 i) at 4.2°K and 800-
my wavelength. Insert: Wavelength dependence of spe-
cific rotation at 4.2°K for 20-kOe applied field.

ton-Mouton configuration,® H is applied perpen-
dicular to the light beam, and the two eigen-
modes of propagation in the crystal are linear-
ly polarized light polarized parallel and per-
pendicular to H (for M parallel to H). The dif-
ference in index of refraction An gz =ny—n,

is the Cotton-Mouton birefringence, and the
difference in extinction coefficients Akcpp =k
-k, results in linear dichroism.

Figure 1 shows the field dependence of the
Faraday rotation for EuSe at 4.2°K for a wave-
length of 800 mu. The dispersion of the spe-
cific rotation (degrees of rotation/sample thick-
ness) for 20-kOe applied field is indicated by
the insert. The circular birefringence is also
indicated. At 20 kOe the magnetization is ap-
proximately 83 % of saturation.

The rotation is large: At 755 myu we measure
approximately six complete revolutions of the
plane of polarization of the light. This occurs
in a wavelength region where the sample is
still relatively transparent. Comparison of
EuSe with CrBr,® shows that for 37% transmis-
sion of the incident light the saturation rotation
of CrBr, is about 110° (A =480 mu), whereas
the saturation rotation of EuSe is about 2000°
(A =755 mu). The saturation rotation of iron
(again for 37% transmission) is about 0.5°.

The data of Fig. 1 were compared with mag-
netization data taken on a different sample of
EuSe. It was found that the rotation was linear-
ly proportional to magnetization for H between
13 and 20 kOe. Extrapolating this linear region
to saturation magnetization gives a saturation
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rotation of 115000 deg/cm for A =800 mu and
166 000 deg/cm for A =755 mu. Small devia-
tions from linearity occurred at lower fields
where the sample is in the antiferromagnetic
region, as well as in a region where sample
alignment may be important. For high fields
there is very little circular dichroism (~5%)
associated with the Faraday rotation for wave-
lengths between 755 and 800 mu. Measuring
Faraday rotation at shorter wavelengths is
difficult presumably because of inhomogeneity
in the sample thickness; e.g., a 5% variation
in sample thickness will cause a variation in
rotation of 75° (at 20 kOe and 800 m ) which
will almost completely depolarize the light.

The experimental dependence of the Cotton-
Mouton phase difference upon H is plotted in
Fig. 2, along with corresponding values of
Anopm- To the best of our knowledge, all pre-
vious measurements of Cotton-Mouton bire-
fringence have been made on paramagnetic
materials and have shown Ancyp to be propor-
tional to H2. This is clearly not the case here.
It is found that Anqyy is proportional to M? for
H>8 kOe at 725 mp (and for H > 6 kOe at 750
my). Extrapolating to saturation magnetization
gives a saturation value of Anppg=2.0x1072
at 725 myu. It should be mentioned that for
0<H<2 kOe, Ancyp is difficult to measure be-
cause the emergent light is largely depolarized.
We are presently measuring the magnetic di-
chroism, Akp and Akcyg, which for wavelengths
shorter than about 700 mu is found to be excep-
tionally large.

We wish to thank F. Holtzberg for kindly giv-
ing us the single crystal, R. W. Kaplan for
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FIG. 2. Field dependence of Cotton-Mouton phase
difference of EuSe single crystal (thickness 157 p) at
4.2°K.
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This Letter is concerned with an investiga- "
tion of photocurrents in anthracene excited by i
a @-switched ruby laser. Recently two-photon [ 1
absorption in anthracene has been indirectly
observed by several workers.!"® We have re-
ported? that the photocarriers excited by a @-
switched ruby laser increase with the square o’ E
of the light intensity, and this fact strongly i
suggests carrier production through two-pho-
ton absorption. On decreasing the laser inten-
sity, however, the induced charges do not fol-
low the square dependence as shown in Fig. 1.
The induced charges have been obtained by a
crystal counter technique.* In Fig. 1 the photo-
current peak values are also plotted against
the laser intensity. In the low-intensity region
the peak currents tend to show a fourth-power
dependence. Figure 2 shows the transient wave
form of the photocurrent. A very rapid decay
is seen from the figure.

Two-photon excited photocurrents may be
two carrier streams of electrons and holes
(this implies considerably high probability of
direct recombination of two carriers when the
density of charge carriers is very high). Since

3
~
o (2.6 A/em?)

Induced Charge (\rbitrary Unit)
Photocurrent Peak (1 )

the decay rate of the photocurrent pulse is much ' — '_ o 100 "

larger than that in the case of high-intensity e nensiy (9

weakly absorbed light reported by Silver et al.,5 FIG. 1. Photocurrent peak and induced charge versus
- . T incident laser intensity. 100% light intensity means

this decay may be due neither to trapping nor y _1C g y

6.8 X10% photons cm™2 sec™!. The applied voltage is

to the bulk generation effect. 1300 V across a crystal 10~! cm in thickness.

Let us assume that photocarriers are produced
by singlet-singlet interaction in anthracene,$? increase of charge carriers is
and that carrier density decreases only through 2 2
recombination of electrons and holes (neglect- dn/dt =pN*=yn?, (1)

ing the trapping process). Then the rate of where n is the density of conduction carriers,
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