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Giant low-temperature enhancement of magneto-optic Kerr effects in PtMnSb
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In PtMnSb the magneto-optic Kerr effect exhibits extreme temperature dependence in the range 100–320 K.
The large polar Kerr rotation of about21.5° at photon energies around 1.85 eV at room temperature, is
anomalously enhanced to almost25° as the temperature reaches 80 K. This extreme value is shown to arise
because the diagonal elements of the permittivity tensor change with temperature.
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In 1983 van Engenet al.1 discovered that the Cl0 Heusler-
type compound PtMnSb exhibits the largest magneto-o
Kerr effects of any metallic system at room temperatu
Consequently, the material became the subject of exten
theoretical and experimental study.

Early attempts to understand the origin of the lar
magneto-optic ~MO! effects produced the theoretic
discovery2 that the material has a unique band structure w
a gap in the density-of-states of the minority carriers at
Fermi energy. The material was thus characterized as a
metallic ferromagnet in which the functions of the major
and minority carriers are separated into channels that dis
metallic and semiconductor behavior, respectively.

The precise origin of the large MO effects has continu
to be the subject of extensive study3–7 and a comprehensiv
summary of the most credible current theoretical model
offered by Antonovet al.8 Somewhat surprisingly, given th
unusual nature of the material and its potential application
a MO recording medium, few attempts have been made
characterize its properties as a function of temperature.
few available reports9,10 are confined to the measurement
transport properties such as the resistivity and Hall effe
both show some unique but undramatic features.

In this paper, we report measurements of both the opt
and MO properties of PtMnSb as a function of temperatu
The MO behavior, observed in reflection, exhibits an un
pected and extreme temperature dependence. The perm
ity also changes, in a phase-transition-like manner, from
tallic behavior at room temperature to dielectric behavior
80 K.

We have studied the preparation and properties of
MnSb films extensively since 1990.11 In the present paper
the MO behavior of PtMnSb films, in reflection, is shown
be extremely temperature dependent in the range 80 to
K. Between 100 and 320 K both the polar and transve
Kerr effects depart significantly from the expected tempe
ture variation~that follows the magnetization!. Cooling Pt-
MnSb films from ambient temperature to around 80 K
creases their saturation magnetization (Ms) by about 16%.
The polar Kerr rotation (fK) however, already large an
similar to other reported values, increases by some 240%
nearly 25° as shown in Fig. 1. The extreme temperatu
dependence offK in this range becomes very clear in th
inset whereufKu is shown withMs from Ref. 9 ~both data
sets normalized to their 300 K values!. Above 320 K the
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polar rotation follows the magnetization, as expected,
below this temperature it shows an extreme linear chang
the temperature is decreased.

Similar behavior is also observed in the transverse K
effect as is shown in the inset of Fig. 2. Although access
the cryostat is limited in this configuration, fraction
changes in the reflectance,del exceeding 15%~on reversal of
the magnetization! are observed at temperatures below 1
K. This phenomenon is not confined to the 670-nm wa
length. Spot checks at other wavelengths in the visible
near infrared produce similar behavior. However, in appar
contradiction to these observations in reflection, simi
changes are not detected in transmission. The large Far
rotation @'8.5° for a 180-nm-thick film atl5825 nm ~1.5
eV!# exhibits only weak temperature dependence co
sponding closely with changes in the magnetization,
shown in Fig. 2.

For analytical purposes, the observed parameters of
effects, in both reflection and transmission, are usually
pressed as functions of the diagonal («xx) and off-diagonal

FIG. 1. Temperature dependence of the polar Kerr rotation
normal incidence for PtMnSb films at a wavelength of 670 nm~1.85
eV!. Inset: uFK(T)u compared withMs(T) Ref. 9. Values normal-
ized at 300 K.
1520 ©2000 The American Physical Society
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(«xy) elements of either the permittivity or the conductivi
tensors. In expressions describing both the Faraday and p
Kerr effects,12 («xx) and («xy) appear in the denominator an
numerator, respectively, as shown below. The same is
for the transverse effect but the expressions are more c
plicated.

QF2 i«F5
p• l

l0

«xy

A«xx

, ~1!

QK2 i«K5
i«xy

A«xx~«xx21!
. ~2!

However, («xy) may be expressed asQ(«xx), whereQ is the
magnetization dependent Voigt parameter, which is sm
and exhibits the temperature dependence of the magne
tion. Equations~1! and ~2! become

QF2 i«F5
p• l

l0
QA«xx, ~3!

QK2 i«K5
iQA«xx

~«xx21!
. ~4!

For a given sample and wavelength therefore, the exp
sion for the polar Kerr effect differs from that for the Far
day effect by the term («xx21) in the denominator. This
together with the experimental observations, sugge
strongly that it is the diagonal elements of the permittivity
conductivity tensor that are responsible for the observed t
perature dependence in the polar Kerr effect.

This analysis is confirmed in Fig. 3 where the norm
incidence optical reflectance at a photon energy of 1.85 e
seen to undergo a rapid, phaselike, transition from a va
typical of a poorly conducting metal to that more typical o
dielectric after a 100 K change in temperature. The data

FIG. 2. The reduced Faraday rotation of a 180 nm PtMnSb fi
at wavelength of 825 nm compared withMs(T) Ref. 9. Inset: Tem-
perature dependence of the transverse Kerr effect at 670 nm.
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sented are the result of several excursions of the sample
tween 80 and 400 K and are typical of the several samp
studied. Like the polar and transverse effects, these meas
ments were made in a vacuum cryostat. The reflectanc
computed from the measured change in the reflected in
sity for constant input intensity and referenced to the kno
reflectance at ambient temperature. The inset shows fur
evidence. By mounting a Peltier heating/cooling stage on
ellipsometer table it was possible to measure the spec
dependence of the optical constants, in air, at two temp
tures 30 K apart and close to room temperature. Even for
limited temperature excursion, it can be seen that the dia
nal elements of the optical permittivity tensor (u«xxu) in-
crease by between 5% and 10% and that the chang
largely independent of photon energy.

Such anomalous behavior indicated the possibility that
optical properties of PtMnSb films are likely to be depend
on the incident optical intensity, i.e., they will exhibit non
linear behavior as a consequence of optical heating. Figu
presents the results of an experiment to investigate this
sibility using a high power~3 W! semiconducting laser with
a wavelength of 801 nm. For this experiment the PtMn
film is coated with a layer of silicon nitride and the angle
incidence adjusted for minimum reflectance. The laser po
was increased incrementally with approximately a 20 s in
val between each data point measurement. It can be seen
below and immediately beyond laser threshold the transm
ted intensity follows the linear increase in laser power bef
turning and eventually saturates as heating of the film ra
the refractive index. The overall hysteresis is believed
arise as a consequence of the thermal inertia of the sam
These results are presented to emphasize the temper
sensitivity of«xx in the immediate temperature range abo
ambient. The experiment is to be published in full elsewhe

FIG. 3. The normal incidence reflectance as a function of te
perature at a wavelength of 670 nm~1.85 eV!. Inset: shows the
variation with photon energy ofu«xxu determined from ellipsometric
measurements made in air for two temperatures close to ambie
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In all other respects, the behavior of the films under disc
sion is typical of that for PtMnSb films reported in the li
erature. In particular they have the large room tempera
polar Kerr rotation typical of this alloy.

Energy dispersive x-ray analysis shows the samples to
slightly antimony rich. X-ray diffraction studies indicate th
presence of single phase PtMnSb crystallites with a predo
nant ~111! orientation. Moreover, x-ray diffraction curves
two temperatures~278 and 343 K! show no evidence of any
phase or structural transition that might give rise to the
served anomaly in the optical behavior. The spectral refl
tance curve for the material, calculated from the ellipsom
ric optical constants and shown in Fig. 5, agrees closely w
the curves for bulk samples by Takanashiet al.13 and
Krillova et al.4 as well as with those from capped epitax
films reported recently by Boboet al.14 Comparison with the

FIG. 4. Nonlinear behavior of the transmitted intensity throu
an overcoated 180-nm-thick PtMnSb film as a function of incid
intensity at angle of incidence for minimum reflectance~→ inten-
sity increasing,← intensity decreasing!.

FIG. 5. Reflectance of the PtMnSb films at room temperature
a function of photon energy. Values calculated from ellipsome
measurements. Inset: Experimental SHG reflectance data~* ! fitted
to a theoretical curve calculated using the free-electron mode
Jha~Ref. 17!.
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results presented by Saitoet al.15 for rf sputtered samples
also shows very close agreement in both the diagonal
off-diagonal elements of the permittivity tensor.

By fitting the spectral dependence of the room
temperature optical data to Drude theory we obtain the g
eral form of the interband structure and can determine va
for the plasma frequency (vp) and minority-carrier bandgap
Eg . There is some uncertainty in the fitting process sin
there are relatively few data points and only limited exte
sion into the infrared. Nevertheless, the values so obtain
vp5131016s21 andEg51.7 eV, are in excellent agreeme
with those determined by Kautzky16 from a more extensive
data set. In addition we have determined a further, indep
dent, estimate of the plasma frequency from measuremen
the angular dependence of the second-harmonic radia
generated~SHG! from the films using a fundamental wave
length of 1064 nm. By fitting these experimental resu
shown in Fig. 5~inset!, to the free-electron theory of Jha17

we obtained a value forvp (4.631015s21) identical to that
calculated theoretically by Antonovet al.8 This lower value
is consistent with our temperature-dependent observati
The SHG measurements were made in an air-conditio
laboratory where the ambient temperature is constant w
that in the laboratory, where the ellipsometric and magne
optic measurements were made, is often as much as 1
more.

Recent literature contains reports of materials exhibitin
similar temperature response of the polar Kerr effect. Di a
Uchiyama18,19 record that, over a similar temperature rang
the polar Kerr effect in Ni films increases by 35% with on
a 4% increase in magnetization and in MnBi the correspo
ing changes are 35% and 50%. However, they also conc
that a similar behavior is expected in the Faraday effe
They suggest that these results are a consequence of
orbit ~SO! coupling strength varying with temperature b
cause of changes in the electronic structure. This tempera
sensitivity is associated primarily with the off-diagon
rather than diagonal elements of the permittivit
conductivity tensor; the optical constants being only wea
temperature dependent.

The temperature sensitivity in the polar Kerr effect r
ported here is nearly an order of magnitude greater than
reported by Di and Uchiyama and it seems unlikely that
same explanation can be applied. Oppeneeret al.5 identify
the importance of the SO on Pt to the giant MO effects
PtMnSb and their sensitivity to the position of the Fer
energy. However, if either of these were strongly tempe
ture dependent it would also be apparent in the behavio
the off-diagonal elements of the permittivity/conductivit
Feil and Haas3 believe the large room-temperature MO b
havior in PtMnSb to derive from interaction of the plasm
edge with a resonant transition at around 1.85 eV. Clea
the very large values of the polar and transverse Kerr effe
observed at low temperatures occur because the diag
permittivity is somehow suppressed.

The mechanism underlying this anomalous optical beh
ior is puzzling and we can only speculate about its origin
present. Clearer understanding requires, as a minimum, a
spectral study of the optical and magneto-optical behavio
temperatures around 100 K. It is as though the majority e
trons in the metallic channel are frozen out, reducing
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free-electron density and producing a downshift in t
plasma frequency. Moreover, the fact that small tempera
excursions above room temperature produce a significan
crease in the diagonal permittivity suggests that the fr
electron density or plasma frequency increases with temp
ture up to about 320 K when the process saturates just
does below about 160 K. Such behavior is consistent w
that of doped semiconductors in which all dopant levels
fully occupied at the lower temperature and exhausted at
higher temperature. Our samples are 3% to 5% Sb rich a
is tempting to consider that this could lead to the creation
states or trapping centers within the minority band gap. Eb
and Shultz20 have addressed the production of states wit
the minority band gap for the cases of excess Pt and Mn
not Sb. The experimentally derived density-of-states curv
Kautzky16 shows a ‘‘tail’’ that could be the result of state
within the minority band gap. De Groot21 and others have
E
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speculated on the possibility of improving magneto-optic
fects in PtMnSb by doping, noting that the observed effe
depend critically on the diagonal as well as the off-diago
elements of the permittivity or conductivity tensor.

There are however several problems with a simple mo
of thermally activated impurity states. First, it is likely th
the presence of states within the gap would adversely af
the minority channel and second, the room temperature
tical and magneto-optic behavior of our material is so typi
of that produced elsewhere. It is difficult to believe that a
doping mechanism alone can reduce the reflectance from
of a typical, poorly conducting metal, to the near dielect
values of 6% to 7% observed at around 100 K. A mo
sophisticated mechanism for suppressing the majority ch
nel must be sought, discovery of which raises the excit
possibility of achieving very large polar Kerr rotations
room temperature similar to those recorded at around 100
pn.
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