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Magneto-optical and magnetic study of amorphous U-As, U-As-Cu, and U-As-Ti films
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Magneto-optical and magnetic properties are presented in sputtered amorphous thin films of U-As,
U-As-Cu, and U-As-Ti. Included are magnetization, Hall effect, resistivity, and polar Kerr-rotation
measurements. The U-As films show maximum magnetization and Curie-temperature values at x =57
at. % U concentration. The largest Kerr rotation of —2.7' is measured in U6lAs39 at 1.1 eV. The Kerr
response in the U-As-Cu films is much smaller reaching —1.05' at 1.05 eV in U43As»Cu». Maximum
Kerr rotation in the U-As-Ti films is —1.45' at 1.3 eV in U42As49Ti09. At U concentrations x & 55 at. %,
the U-As system shows phase separation into two amorphous phases, presumably a metallic UAs and a
semiconducting UAs, phase. In the U-As-Cu system, for [U]/[As] ratio =0.7, magneto-optical evidence
for such a phase separation is presented as well. The U-As-Ti films, however, do not show any indica-
tion of phase separation in the composition range investigated. It is concluded that the addition of Cu to
U-As does not change the local coordination of the U atoms, while the addition of Ti changes the local
coordination of the U atoms to a configuration as in U-As with high [U]/[As] ratios. A formula for the
influence of the substrate on the Kerr rotation is derived.

INTRODUCTION

Uranium compounds are of interest because of their
large magneto-optical effects. In particular, the crystal-
line monochalcogenides UX, where X =S,Se,Te, and
monopnictides UZ, where Z =P,As, Sb, have been stud-
ied' extensively. Both systems show magnetic ordering.
The monochalcogenides are ferromagnetic with a Curie
temperature Tz as high as 177 K for US while the
monopnictides order antiferromagnetically. Other binary
crystalline compounds investigated ' are the Th3P4-
structure compounds U3P4 and U3As4, which are fer-
romagnets with Tz of 138 K and 198 K, respectively.
We have previously reported on "giant" magnetoresis-
tance, large magneto-optical rotation, and Hall effect
in amorphous ferromagnetic U-Sb films.

The magnetic properties of the amorphous U-As films
have been published before. They are ferromagnetic
over a range x =49 to 75, where x is the concentration in
at. %%uoU . Th eU-A s film ssho w for x(55 aphas esepara-
tion into two amorphous phases which a percolation
analysis suggests to be metallic UAs and semiconducting
UAs2. It is known' that addition of Cu and Ni to urani-
um pnictide compounds form highly symmetric crystals
of the general formula UMX2 and UM2X2, where
M=Cu, Ni and X=P,As. The Cu ternaries are fer-
romagnets with Tc reaching 216 K in UCu2P2, in con-
trast to the Ni containing compounds, which are antifer-
romagnets. The Cu ternaries also show large magneto-
optical rotations. " ' The high values of Tc in these
compounds give rise to questions about the underlaying
mechanisms that may increase Tc in U compounds and
whether it is possible to achieve a Tz above room tem-
perature with the magnetic moment on the U atom. In
order to study these mechanisms, the influence on Tc and
on the magneto-optical properties of the addition of Cu
to amorphous U-As films is investigated. The magnetic

properties of amorphous U-As-Cu have been reported be-
fore. ' The addition of Ti, which has a higher valence
than Cu, is studied to determine the influence of addition-
al electrons on the magnetic and magneto-optical proper-
ties. This should provide a clue if the exchange is dom-
inated by the Ruderman-Kittel-Kasuya-Yosida (RKKY)
interaction.

EXPERIMENTAL

The films are prepared by a combination of dc and rf
magnetron sputtering. Layers of U (partially depleted of

U), As, and Cu or Ti of thickness between 0.5 and 1.2
A are sequentially deposited onto glass substrates at am-
bient temperatures. The U, Cu, and Ti are deposited by
dc and the As is deposited by rf magnetron sputtering.
The base pressure is 4X10 Torr and the sputtering at-
mosphere is Ar at 3X10 Torr. Deposition rates are
0.5 —3 A/s and the thickness of all films is about 1500 A.
The x-ray analysis shows that the films are amorphous
over the entire composition range investigated. The
chemical compositions are determined by an inductively
coupled plasma atomic emission-spectroscopy method
and by electron-microprobe analysis.

Magnetic measurements are made using a supercon-
ducting quantum interference device (SQUID) magne-
tometer over a range of fields up to 4 T and temperatures
of 5 —260 K. In all cases, the applied magnetic field is
parallel to the substrate, i.e., the field is in the plane. The
number of Bohr magnetons per U atom, MU, is calculat-
ed from magnetic moments measured in emu units and
the total U content of the sample as determined from
chemical analysis.

Transport measurement are done using the van der
Pauw technique. ' Pressure contacts are used except for
high resistive samples where indium solder contacts are
made. Hall resistivity pH is obtained for fields up to 1.25
T applied perpendicular to the plane of the film. The

46 6187 1992 The American Physical Society



6188 P. FUMAGALLI et al. 46

0.8
UxAs~0

T=SK

I I I I I+
(Cu, Ti)z(U —As), 00 „

o 05
A(5

O
lZ

-1

cg
Q

CL
—1.5—

UAs
T=20K
B=10T

-15 — 4

k

k
L

(b)

U6~AS38
T=10K
B=3T

0 1 2 3 4
—2

0 1 2 3 4

Photon Energy (eV)

FIG. 1. (a) The polar Kerr rotation of crystalline UAs as
measured on the surface (solid line; data taken from Ref. 2) and
as calculated through a glass substrate with n, =1.4 (dashed
line). (b) The polar Kerr rotation of an amorphous U62As» film

as measured from the film side ( L ) and through a glass sub-

strate (~).

RESULTS

The magnetization per U atom Mz and the Curie tem-
perature Tc are shown in Figs. 2 and 3, respectively, as a
function of the U concentration x in the binary U-As sys-
tem (left) and of the Cu or Ti concentration y in the ter-
nary U-As-Cu and U-As-Ti system (right). The ternary

Hall angle 8H is given by 8H=arctan(pH/p). The sam-

ple resistivity p is obtained by averaging voltages for ad-
jacent contacts in the Hall setup.

The polar Kerr rotation is measured using an Oxford
optical dewar with a split-coil superconducting magnet.
Fields up to 7 T can be applied. A standard lock-in tech-
nique is used to determine the Kerr rotation. In order
to assure a clean surface, the films are measured through
the substrate, which limits the photon energy range
0.65—3.5 eV. To account for the Faraday rotation of the
substrate and the cryostat windows, the rotation of a gold
or aluminum reference mirror is measured through the
substrate and subtracted from the rotation of the sample.
All energy spectra are obtained in both positive and nega-
tive magnetic fields and averaged to cancel any
birefringence of nonmagnetic origin, e.g., stress-induced.
The remanence spectra are obtained by field-cooling the
sample in a high field prior to reducing the field to zero.

It has to be pointed out that measuring through the
substrate not only limits the photon energy range but also
alters the magnitude of the polar Kerr effect. The polar
Kerr effect is generally enhanced by a factor equivalent to
the index of refraction n, of the substrate as derived in

the Appendix. For a glass substrate this implies an
overall increase of about 40%%uo. Figure 1(a) shows the po-
lar Kerr rotation of crystalline UAs as measured on a
cleaved surface (solid line) and as calculated for a glass
substrate with n, =1.4 (dashed line). The spectra of an

amorphous U62As3s film are plotted in Fig. 1(b) as mea-
sured from the film side ( A ) and the substrate side (~ ),
corroborating an overa11 enhancement of the Kerr
response.
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alloys are made in two compositional sets; in U-As-Cu
alloys with an approximate ratio [U]/[As]=0. 7 (A) and
[U]/[As] = l.3 (B), in U-As-Ti alloys with [U]/[As] =0.5

(C) and [U]/[As] =1 (D). The binary U„Astoo „alloy is

ferromagnetic in the composition range x =49—75 with a
maximum Mu of 0.72tus at x =57 (Fig. 2 left). These
values are revised and differ slightly from our previous
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FIG. 3. The Curie temperature Tc (left) as a function of U
concentration for the binary U-As system and (right) as a func-

tion of Cu and Ti concentration in the ternary U-As-Cu and

U-As-Ti system keeping the ratio [U]/[As] fixed. Solid lines are
to guide the eye. (A)-(D) denote the ratio [U]/[As] and are in-

dicated as vertical lines on the left. The error bars denote the
deviation in the ratio [U]/[As] where applicable. Compositions
of U-As, U-As-Cu, and U-As-Ti are listed in the caption of Fig.
2.

FIG. 2. The magnetization per U atom at 5 K (left) as a func-
tion of U concentration for the binary U-As system and (right)
as a function of Cu and Ti concentration in the ternary U-As-
Cu and U-As-Ti system keeping the ratio [U]/[As] fixed. Solid
lines are to guide the eye. (A)-(D) denote the ratio [U]/[As]
and are indicated as vertical lines on the left. The error bars
denote the deviation in the ratio [U]/[As] where applicable.
Compositions measured are [U]-[As] 38-62, 49-51, 51-49, 55-45,
57-43, 61-39, 62-38, 62-38, 75-25 at. %; (A) [U)/[As] =0.7:
U-As-Cu 16-27-57, 21-34-45, 26-37-37, 33-41-26 at. %; (B)
[U]/[As] = 1.3: U-As-Cu 30-19-51, 35-23-41, 43-28-29, 51-34-15
at. %; (C) [U]/[As] =0.5: U-As-Ti 29-52-19, 33-58-09 at. %; (D)
[U]/[As] = 1:U-As- Ti 42-41-17, 42-49-09 at. %.
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FIG. 4. The resistivity p at room temperature (left) as a func-
tion of U concentration for the binary U-As system and {right)
as a function of Cu and Ti concentration in the ternary U-As-
Cu and U-As-Ti system keeping the ratio [U]/[As] fixed. Solid
lines are to guide the eye. (A) —(D) denote the ratio [U]/[As]
and are indicated as vertical lines on the left. The error bars
denote the deviation in the ratio [U]/[As] where appIicable.
Compositions of U-As, U-As-Cu, and U-As-Ti are listed in the
caption of Fig. 2.

publication. The values of Tc peak between x =55 and
x =62 reaching 120 K (Fig. 3 left). Adding Cu or Ti ex-
tends the ferromagnetic region down to x (20 (Figs. 2
and 3 right).

For high [U]/[As] ratio (set B in Figs. 2 and 3) addi-
tions of Cu up to y=40% in Cu„(U-As)ttxI „do not
inAuence MU or Tc as compared to the binary U-As
composition with the same [U]/[As] ratio. For lower
[U]/[As] ratio (set A) the addition of Cu has a large
enhancement effect on the magnetic properties of the
films. Even at the highest Cu dopings, corresponding to
U concentrations of 16 at. %, the films are still ferromag-
netic. MU and T& peak neary =40. Values of MU are as
high as the highest values in U-As. T&, on the other
hand, reaches 50 K at the maximum. Adding Ti has
similar effects on MU and Tc as adding Cu. For ratio
[U)/[As] = 1 (set D in Figs. 2 and 3 right) MU and Tc are
comparable in magnitude to the U-As compositions with
the same [U]/[As] ratio. For low [U]/[As] ratio (set C)
MU increases strongly as a function of Ti doping and an
extension of the ordered state to low U concentrations is
observed, too.

Figure 4 shows the room-temperature resistivity p as a
function of U concentration x in the binary U-As system
(left) and as function of the Cu or Ti concentration y in
the ternary U-As-Cu and U-As-Ti system (right). The
rapid increase in p towards lower U concentrations in the
binary U-As system (Fig. 4 left) has been interpreted as a
phase separation into a metallic and a semiconducting
amorphous phase. This phase separation is suppressed
by the addition of Cu and Ti. For low [U]/[As] ratio (set
A and C in Fig. 4 right) the resistivity decreases rapidly
with increasing Cu or Ti concentration or with decreas-
ing U concentration, whereas for high [U]/[As] ratio the
resistivity stays approximately constant (set B and D).
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FIG. 5. The Hall angle OH as a function of U concentration
for the binary U-As system and {right) as a function of Cu and
Ti concentration in the ternary U-As-Cu and U-As-Ti system
keeping the ratio [U]/[As] fixed. Solid lines are to guide the
eye. (A)-(D) denote the ratio [U]/[As) and are indicated as
vertical lines of the left. The error bars denote the deviation in
the ratio [U]/[As] where applicable. Compositions of U-As,
U-As-Cu, and U-As-Ti are listed in the caption of Fig. 2.
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FIG. 6. The polar Kerr rotation for the U„As,00 „composi-
tions with x =3S (~), 49 (A ), 51 (~ ), 55 (4), 61 (+ ), 62 (T )

as measured through the glass substrate. The data are taken at
a temperature of 10 K and in a field of 3 T.

The Hall angle 8H is plotted in Fig. 5. For the binary
U„AsttxI „system (Fig. 5 left) Ozz follows the same com-
positional dependence as Tc or MU with a maximum
value of 12' at x =60. Adding Cu (set A and B in Fig. 5
right) does not change 8H considerably even for low
[U]/[As] ratio where MU is strongly increased (set A in
Fig. 2 right). Adding Ti (set C and D in Fig. 5 right), on
the other hand, increases 8H more than adding Cu reach-
ing 11' in U42AS49Ti09.

Figure 6 depicts the polar Kerr rotation of the U-As
system at a temperature of 10 K and in a field of 3 T.
The photon energy range is limited to 3.5 eV due to the
increasing absorption of the glass substrate. The Kerr ro-
tation does not saturate completely even in fields up to 7
T as seen in the Kerr-rotation loop shown in Fig. 7. The
largest rotation is measured in the U6&As» film reaching
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FIG. 7. The polar Kerr-rotation loop of U6&As» at a photon
energy of 1.25 eV as measured through the glass substrate at a
temperature of 10 K.

with a high ratio [U]/[As] = l. 3 resemble very much the
spectra for the U As]op films with x 55. They are
dominated by a broad negative peak near 1 eV. The max-
imum rotation is much lower as compared to U„As&oo
and reaches —1.05' at 1.05 eV in U43As28Cu29. In the
films with low ratio [U]/[As]=0. 7 a positive peak ap-
pears below 1 eV indicating a second phase as in
U„Astco „with x (55. The resistivity data (set A and B
in Fig. 4 right), however, do not show a transition into a
semiconducting phase.

The last system investigated, U-As-Ti, is shown in Fig.
9, where the polar Kerr rotation is plotted at 10 K and 3
T. All spectra are dominated by a broad negative peak
between 1.2 and 1.8 eV. Maximum Kerr values are
higher than in the U-As-Cu system, reaching —1.45' at
1.3 eV in U42As49Ti09 There is no indication of a posi-
tive peak and, hence, no second phase as seen in the
binary U-As and in the ternary U-As-Cu films.

—2.7' at 1.25 eV in a field of 7 T. This value is obtained
by measuring through the substrate. Therefore, the rota-
tion as seen directly on the film would be—2.7'/1. 4= —2', if we set the index of refraction of the
substrate equal to 1.4 (see the Appendix). Looking at the
energy spectra (Fig. 6) one notices that for U concentra-
tions x ~ 55 the Kerr rotation is dominated by a broad
negative peak around 1.2 eV as in crystalline UAs. At
x &55 the negative peak narrows and decreases in size.
In addition, a positive peak appears below 1 eV. It has
been pointed out before that the appearance of the posi-
tive peak, which has a much higher coercivity and
remanence than the negative peak in the same film, can
be explained with a phase separation into an amorphous
metallic UAs phase and an amorphous semiconducting
UAs2 phase. A positive peak in the compositions with
low U concentration is confirmed in the paramagnetic
U38As6z film as shown in Fig. 6.

The polar Kerr rotation of the U-As-Cu system is plot-
ted at 10 K and 3 T in Fig. 8. The spectra for the films
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FIG. 8. The polar Kerr rotation for the U-As-Cu system
with ratio [U]/[As]=0. 7 U3, As34Cu4& (A) U33As43Cu36 (0),
and with ratio [U]/[As] = 1.3 U35As33Cu4, (0), U43As38Cu39 ( ~ )

as measured through the glass substrate. The data are taken at
a temperature of 10 K and in a field of 3 T.

DISCUSSION

The binary U As& „system orders ferromagnetically
in the composition range 49 ~x &75 as shown in Fig. 3.
The upper limit is probably due to the increasing delocal-
ization of the U 5f states as one approaches the limit of
metallic uranium. ' The lower limit, however, seems to
be connected with an increase in resistivity (Fig. 4 left).
As shown previously, this increase can be understood in
terms of a phase separation into a metallic UAs and a
semiconducting UAs2 amorphous phase. As a conse-
quence of the resistivity increase, the strength of the
RKKY exchange interaction, which depends on the pres-
ence of charge carriers, is decreased. Adding Cu to the
U-As system in a range where the metallic amorphous
UAs phase prevails (set B in Figs. 2 and 3) keeps MU and
even Tc constant. Although the U atoms are diluted and
their average separation increased, the strength of the ex-
change, as rejected in the high T&, is partially main-
tained. Adding Cu in a region where the semiconducting
amorphous phase is present (set A) strongly increases
MU, which reaches values as large as the largest values in
the binary U-As system. It has to be pointed out that
MU is averaged over the total amount of U atoms in both
phases because there is no way to separate MU for each
phase. Tc, however, reaches only half the maximum
value of U-As indicating a weaker exchange. Another in-
teresting fact can be seen from the Kerr spectra (Fig. 8).
The samples with low ratio [U]/[As]=0. 7 show the sig-
nature of a second amorphous phase as in the binary U-
As system, whereas the ones with high ratio
[U]/[As]=1. 3 do not. Thus the addition of Cu in sam-
ples with a low [U]/[As] ratio does not prevent a phase
separation. But by providing additional charge carriers
the RKKY exchange is enhanced and the second phase,
which is semiconducting in U-As, becomes conducting
and shows ferromagnetic ordering.

The e6'ect of Cu doping is best shown in a ternary dia-
gram. Figure 10 depicts the ternary diagram in the
U-As-Cu system for MU and Fig. 11 for Tc. The known
crystalline compounds are indicated by squares. In both
figures the region of high ordering temperature and large
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FIG. 10. The magnetization per U atom for the ternary
U-As-Cu system. The values are given in 10 pz/U. Open cir-
cles are compositions that show indication of a second phase in
the Kerr spectra. Crystalline compounds are indicated by
squares and their values (from Refs. 2, 10, 12, and 17) are given
in the table inset. (a.f.) means antiferromagnet and (f.) means
ferromagnet.

magnetization is a ridge that stretches along a fixed ratio
[U]/[As], i.e., on a straight line connecting the binary U-
As axis with the Cu point. A plateau of large values of
MU is found in the center of the diagram near the crystal-
line UCuzAs2 compound. The samples (open circles),
which show the magneto-optical signature of a second
phase, are all in the left half of the diagram.

The above considerations lead to the following picture
of the influence of Cu addition to the U-As system: In
the binary U„As&00 „system two phases can be dis-

tinguished which show a typical spectral dependence of

FIG. 11. The Curie temperature for the ternary U-As-Cu sys-

tem. The values are given in Kelvin. Open circles are composi-
tions that show indication of a second phase in the Kerr spec-
tra, Crystalline compounds are indicated by squares and the
values (from Refs. 2, 10, 12, and 17) of the Curie or Neel (for an-

tiferromagnets) temperature are given in the table inset. (a.f.)
means antiferromagnet and (f.) means ferromagnet.

the polar Kerr rotation. First, on the U-rich side a me-
tallic phase with a NaC1-structure-like local coordination
of the U atoms and, second, on the U-poor side a semi-
conducting phase with a Cu2Sb-structure-like local coor-
dination. Adding Cu does not change the local coordina-
tion of the U atoms, which seems to depend solely on the
[U]/[As] ratio, but has mainly the e8'ect of adding addi-
tional charge carriers thus enhancing the RKKY ex-
change interaction. This conclusion is corroborated by
the fact that the amorphous composition U35As23Cu4&
with a ratio [U]/[As]=1. 3 shows a NaC1-structure-like
Kerr spectrum although the U concentration is in a range
where the binary U-As system shows a Cu2Sb-structure-
like Kerr spectrum. U33As4&Cu26, on the other hand,
with a ratio [U]/[As] =0.7 shows a Cu2Sb-structure-like
Kerr rotation although it has similar U concentration.

The effects of Ti doping seem at 6rst similar to Cu dop-
ing, however, a ternary diagram reveals some fundamen-
tal differences. Figures 12 and 13 show MU and Tz, re-
spectively, of the U-As-Ti amorphous system. In con-
trast to the U-As-Cu system, the region of large MU and
high Tc does not follow a line of constant [U]/[As] ratio,
but it rather curves towards the As-rich side of the dia-
gram. In addition, the region is considerably smaller
than in the U-As-Cu system. A further difference is that
all the Kerr spectra show a NaC1-structure-like energy
dependence (Fig. 9) and there is no magneto-optical evi-
dence for a second phase even at ratios [U]/[As]=0. 5.
This indicates that Ti, besides adding charge carriers, is
changing the local coordination of the U atoms. The
[U]/[As] ratio appears to be shifting to the U-rich side.
Considering that Ti is a very reactive metal, it is conceiv-
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FIG. 12. The magnetization per U atom for the ternary
U-As-Ti system. The values are given in 10 pz/U. Open cir-
cles are compositions that show indication of a second phase in
the Kerr spectra. Crystalline compounds are indicated by
squares and their values {from Refs. 2, 10, 12, and 17) are given
in the table inset. (a.f.) means antiferromagnet and (f.) means
ferromagnet. The magnetic properties of U2Ti are not known.

able that Ti binds As much stronger than Cu does. It
may even form a nonmagnetic Ti-As phase, therefore tak-
ing away As from the U environment and preventing the
formation of a Cu2Sb-structure-like phase. The NaC1-
structure-like Kerr spectrum of U29As52Ti», as pictured
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FIG. 13. The Curie temperature for the ternary U-As-Ti sys-
tem. The values are given in Kelvin. Open circles are composi-
tions that show indication of a second phase in the Kerr spec-
tra. Crystalline compounds are indicated by squares and the
values (from Refs. 2, 10, 12, and 17) of the Curie or Neel (for an-
tiferromagnets) temperature are given in the table inset. (a.f.)
means antiferromagnet and (f.) means ferrornagnet. The rnag-
netic properties of U2Ti are not known.

in Fig. 9, gives strong evidence for this conclusion.
Besides the magnetic properties it is worthwhile to dis-

cuss the magnitude of the polar Kerr effect in the binary
U-As and the ternary U-As-Cu and U-As-Ti system and
compare it to the values obtained on crystalline com-
pounds. The two binary crystalline compounds investi-
gated are UAs (NaC1 structure) and U3As4 (Th3P4 struc-
ture). The polar Kerr spectra are due to fundamentally
different transitions. In UAs the dominating transition is
an interband transition from rather localized U 5f states
into the U 6d derived conduction band. In U3As4, how-
ever, the Kerr spectra originate from an intraband transi-
tion of highly spin-polarized charge carriers within the
conduction band. As a consequence, the Kerr rotation of
UAs shows a broad negative peak at 1.4 eV and in U3As4
there is no peak but a sharp increase of the negative Kerr
rotation towards lower energies. The similarity of the
Kerr spectra in U„As&oo „,where x + 55, with the spec-
trum of crystalline UAs has led us to assign the peak to a
U 5f~6d transition.

To compare the Kerr rotations of different U composi-
tions we scale the absolute value of the peak Kerr rota-
tion with the index of refraction of glass, n, =1.4, to ac-
count for the enhancement due to measuring through the
glass substrate. Furthermore, we scale with the magneti-
zation per U atom, MU, and with the number of U atoms
per cm, 1VU, which is calculated from the atomic
volumes and the chemical analysis. This procedure is ap-
propriate because the Kerr effect is proportional to the
magnetization and, for a given electronic transition, to
the number of atoms contributing to that transition. The
scaled absolute peak values Sz =Olr, (E~k)ln, MUNU are
listed in Table I, where Os, (E k) is the value of the Kerr
rotation at the peak energy E k. For comparison, the
values for UAs (Ref. 2) and UCuAsz (Ref. 13) are listed as
well. It is evident that the scaled Kerr rotations 8+ are
almost equal in the two crystalline compounds despite
the large difference in Kerr rotation. This mainly indi-
cates that the Kerr rotation originates from the same
type of transition (U 5f~6d) with comparable joint spin
polarization, bandwidth, and radial overlap of the wave
functions of initial and final states. It has to be pointed
out that such a scaling is usually done with the off-
diagonal conductivity o„,which is a property indepen-
dent of the optical functions n(co) and k(co). For the
Kerr rotation such a scaling is only appropriate under
the assumption that the optical functions n(co) and k(co)
are similar in size and the maximum Kerr rotation occurs
at approximately the same energy. Because the
reflectivity spectra of UAs (Ref. 1) and UCuAsz (Ref. 13)
are comparable in the energy range of the peak rotation,
the scaling gives to first order a reasonable value for the
strength of the transition. The reflectivity spectra for the
binary and ternary amorphous films are rather featureless
and of the same size. Hence, the differences due to vary-
ing optical functions should not be too large.

Looking at the binary U As&00 system (Table I), we
note that the values of Oz form two groups. For x & 55,
O+ is of equal size as in the crystalline materials. This is
also the composition range where the polar Kerr spectra
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TABLE I. Magnetic and magneto-optical properties of amorphous U-As and U-As-Cu and U-As-Ti films. Epk is the energy of the
peak Kerr rotation. 8j;,(Epk) is the peak Kerr rotation as measured through the substrate and 8&(Epk) is the peak Kerr rotation as
measured from the film side. Mv is the magnetization per U atom, Nv is the number of U atoms per cm, and Oz is Oz(Epk ) divided

by Mv and Nv-

Composition

UAs (cryst. )

UCuAs2 (cryst. )

Ep
(eV)

1.45
1.2

~sr. «pk)
(deg)

~K(Epk )

(deg)

—1.05
—1.75

0.42
1.27

Nv
(10 cm )

2.08
1.34

eve
(10 cm deg IM&')

1.2
1.03

U49Ass

Us&As49

UssAs45

U6&As39

U62As38

1.4
1.05
1.1
1.2
1.1

—0.7
—0.9
—1.8
—2.3
—1.7

—0.5
—0.65
—1.3
—1.65
—1.2

0.3
0.4
0.72
0.5
0.43

2.31
2.41
2.6
2.92
2.93

0.72
0.67
0.69
1.13
0.95

U2)As34Cu45

U33As4&Cu26

U3sAs24Cu4&
U43As28Cu29

1.3
1.3
1.1
1.05

—0.25
—0.5
—0.8
—1.05

—0.2
—0.35
—0.55
—0.75

0.63
0.19
0.57
0.62

1.24
1.75
2.04
2.34

0.26
1.05
0.47
0.52

U29Asg2 Ti)9
U42As4, Ti, 7

U42As49 Ti09

1.5
1.6
1.35

—0.5
—0.85
—1.05

0.77
0.32
0.32

1.41
2.04
2.01

0.46
1.3
1.63

have similar shape as crystalline UAs (Fig. 6). The max-
imum Kerr response is reached in samples with 60 at. %
U and it is of similar strength as in crystalline UAs. For
x ~ 55, 8z is reduced by a factor of 2 probably through
the presence of a semiconducting second phase, which
was mentioned before. The reason for a reduction might
be found in a smaller radial overlap integral of the U 5f
and 6d wave functions. A broadening efFect, however,
can be ruled out as the negative peaks even narrow at low
U concentrations (see Fig. 6).

The U-As-Cu system has very small values of 8z
(Table I) with the exception of one composition,
U33As4&Cu26, where the magnetization is very small. The
reasons for the smaller values of 8z in the samples with
ratio [U]/[As] ™1.3 as compared to the binary U-As sys-
tem with similar [U]/[As] ratio are not clear. All mag-
netic and transport properties remain constant upon add-
ing Cu to the binary U-As system. The small values for
8z might be connected with changes in the structure of
the conduction band that lead to either a reduced overlap
integral of the U 5f and 6d wave functions or a change in
the matrix element of the U 5f~6d transition.

The values of Ox (Table I) for the U-As-Ti system with
ratio [U]/[As] =1 are even higher than in the binary U-
As films, whereas Sz for U-As-Ti films with ratio
[U]/[As]=0. 5 is equal in value to U-As-Cu films with
high [U]/[As] ratio. As has been discussed before, the Ti
seems to change the local coordination of the U atom to a
NaC1-structure-like coordination which is the range of
U-U interatomic distance where the U 5f~6d transition
is strongest in the binary U-As system. Because of its
high valence, Ti is likely to add charge carriers. But the
changes in the conduction band associated therewith do
not suppress the strength of the U Sf~6d transition as
is the case in the U-As-Cu system.

CONCLUSIONS

The spectral dependence of the polar Kerr rotation in
the amorphous U„As&00 „system is dominated by a
broad negative peak for U concentrations x ~ 55 similar
to the spectrum of the crystalline UAs compound. At
x (55 phase separation into two amorphous phases
occurs, which is indicated by the appearance of a positive
peak below 1 eV in the Kerr spectra. In the amorphous
U-As-Cu system, for compositions with a low ratio
[U]/[As] =0.7 the polar Kerr spectra indicate the onset
of a similar phase separation. No such indication is
found, however, in the amorphous U-As-Ti system for
the composition range investigated.

It is concluded that the addition of Cu to U-As does
not change the local coordination of the U atoms. It
adds additional electrons which enhance the RKKY ex-
change interaction allowing magnetic order even at low
U concentrations. The addition of Ti to U-As changes
the local coordination of the U atom presumably because
Ti binds As due to its reactivity. This has the effect that
the local coordination of the U atoms is like the NaC1
structure even for low [U]/[As] ratio. The additional
electrons provided by the Ti also increase the RKKY in-
teraction leading to magnetic order at low U concentra-
tions. However, this study shows that adding electrons
does not increase Tc beyond the value of the binary
amorphous U films or the crystalline U compounds. This
result suggests that the RKKY interaction is not the
dominating interaction in amorphous U materials and
that a room-temperature Tc cannot be achieved in amor-
phous U films by means of the RKKY interaction.

A scaling law applied to the rnxiirnur polar Kerr rota-
tion indicates that the strength of the U Sf +6d transi-—
tion, which is responsible for the magneto-optical
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response, is the same as in the crystalline compounds.
Therefore, the disorder of the amorphous state does not
seem to harm the magneto-optical response. This sug-
gests that amorphous thin films are suitable to study the
compositional dependence of the Kerr effect and the
influence of the addition of other elements on the Kerr
effect.
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n, (n+ n—)

Ks =l
n+n —n,

(A3)
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Using Z+ =n+, where

s;~ =5;~ (4—tri /co) o;, , where
0.; =o.

&, +I,o.2;, one gets

&+ =~xx + 'xy

j 8 ~I.j 1 C2&'j

and
and

APPENDIX: INFLUENCE OF THE SUBSTRATE
ON THE KERR EFFECT

4~i nsOxy(' ')
s

(A5)

In order to understand the influence of the substrate on
the Kerr effect one has to derive the relation between the
complex polar Kerr effect, Px, =Otc, i Etc„—where 8x, is
the polar Kerr rotation and cK, is the polar Kerr elliptici-
ty, and the off-diagonal conductivity o x~

=o.,x~+i o 2xy in
the case of a substrate —magnetic-medium interface. The
reflection coefficient p for electromagnetic radiation un-
der near-normal incidence on an absorbing medium with
complex index of refraction n = n —ik, where n is the in-
dex of refraction and k is the absorption coefficient, fac-
ing vacuum is given by

4' Bso waxy+ Aso2xy

A'+B' (A6)

and

4n Aso &xy Bso2xy
&Ks

=
A,'+B,' (A7)

with n = ,'(n++n —),the mean complex index of refrac-
tion. Separating real and imaginary parts in Eq. (A5)
yields for the Kerr rotation and ellipticity

n —1

n+1
(A 1)

A, and B, are given by

3, =(1/n, )(n —3nk —n, n ) (A8)

If the same medium is facing a transparent substrate with
real index of refraction n, the reflection coefficient is
defined as

and

8, =(1/n, )( —k +3n k —n, k), (A9)

Ps
n —n,

(A2)

In the case of a magneto-optically active material the
complex reflection coefficient and, therefore, the complex
index of refraction, are different for right (+) and left
(
—

) circular polarized light. For Hx„sx, «1 rad the

where n and k are the mean index of refraction and ab-
sorption. Setting n, =1 recovers the equations for a
magneto-optically active material facing vacuum. The
off-diagonal conductivity O.„ is independent of the inter-
face. Thus, Eqs. (A6) and (A7) show that the polar Kerr
effect is generally enhanced by a factor equivalent to the
index of refraction n, of the substrate.
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