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Exchange-induced enhancement ofTC in Co12x„EuS…x macroscopic ferrimagnets
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The temperature dependence of the magnetic-exchange behavior between the EuS and the Co phase in the
macroscopic ferrimagnet Co12x(EuS)x has been studied over a wide composition range, 0.1<x<0.6, using
magnetooptic spectroscopy. We find a strong exchange-induced enhancement of the Curie temperature of the
EuS phase for EuS concentrationsx>0.2 reaching a maximum of 160 K in Co0.6~EuS!0.4. This is an order of
magnitude higher than in bulk EuS. The maximum enhancement takes place at the concentration where a
percolation from metallic to a semiconducting behavior occurs. The results are explained by the nanometer size
of the EuS crystallites, which leads to a large surface-to-volume ratio. This yields a strong exchange interaction
to the Co matrix while the crystallinity of the EuS ensures a high-spin Eu21 state.@S0163-1829~98!04122-8#
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INTRODUCTION

Magnetic thin films are of considerable interest to the s
entific community as they have a high technological pot
tial. By artificially layering, new physical properties aris
like giant magnetoresistance1,2 and oscillatory exchange.3

The fact that the interface plays a crucial role in produc
these effects has led to the investigation of phase-sepa
systems where the interface-to-volume ratio is increase
compared to multilayers.4 A new class of such materials ha
been recently found and named macroscopic ferrimagn5

In these phase-separated materials twomacroscopicmag-
netic phases couple antiferromagnetically across the p
boundary. They show many of the properties of ferrimagn
as, e.g., a magnetic compensation point. So far, an antife
magnetic exchange across a phase boundary has been
in artificially layered rare-earth/transition-metal systems s
as Gd/Fe, Tb/Fe, and Dy/Fe multilayers.6,7 However, in these
multilayers both constituents are metallic with a high Cu
temperatureTC whereas in the macroscopic ferrimagnets o
phase~EuS! is a semiconductor with a very lowTC of 16.5
K. In addition, an exchange-induced enhancement ofTC in
one of the components, as we have found in the macrosc
ferrimagnets, has not been observed before.

A prototype macroscopic ferrimagnet is Co12x(EuS)x .
For Co-rich samples, crystalline and semiconducting E
precipitate particles of 10 nm diameter are embedded
metallic Co matrix. For low-Co content, the Co acts as
magnetic impurity in a semiconducting EuS matrix.8,9 The
phase separation of Co and EuS was first discovered i
ray-diffraction measurements.10 They clearly reveal the crys
talline nature of the EuS particles with a lattice constant
5.97 Å equal to bulk EuS.11 The ~200! reflection is the stron-
gest, as expected for randomly oriented EuS. Line broad
ing yields a crystallite size of approximately 10 nm by usi
the Scherrer equation.12 The conductivity increases rapidl
570163-1829/98/57~22!/14294~5!/$15.00
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with volume-fraction Co. It can be fitted with a simple pe
colation model, corroborating that EuS is present as a se
conducting phase.13

In samples withx>0.3, the magnetic momentm is domi-
nated by the EuS phase up to a compensation pointTcompand
thereafter by the Co matrix. In contrast, forx<0.2 the Co
dominates at all temperatures. Assuming crystalline lat
constants and the bulk valuesm51.72 and 7mB for Co and
EuS, respectively, the magnetic moments should be at
ance at an EuS concentration ofx50.2, which is in good
agreement with the above results. An antiferromagnetic
change coupling between the two macroscopic phases is
tablished by a different behavior of the remanent and
in-field Kerr spectra and of the Kerr hysteresis loops at d
ferent photon energies.5 In Co12x(EuS)x , the Co phase
makes an approximately constant negative contribution touK
while the EuS phase exhibits a characteristic S-shaped
nature due to the localized Eu21 4 f→5d transition. In addi-
tion to the antiferromagnetic exchange interaction,
samples exhibit perpendicular magnetic anisotropy at
temperatures, although the EuS crystallites are rando
distributed.5 At room temperature, a magneto-optic enhan
ment effect was found14 leading to Kerr rotationsuK52°
above 4 eV.

In this paper we will discuss the exchange-induced
hancement of the Curie temperatureTC,EuS of the EuS phase
in Co12x(EuS)x . In a previous work5 an increase ofTC,EuS
up to 60 K had been found in one sample. A comprehens
study over a wider composition range now reveals an
hancement up to 160 K forx50.4, which is an order of
magnitude higher as compared to the bulk EuS value of 1
K.15 This enhancement is due to a strong antiferromagn
exchange interaction between the nanocrystalline EuS
ticles and the metallic Co matrix. To our knowledge, this
the highest enhancement ofTC reported so far in the EuS
magnetic semiconductor.
14 294 © 1998 The American Physical Society
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EXPERIMENT

Films of thickness 200 nm were prepared by electr
beam codeposition of Co and EuS at a rate of 0.3 nm s21.
The vacuum system used for deposition has a base pre
of about 331028 mbar. A liquid-nitrogen-cooled shrou
was used that helped to keep the partial pressure of w
low. The pressure during deposition increased to about
31027 mbar. The Co source was a conventionale-beam
hearth. The EuS powder~purchased from Ames Laboratory!
was evaporated from a tungsten hearth liner. The substr
were either glass, fused SiO2, or silicon that were cooled to
215 °C. As the NaCl lattice constant of EuS,aEuS55.968 Å,
is much larger thanaCo52.51 Å andcCo54.07 Å of hcp Co,
the volume per formula unit is larger by a factor of 5. S
adding 10% EuS results in a volume fraction of 35% Eu
Phase separation is achieved solely by coevaporation.
further heat treatment such as annealing or quenchin
needed.

Previously, a magnetic compensation point had b
found5 at 18 K in Co0.7~EuS!0.3, which is aboveTC of bulk
EuS, indicating an exchange-induced enhancement of the
dering temperature of the EuS phase. In order to ana
more carefully the influence of the exchange on theTC,EuSof
the EuS phase, we have studied the temperature depend
of the polar Kerr spectra and of the polar Kerr hystere
loops of Co12x(EuS)x , 0.1<x<0.6, over a wide photon
energy range from 5 to 300 K in magnetic fields up to 2.7
In order to achieve a high angular resolution of 0.001° in
visible, the near-infrared, and the near-ultraviolet region
lock-in technique in combination with a zeroing procedure
applied.16

Two independent methods were used in order to de
TC of the EuS phase.~1! Polar Kerr spectra in the magnet
remanence state were taken between 5 and 300 K. The
manence state assures that ordering of the two phas
merely guided by the antiferromagnetic exchange. As long
an antiferromagnetic coupling is present, the EuS phas
ordered. This method yields only a lower limit ofTC,EuS
because the disappearance of the remanence must not n
sarily mean thatTC,EuShas been reached.17 ~2! The paramag-
netic contribution of the EuS phase to the Kerr rotationupara

EuS

was extracted from room-temperature polar Kerr hyster
loops measured at various photon energies. By assumi
Curie-Weiss law the paramagnetic Curie temperatureQpara
was determined. This method merely serves as a consist
check and the agreement with the first method justifies
assumptions made.

The accuracy of the magneto-optically derived compen
tion point has been checked by a superconducting-quan
interference-device~SQUID! magnetometer. However, th
ordering temperature of the EuS phase cannot be checke
the SQUID magnetometer as it measures only the volu
magnetization and is not sensitive to individual compone

RESULTS

An estimation ofTC is performed according to the secon
method by evaluating the high-field susceptibility of the p
lar Kerr hysteresis loops at room temperature. As an
ample, Fig. 1 shows Kerr loops at a photon energy of 2
-

ure

ter
.5

tes

,
.
o
is

n

or-
ze

nce
s

.
e
a
s

e

re-
is
s
is

ces-

is
a

cy
e

a-
m-

by
e

s.

-
x-
5

eV. The loops indicate that the easy axis of the magnet
tion is in plane. A small high-field susceptibility is presen
growing with increasing EuS concentrationx. The magnetic
ordering is dominated by the Co phase and atx>0.5 the
films are paramagnetic at room temperature.

To proceed further, we make the key assumption that
magnetic moment of the Co is saturated at room tempera
and shows hysteresis, while the high-field susceptibilityxpara
is solely due to the paramagnetic EuS contribution. Beca
of the S-shaped signature of the localized Eu21 4 f→5d tran-
sition, the polar Kerr loops at 2.8 and 2.15 eV comprise
EuS contribution with opposite sign while the Co contrib
tion has the same sign and nearly the same size. Thus
properly subtracting both loops and dividing by 2, the C
contribution cancels and we are left with the paramagn
EuS contribution averaged between the two photon energ
A good indicator for the Co contribution to be canceled co
pletely is the disappearance of the hysteresis in the resu
Kerr loops that is solely due to the Co. Therefore, the K
loop to be subtracted is multiplied by a weighting fact
close to 1, which is varied until the hysteresis complet
vanishes after subtraction. The result is shown in Fig.
Supposing a Curie-Weiss law for the EuS phase, the slop
the paramagnetic Kerr rotationuK

para/B is expressed as

uK
para

B
5kxpara5k

NJ~J11!g2mB
2

3kB~T2Qpara!
, ~1!

FIG. 1. Polar Kerr hysteresis loops of Co12x(EuS)x at room
temperature at a photon energy of 2.15 eV.

FIG. 2. Normalized difference of the room-temperature po
Kerr hysteresis loops at 2.15 and 2.8 eV corresponding to the p
magnetic Kerr rotation of the EuS phase. Forx50.6, the data are
represented by a least-squares fit.
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where B is the magnetic field,J5 7
2 and g52 for the

EuS8S7/2 ground state, andk5uK(M )/M is the proportion-
ality constant between Kerr rotationuK(M ) and magnetiza-
tion M . Inserting the saturation magnetization,Ms

5NgJmB , and usingk5uK(Ms)/Ms5uK
sat/Ms , whereuK

sat

is obtained from the low-temperature Kerr spectra,5 we can
easily calculateQpara from the slope of the Kerr rotation,

uK
para

B
5uK

sat ~J11!gmB

3kB~T2Qpara!
. ~2!

According to the first method,uK has been measured i
the remanence state for all samples at temperatures up to
K. As an example, the temperature-dependentuK spectra of
Co0.6~EuS!0.4 are plotted in Fig. 3. The characteristic ‘‘fin
gerprint’’ of the EuS phase, the S-shaped feature betwee
and 3 eV, serves as an indicator of an ordered magn
moment in the EuS phase. As long as there is an antife
magnetic exchange, the EuS phase is still ordered yieldin
lower limit to TC . Between 80 and 90 K, a reversal of th
complete spectra is observed, indicating a magnetic com
sation point which is more than a factor 5 higher thanTC of
bulk EuS. The S-shaped structure persists up to a temp
ture of 160 K.

DISCUSSION

In order to deriveTC,EuS, the EuS contribution is ex
tracted from theuK values at 2.8 eV~the EuS-dominated
photon-energy range! and 1.1 eV~the Co-dominated part o
the spectrum! as plotted in Fig. 4. The extraction assum
that the optical functionsn andk, which influence the Kerr
rotation, do not change considerably below 200 K. The
contribution touK at 2.8 eV,uK,2.8

Co (T), can be estimated
from the Kerr spectra at a temperatureT0 where the S-
shaped structure, and hence the ordering of the magn
moments of the EuS phase, has disappeared. This is the
at T05200 K. uK,2.8

Co (T) then follows at lower temperatur
from the scaling relation

uK,2.8
Co ~T!>uK,1.1

Co ~T!uK,2.8
Co ~T0!/uK,1.1

Co ~T0!. ~3!

The Kerr rotation at 1.1 eV,uK,1.1
Co (T), corresponds predomi

nantly to the Co contribution. This is because EuS does
have electronic transitions below the gap at 1.65 eV and
a result, the Kerr rotation of EuS is very small at 1.1 eV18

Finally, the EuS contribution is the difference betwe

FIG. 3. Temperature dependence of the polar Kerr spectr
Co0.6~EuS!0.4 in the remanence state.
00

2
tic
o-
a

n-

ra-

o

tic
ase

ot
as

uK(T) at 2.8 eV anduK,2.8
Co (T). This procedure can be ap

plied to the peak at 2.15 eV as well yielding the sameTC
enhancement to within 10 K. A compensation pointTcomp is
defined by the zero crossing of the EuS contribution betw
80 and 90 K whileTC,EuS reaches 160 K. Therefore, th
Curie temperature of the EuS phase is enhanced through
antiferromagnetic exchange coupling to the Co matrix by
order of magnitude as compared toTC of bulk EuS.

As an independent verification of the large enhancem
of TC,EuS, the remanent magnetization has been measure
a SQUID magnetometer in order to measureTcomp. The re-
sults are shown in Fig. 5 for two sequences: First, at e
temperature a magnetic field of 2.7 T is applied prior
measuring the remanent magnetization~j!. Second, the field
is only applied once at the lowest temperature~n!. The com-
pensation point is clearly seen and is close to 90 K in go
agreement with the magnetooptically derived value. T
slight difference between the two sequences is due to
finite relaxation time of the magnetization after applying
magnetic field. No difference could be found, on the oth
hand, between field-cooled and zero-field-cooled meas
ments.

The EuS contribution to the Kerr spectra as a function
temperature and the resultingTC enhancement have bee
derived for all EuS concentrations. The result is plotted

of FIG. 4. Extraction of the EuS contribution from th
temperature-dependent Kerr spectra of Co0.6~EuS!0.4 using theuK

values at 1.1 and 2.8 eV. Compensation point and Curie temp
ture are marked by an arrow.

FIG. 5. Remanent magnetization of Co0.6~EuS!0.4 as a function
of temperature. A field of 2.7 T was applied prior to measuring
first point at 5 K~n! and prior to each temperature~j! in order to
align the magnetic domains.
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Fig. 6 in combination with the paramagnetic Curie tempe
tureQparaas derived from the high-field susceptibilitykxpara
of the Kerr hysteresis loops at room temperature. Note
large correspondence between both curves. The orde
temperature peaks at an EuS compositionx50.4 close to the
percolation threshold.

What is the nature of such a strong exchange coup
between macroscopic phases? Evidently, the nanometer
of the EuS precipitate particles is connected with the in
esting magnetic properties of the compound. Let us estim
the mean free path,lCo5vFt, of electrons in Co by a free
electron model. Using equations for the Fermi velocity,vF

5\(3pvp
2/4m* 2e2)1/3, and the relaxation time, t

54ps0 /vp
2, and assuming for Co a dc conductivity,s0

51.723107 V21 m21 at room temperature and a plasm
frequency19 vp51.1731016 s21, we getlCo512 nm. This is
of the same size as the precipitate EuS particles that sh
hence act as strong scattering sites. The occurrence
negative magnetoresistance effect ofdr/r52% is consistent
with this assumption.13

Regarding TC enhancement and antiferromagnetic e
change, it is well known from earlier work on rare-ear
chalcogenides9,18,20 that adding to EuX ~X5O, S, Se, Te! a
trivalent ion, as, e.g., Gd, Tb, or Y, leads to aTC enhance-
ment of up to 140 K. However, the magnetic exchange
always ferromagnetic and can be explained in terms o
Ruderman-Kittel-Kasuya-Yoshida-type interaction. The a
dition of Co, Fe, or Ni can only be done at low concent
tions without destroying the NaCl structure. Again, aTC en-
hancement up to 190 K is observed in Fe-doped EuO but
exchange is once more ferromagnetic.8 The effect was theo-
retically described by the formation of a cluster of EuO sp
that are exchange coupled to the impurity transition meta
the center.21 The exchange is mediated by anf -d interaction
and a single impurity ion can couple 2000 spins.

An antiferromagnetic exchange between rare-earth i
and transition metals exists in rare-earth–transition-m
alloys22 and multilayers.6,7 The heavy rare-earth elemen
~e.g., Gd, Tb! exhibit an antiferromagnetic coupling to th
magnetic transition metals~Co, Fe!, while the light rare-earth
elements~e.g., Nd! are ferromagnetically coupled. Alloying
with Eu yields23 divalent Eu21 that is isoelectronic with
trivalent Gd31 so it is likely that a Eu21 transition-metal
alloy is antiferromagnetically coupled at low temperatur

FIG. 6. Curie temperature of the EuS phase as derived from
temperature dependence of the remanence Kerr spectra~j! and
from the high-field susceptibility of the Kerr hysteresis loops
room temperature~s!.
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However, Kerr measurements in Eux(CoFe)12x give no evi-
dence of an antiferromagnetic coupling at room tempera
or a contribution of the Eu21 4 f→5d transition to the Kerr
effect down to 100 K.23 Therefore, the fact that Eu is in th
EuS crystal field plays an important role in establishing
antiferromagnetic exchange to the Co matrix and in retain
the good magnetooptic properties of EuS.

We have found that in Co~EuS! the TC enhancement is
largest near the percolation threshold. There, the intermix
between the two phases is the largest while still having m
tallic conductivity in order to guarantee magnetic ordering
the Co phase. Due to the crystalline nature of the EuS ph
the Eu is forced to be divalent. The small size of the prec
tate EuS particles leads to a very large surface-to-volu
ratio yielding close proximity to the Co phase. Assuming
a spherical EuS crystallite of 10 nm diameter a shell of thi
ness of one lattice constantaEuS interacting with the Co ma-
trix yields a volume fraction of 32% of an EuS crystalli
participating in the exchange. A thickness of 2aEuS even re-
sults in 56%. So, in fact, the phase-separated material exa
creates a hypothetical Eu21 transition-metal alloy similar to
an amorphous Gd-Co alloy. This would explain the antif
romagnetic exchange coupling between the EuS precip
particles and the Co matrix.

The large enhancement ofTC , however, is not completely
understood at the moment. It seems most likely that a cha
of the band structure occurs in the EuS particles due to t
small size and the close proximity to the Co matrix. T
metallic Co matrix could induce a small amount of electro
into the conduction band of EuS. In addition, sulfur vaca
cies in the EuS crystallites, which are created dur
deposition,24 could provide additional negative charge car
ers. Both effects would enhance the probability of filling
conduction-band states in EuS. This would immediately
crease the exchange interaction, which is thought to be
diated by an indirect interaction between virtually excit
conduction electrons and the localized Eu 4f states.25–27 As
a consequence,TC,EuSof the EuS particles will be enhanced
An increase of the direct overlap of the 4f states seems un
likely as by finite size effects the bands usually become m
localized.

CONCLUSION

In conclusion, we have found an increase inTC by an
order of magnitude in EuS that is induced by a strong a
ferromagnetic exchange interaction to a Co matrix. In th
macroscopic ferrimagnets, nanocrystalline precipitate E
particles exist in the high-spin state of divalent Eu21. They
couple, due to the nanometer size, effectively to the meta
Co matrix yielding an antiferromagnetic exchange inter
tion similar to~Gd, Tb!-Co alloys and multilayers. The larg
increase inTC strongly hints at a change in the band stru
ture of the EuS nanocrystallites.
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