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Exchange-induced enhancement of - in Co;_,(EuS), 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 ¢o,(EuS), has been studied over a wide composition ranges=@<0.6, using
magnetooptic spectroscopy. We find a strong exchange-induced enhancement of the Curie temperature of the
EuS phase for EuS concentratiors 0.2 reaching a maximum of 160 K in ggEuSg 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-spfi Btate.[S0163-182608)04122-4

INTRODUCTION with volume-fraction Co. It can be fitted with a simple per-
colation model, corroborating that EuS is present as a semi-

Magpnetic thin films are of considerable interest to the sci-conducting phas&
entific community as they have a high technological poten- In samples wittx=0.3, the magnetic momept is domi-
tial. By artificially layering, new physical properties arise nated by the EuS phase up to a compensation {gipt,and
like giant magnetoresistant® and oscillatory exchange. thereafter by the Co matrix. In contrast, fo<0.2 the Co
The fact that the interface plays a crucial role in producingdominates at all temperatures. Assuming crystalline lattice
these effects has led to the investigation of phase-separatednstants and the bulk valugs=1.72 and g for Co and
systems where the interface-to-volume ratio is increased dsuS, respectively, the magnetic moments should be at bal-
compared to multilayer$A new class of such materials has ance at an EuS concentration %# 0.2, which is in good
been recently found and named macroscopic ferrimagnetsagreement with the above results. An antiferromagnetic ex-
In these phase-separated materials twacroscopicmag- change coupling between the two macroscopic phases is es-
netic phases couple antiferromagnetically across the phagablished by a different behavior of the remanent and the
boundary. They show many of the properties of ferrimagnetén-field Kerr spectra and of the Kerr hysteresis loops at dif-
as, e.g., a magnetic compensation point. So far, an antiferrderent photon energi€s.In Co,_,(EuS),, the Co phase
magnetic exchange across a phase boundary has been foundkes an approximately constant negative contributiafxto
in artificially layered rare-earth/transition-metal systems suchwhile the EuS phase exhibits a characteristic S-shaped sig-
as Gd/Fe, Th/Fe, and Dy/Fe multilay&SHowever, in these nature due to the localized Eu4f—5d transition. In addi-
multilayers both constituents are metallic with a high Curietion to the antiferromagnetic exchange interaction, all
temperaturdl - whereas in the macroscopic ferrimagnets onesamples exhibit perpendicular magnetic anisotropy at low
phase(EuS is a semiconductor with a very loWw. of 16.5 temperatures, although the EuS crystallites are randomly
K. In addition, an exchange-induced enhancemertoin  distributed> At room temperature, a magneto-optic enhance-
one of the components, as we have found in the macroscopivent effect was fourld leading to Kerr rotationsg,=2°
ferrimagnets, has not been observed before. above 4 eV.

A prototype macroscopic ferrimagnet is CQ(EuS),. In this paper we will discuss the exchange-induced en-
For Co-rich samples, crystalline and semiconducting Eu$iancement of the Curie temperatdrg g,s of the EuS phase
precipitate particles of 10 nm diameter are embedded in & Co, ,(EuS),. In a previous workan increase of ¢ g5
metallic Co matrix. For low-Co content, the Co acts as aup to 60 K had been found in one sample. A comprehensive
magnetic impurity in a semiconducting EuS maftkThe  study over a wider composition range now reveals an en-
phase separation of Co and EuS was first discovered in xaancement up to 160 K fox=0.4, which is an order of
ray-diffraction measurement8They clearly reveal the crys- magnitude higher as compared to the bulk EuS value of 16.5
talline nature of the EuS particles with a lattice constant ofK.'® This enhancement is due to a strong antiferromagnetic
5.97 A equal to bulk Eu$! The (200) reflection is the stron- exchange interaction between the nanocrystalline EuS par-
gest, as expected for randomly oriented EuS. Line broaderiicles and the metallic Co matrix. To our knowledge, this is
ing yields a crystallite size of approximately 10 nm by usingthe highest enhancement @ reported so far in the EuS
the Scherrer equatioid. The conductivity increases rapidly magnetic semiconductor.
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EXPERIMENT 0.6F ' ' ' ' ]
o coB00600EE00000, . Co, , (EuS),

T=295K
ho=215¢V |

Films of thickness 200 nm were prepared by electron-
beam codeposition of Co and EuS at a rate of 0.3 nm s
The vacuum system used for deposition has a base pressure
of about 3x10 8 mbar. A liquid-nitrogen-cooled shroud
was used that helped to keep the partial pressure of water
low. The pressure during deposition increased to about 1.5
X107 mbar. The Co source was a conventioesbeam
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hearth. The EuS powdépurchased from Ames Laboratory 0.4 =05 | w®o .
was evaporated from a tungsten hearth liner. The substrates P et e |
were either glass, fused SjQOor silicon that were cooled to R 2 — 1 - 1 2 3

.—15 °C. As the NaCl lattice constant of Eug;,s=5.968 A, Magnetic Field (T)

is much larger thamc,=2.51 A andcc,=4.07 A of hep Co,

the volume per formula unit is larger by a factor of 5. So, FIG. 1. Polar Kerr hysteresis loops of £q(EuS), at room

adding 10% EusS results in a volume fraction of 35% EuStemperature at a photon energy of 2.15 eV.

Phase separation is achieved solely by coevaporation. No - . .
P y oy P V. The loops indicate that the easy axis of the magnetiza-

;uerg:jeerdheat treatment such as annealing or quenching ﬂ[§|on is in plane. A small high-field susceptibility is present,

) . . : rowing with increasing EuS concentratign The magnetic
Previously, a magnetic compensation point had bee'grdering is dominated by the Co phase andxat0.5 the

onugd? %t. 15:.K in CQ’-7(Eu303’. Vgh'Chd'S ahboveTc oftbquI:h films are paramagnetic at room temperature.
us, Indicaling an exchange-induced enhancement of the or- proceed further, we make the key assumption that the

dering terrfnpltler?;[]un_a f?f the E:;'i phasE. In order to a?alyzﬁagnetic moment of the Co is saturated at room temperature
more carefully the influence of the exchange onTag:,s0 and shows hysteresis, while the high-field susceptibifify,

the EuS phase, we have studied the temperature depende.rfgesolely due to the paramagnetic EuS contribution. Because

of the polar Kerr spectra and of the polar Kerr hysteresis } : : _
loops of Cq_,(EuS),, 0.1<x<0.6, over a wide photon- of the S-shaped signature of the localized Eaf —5d tran

) . sition, the polar Kerr loops at 2.8 and 2.15 eV comprise an
energy range f_rom o to 300 Kin magnetic fields up t0°2.'7 T'EuS contribution with opposite sign while the Co contribu-
In order to achieve a high angular resolution of 0.001° in the[ion has the same sign and nearly the same size. Thus, by
visible, the near-infrared, and the near-ultraviolet region, &l)roperly subtracting both loops and dividing by 2' the C’o
lock-in technique in combination with a zeroing procedure iscontribution cancels and we are left with the para,magnetic
. EusS contribution averaged between the two photon energies.
A good indicator for the Co contribution to be canceled com-

letely is the disappearance of the hysteresis in the resultant
remanence state were taken between 5 and 300 K. The r <err loops that is solely due to the Co. Therefore, the Kerr

manence state assures_that orderin_g of the two phases Ibsop to be subtracted is multiplied by a weighting factor
merely guided by the antiferromagnetic exchange. As long #lose to 1, which is varied until the hysteresis completely

an antiferror_'nagnetic cogpling is present, th? EUS phase K?anishes after subtraction. The result is shown in Fig. 2.
ordered. This method yields only a lower limit Gl eys Supposing a Curie-Weiss law for the EuS phase, the slope of
e paramagnetic Kerr rotatioff?YB is expressed as

Tc of the EuS phasdl) Polar Kerr spectra in the magnetic

because the disappearance of the remanence must not ne
sarily mean thal ¢ g shas been reachéd(2) The paramag-
netic contribution of the EuS phase to the Kerr rotatitg oRe" NJ(J+1)g%u3

was extracted from room-temperature polar Kerr hysteresis BT KXed K g @ (1)
loops measured at various photon energies. By assuming a B par

Curie-Weiss law the paramagnetic Curie temperatdfg, T T ' '

. . . Es li B
was determined. This method merely serves as a consistency 0.05 g\:\/;'f,:olam Co,., (EuS),
check and the agreement with the first method justifies the ot o paramagnetic

, NINY e
assumptions made. L LN EuS contribution

'+, Vgg ™
The accuracy of the magneto-optically derived compensa- “.;;Zv 5
tion point has been checked by a superconducting-quantum-
interference-devicd SQUID) magnetometer. However, the
ordering temperature of the EuS phase cannot be checked by
the SQUID magnetometer as it measures only the volume
magnetization and is not sensitive to individual components.
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RESULTS Magnetic Field (T)

An estimation ofT ¢ is performed according to the second  FIG. 2. Normalized difference of the room-temperature polar
method by evaluating the high-field susceptibility of the po-Kerr hysteresis loops at 2.15 and 2.8 eV corresponding to the para-
lar Kerr hysteresis loops at room temperature. As an exmagnetic Kerr rotation of the EuS phase. &t 0.6, the data are
ample, Fig. 1 shows Kerr loops at a photon energy of 2.1%epresented by a least-squares fit.



14 296 P. FUMAGALLI, A. SCHIRMEISEN, AND R. J. GAMBINO 57

—~ 041 —
=11} — L —
=2 | Coy g(EuS) 4 T o 0.4 —0— ho = 2.8 eV(EuS dominated)
‘; B = remanence Y 45 K = 5 —— fio = 1.1 €V(Co dominated)
2 02} 5 —a— EuS contribution
B 80K = 02 |
[=) -
I~ - 7K S i Tc
= 27 ‘
a 0.0 E 0.0 -
v 160 K g U A\
5 | 90K M N Co, (EuS)
° 120K 5 i i | 0.6 04
& 02k _ L ool Teomp ! ' B = remanence _|

’ 1 1 1 ) I 1 1 1 1 I 1 1 1 1 I 1 1 1. ) | S - I L1 1N I 11 1 | | | l 1 1 1 | I 11

0 1 2 3 0 50 100 150 200 250
Photon Energy (eV) Temperature (K)
FIG. 3. Temperature dependence of the polar Kerr spectra of FIG. 4. Extraction of the EuS contribution from the
Cayg(EuSg 4 in the remanence state. temperature-dependent Kerr spectra of lBuS, 4 using the g

values at 1.1 and 2.8 eV. Compensation point and Curie tempera-
where B is the magnetic fieldJ=% and g=2 for the ture are marked by an arrow.
EuS?®S;,, ground state, and= 6 (M)/M is the proportion-
ality constant between Kerr rotatiofx (M) and magnetiza-
tion M. Inserting the saturation magnetizatiorilg
=NgJug, and usingk= c(Mg)/M¢=2¥M,, where 63
is obtained from the low-temperature Kerr speCtre can
easily calculatéd .., from the slope of the Kerr rotation,

Ok(T) at 2.8 eV andeﬁf’z.g(T). This procedure can be ap-
plied to the peak at 2.15 eV as well yielding the same
enhancement to within 10 K. A compensation poigfy,, is
defined by the zero crossing of the EuS contribution between
80 and 90 K whileT¢ g,s reaches 160 K. Therefore, the
gpara (J+1)gus Curie temperature of the EuS phase is enhanced through the
= SKat . (2) antiferromagnetic exchange coupling to the Co matrix by an
B 3kg(T= O pard order of magnitude as comparedTg of bulk EuS.

As an independent verification of the large enhancement
86TC,EUS’ the remanent magnetization has been measured by
a SQUID magnetometer in order to measligg,,- The re-

According to the first methoddx has been measured in
the remanence state for all samples at temperatures up to 3
K. As an example, the temperature-dependgnspectra of o np-
Cop «(EUS), 4 are plotted in Fig. 3. The characteristic “fin- sults are shown in Fig. 5 for two sequences: First, at each

gerprint” of the EuS phase, the S-shaped feature between temperature a magnetic field Of 2.7 T is applied prjor to
and 3 eV, serves as an indicator of an ordered magneti@easu”ng the remanent magnetizatil). Second, the field

moment in the EuS phase. As long as there is an antiferrd® only applied once at the lowest temperatlitg. The com-

magnetic exchange, the EuS phase is still ordered yielding Rensation tpmq’:]lstﬁlearly seetn artl_d 'ﬁ clgse_ tod90 KI n g%?d
lower limit to T . Between 80 and 90 K, a reversal of the agreement wi € magnetooptically derived value. €

complete spectra is observed, indicating a magnetic compe —I'gtht d||ffer(?[.ncet.betwefetnh the two ts_eqtgencits IS dule o the
sation point which is more than a factor 5 higher tignof inite relaxation time of the magnetization atter applying a

bulk EuS. The S-shaped structure persists up to a temper 1agnetic field. No difference could be found, on the other
ture of 160 K and, between field-cooled and zero-field-cooled measure-

ments.
The EuS contribution to the Kerr spectra as a function of
DISCUSSION temperature and the resultinf. enhancement have been
In order to deriveTc g,s the EuS contribution is ex- derived for all EuS concentrations. The result is plotted in

tracted from thedy values at 2.8 eMthe EuS-dominated

photon-energy rangeand 1.1 eV(the Co-dominated part of Z o015F T T T ]
the spectrumas plotted in Fig. 4. The extraction assumes g 3 Co, (EuS),,
that the optical functions andk, which influence the Kerr £ )’L —a— field applied at every point
rotation, do not change considerably below 200 K. The Co < 0.10F o field applicd once 1
contribution to 6 at 2.8 eV, 9&?2_8(T), can be estimated 2
from the Kerr spectra at a temperatufg where the S- E 0.05 F -
shaped structure, and hence the ordering of the magnetic ?;:’D
moments of the EuS phase, has disappeared. This is the case § 0.00
at To=200 K. QE?Z_B(T) then follows at lower temperature 2
from the scaling relation % i
£-005F L =
k28T =0k 11T 2dTo) 6k14(To). (3 SR 50 100 150 200

. . K
The Kerr rotation at 1.1 eveﬁf’l_l(T), corresponds predomi- Temperature (K)

nantly to the Co contribution. This is because EuS does not F|G. 5. Remanent magnetization of GEuS, 4 as a function
have electronic transitions below the gap at 1.65 eV and, asf temperature. A field of 2.7 T was applied prior to measuring the
a result, the Kerr rotation of EuS is very small at 1.1%8V. first point at 5 K(A) and prior to each temperatu(@) in order to
Finally, the EuS contribution is the difference betweenalign the magnetic domains.
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' ' ' ' ' ' However, Kerr measurements in JEGoFe) _, give no evi-
o (EuS) i ] dence of an antiferromagnetic coupling at room temperature
150 | — o= calc. fromy, 7o . L g pling . p
) e cale fmme:ij;f FARNS % 1 or a contribution of thse B 4f—5d transition to the Kerr
~ : PR % / effect down to 100 K Therefore, the fact that Eu is in the
@fi 100 - ‘,;:" '\.\ ",;4'.__{ : EuS crystal field plays an important role in establishing an
5 S s N antiferromagnetic exchange to the Co matrix and in retaining
& sof B 7 1 the good magnetooptic properties of EuS.
. R e We have found that in G&uS the T¢ enhancement is
I ] largest near the percolation threshold. There, the intermixing
%0 02 : 0'4 - 0'6 between the two phases is the largest while still having me-

tallic conductivity in order to guarantee magnetic ordering of
the Co phase. Due to the crystalline nature of the EuS phase,
FIG. 6. Curie temperature of the EuS phase as derived from théhe Eu is forced to be divalent. The small size of the precipi-
temperature dependence of the remanence Kerr spdliiraand  tate EuS particles leads to a very large surface-to-volume
from the high-field susceptibility of the Kerr hysteresis loops atratio yielding close proximity to the Co phase. Assuming in
room temperaturéO). a spherical EuS crystallite of 10 nm diameter a shell of thick-
ness of one lattice constaat,g interacting with the Co ma-
Fig. 6 in combination with the paramagnetic Curie temperatrix yields a volume fraction of 32% of an EuS crystallite
ture O p,as derived from the high-field susceptibilit,ara  participating in the exchange. A thickness af2s even re-
of the Kerr hysteresis loops at room temperature. Note theults in 56%. So, in fact, the phase-separated material exactly
large correspondence between both curves. The orderingeates a hypothetical El transition-metal alloy similar to
temperature peaks at an EuS compositierD.4 close to the  an amorphous Gd-Co alloy. This would explain the antifer-
percolation threshold. romagnetic exchange coupling between the EuS precipitate
What is the nature of such a strong exchange couplingarticles and the Co matrix.
between macroscopic phases? Evidently, the nanometer size The large enhancement B, however, is not completely
of the EuS precipitate particles is connected with the interunderstood at the moment. It seems most likely that a change
esting magnetic properties of the compound. Let us estimatgf the band structure occurs in the EuS particles due to their
the mean free path\c,=vg7, of electrons in Co by a free- small size and the close proximity to the Co matrix. The
electron model. Using equations for the Fermi velocity, —metallic Co matrix could induce a small amount of electrons
=h(3mwy/4m*2e?)M% and the relaxation time, r into the conduction band of EuS. In addition, sulfur vacan-
=4moylw3, and assuming for Co a dc conductivity, cies in the EuS crystallites, which are created during
=1.72x10" Q" m ! at room temperature and a plasma depositior?* could provide additional negative charge carri-
frequencﬁgwpzl.ﬂx 10'6 s, we get\c,=12 nm. Thisis  ers. Both effects would enhance the probability of filling in
of the same size as the precipitate EuS particles that shouttbnduction-band states in EuS. This would immediately in-
hence act as strong scattering sites. The occurrence of ciease the exchange interaction, which is thought to be me-
negative magnetoresistance effectdpfp=2% is consistent diated by an indirect interaction between virtually excited
with this assumptior® conduction electrons and the localized Eugtates® 2’ As
Regarding T enhancement and antiferromagnetic ex-a consequencd,c g,s0f the EuS particles will be enhanced.
change, it is well known from earlier work on rare-earth An increase of the direct overlap of thé 4tates seems un-
chalcogenides'®?that adding to EX (X=0, S, Se, Tea likely as by finite size effects the bands usually become more
trivalent ion, as, e.g., Gd, Tb, or Y, leads tdla enhance- localized.
ment of up to 140 K. However, the magnetic exchange is
always ferromagnetic and can be explained in terms of a CONCLUSION
Ruderman-Kittel-Kasuya-Yoshida-type interaction. The ad-
dition of Co, Fe, or Ni can only be done at low concentra- In conclusion, we have found an increaseTg by an
tions without destroying the NaCl structure. Againf@en-  order of magnitude in EuS that is induced by a strong anti-
hancement up to 190 K is observed in Fe-doped EuO but thEerromagnetic exchange interaction to a Co matrix. In these
exchange is once more ferromagnétithe effect was theo- macroscopic ferrimagnets, nanocrystalline precipitate EuS
retically described by the formation of a cluster of EuO spinsparticles exist in the high-spin state of divalent?EuThey
that are exchange coupled to the impurity transition metal atouple, due to the nanometer size, effectively to the metallic
the centef! The exchange is mediated by & interaction ~ Co matrix yielding an antiferromagnetic exchange interac-
and a single impurity ion can couple 2000 spins. tion similar to(Gd, Th-Co alloys and multilayers. The large
An antiferromagnetic exchange between rare-earth iongicrease inT¢ strongly hints at a change in the band struc-
and transition metals exists in rare-earth—transition-metatiure of the EuS nanocrystallites.
alloys’? and multilayer$:” The heavy rare-earth elements
(e.g., Gd, Th exhibit an antiferromagnetic coupling to the
magnetic transition metal€o, Fe, while the light rare-earth
elements(e.g., Nd are ferromagnetically coupled. Alloying This work has been supported in part by the German Fed-
with Eu yield$® divalent EG" that is isoelectronic with eral Ministry of Education, Science, Research, and Technol-
trivalent G&* so it is likely that a E&" transition-metal ogy (BMBF) under Grant No. FKZ 13N6178/2. We thank D.
alloy is antiferromagnetically coupled at low temperatures.Menzel for performing the magnetization measurements.
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