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ABSTRACT

During this period we have emphasized the development of an under-
standing of the chemical equilbria involved in the synthesis and crystal growth
of pure and doped europium chalcogenides. We have also further explored the
relationship of defect structures and dopant concentration to the magnetic,
optical and traneport properties of these materials.

Since nonstoichiometry is a significant factor determining the
physical properties of the chalcogenides, vapor-solid equilibrium in EuSe was
investigated. Knudsen effusion and mass spectrometric analyses show that EuSe
dissociates to yield equal pressures of Eu and Se in the vapor phase. In
contrast Eu0 has been shown to be in equilibrium with only Eu vapor. These
thermodynamic data will be very useful in extablishing the conditions for
crystal growth,

A study of the reaction between HZS and Eu203 was carried out to
determine the amount of residual oxygen in EuS as a function of reaction
temperature. Samples produced at 1200°C in flowing HZS were found to contain
less than 100 ppm oxygen. Gd doped EuS samples produced under the same
conditions are not conducting until treated under a Eu pressure.

Magnetic measurements for the system Eul_dexS over the range x = ,03
to .36 show ferromagnetic properties with an increase in Curie temperature
by a factor of three times over that of insulating EuS. The low temperature
saturation moment, however, decreases with Gd concentration. This decrease
in moment may arise from the development of a canted magnetic structure.

Transport properties in both metallic and semiconducting europium
chalcogenides are under investigation. In the former the effort is directed
towards understanding the exchange interactions between conduction electrons
and the localized spin of the rare earths. In the latter, the purpose is to
distinguish between two basic transport processes, hopping and band conductivity.
One technique which has been particularly successful is phovoconductivity. The
results of static and transient photoconductivity measurements in EuSe show
that there is thermally activated conduction in the paramagnetic region which
increases with increasing magnetic field. The thermally activated conduction
may be due to either hopping or quasi-thermal activation to the conduction band.
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The magnetic optical and electrical properties of_the semiconducting
ferromagnetic europium monochalcogenides have been shown to be critically
dependent on electron concentration. The stoichiometric compounds are insu-
lators with resistivities of the order of 108 to 1010 Q2 cm. The electron
concentration can be varied by doping with trivalent rare earths, halide ions
or by developing vacancies on the anion or cation sites. At concentrations
of about 1%, or 1019 carriers per cc, the chalcogenides are essentially metallic
if compensation does not occur. Since single crystals of the monochalcogenide
compounds are grown at very high temperatures (2000-2500°C) in sealed tungsten
crucibles, the stoichiometry of the compound will be strongly dependent on
the partial pressures and the composition of the vapor species, on the thermal
history of the crystal as the temperature is reduced to ambient, and on the
inclusion of impurities not segragated during the crystallization process.

The concentration of impurities and dopants can be chemically measured to .
level of several atomic parts per million using electron probe and mass
lpectrouetriq techniques. What cannot be measured readily is the degree of
compensation or the vacancy concentration on either lattice site. This study
depends critically therefore on the correlation of the conditions used for
the growth of single crystals with physical measurements, which car give

insight iuto the nature of the defect structures.




CHEMISTRY

The europium monochalcogenides all exist over a range of stoichio-

" metries. Unlike the oxide which has only been made n-type, the sulfide,
selenide and telluride can all be obtained with both n- and p-type conductivity.
Estimates of the width of solid solubility in these systems are of the order

of 1-4 mole 2.1-4 As a result, singl: crystals of the undoped compounds can

have resistivities varying from 1010 - 10"3  cm., depending on vacancy
concentrations. The vapor solid equilibria vary for the different chalco-
genides. MNaschke and Eick,s using a Knudsen effusion cell and mass spectro-

metric analysis, found that EuO vaporized according to the reaction
4EuO(s) +» Eusoa(l) + Bu(g)

in the temperature range 1334-1758°K.
They s2lso established that 3"3046 vaporized according to the equation

3Eu304(l) + azuzo3(-) + Eu(g)

It is clear in the case of the oxide thst the composition of the solid solution
is dependent only on the partial pressure of the single constituent Eu(g) in
the vicinity of the stoichiometric compound. M. Frisch of this laboratory

has studied the vaporization of EuSe and finds that within the limits of mass
spectrometric measurement the compound is congruently vaporizing, that is,
equal pressures of Eu(g) and Se(g) are observed in the vapor phase. In

continuation of this work we are presently studying the vaporization of EuS.



The introduction of a trivalent impurity increases the partial
pressure of Eu significantly and if equilibrium pressures are not established
during crystal growth the resulting doped material can be completely compensated
by loss of Eu with resulting Eu lattice vacanc:l.es.4 We hope to obtain the
requisite equilibrium data on such systems using Knudsen effusion and mass
spectrometric analyses for crystal growth parameters.

In the region of low dopant cr vacancy concentration (< 1%) the
control of stoichiometry is most crucial since we are dealing here with
semiconducting properties, and the physical measurements will reflect the
possible existance nf magnetic cluster formation or chemical inhomogeneities.
In either case the ferromagnetic phase transitions show tailing phenomena
which can either be interpreted as short range order within clusters or a
spread of Curie temperatures resulting from chemical gradients. 1In this
concentration range the ferromagnetic Curie temperature, Tc and the para-
magnetic Curie Weiss © can differ by as much as 10°K.

At higher dopant concentrations, where the samples are metallic,

Tc and © are essentially the same as can be seen for the samples listed in
Table II. The conditions for solid solution formation are less critical in
this concentration range.

The preparation of chalcogenides by the vapor reaction of the elements
has an inherent limitation in that the "high" purity Eu metal always has
oxygen contamination of the order of 500-1000 ppm. A study of the reaction
of zu203 with st7 was carried out in some detail in order to determine the
residual oxygen content as & function of reaction temperature.

At temperatures below 1200°C high purity H,S gas (total impurity

content < 60 ppm. of which oxygen was < 10 ppm) was passed over four nines



Eu203 contained f. a sulfide saturated platinum boat. In the high temperature
reactions, the Eu203 was contained in .- vitreous carbon boat which was placed
inside a carbon susceptor. This arrangement allowed us to reach temperatures
i excess o 2000°C in an HZS atrmosphere. When carbon was used as the container
the sulfide samples, which were taken for analysis, were separated from the
crucible by a 1/8" thick layer of powdered EuS to avoid sample reaction with
the carbon.

ine results, in terms of the phases formed and the oxygen content
of the products, are summerized in Figure 1 for the low temperature reactions.
The phases were identified by x-ray diffraction with a detection sensitivity
of only about 5%. The phase relations are described in Figure 1 in

terms of the ternary system Eu - EuS and the hypothetical compound Eu283'

2%
The compositions are shown by the larger closed circle in the various isothermal

sactions. It can be seen that the initial phase to form is the trivalent

2028, and between 550 and 600°C it and Euasa are in equilibrium.

It should be pointed out that at 700°, even though Eu,S, and EuS are the

oxysultide Eu

phases in equilibrium, there is still a considerable amount of oxygen in the
lattice i.e. the composition is off the join between Euzs3 and EuS. Above
900° only EuS can be identified. Its oxygen content, obtained by neutron
acitivation analyses, shown in the lower curve in Figure 1, is roughly
100-200 ppm but it drops off to less than 100 at higher temperatures. This
represents the total oxygen found in powdered samplies and most certainly
represants an upper limit in the lattice since no precautions were taken to
prevent the adsorption of oxygen from the atmosphere. The analyses results
have not as yet been obtained for the samples prepared above 1200°C but

microstructural analysis showed single phase, high density EuS.
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TABLE 1. DETERMINATION OF THE PHASES IN Eu deS

AS A FUNCTION OF "Eu PRESSURE"

1-x

Gd Conc. x '"Eu Pressure''w* PRT

in EuS* (atm) (| cm)
0 0 2.0 x 102
0.02 0 5.5 x 10
0.05 0 5

0 0.25 - 0.5 3.8 x 10}
0.0025 0.25 - 0.5 1.6 x 106
0.02 0.25 - 0.5 1.0 x 10
0.05 0.25 - 0.5

0 0.5 -1.0 4.8 x 10°
0.0025 0.5 - 1.0

0.01 0.5 - 1.0 i
0.02 0.5 - 1.0 1.8 x 10
0.03 0.5 - 1.0 1
0.05 0.5 - 1.0 1.8 x 10
0.25 0.5 - 1.0

0 1-2 3.8 x 10°
0.0025 1 -2 5
0.02 1 -2 2.5 x 10
0.05 1 -2

0 3 -5 5
0.0025 3-5 1.9 x 106
0.02 3-5 l.1 x 104
0.07 35 2.3 x 10
0.25 3-5

0 7-10 5.2 2
0.0025 7-10 1.3 x 10
0.02 7-10 highly conducting
0.05 7-10 highly conducting

Renarks

single phase
single phase
single phase

single phase
ain.le phase
single phase
12 21 3 phase in grain boundries

single phase

thin conducting phase in boundries
thin conducting phase in boundries
single phase

single phase

single phase

sample melted, 2 phases

single phase
single phase
single phase
small amount of 2nd phase

lost sample

single phase

single phase

single phase

v 52 2nd phase in boundries

single phase
single phase
single phase
not homogeneous

*Determined by micropronbe analysis
whSee text

> o




Anothar series of experiments was done to obtain a better under-
standing of the relationship between the transport properties and compensation
by adjusting the Eu metal concentration in Gd doped EuS. The experimental
procadure consisted of coprecipitating the hydroxides of Eu and Gd in various
pro'portionl converting to the sesquicxide at 600° in vacuum, then to the
monosulfide in an HZS atmosphere at 1200°C. These mixed compositions were
than reacted at 1800° in various pressures of Eu vapor. This was done by
sealing in tungsten crucibles which contained various amounts of Eu-metal.
Tha "auropium pressure' was estimstad by assuming all the free europium was
in tha vapor phase at 1800° - an assumption which may not be correct for the
highar concentrations. Thus, the pressures listed in Table 1 should not be
taken as exact buc since on.y the smount of Eu-metal added was varied, the
relative pressures are significant.

From thasa rasults it can ba concluded that Gd can be present in
tha EuS lattice without contributing any conduction electrons because it is
compensatad by an auropium vacancy. As tha Eu vacancies are filled by the
treatment with Eu vapor, tha conductivity is seen to increase and ac the
highest Eu-pressure (5-10 atm), conductivity is also seen in the samples free
of Gd. It is assumed that in this region sulfur vacancies are formed. It
appears that a critical Eu pressure of between 5 and 10 atm is needed to

riemove compensation under the conditions of this experiment. Currently, samples

in this range are being analyzed.

Magnetic Moment Studies

+3

Substituting Gd. ~ for Eu'H' in the Eu _dexS system adds conduction

1




electrons and metallic conduction is observed for x > .0l. The introduction
of conduction electrons gives rise to an indirect exchange8 where the ferro-
magnetic exchange is enhanced for x < 0.5 and for x > 0.5 anti€ferromagnetic
characteristics become predominant. This section discusses the ferromagnetic
properties of the systor in the composition interval 0.03 < x < 0.34.

Both Eu2+ and Gd3+ have a half filled 4f shell with a spin only
moment of 7u8. Thus as magnetic atoms they are identical but because of the

difference in ion charge the energy levels of the various shells have different

values. The structure of Eu _dexs 18 fcc and the lattice sites of the

1
magnetic atoms are crystallographically equivalent.

Table II summarizes the magnetic properties we have thus far obtained.
The first two columns are from the magnetic susceptability, X, in the para-
magnetic region which follows the Curie Wiess law x = ;“_3 where (‘.M is
proportional to the average effective magnetic moment squared and O, the
paramagnetic Curie temperature, is a measure of the exchange interactions
in the material. The values listed for the Curie temperature 'l‘c and the
saturation moment g, are obtained from analysis of measurements in the
magnetically ordered region where a spontaneous moment exists.

Inspection of the table shows: 1) the value of (:M is close to
theoretical (CM = 7.87 for an atomic moment of 7 Bohr magnetons) for all
compositions. It is not clear what the small decrease in CH is due to in
the higher Gd concentration region. We plan to do a more detailed study of
the functiona) reletionship of CH with composition. 2) With the addition of

as little as 3% Gd both © and 'l‘c increase almost a factor of three which we

attribute to indirect exchange, either 4f-5d of 4f-6s or both if the



TABLE II. MAGNETIC DATA FOR Eul_dexS IN THE
CONCENTRATION RANGE 0.03 < x < 0.34

Materia) S 0 (k) OO g, (emulm)
EuS 7.85 19 16.5 212
Eu.97Gd.°38 7.63 52 49.5 206
Eu.glscd.osss 7.59 52 45.0 188
Eu.soGd‘zos 7.55 45 44.5 168
E“,ascd,y.s 7.55 30 35.0 135
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d-s bands overlap. 3) The values of © and 'I'c are in substantial agreement
indicating well behaved ferromagnetic properties. Earlier musureu.ents9
indicated substantial differences where 'I'c << 0, but this was probably due
to sample inhomogeneities. 4) The saturation m.gnetic moment values (ao)
decrease almost linearly with composition (x). This means that a complex
magnetic structure exists in these materials. As pointed out above Gd3+ and
Eu2+ are magnetically identical and have the expected effective moment in
the paramagnetic state. Consequently the ferromagnetic moment % would be
expected to remain constant over some range of compositions. Since this is
not so we suggest two models to explain the data. The first model involves
an inhomogeneous magnetic structure where Eu2+ ions a;:e nbin parallel and
are the only contributors to the measured moment. The Gd3+ ion moments are
antiparallel and form antiferromagnetic clusters. The second model is simply
a canted arrangement of atomic moments where two equivalent sublattices form
at an angle to each other giving a reduced moment which is the vector sum.
We favor the canted model at the present time based on preliminary analysis
of high field moment measurements.

Our current program is to extend our detailed knowledge of this system
over a greatsr range of compositions and to other systems. We show in Figure 2

a new EuS comnosition containing Ln3+ instead of Gd3+ (Bu 99 La o1 S). The Ln3+

R in contributing conduction electrons but it has

serves the same function as Gd
zero magnetic moment and therefore simplifies the interpretation of the data
because there are less exchange interactions to consider. We see in Figure 2
that the Curie Weiss law holds between 60 and 300°K with a 6 intercept of 42°K.
From the low temperature data we obtain 'rc N 39°K, but it will be noted that

there is a tail-like shape to the magnetization curves. This tail-like
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Figure 2: Magnetization per gram, o, vs field at 4.2°K and reciprocal
susceptibility, 1/x, vs temperature
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characteristic seens to occur in low doping compositions x < .01 and its study

represents an important parc of our future work.

Transport Properties of Europium Chalcogenide

It hos been found convenient to seperate the europium chelcogenides
into two major categories, depending on dopant concentretion. For Eul-xnx Ch
wvhere Ch is the chalcogenide and D is the dopant, if x A 0.01 the material in
ganeral has semiconducting properties, whereas if x X 0.01 metellic behevior
is observed. We are presently carrying out experiments in both regions.

In the metallic region, our purpose is to try to understand and
measure the exchange interaction batween free electrons and the localiged spin
of the rare eerth ion. The experiment consists of measuring the resistivity,
Hall effect, and thermoelectric power of EvS:Gd, GdS and LaS single crystals
as a function of tempereture. The Hall effect and thermoeslectric power yield,
on the assumption thet a simple parabolic band description is velid, the free
carrier number and e rough measure of the Fermi energy l,. An estimate of
the effective mass can then be made. The temperature dependence of the
resistivity can be analyszed to obtain e value for the exchange irnterection
10

Ic-f between the conduction electrons and tha localized ionic spin. This

is eccomplished with the use of the uloticnu

23 1
b= 4.3x 207 A8 5 (se1) 2

F

vhere p_ 1is the magnetic contribution et high temperetures, N is the numbe::

of magnetic ions/cc and S8 the spin of the magnetic ion. We expect to obtain
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large differences between Ic-f in EuS:Gd and GdS and no magnetic effect in

LaS, since the latter contains no localized spins other than accidental
impurities. The former two materials differ in that present evidence indicates
that the free carriers are s-like in doped EuS and d-like i~ GdS. The
temperature dependence of the resistivity and the Hall effect has been measured
in borh EuS:Gd and GdS, although the Hall signals in GdS are ~ 10~ volts,

and .thus will require further study. We have recently completed a rather
tedious and lengthy celibretion of thermoelectric power apparatus and these
measurements ere now in progress.

In the semiconducting region, the problems associated with measuring
and interpreting transport properties are more severe, firet because either
chalcogen or rere earth defects, or both contribute to conduction as well as
trivalent rere earth dopants, and beceuse in many cases only the resistivity
is measursble.

Since e knowledge of the specific composition is necessary to relete
carrier numsber to transport and magnetic properties, a series of homogeneous
samples Bul_'gdxs conteining accurately known amounts of trivalent rare earths
were prepered under verying Eu pressures. Thermoelectric power and resistivity
were studied near and sbove room temperature. It was concluded that the
samples measured fell into two general classes. The majority were p-type with
activation energies varying from 0.26 to 0.49 ev and resistivities greater
than 10s 2 ca. The remaining samples were highly conducting and n-type,
representing materials with lerge Gd concentrstions and/or anneals under high
Eu pressure. Although no specific reletionship between transport and method
of preparation has evolved, the results suggest conditions for the observation

of n-type conductivity in EuS.
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The resistivity of the semiconducting europium chalcogenide is
characterized by an anomolous magnetic field dependent maximum near the
farromagnetic transition temperature. In EuS and EuSe this effect has been

e:q;la:lncd in tarms of alectron hopping batwaen '"magnetic impurity lLatel"lz

whereas the metal insulator transition obsarved in EuO:l!u]'3 balow the Curie
tamperature is believed to be due to a carrier concentration changa associated

with the autoionization of tha Ha-like oxygan vacmciel.m In order to test

tha hopping descriptions of transport, a study of the fraquency dapandence
1

of the conductivity, o(w), was undertaken in EuS:La. Whareas, o(w) « )
1+w™T

for metallic conduction, i.e. o(w) starts with its d.c. value at low

w and decreasas with incraasing w, accapted thaories of hopping conductivity
pradict that o increases with w, i.e., o(w) = w® 15 vhere n is in despute.
Very careful a.c. experiments performed on EuS:La, whose d.c. resistivity
changas by » 10a near the Curie temperature, indicated no frequency dependence
up to 106 harz. This would seem to support free electron-lika conduction,

but preliminary infra-red absorption (which measures o(w)) damonstrates that
a frequency depandence does axist in thesa materials, albeit very complicated
and not as yet understood. Furthar I-R investigations are in prograss
(supported by ONR contract NOOOl4-70-C-0272).

Another part of our effort has been to study the effects of changes
in carriar concentration on the M8ssbauer spectrum in EuO:Eu. It is expected
that 1f tha metal-insulator transition reflects a change in carrier n@er.
the isomer shift (which maasures the s-electron charge density at tha nucleus)

6

should change. This affect has baen oburvedl and is consistant with our recent

measurements of the high and low temperature Hall effect in this material.



Photoconductivity Mechanisms in the Magnetic Semiconductor EuSe

Thermally activated photoconduction has been observed in the para-
magnetic phase of EuSe (TN = 4,6°K) by both steady state and transient measure-
ments. The transient measurements show that it is the photomobility and not
the relaxation which is activated. The photoconductive decay tends to be
long, nonexponential, sample dependent and independent of temperature and
magnetic field, below i00°K. The activation energy (several hundredths of
an eV) is at least partially magnetic in origin, for it can be decreased signif-
icantly by a magnetic fiald. Of particular interest is the similarity of
tha results to the dark conductivity of 1% Gd doped EuSe in the paramagnetic
phale.17 This connection has been previously noted with respect to the steady
stata photoconduction.18

It sppears that piintoelectrons in undoped EuSa conduct in much the
ssma manner as do ilmpurity electrons in doped FuSe. In doped material, acti-
vated conduction in the paramagnetic region has been explained in terms of

hopping between impurity litnl.12'19

An electron, bound near an impurity,
causes naarest and next nearest neighbor Eu spins to be partially aligned
due to tha strong s-f exchange interaction, lowering the electron exchange
enargy. An electron, bound to an impuirity by the coulomb interaction, thus
has an additional binding energy, magnetic in origin. The result is a magnetic
impurity state (MIS). In the model, it is the magnetic binding energy which
must ba ovarcoma in hopping, but it is the Coulomb energy which causes the
localization to bagin with,

Sinca our undoped material has impurities in concentration 10-3 -

10-4. it is natural to construct a similar dafect model for photoconductivity.
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In this model, electrons are excited from localized f levels in the band gap

12,20

to f-hole d-electron exciton states degenerate with the s-band. The

exciton breaks up and the electron rapidly relaxes to the bottom of the
conduction band and then to an excited state of a deep defect or to a shallow
defect.

Activated conduction then occurs by hopping in the shallow states
or by thermal excitation to the band. Conduction ends when the electron
velaxes to a deep defect state which acts as a recombination center. Spin
clusters form around the occupied defect states, that is they are MIS states
similar to those proposed for doped material. The activated conduction will
be magnetically sensitive just as in the case with dopcd macerial.

In this model the long, temperature and magnetic field independent,
photodecay results from the decay of an electron in a shallow level associated
with one defect to a deep level associuted with another defect. Since there
will be a distribution in space between defects there will be a distribution
in decay times. Since the relaxation is between defects, it will be slow.

For steady state photoconductivity we may write,
(1,,/V) (/6) (B/P) = I, B, w, T,

vhere Idc and V are the steady state current and voltage. £ and w are the
sample length and width. E is the photon energy and P the power per unit
area of radiation at the sample. 81’ uy and T, are the quantum efficiency,
mobility and lifetime for a component, i, of the photo current. A similar
expression,

(I/V) @/u) (D) = T8, by,




may be written for the transient case, where a pulse of light short with
respect to the lifetime Ty is used. I,r is the current immediately following
the pulse and W is the energy per unit area at the sample.

Transient photoconductivity measurements have been made using a
xenon flash which has 0.8 of its energy in 10-5 sec. or a dye laser with a
2 x 10-6 sec. pulse.

3 sec. is taken as a measure of By,

The current amplitude at 10~
and the time, t', to fall to l/e of that value is its initial decay after
the pulse. The results are shown in Figure 3 for both white flash and dye
laser excitation.

The data of Figure 3 shows & number of interesting results. The
Bu product is thermally activated, wvhile the response time, t' is constant
below 80°K. The activat!on energy is similar to that of the d.c. photocurrent
measuraments and the dark conductivity of Gd doped EuSe in the same temperature
range.u’la Also, the By product increases with an external magnetic field,

H, while t' does not. The model described earlier is in agreement with these
results since it predicts a thermally activated mobility and temperature
independent response time, t', equal to the lifetime, Tt.

From these results and others presented in reference 20 we conclude
that tha final state of the optical absorption (f-d exciton) lies degenerate
with, or above, the shallow defect states responsible for photoconduction.

A shallow dafect state will trap an electron which then causes a spin cluster
to form around it. The result is an additional magnetic binding energy
exactly like that proposed for Gd doped EuSe. Conduction then occurs either

by hopping within the shallow defect states or by thermal excitation to the

band. Conduction ends when the electron relaxes to a deep defect state.
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+he conditions for the above model are as follows. In Gd doped
EuSe, the deep dofects (Gd) must be sufficiently numerous (™ 10-2) so that
their weve functions overlap enough for hopping but not so much that impurity
banding takes place. There must be some compensation so that there are empty
sites tc .op to. In undoped EuSe, the deep defects must be sufficiently scarce

e 10-4) 80 thet hopping is unimportant. However, shallow defects with

3

(10
larger wave functions should be present in an amount (10 ° - 10-4) so that
impurity banding is not possible and hopping mey or may not be possible. In
the latter case, the electrons conduct by excitetion to the band. Some

compensetion is required so thet holes in deep stetes will be aveilable for

recombination and their number will be independent of the light intensity.
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(abstract continuad)

s Transport properties in both metallic and semiconducting europium
chalcogenides are under investigation. In the former the effort is directed
towards understanding the exchange interactions between conduction electrons
and the localized spin of the rare earths. In the latter, the purpose is to
distinguish between two basic transport processes, hopping and band conductivity. ( ) EaaN
One technique which has been particularly successful is photoconductivity. The
results of static and transient photoconductivity measurements in EuSe show
that there is thermally activated conduction in the paramagnetic region which
increases with increasing magnetic field. The thermmally activated conduction
may be due to either hopping or quasi-thermal activation to the conduction baud.
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