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Ferromagnetic Interactions in EuS and EuSe Studied by Neutron Diffraction
at Pressures up to 20.5 GPa
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Using neutron diffraction at very high pressures (up to 20.5 GPa), we studied magnetic interactions
in the model system BU(X = S, Se, Te) in a wide range of lattice constants. Surprisingly, when
interatomic distances decrease, the Curie temperatures increase very rapidly and in a different way
for each compound. The results were used to test models of an indi€atxchange in magnetic
semiconductors. The observed behavior cannot be explained by considering only the overlap between
EW* d orbitals, pointing out a strong influence of thg shells, neglected before, on the first neighbor
magnetic interaction. [S0031-9007(97)05156-9]

PACS numbers: 75.25.+z, 75.30.Kz, 75.50.Pp

From the early 1960s, europium monochalcogenidesetic measurements [9] (upto 11.7 GPa). The results show
EuX (X = 0O, S, Se, Te) have been a model system to studyhe same sequence of transitions as in th¥ &eries when
different phenomena [1], starting from the basic problemX varies from Te to O, as expected in the above models.
of magnetic interactions in Heisenberg ferromagnets anoreover, we compared ordering temperatures in EuTe at
antiferromagnets up to charge order and giant magnetor@ressures above 10 GPa with data for EuSe in the pressure
sistance [2]. They are semiconductors with a simple NaClrange 0—1.3 GPa [6], which correspond to the same range
type structure and a lattice parameter increasing wtien of the lattice constant. Surprisingly, we found that béth
changes from O to Te. Eu ions carry well-localized andJ, cannot be described by single curves through the
spin only magnetic moments @f ug which order in anti-  EuX family [8].
ferromagnetic (EuTe, EuSe), ferrimagnetic (EuSe), or fer- We report here a neutron diffraction study of the mag-
romagnetic (EuS, EuO) structures. The system permiteetic order in EuS and EuSe at pressures up to 20.5 and
one to test different models of indirect and superexchang&4.8 GPa, respectively, covering the whole range of sta-
[3], since the small radius cff orbitals prevents any di- bility of NaCl-type phases (the initial structure transforms
rect exchange and there are no free electrons to mediate CsCl-like above 21 and 14.5 GPa, respectively [10]).
Ruderman-Kittel-Kasuya-Yosida (RKKY) interactions. In Together with the previous data for EuTe, our new results
these models, interactions are transmitted throfiglor  permit one to analyze magnetic interactions in a wide range
6s orbitals of the cations (indirect-d or f-s exchange) of the lattice constant.
or by 2p orbitals of the anions (superexchange). In most We used isotopically enriched samplé¥EuS and
approaches, indirect exchange mediates the ferromagnetit EuSe. The lattice parameters, magnetic structures, and
first neighbor interactiod;, whereas superexchange con-ordering temperatures measured at ambient pressures are
tributes to the antiferromagnetic interactidn between in good agreement with previous studies [1]. Powdered
second neighbors. The sensitivity &f and J, to inter-  samples with volume onl§.01-0.3 mm?® were placed in a
atomic distances is the crucial point for testing theoriescompact high pressure cell with sapphire or diamond anvils
This sensitivity was used to explain the change of ordefl1]. Changes of pressure were performed at ambient
from antiferromagnetic to ferromagnetic and the increaséemperature and measured by a standard ruby-fluorescence
of Curie temperature whek varies from Te to O. Nev- technique. Measurements of the pressure distribution in
ertheless, comparing different members of the family doethe sample volume yield typical pressure inhomogeneities
not allow one to study separately the effects of interatomiof =5%. The pressure stability during cooling is expected
distances and the chemical nature of the anion. Therefor& be better thant0.4 GPa. Neutron diffraction experi-
completely different models still permit one to explain am-ments were performed on the G6.1 spectrometer of the
bient pressure data in Ky3,4]. Experiments under ap- Laboratoire Léon Brillouin, with an incident wavelength
plied pressures are the most direct way to test theoreticalf 4.74 A. We used a specific version of the spectrometer
descriptions. Up to now, the available pressure range (onlgdapted to studies of very small samples with focusing
0.5-2 GPa for the ordering temperatures in EuS and EuS®y/stems to increase the flux at the sample place and a spe-
[5,6], see also Ref. [7]) yielded much smaller variations ofcial environment to achieve a very low background level
the lattice constant than the chemical substitution. Verjl11]. At each pressure we measured the temperature de-
recently, studies at very high pressures were performed ipendencies of the magnetic Bragg peaks. The positions of
EuTe by neutron diffraction [8] (up to 17 GPa) and mag-the magnetic and structural peaks were used to determine
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the lattice constant, and therefore the pressure-volume déie particular features of the electronic structure of each
pendence. The counting time for each temperature variecompound. In order to compare with microscopic models,
from 2 to 12 hours. we derive the exchange constari{sfrom our data. In a

As expected, the NaCl-type crystal structure persists imolecular field approacH¢ is related to the exchange
the studied pressure ranges. The pressure dependenciesohstant/J; and J, through the following expression:
the unit cell volumes are in good agreement with x-ray dat&Tc = p(12J; + 6J,), wherep = 2S(§ + 1)/3 = 10.5.
[10] (Fig. 1). We did not observe any anomaly of the lat-In EuX at ambient pressurel;, and J, were measured
tice constant in the measured temperature range besides ttieectly by inelastic neutron scattering and spin wave
usual variation due to the linear thermal expansion of aboutesonance [13]. The sensitivity #f to the lattice constant
1073 K~!'. The higher compressibility and abnormal tem-a can be studied by measuring the Néel temperafyrat
perature dependence found in earlier work [12] should béigh pressure when the order is antiferromagnetic, since, in
attributed to experimental artifacts. the same approach?n = —6pJ,. From our results for

Typical neutron diffraction spectra of EuS and EuSe aEuTe (as well as from Refs. [9,14]) and the low pressure
high pressures are shown in Fig. 2, together with the temdata of EuSe [6], we expect that, for each compound,
perature dependencies of the integrated intensities of the is almost independent af (even though it changes
111 diffraction peak. In both compounds we observed aubstantially with anion substitution). The insensitivity
strong, nonlinear increase of the Curie temperatdies of Ty to the interatomic distances could be explained by
with increasing pressur® (Fig. 3). Ordering tempera- a competition between the antiferromagnetic and some
tures are shown in Fig. 4 versus lattice constant. In adadditional ferromagnetic contributions tf (Ref. [3]).
dition to the present paper, we show the results of ouindependently of the nature of this phenomena, we can
previous study of EuTe [8] and low pressure défa=  calculate J;(a) by assuming forJ, the same value at
0.5 GP3g for EuSe [6]. Clearly, the ordering temperatureshigh pressure as at ambient pressur®.(8, —0.08, and
do not follow any common dependence, valid within the—0.12 K for EuTe, EuS, and EuSe, respectively). The
whole EWX family. results are shown in Fig. 5. The dashed line, which fits

The increase offc in each EX compound is much the data for different compounds at ambient pressure, was
stronger than expected by comparing members of thased before to study the influence of the lattice constant
family at ambient pressure. Obviously, the influence of[1,3,4]. Clearly, it does not correspond to the real lattice
the anion substitution is not simply related to a variationconstant dependence &f of any EUX compound.
of the lattice constant. Our results give a new basis for In EuX compounds, thdf level is placed between the
theoretical interpretations, which should take into accounempty conduction band and the valence band. The con-

duction band is formed by the overlap of thé orbitals
of the cations, split by crystal fields into low energy
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FIG. 1. Volume of the unit cell versus pressure in EuSe and-IG. 2. Integrated intensity of the 111 diffraction peak in
EuS. Filled and open symbols correspond to our data and thEuSe and EuS versus temperature at different pressures.
x-ray data of Ref. [6], respectively. The solid (dashed) lines areA, 0,0 (A, H, ®) correspond to pressures of 0, 6.5, and
fits by the Birch equation of our data (Ref. [6] data), yielding 17.1 GPa (3.5, 12.8, and 14.8 GPa) in EuS (EuSe). On the
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a bulk modulus and its derivativB, = 67.5 (52) GPa,B, = right are the neutron diffraction patterns of the 111 peak. The
1.3 (4.0) for EuSe andBy, = 71.8 (61) GPa, B; = 1.3 (2.0) symbols+, *, and[d correspond to temperatures of 1.3, 101.5,
for EuS. and 130.5 K (1.3, 31.8, and 47.7 K) in EuS (EuSe).
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200 els. Namely,J; = Ab?/E2, whereA is a constant and
b is the overlap ofd orbitals [1]. This expression ne-
glects the influence of the symmetry©0andd functions to

EuS the strength of th¢'-d exchange, thé dependence of the

150 magnetic interactions, and the contribution from the forma-
i tion of a magnetic polaron. More detailed analysis can be
v found in Ref. [3]. We note that they keep about the same
~, 1007 expression for;, even though the effective gap might not
~ coincide exactly with the real one (as derived from optical
] properties, for instance).
50 Both b andE, are related to the cation orbitals and do

not involve explicitly any contribution from the chemical
nature of the anion. This is why the influence of the an-
ion substitution ony; was usually considered only through
, , , the variation of the lattice constant. However, we notice

0 5 10 15 20 25 that £, could still be affected by thep shell of the anion

P (GPa) through crystal field effects. The crystal field decredses

FIG. 3. Pressure dependence of the Curie temperarure PY lowering the energy of the, level. The decrease in
in EuSe and EuS (our data, W). In EuSe, (O) is the energy comes from an interaction between charge distribu-
Néel temperature at ambient pressure (our data), (@hdis  tions on théd and2p orbitals, which favor,, orbitals, di-
the triple point of the paramagnetism, ferromagnetism, angected to the next cation, with respectto directed toward
antiferromagnetism (from Ref. [6]). Solid lines are guides t0yo 5nion (and repelled by the negative charges on the
the eye. shell). This effect becomes stronger with decreasingKEu-
distance. In fact, the crystal field should be independent

and high energy, levels (inset, Fig. 5). Thés levels Of the nature o only if the 2p shell had a spherical sym-
also contribute to the conduction band, but are believedetry, which is not the case. Therefore, by replacing

to play a less important role in the exchange interactiong/ith an anion of a larger size, we could partly compensate
The valence band is formed by the fill@g orbitals of the increase of the EMdistance by extending the negative
the anions. In the model of-d exchange between the clouds of thep shell towards the cation. Consequently, a
half-filled £ band and empty! band [3],J; is derived in  chemical pressure will decreasg less than applied pres-
the third order perturbation theory from the overlapdof Sure. The influence of an applied pressureEgwas stud-

orbitals and the energy gal,, separatingf andd lev- ied by optical absorption at low pressures [15] and recently
confirmed by measurements of fluorescence [16]. Because
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FIG. 4. Ordering temperatures versus lattice constant in EuTe

(Ref. [4]), EuSe, and EuS (this paper). Open (filled) symbolsFIG. 5. First neighbor exchange interactidn versus lattice
correspond to Néel (Curie) temperatured) corresponds to constanta. Filled symbols are derived from our data 6.

the triple point of the paramagnetism, ferromagnetism, andpen symbols correspond tf values at ambient pressure
antiferromagnetism (from Ref. [6]). Solid lines are derived[1,13]. The solid lines are fits as described in the text. Inset:
from the fits of/; (see text). Schematic view of the electronic structure inXeu
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of the lack of reliable compressibility data, the results of The work was supported in part by the Russian Foun-
Ref. [15] were erroneously interpreted by concluding that alation for Basic Research, Grant No. 97-02-17672.
chemical pressure has the same effect as a real one. Using

more recent compressibility data (Ref. [10] and this work)

and the slopesE,/dP from Ref. [14], we derived experi-

mental values oflE, /da between—2 and —2.8 meV/A

for the members of the Bufamily. The corresponding [1] For a review, see P. Wachterandbook on the Physics

value ofdE,/da whena is varied by chemical pressure is and Chemistry of Rare Earthsdited by K. A. Gschneid-
only —0.6 meV/A. ner, Jr. and L. Eyring (North-Holland, Amsterdam, 1979),
Now we fit our data within the model of-d indirect ;/("2'32('1%'72?7; see also W. Zinn, J. Magn. Magn. Mater.

exchange but assuming th&t could vary in a different

way for each compound. Using a linear dependence for[z] As an example, see R. H. Swendsen, Phys. ReS, B16

(1972); M. Umehara, Phys. Rev. 45, 12323 (1992).

Eg(a) we rewriteE, and/J; as follows: [3] T. Kasuya, IBM J. Res. Dev. Educld, 214 (1970);
E, = Eg(a — a)/(ay — a»), special |ssu.e on CRC critical review, Solid State $:|.
131 (1972); S. Methfessel and D.C. Mattislagnetic
J = Abz/Eé = Clay — a2)*b*/(a — a»)*, Semiconductors(Springer-Verlag, Berlin, 1968); G.A.
02 0 Sawatzky, W. Geertsma, and C. Haas, J. Magn. Magn.
whereC = A/(E,)*. HereE] anday are the values of Mater. 3, 37 (1976).

E, anda at ambient pressure, and is the value ofa [4] L. Liu, Solid State Commun46, 83 (1983).
where the gap closes. These three quantities differ in eachjs] P. Schwob and O. Vogt, Phys. LeB4A, 242 (1967).
compound. To describe the overlapve used two types  [6] H. Fujiwara, H. Kadomatsu, M. Kurisu, T. Hihara,
of formulas, either an exponential fit of the numerical data K. Kojima, and T. Kamagaichi, Solid State Commu2,
derived from Hartree-Fock calculations inXfamily 5 ~ 509 (1982). o
exp(—a/a) (as done in Ref. [3]) or an analytical formula [7] For the pressure dependenges of the hyperfine fields in
for the overlap ofd orbitals b ~ 1/r° (as proposed in E;ﬁ/i L‘;"s”dj El\ljlignsel\jég% &':igéGéOV\(’fé;rg‘;“g'h ag‘;u(;'v"
Ref. [17]). Both fits .COI.nCI.de with a precision 9!{4%' . A. M. Z:'jlker, and W. Zinn, J. Ma{gn. Magn. ’Maté}1-34 ’
Because of the ambiguity in the definition the “effective

" : . 423 (1983).
gap,” we fitted the parametexs and a,. We obtained

. S - .. [8] I.N. Goncharenko and |. Mirebeau, Europhys. L&¥,
good fits of/ (a), as shown in Fig. 5 (using the exponential 633 (1997).

fit b(a), ay = 1.4 A for the whole family). The fitted [9] M. Ishizuka, Y. Kai, R. Akimoto, M. Kobayashi,
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deduced from the experimental valuesiéf, /da (5.7,5.4, [10] A. Jayaraman, K. Singh, A. Chatterjee, and S. Devi, Phys.
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In conclusion, our study at very high pressures show$l] I.N. Goncharenko, J.-M. Mignot, G. Andre, O.A.
that, in EXX compounds, the ferromagnetic interaction Eae‘goi’z’ L'ilM('i‘;g%?_“’l E’;\Td C\;/(')ﬁéhsacr’g:]igko“]" MH'g';Mg;%?S'
depends more strongly on interatomic distances than as- e o P '
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suggested before, our results show a more complex bgry) v.c. Srivastava and R. Stevenson, Can. J. P#§s2703
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that our results could be interpreted by assuming a contri- and G. Everett, Phys. Rev. B), 165 (1974); H. G. Bohn,
bution of the anion to the gap between thg magnetic W. Zinn, B. Dorner, and A. Kollmar, J. Appl. PhyS2,
level and theésd conduction band. Nevertheless, we point 2228 (1981). .
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