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High pressures and ferromagnetic order in EuB
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We have measured the electrical resistiyiff’) of single crystals of EuBfor temperatures from 1.2 to 300
K, and pressures from 1 bar to 169 kbar. The room temperature resigtiyity is dramatically reduced with
pressure, while the double ferromagnetic ordering temperafijfes are strongly enhanced. We argue that
magnetic order is driven by the Ruderman-Kittel-Kasuya-Yosida interaction between Eu moments and pockets
of carriers at the semimetallX point. With pressure, the band overlap increases, leading to an increase in
carriers at the Fermi surface and the decrease of the spin disorder scattering in the paramagnetic state.
[S0163-182697)04345-3

EuBg has a long history as a prototypical ferromagnet, dueEuBg provides the rare possibility of studying magnetic order
to its crystalline simplicity, as well as its decidedly localized in a host with exceptionally low carrier concentration and
and isotropic Eu momentDespite its potential as a model little disorder. Such a study may provide insight into a pre-
system, the relationship between the ferromagnetism and thgously unexplored regime: the crossover from magnetic or-
electronic structure in Eufremains mysterious and contro- dering mechanisms characteristic of magnetic semiconduc-
versial. The crystal structure consists of a simple cubic latticgors, such as the superexchange and the Bloembergen-
of Eu ions, with B octohedra lying at the cube centers. It Rowland interactions, to those characteristic of metals, such
was initially proposed on the basis of tight binding calcula- 55 the Ruderman-Kittel-Kasuya-YosiRKKY ) interaction.
tions tha_t Fhe_electronic structure is de_rive_d primarily frompe proximity to this crossover is presumably responsible
the hybridization of boron orb!ta%.ln this view, the rare- ¢, the |ack of theoretical or experimental consensus on the
earth ions are essentially passive electron sources, whose VRechanism responsible for ferromagnetism in Eus even

lence serves only to determine the Fermi level. Two elec-On the degree of metallicity of Eugtself. If EuB is best

trons are required to completely fill the valence band. Hence escribed as an insulator, it can be argdémianalogy to the
the trivalent hexaborides are expected to be metallic, an ' 09y
uxX (X=0, S, Se, Tecompounds that magnetic order oc-

divalent hexaborides, insulatifg. More recently, self- b ¢ h ) ion involving th
consistent calculations have refined this view by includingSurs Oy means of a superexchange interaction involving the

hybridization with & and 5d orbitals of the rare earts? Eu 5d and 4f orbitals. However, this view was countered by

The essential features of this electronic structure have beef|€Ctron paramagnetic resonar@°R) line shape analyses
satisfactorily verified by means of de Haas—van Alphen andghowing instead that the dominant interaction is RKKY-like,
Shubnikov—de Haas measurements in trivalent rare-eartiivolving exchange coupling of the rare-earth moments and
hexaboride<®1? However, the situation for the divalent the small pockets of semimetallic conduction electrths.
hexaborides is qualitatively different from the scenario de-The Bloembergen-Rowlan@R) interaction is intermediate
duced from the tight binding calculations. The fits of the between these respectively insulating and metallic views.
temperature dependent resistivities of GuBrB;, and CaB  Here, the moments have a virtual interaction by means of
above room temperature, as well as low temperature tunnetheir coupling to states lying above the semiconducting gap.
ling studies find activation gaps of order a few tenths of anWithin this model, a reasonable value for the ferromagnetic
eV.>1314However, none of these compounds show true in‘Weiss constant is predicted for EgBas well as antiferro-
sulating resistivity at low temperature, indicating the pres-magnetism in the trivalent rare-earth hexaboritfed! Dis-
ence of metallic states in the g&pThere has been consid- tinguishing among these three possible ordering mechanisms
erable controversy whether these gap states are intrinsic tias previously been complicated by the presence of large
extrinsic. Shubnikov—de Haas and de Haas—van Alphenumbers of extrinsic carriers. However, recent advances in
measurement§ on EuB; argue for the former, revealing that sample quality make it worthwhile to revisit this issue.
the Fermi surface consists of extremely small, light mass The pressure dependence of the magnetic ordering tem-
spherical pockets, which are essentially unaffected by theerature is one of the most direct means for determining the
onset of ferromagnetism. It was proposed that the rare-earthature of the magnetic ordering mechanism. Accordingly, we
hybridization causes a small band overlap at ¥a@oints, present here the results of electrical resistivity measurements
rendering the divalent hexaborides semimetélfic. on very high-quality single crystals of EgBwhich span
EuB; is of particular interest, as it is the only rare-earth much larger pressuteéand temperatufé?*ranges than have
hexaboride which orders ferromagnetically. What is more previously been investigated. The pressure dependences of
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FIG. 2. Temperature dependence of the derivative of the resis-

. Lo ) tivity dp/dT for sample 2. Applied pressures are=A bar,
FIG. 1. Electrical resistivity of two single crystals of EYB  g_13 kbar. C=42 kbar. D=67 kbar.

Applied pressures for sample 1 are=A6bar, B=79 kbar,

C=169 kbar. Applied pressures for sample 2 are=1Abar, . _
B=13 kbar c=4F2)pkbar %:67 kbar. P two transitions occur atT; =15.14-0.03K, and T,

=12.65+0.05 K. The pressure dependences of the two tran-
. . . . sitions are plotted in Fig. 3 for both samples. Both transition
the underlying moment interactions and carrier concentra:

tions will be discussed from the viewpoint of the superex_jtemperatures are enhanced by the application of preskiire.

change, RKKY, and BR interactions. is initially sen§itive to pressure, increaging by about 30%
Large single crystals of Eygwere prepared from an alu- _before satura.t|.ng at pressures of zﬁpp_roxmat_ely 50 Kbar.
minum flux, and were carefully screened for ferromagnetidS more sensitive to pressure thag , increasing almost a
ordering transitions in the electrical resistivity of at least 15factor of 2 at 169 kbar, showing less tendency to saturate.
K. Crystals meeting this criterion were found to have theTN€ uUpper transition remains equally sharp at all pressures,
largest zero-temperature moments and Curie terms in th@lthough the magnitude of the change in resistivityTat
high-temperature, paramagnetic phase. The samples us€@creases continuously with increased pressure. In contrast,
have a needlelike morphology, and the electrical resistivityeressure rapidly broadens the lower transition, as well as
was measured with the current flowing parallel to the neediguppressing the overall magnitude @f/JT at all tempera-
axis, which is presumed to be a principal crystallographictures near the critical points.
direction. High-pressure resistivity measurements were car- We have used high-pressure magnetization measurements
ried out in a Bridgman anvil cell, and pressures were deterto determine that the upper transitidg corresponds to the
mined in situ using a superconducting lead manonféter. onset of a spontaneous magnetization. The results of these
High-pressure magnetization measurements were performegdeasurements appear in Fig. 4, which plots the pickup coil
separately in a special Bridgman cell, employing nonmagsignal as a function of temperature for pressures ranging
netic ceramic anvils. A small, multiturn coil was wrapped from 1 bar to 57 kbar. A large, temperature-dependent back-
around both the sample and a lead manometer, and the cgfound from the metallic pressure clamp makes this tech-
voltage was measured using a locking amplifier whose refnique useful primarily for studying sharp transitions, such as
erence voltage was taken from a primary driving coil, lo-ferromagnetic or superconducting transitions. The onset of

cated in a low-pressure region of the cell. ferromagnetism in the data of Fig. 4 is associated with the
The temperature dependences of the electrical resistivity

of two different samples of single crystal EyBre presented

g . : 30

in Fig. 1, for pressures ranging from ambient pressure to 169 a

kbar. The resistivity is large at room temperature, decreasing aC

to the cusplike ferromagnetic ordering transition near 15 K. 25

The resistivity in sample 2 at 1.2 K is ) cm. Pressure &

has two major effects on the temperature-dependent resistiv- .:’ 20

ity. First, pressure increases the ferromagnetic ordering tem- +|_o & 0 o

perature, consistent with earlier measurements below 10 15

kbar?? Second, pressure substantially reduces the room tem-

perature resistivity. 10 . . .
In order to determine the pressure dependence of the fer- 0 50 100 150 200

romagnetic ordering temperature, we have plotted the tem- P (kbar)

perature derivative of the resistivity of sample 2 at different

pressures in Fig. 2 The Curie temperatligeis determi_ned FIG. 3. Pressure dependences of the upper resistive transition
from the maxima indp/JT for T=Tc. The results of Fig. 2 1+ (squaresand lower resistive transitioh, (circles. Open sym-
indicate that there are two distinct ordering temperatures ifojs are for sample 1, filled symbols are for sample 2. Solid line

EuBs, TS and T, , as has previously been noted in specificrepresents the transitions taken from high-pressure magnetization
heat measurement® At ambient pressure in sample 2, the measurements.
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occurs via superexchandéHere, the 8l orbitals on neigh-
boring Eu sites overlap, indirectly coupling therbitals via

the onsitef-d exchange. A point charge model can be con-
structed for EuB to relate the superexchange interactioto

the measured Curie temperature. A Eu ion at the origin has 6
near neighbors at=a, 12 next-nearest neighbors at
=+v2a, and 6 more neighbors at=v3a:

(arb.units)

To=2/3(S+1)[6J;+12,+6J5]. 1)

sec

\

Here,S is the projection of the Eu spin on the total angular
momentum 8= 1), andJ; is the superexchange interaction
- ] between theith Eu neighbors. Sincd depends on direct
TERTRRET P P overlap, it is expected that;>J,>J;. In this model, the
10 20 30 pressure dependencef in EuB; arises primarily from that
T(K) of J;, just as for the EX.?’ Using the measured compress-
ibility of EuBg below 60 kbar® our data indicate an initial
FIG. 4. Temperature dependence of the pickup coil voltage ind In J;/dIna~—300. A similar analysis of EuGQRef. 27
the vicinity of the ferromagnetic ordering transition of EufPres-  finds a much weaker dependencelgfon lattice parameter
sures are A1 bay, B (1 kbap, C (11 kbay, D (18 kbay, E (30  a, d InJ;/dIna=~—17. This anomalously strong dependence
kban, F (43 kbay, G (57 kbayj. of J; on lattice parameter was also found in an earlier point
charge analysis of Eyp although the details of our model
midpoint of the transition in the pickup coil voltage, and the are different:? Even though the degree of covalency and the
pressure dependence of these transitions is reproduced lattice parameters are admittedly different, it is difficult to
Fig. 3. It is clear from this comparison that the higher-believe that the superexchange interaction is more than an
temperature transition in the resistivity corresponds to therder of magnitude more sensitive to lattice parameter in
onset of ferromagnetic order in the magnetization. There i€uBg than in the EX. We conclude that a more likely inter-
no feature in the pickup signal at the second, lower-pretation of this comparison is that magnetic order does not
temperature resistive transition. arise from superexchange, at least in EuB
Pressure has a dramatic effect on the room temperature It has also been suggest&d that the Bloembergen-
resistivity pzook for our two samples. The pressure depen-Rowland(BR) interaction is responsible for magnetic order
dences 0f3qg ¢ for both samples appears in Fig. M0k iS  in EuBg, at least at low pressures. Here, Eu moments interact
depressed almost a factor of 2 by the application of 67 kbaindirectly by means of states in the conduction band, whose
to sample 2. The continuation of these measurements toccupation is given by thermal activation of valence elec-
higher pressures in sample 1 suggests ghgx experiences trons across a gali,. The Curie temperature is given by
the same sort of saturation @3 did above 50 kbar. The
pressure dependence, but not its overall magnitude, is in _ 2.2
qualitative agreement with two earlier studies mf at Te=—3mn" /kBETS(S+1)Z F(2keT)
pressures below 100 kb&h?* /
The pressure dependences of the Curie temperdire X exf —(2m* Eg)lzr/h]- @

and the room-temperature resistivipgoo k provide insight o6 1 s the number of conduction electrons per Eu idn,

into both the ordering mechanism and its relationship to theme exchange interaction between themoments and the

electronic structure. It has previously been proposgd in th‘éonduction electron spir§ the projection of the Eu spin on
related EX (X=0,S,Se,Te) compounds that magnetic order,[he total angular momentunSE %), E; andky the energy

and wave vector at the top of the valence band, BEfxl)
400 . =[x cosk)—sin(X))/x*. The resistivity above room tempera-
ture arises from thermal occupation of the conduction band,
3 and is in fact found to be activated, givirkg,=0.38 eV at
® o ambient pressurt. The pressure dependencesTgfand the
200 | o room-temperature resistivitysgo x are assumed to arise pri-
marily from that ofE, . pgr decreases from 308() cm at 1
hd bar to 100} cm at our highest pressure of 169 kbar, sug-
gesting thaE, decreases by 30 meV. The ambient pressure
value forEg can be independently deduced from the pressure
0 : dependence of; , which increases from 15.14 to 25.75 K
0 100 200 over the same pressure range. This analysis finds an ambient
P (kbar) pressure gafEy(0)=0.13 eV, about a factor of 3 smaller
than that found in activation fits of the high-temperature re-
FIG. 5. Pressure dependence of the room-temperature resistivi§istivity. That is, the pressure dependencepgfyk is too
paook- Open symbols are for sample 1, filled symbols are forweak to explain the pressure dependencé& gfif magnetic
sample 2. order arises from the BR interaction.
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FIG. 6. The upper and lower resistive transitiofis, (circles
and T, (squarey plotted as a functions of the room-temperature
resistivity p3gox. Open symbols are sample 1, filled symbols are
sample 2. Pressure is the implicit variable.
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FIG. 7. The magnitude of the spatially dependent part of the
RKKY interaction;F(2kgr;) as a function okra. Dashed line is
the relationshig®;F (2kgr;) = (kea) ~1, valid for the pressure range
accessed in this experiment.

We believe instead that the Eu moments order ferromagpmtted as a function osgo« in Fig. 6, with pressure as the

netically in EuR by means of the RKKY interaction, involv-
ing the small pockets of conduction electrons atXhpoints
found in the band structure calculatidh$The ordering tem-
perature is given By

c=—

T

37n23?/kgES(S+1) Y, F(2Ker,). 3
I

Er and kg are, respectively, the Fermi energy and Fermi

wave vector for the pockets of conduction electrons. The{

pressure dependencef has two potential sources. In prin-
ciple, the exchange interactidnis expected to be somewhat
enhanced with pressure, as the pressure increases the sp

extent of the conduction electron wave functions. At the

same time, pressure would be expected to chang¥-{hant
band overlap, consequently modifying the conduction elec

tron concentration. In order to self-consistently determine the

pressure dependences bfand n, another measurement is
required.
The temperature dependence of the electrical resistivity

disorder scattering of a small number of conduction electron
from fluctuating Eu moments. In support of this view, the

0
EuBg below room temperature reflects the dominance of spin

implicit variable. Sincel "~ both increase with pressure and
Paoo k decreases with pressure, there is not even qualitative
agreement for the relationship, '~ = psgo k- Studies® of
pair-breaking rates due to rare-earth impurities in supercon-
ducting YB; show almost no variation aof with lattice con-
stant, an observation born out by atomic overlap
calculations®® The situation is somewhat more complex for
EuB;, as our analysis will show that the electron concentra-
ion n, and consequently the local moment-conduction elec-
ron wave function overlap are pressure dependent. How-
ever, we will show that the variation i is relatively weak

aft(?eﬁl the electron concentrations found in pressurized guB

and is not responsible for the pressure dependenci:of
except perhaps at the lowest pressure wheie changing
the most quickly.

In order to determine the pressure dependence, afie
must first explicitly calculate the oscillatory RKKY function
2 F(2ker;) for EuBs and determine its primary dependence
on kea. A Eu ion at the origin has 6 near neighborsrat
a, 12 next-nearest neighborsrat v2a, and 6 more neigh-
ors atr=v3a. X;F(2kgr;) is negative, signifying ferro-
magnetic interactions fdtra<<1.86. This value okga cor-

magnitude of the room-temperature resistivity agrees We”esponds to a critical conduction electron density of 0.22
with an estimate taken from a crystal field model proposed

by Fisk for NdB;.>! The estimated contribution to the room-
temperature resistivity of EyBat 1 bar from electron-

phonon scattering is less than 3%. In addition, the resistivity
at 1 bar drops by almost two orders of magnitude at the
magnetic ordering transition. The room temperature resistiv-

ity pagok gives an independent measurementJofind n
sincg®>*

P00 k= (3T NMhe’Ep)J%(g—1)°S(S+1).  (4)

Here,N is the number of atoms per unit volume, apdhe
Lande g factor. By combining Eqgs(3) and (4), we can
uniquely determine the pressure dependencekasfdn.
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Itis straightforward to show that the pressure dependence G, 8. Plot of (I} ") 23— xn 23 pak. Circles represent

of T, is not dominated by the pressure dependenck df J
were the dominant pressure effe®t, and p3q9 Would be
linearly related since both are proportionalda T~ are

the upper transitioff; , squares the lower transition. Open symbols

represent sample 1, filled symbols sample 2. Line is a guide for the

eye.



56 HIGH PRESSURES AND FERROMAGNETIC ORDER IN EyB 14545

electrons per Eu. Photoemissiéand Massbaue® measure-  tron concentrationn, which we deduce approximately
ments of EuB samples from the same batch as our resistivitydoubles over the pressure range explored in our measure-
samples place a much lower bound on the magnitude of denents. Calculations of the band overlap in g a func-
viations of the Eu valence from 2. Ambient pressure, room+tion of pressure, using measured lattice compressibilities
temperature Hall effett and low-temperature Fermi surface would be a very useful test of this scenario.

measurement8 suggest a very small electron concentration Our high-pressure measurements indicate that ferromag-
n~10" 3 electrons per Eu. That is, for the pressures accessatktic order in EuB is driven by an RKKY interaction be-

in our experiment the number of conduction electrons per Etween the localized Eu moments, and the very dilute pocket
is certainly much less than one, akgh<<1.86. The absolute of conduction electrons arising from semimetallic band over-
value of%;F(2kgr;) is plotted as a function dfza in Fig. 7. lap. As pressure increases this overlap, the concentration of
The RKKY interaction decreases monotonically &s&) !  these carriers increases, and is simultaneously responsible for
over the range okga likely to be accessed in our high- the gradual depression of spin disorder scattering in the para-
pressure measurements. The leading pressure dependencesafnetic state.

T. and consequently are
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