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Magnetic phase separation in EuB detected by muon spin rotation

PHYSICAL REVIEW B 70, 020401R) (2004
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(Received 24 March 2004; published 13 July 2p04

We report results of the first muon-spin rotation measurements performed on the low carrier density ferro-
magnet EuB. The ferromagnetic state is reached via two magnetic transitiofig=a15.5 K andT,=12.6 K.
Two distinct components are resolved in the muon data, one oscillatory and one non-oscillatory, which arise
from different types of magnetic environment, and we have followed the temperature dependence of these
components in detail. These results provide evidence for magnetic phase separation and can be interpreted in
terms of the gradual coalescing of magnetic polarons.

DOI: 10.1103/PhysRevB.70.020401 PACS nuni®er76.75:+i, 75.47.Gk, 75.50.Cc

Europium hexaboride has attracted recent interest becausemponent is an oscillating signal and can be associated with
it exhibits colossal magnetoresistan@@MR)! and it has muons that halt in the locally ferromagnetic environment of a
been suggested that its semiconductor-semimetal transitianagnetic polaron. The second component is a Gaussian sig-
results from the overlap of magnetic polarénBuBg crys-  nal and arises from the muons that come to rest in the still
tallizes into a simple cubic structurgpace-grougPma3nm) paramagnetic surrounding volume.
with divalent Eu ions(8S;,,) at the corners of the unit cell Our uSR experiments were carried out using the DOLLY
and B;-octahedra at the body-centered positions, and is &strument at the Paul Scherrer InstitgRS)) in Switzerland
ferromagnet at low temperatureSpecific heat and magne- and the DEVA beamline at the ISIS pulsed muon facility in
tization measurements reveal that this state is reached vie UK. In our uSR experiments, spin polarized positive
two distinct transitions afl,,=15.5 K and T,=12.6 K22  muons(u*, mean lifetime 2.2us, momentum 28 Me\W)
Neutron diffraction measurements show that a small spontawvere implanted into polycrystalline E4BThe muons stop
neous magnetic moment begins to grow on cooling belowguickly (in <107°s), without significant loss of spin-
Tm, but does not become significant urifjl is reached, be- polarization. The time evolution of the muon spin polariza-
low which point the moment shows a more usual mean-fieldion can be detected by counting emitted decay positrons
like behavio* The magnetic ordering is accompanied by aforward (f) and backwardb) of the initial muon spin direc-
sharp drop in the resistivity which is strongly field tion due to the asymmetric nature of the muon dé€dn
dependertt and gives rise to a large negative our experiments, positrons are detected by using scintillation
magnetoresistanceThis transition from a semiconductor at counters placed in front of and behind the sample. We record
high temperatures to a semimé&tdor possibly a self-doped the number of positrons detected by forwahj) and back-
compensated semiconducfrat low temperatures is remi- ward (N,) counters as a function of time and calculate the
niscent of the metal-insulator transition seen in manganiteasymmetry function,(t), using
exhibiting CMR!! Detailed measurements of resistivity and
magnetizatiof show that this transition is associated with G(t) = Ni(t) = @y Ny(t) 1)
Tn. It is thought that magnetic polarons could be responsible z Ni(t) + ey No(t)
for this behavior, with the upper magnetic transition and drop ) , o )
in resistivity caused when the bound carriers overlap and/heréaeyyis an experimental calibration constant and differs
percolate, and the lower transition caused by a true transitiofo™m unity due to non-uniform detector efficiency. The quan-
to a bulk ferromagnetic stafeFurther support for this expla- ity G.(t) is then proportional to the average spin polarisa-
nation comes from the observation of polaronic featurestion, P,t), of muons stopping within the sample. The muon
possibly associated with itinerant hoféshelow ~30 K in ~ Spin precesses around a local magnetic fiBldwith a fre-
Raman-scattering spect&The trapping of carriers to form quencyv=(y,/2m)|B|, wherey,/2w=135.5 MHz T*).
bound magnetic polarons provides an explanation for the up- Examples of asymmetry spectra measured at PSI are
turn in resistivity observed on cooling through 3% and  shown in Fig. 1. There are three distinct temperature regions.
the negative magnetoresistariéé4 However, a direct obser- In the lowest temperature datd =10 K), there are clear
vation of overlapping polarons in EyBas so far been elu- oscillations in the measured asymmetry, demonstrating that
sive. the sample does indeed make a transition to a locally mag-
In this paper we present the results of muon spin rotatiometically ordered state. This oscillating signal is superposed
(uSR) experiments on EuBwhich not only provide further on a slow exponential relaxation unobservable in Fig. 1, but
evidence for the two distinct magnetic transitions but are alswisible at longer times. In the second regigfi0 K
able to resolve two components arising from muons stoppings T<Ty,), the amplitude of the oscillatory component de-
in two different types of environment beloW,,. The first creases and a Gaussian component appears, with a decay rate
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FIG. 1. Muon decay asymmetry plots for Ey8t different tem-
peratures. The solid lines are fits of the data to (2y.The data for " ' :
T=11.5,14 and 15 K are fitted with a non-zero Gaussian amplitude, 0 . é 1'0 1'2' 1'4 '1'6 18
while the others are not. The data were taken at PSI. T (K)
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that decreases as the temperature is increased. In the third FIG- 2. Temperature dependence of the parameters determined

region (T>T,,), the amplitude associated with the Gaussian™™ fits of Eq.(2) to EuB; asymmetry spectra. The panels corre-

component decreases until, when above 16 K, only the slowPond to(@) the oscillation frequencyy, (b) and (c) the relaxation

exponential relaxation remains. The need for the fast relaxr-ates 1Ty and 11T, (d) the Gaussian fraction width parametar,

ing Gaussian term in the fits is clearly motivated by theand(e) the amplitudes for each of the three components used in the

. . fits. The dashed i i ides for th . Th tical
topmost panel of Fig. 1, where the purely exponential relaxa ., o Gashed nes Ie) are guides for the eye. The vertica

ation seen at 17 K is compared with the results for a temEJIaShEd lines indicate the positionsRfand Ti.
perature of 15 K, which is just inside the intermediate re-the three temperature regions discussed above. In Fy. 2
gion. the asymmetry amplitudes of the three different terms are
In order to best follow these changes, the data over thehown, which provide the main motivation for this division.
whole studied temperature range were fitted to the functionThe exponentially relaxing fraction is seen to drop sharply
from the maximum value &k,,, which is expected in a poly-
G,(t) = A, exp(— t) +A, exp(— t)cos(Zmzt) crystalline sample when a transition _into an orde_re_d state
z P T, s¢ T, occurs. In the lowest temperature region the remaining am-

plitude is accounted for by the oscillating fraction, but at

_ 22
* AcaussEXP= 0717 + Ay (2) intermediate temperatures there is also a contribution from

where Ay, represents a constant background due to muonthe fast relaxing Gaussian fraction.

stopping in the silver that surrounds the samfleand T, A Gaussian relaxation can result from a field at the muon

are the longitudinal and transverse relaxation times fapgd  site which is static but randomly distributed in magnitude.
Ao aNdAg, ssare the amplitudes of the exponential, oscil- The parametes is related to the width of the field distribu-
lating and Gaussian terms, respectively. Plots of the fittedion aso?=2(B?/2. Figure 2 shows that increases as the
parameters against temperature are shown in Fig. 2. Verticéémperature is lowered in the second region, indicating that
lines drawn afl,,, and T, approximately divide the plots into the field distribution at the muon sites is becoming wider as
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the sample becomes more ordered at lower temperatures. 20 | | | |

The fact that the asymmetry amplitude is shared between 18
the two fast signals in the intermediate region is evidence 16
that the muons are stopping in two different kinds of envi- ~ 14k
ronment, that is, magnetic phase separation is occutfing. bk
The amplitudes of the two signals are expected to be propor- &, |
tional to the volume fraction of each phase. Phase separation
is important betweerd,, and T;, but we find that it disap-
pears belowl,, in contrast to the predictions of Ref. 17.

Figure 2a) shows that the oscillations develop beldy, 4 0
and their frequency increases fairly smoothly as the sample
is cooled throughr, rising to a maximum of~67 MHz at —
low temperaturgcorresponding to a field at the muon site of i ;:f —
~0.5T). The frequency is proportional to the magnetiza-
tion and the data in Fig.(8) match well with the temperature
dependence of the Eu magnetic moment measured with neu-
tron scattering. Only one muon precession frequency is ob-
served, strongly suggesting that there is a single set of
equivalent muon sites in the structure. There are two candi-
date sites. The first is at the center of & Bctahedron and
the second is at the face-centers of the unit @elthe center
of the shortest B-B bond which is between atoms in adjacent
unit cells. Using the Eu moment measured previofisind
assuming a low temperature magnetic structure with the mo- F|G. 3. (a) A typical asymmetry spectrum measured at ISIS. The
ments pointing along th¢111] direction, the dipole field solid line is a fit to Eq(3), and the dotted lines show the form of the
(Bgip) can be calculated at both these possible sites. At thvo exponential terms use@) The two relaxation rates measured
center of a boron octahedron, the dipole field cancels byt ISIS, )\ (closed symbols and the longitudinal relaxation rate
symmetry. The face-center positions are all magneticallyneasured at PSI, Tf (open symbols The solid line is a fit of a
equivalent and yield,|Bg|/ 277=144 MHz. Additional con- T2 |n(T/A) function to the PSI rate for temperatures below 14 K.
tributions to the field at the muon site arise from the Lorentz

field (ugMgaf 3=0.42 T, corresponding to 57 Mhizthe de- . . -

.8 . ' ; facility. An example is shown in Fig.(@) and clearly shows
magnetization field and the hyperfine contact field, and P%he ?/esence of Eoth a slow and agfags{ relaxationyrate There-
clude a definitive assignment of the site. P )

The longitudinal relaxation rate, T{, reflects the dynam- fore the data were fitted to the functién
ics of the fields being probed. For rapid fluctuationsT.1/ G,(t) = Ar exp(— Mt) + Ag exp(— Ad) + Ay, (3)
x yi3q |0B(q)[?7(q), where|sB(q)| is the amplitude of the . _
fluctuating local field and-(q) is the Eu-ion correlation time WhereAqs andi;s are the amplitudes and relaxation rates of
at wave vector. In the paramagnetic phase the spin fluctua-the fast and slow exponential componeqiiste that\; rep-
tions are so rapid that the measured relaxation rate is smafleSents relaxation due fastdynamics and hencelow spin
As the sample is cooled and the critical region is approached€laxation. The non-relaxing background fractiok,, was
the correlation time becomes longer and the relaxation ratBeld fixed.A; and A; were found to be approximately con-
rises and peaks close ff, [Fig. 2b)]. In contrast, 1T,  Stant with temperature, with; about half the value oA,
(which is proportional to the width of the ordered field dis- and were fixed in the fits. The relaxation rates themselves
tribution corresponding to the oscillating fractjorises dra- appear temperature independent above the transition, and it
matically on cooling throughT, and subsequently falls on was possible to keek; fixed at 0.08 MHz(see Fig. 3. On
further cooling[Fig. 2(c)]. This emphasizes that the ordered cooling towardT,, A¢ begins to decrease, until only one re-
and fluctuating fractions in the sample are distinct and followlaxation rate can be resolved below 9 K. This is possibly
different temperature dependencies. because the two rates become very similar in magnitude, and

These observations fit in well with the polaron percolationthe presence of; may mask any further drop of.
picture for the intermediate temperature range; muons stop- The relaxation rate\ matches well to the temperature
ping in ferromagnetic regions of overlapping polarons givedependence of 17, as shown in Fig. @), and the two can
rise to the oscillating signal, while most muons stop in thebe identified with each other. At low temperatures, a contri-
intervening paramagnetic regions. In these paramagnetic réution to 1/T; can be fitted by a I, « T2 In(T/A) [see Fig.
gions the Eu-ion correlation time is short, so the muons ar&(b)] appropriate for scattering by two-magnon processes in
not depolarized by the local fluctuating Eu moments, but byferromagnets? However, the component due to fast fluctua-
the distribution of fields that result from the nearby ferro-tions produces too slow a relaxation to be convincingly in-
magnetic regions. As the sample becomes more ordered tlduded in the fits to the PSI data. Nevertheless, the observa-
paramagnetic regions shrink, with a corresponding effect otion of two relaxation rates abovg, allows us to infer the
the field distribution. presence of spatial inhomogene{ly very similar effect has

In order to study the slower relaxation in the high tem-been found in Lgg/Ca, 3aMNO; with uSR®), which persists
perature region in more detail, data were collected at the ISI8ven at 115 K. Abovd,,,, the temperature dependencenef
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and A is weak and featureless. Any polaron dynamics argegions of the material associated with different magnetic

presumably too fast to be followed by the muon. The drabehavior. These features are qualitatively consistent with a

matic changes observed beldyy can therefore be attributed picture based on coalescing polarons, which can also account

to a large change in the time-scale of polaron dynamics, suc?br the CMR observed in Eyg10.12

as might be expected when polarons overlap. Although the

polaron volume fraction changes little at a percolation tran- Part of this work was performed at the Swiss Muon

sition, their arrangement could be changed so that the aveSource, Paul Scherrer Institute, Villigen, Switzerland and the

age size of a single polaron is larger and its dynamics ares|s pulsed muon source, RAL, UK. We are grateful to Rob-

much slower.. ert Scheuermann and Steve Cottrell for experimental assis-
In conclusion #SR measurements have allowed us to fOI'tance and Maria Calderén and Amalia Coldea for useful dis-

low the very unusual development of ferromagnetism in . .
EuBg through the transitions andT, from a local view- ~ CUSSIONS. This work was funded by the EPSRIK) and the
B d A < %ISF under Grant No. DMR-0203214.

point. These results reveal two distinct and spatially separat
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