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NMR studies of EuB6 at low temperatures
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We report results of153Eu and11B nuclear magnetic resonance~NMR! measurements on EuB6 at tempera-
tures between 0.1 and 150 K and in external magnetic fields betweenH50 and 7 T. The evolution of the153Eu
NMR spectra at low temperatures and low fields provides evidence for an unexpected and complex electronic
ground state of EuB6, involving the coexistence of two magnetically very similar phases. The temperature and
magnetic-field dependences of the11B spin-lattice relaxation rateT1

21(T,H) are very well accounted for by
magnon-driven relaxation. A spin-wave theoretical interpretation of the153Eu-NMR spectra and the11B
T1

21measurements indicate that a gap of the order of 1 K exists in the magnon excitation spectrum.
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I. INTRODUCTION

Because of its unusual electronic and magnetic prope
the cubic compound EuB6 has now been in the focus o
research activities for more than 30 years. Since in this c
pound the Eu ions adopt a divalent configuration, EuB6 was
initially thought to be a magnetic semiconductor.1 However,
more recent resistivity results definitely imply a semimeta
character below 300 K with a very low charge-carr
concentration.2,3 This interpretation is supported by sel
consistent band-structure calculations indicating a sm
band overlap at the X point of the Brillouin zone.4

At low temperatures, EuB6 orders ferromagnetically5 via
two consecutive phase transitions atT516 and 14 K, respec
tively, as inferred from two anomalies in the temperatu
dependence of the specific heat.6,7 The ferromagnetic transi
tion is accompanied by a significant reduction of the res
tivity r and in the temperature range of these transitio
EuB6 also exhibits a large negative magnetoresistance.3 The
increasingly metallic character of EuB6 below the Curie tem-
peratureTC is also obvious from the results of optical refle
tivity measurements. A considerable blue shift of the refl
tivity edge is signaling a strong increase of the unscree
plasma frequency in the ferromagnetic phase.6 The electrical
resistivity also shows a large reduction with increasing pr
sure, concomitant with an increase of the magnetic pha
transition temperature. These results have been claime
indicate a Ruderman-Kittel-Kasuya-Yosida-type coupli
between the Eu moments via the conduction electrons.8

A very detailed study of the magnetic behavior, repor
in Ref. 7, has been made in the temperature range of the
ferromagnetic transitions by means of measurements of
magnetization and the magnetic susceptibility. From th
results it has been argued that in the magnetically orde
phase found betweenT'16 and 14 K the moments are fe
romagnetically aligned along the@100# direction and that the
phase transition atT'14 K corresponds to a moment reor
entation from the@100# to the@111# direction. In addition the
behavior of the low-temperature resistivity has been claim
PRB 600163-1829/99/60~5!/3361~9!/$15.00
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to reflect the opening of a gap ofEg /kB5D545 K in the
magnon excitation spectrum.

In order to etablish a more extended database with mic
scopic information for a reliable interpretation of the intrig
ing features of EuB6, we have made a number of NMR me
surements on both153Eu and 11B nuclei, at temperatures
between 0.1 and 150 K and in external magnetic fieldsH
between 0 and 7 T. For comparison, also NMR spectra
spin-lattice relaxation rate measurements have been mad
the related nonmagnetic metallic hexaboride LaB6.

After giving some details concerning the samples and
experimental procedures in Sec. II, we present and disc
our results in Sec. III. We first display the results of t
NMR spectra and spin-spin relaxation rate measurement
the isotope 153Eu in Secs. III A–III C. Subsequently, th
11B-NMR spectra and the corresponding spin-lattice rel
ation rate measurements on EuB6 and LaB6 are discussed in
Secs. III D and III E. In Sec. IV we offer some conclusion
that follow from this study. Part of our NMR results o
153Eu presented here have previously been publis
elsewhere.9,10

II. SAMPLE AND EXPERIMENT

A. Sample

The hexaboride material used in our NMR investigati
was grown in the form of small single crystals by melting t
appropriate amounts of the pure elements in aluminum fl
After the thermal treatment the crystals were separated f
the Al in a hot NaOH solution.2,6 Hexaboride samples pre
pared by this method have been shown to be of very h
quality in structural perfection and chemical composition11

For our experiments the crystals have been powdered in
argon atmosphere to grains with a typical size of less t
100 mm.

B. Experiment

The NMR measurements below 4 K were performed in a
dilution 3He-4He refrigerator, where the powdered samp
3361 ©1999 The American Physical Society
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3362 PRB 60B. AMBROSINI et al.
was kept in contact with the liquid3He-4He mixture. For the
measurements above 4 K the specimens were kept in flowin
He gas.

In all our measurements the NMR signal intensity w
obtained by integrating the spin-echo signal. The NMR sp
tra were collected at constant frequency or field by stepw
varying the applied magnetic field or the irradiation fr
quency, respectively. The measurements of the spin-la
relaxation timesT1 involved the monitoring of the nuclea
magnetization recoverym(t) of 11B as a function of the time
delay after the application of a single rf pulse or a comb o
pulses.

The spin-spin relaxation timeT2, measured for EuB6 on
the 153Eu isotope, was obtained by monitoring the spin-ec
intensity as a function of the time delay between the puls

III. RESULTS AND DISCUSSION

A. 153Eu-NMR spectra

In Fig. 1 we display examples of153Eu-NMR spectra of
EuB6 between 0.08 and 2.15 K, measured at a fixed
quency of 156.36 MHz. Above 2 K the spectrum consists o
a single broad line A, but as the temperature is reduce
below 2 K a second line B at a lower field appears a
gradually gains in relative intensity at the expense of line
~see Fig. 1!. Below 1.1 K the relative intensity of signal B
saturates at approximately the same level as signal A.

The appearence of two peaks in the NMR spectrum
153Eu is unexpected because the occurrence of inequiva
magnetic sites in a simple cubic structure like that of Eu6
cannota priori be anticipated. Two scenarios may, neverth
less, be postulated that could lead to this unexpected be
ior: ~a! inequivalent Eu sites in a single phase or~b! the
coexistence of two different phases.

The existence of two inequivalent Eu sites in the sa
magnetic phase seems very unlikely. In general eve
temperature-induced lowering of the crystal symmetry
lattice distortion yields a single site and hence a single-p

FIG. 1. 153Eu-NMR spectra for EuB6 measured at various tem
peratures and a fixed frequency of 156.36 MHz. The data below
show two broad peaks~A and B!.
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NMR signal. Our observations show that the shifts of t
maxima of signals A and B are both proportional to t
temperature dependence of the bulk magnetization. It se
rather unlikely that a lowering of the symmetry that results
two different sites, leaves the hyperfine field associated w
the high-temperature phase essentially unchanged. Stil
suming such a scenario to be possible, one would rather
pect the single peak to progressively separate into two pe
corresponding to the two inequivalent sites. Our observat
however, shows that peak B does not separate from pea
but rather appears at a different field. A scenario conside
different hyperfine fields due to two crystal-field sp
f-electron states, only slightly separated in energy, is
compatible with our observation of two almost equally i
tense lines even at the lowest temperatures. Therefore
conclude that our results for the NMR spectra are most lik
caused by the coexistence of two different phases at
temperatures.

The maxima of signals A and B shown in Fig. 1 corr
spond, below 1.1 K, to hyperfine fieldsHhf at the Eu nuclei
of 234.54 and234.18 T, respectively. The negative sig
indicates that the hyperfine fields are oriented antiparalle
the applied magnetic field, as expected for a dominant c
polarization contribution to the hyperfine field. The diffe
ence between the average hyperfine fields of line A and B
of the order of 1%. This small difference rules out any s
nificant valence change of a good part of the Eu21 ions as
the origin for the unusual behavior indicated by our resu

B. 153Eu-spin-spin relaxation rate

In Fig. 2 we present typical153Eu spin-echo decay curve
of EuB6 measured at 156.36 MHz andT51.1 K in three
different fields. The labeling of the curves by I, II, and I
denotes three magnetic fields which are also displayed on
profile of the corresponding NMR spectrum in the inset
the same figure. The echo intensities have been normal
to have the same value at the shortest possible time of m
toring. Technical limitations and very short spin-spin rela
ation timesT2 allowed us to measure only the tail end of th
echo-decay curve. The decay is nonexponential in time, s
gesting an inhomogeneous distribution ofT2’s.

K

FIG. 2. Echo-decay curves of153Eu in EuB6 at 1.1 K measured
in applied magnetic fields of 0.24~I!, 0.72~II !, and 1.33 T~III !. The
solid lines represent the best fits to the data as described in the
The inset shows the153Eu-NMR spectrum forT51.1 K with the
symbols placed where the corresponding spin-echo decays
been measured.
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PRB 60 3363NMR STUDIES OF EuB6 AT LOW TEMPERATURES
In previous work Barak and co-workers12 proposed a
model for describing the spin-spin relaxation in ferroma
netic systems where the broadening of the NMR signal
due to microscopic and macroscopic inhomogeneities. In
model the relaxation mechanism is provided by the indir
Suhl-Nakamura~SN! interaction. One can visualize this e
fective coupling between two nuclear spins by consider
that a spin-flip of say, nuclear spin 1, creates a virtual m
non in the ferromagnetic background. This virtual magn
may then be annihilated by a spin-flip of the nuclear spin
hence leading to an effective spin-spin interaction.

In real ferromagnetic systems, microscopic imperfectio
like strains or impurities cause the local magnetic field
vary from site to site. In a first approximation, the resulta
microscopic distribution of Larmor frequencies is assumed
be the same throughout the whole sample, being appr
mated by a function of the formg(n2n0), wheren0 repre-
sents the mean frequency of the microscopic domain. C
sider now a spini and its neighbors, arranged in she
labeled with indexj. If the characteristic width of the Zee
man energy distribution given byg(n2n0) is larger than the
effective SN coupling constant between spini and a spin in
the j th shell, then the SN interaction will spin-flip only
fraction of the nuclear spins in thej th shell, resulting in an
increase of the spin-spin relaxation time. The relaxation r
T2

21for a given microscopic region, characterized byg(n
2n0), will depend on the Larmor frequency as

T2
21~n!5Cg~n2n0!, ~1!

whereC is a constant independent ofn. In real ferromagnets
the width of the NMR signals is expected to be much lar
than ~i! the width of the microscopic distributiong(n2n0)
and, ~ii ! the characteristic irradiation widthgH1 of the rf
pulse. In this case the integrated intensitym'(t) of the spin
echo, as a function of the time delayt between the pulses, i
expected to be nonexponential with

m'~ t !}E
2`

`

g~n8!e2t([1/T2
(0)]g(n8))dn8, ~2!

wheren85n2n0 andT2
(0)[T2 (n5n0) as given in Eq.~1!.

In what follows, we will denote the fit parameterT2
(0) simply

asT2. We have used Eq.~2! to fit our measured echo-deca
data with only two parameters, i.e.,T2 and an overall scaling
factor, absorbing the width and the amplitude ofg(n8). As
previously experienced by Barak and co-workers,12 the best
fits to the data are obtained using a Lorentzian distribution
microscopic frequenciesg(n2n0). The solid lines in Fig. 2
represent the best fits to our measurements.

In Fig. 3 we display the field dependence ofT2
21 at 5

different temperatures between 0.08 and 1.82 K, measure
n5156.36 MHz. In the inset of the same figure we comp
the NMR spectrum and the correspondingT2

21(H) measured
at 0.08 K. We now intend to demonstrate that, although th
measurements have only been possible at the tail ends o
echo-decay envelopem'(t), our results reflect intrinsic prop
erties of EuB6 and are not artifacts due to the experimen
limitations. Below we offer some general considerations a
several simulations that support our interpretation.
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First of all, the model employed to analyze the ech
decay curves is based on reasonable assumptions and
successfully been used in the past to analyze similar dat
related ferromagnets.12 Our estimated values ofT2

21 are in
qualitative agreement with the measured curves, i.e., a
ibly faster relaxation corresponds to a largerT2

21 ~see Fig.
2!. As may be seen in the inset of Fig. 3,T2

21 is not constant
across the NMR spectrum and therefore its shape may
affected byT2

21effects. However, from the measured ech
decay envelopes along the profile of the NMR signal we c
via Eq. ~2!, estimate the NMR spectrum at zero delay b
tween the pulses. An example of such a reconstructed si
compared with the corresponding measured spectrum
shown in Fig. 4. It is obvious that the two-peak feature
preserved and that only the relative intensity of the t
peaks is affected. The slight shift in magnetic field
;0.05 T between the maxima of peak A of the experimen
and the reconstructed curve is insignificant if we consider
magnitude of the hyperfine field of the order of 30 T. As
test of confidence of this procedure we have calculated
product of the reconstructed spectrum intensityA multiplied

FIG. 3. T2
21 as a function of the applied field for153Eu in EuB6,

measured at 156.36 MHz and temperatures~from top to bottom! of
1.82, 1.65, 1.47, 1.1, and 0.08 K. The solid lines are to guide
eye. The inset shows the153Eu-NMR spectrum and the correspon
ing T2

21 profile for T50.08 K. Note that the minimum of the spec
trum does not coincide with the maximum ofT2

21.

FIG. 4. 153Eu-NMR spectrum for EuB6 measured atT
51.65 K andn5156.36 MHz~open circles!. The full circles rep-
resent the reconstructed spectrum for a zero delay between
pulses~see text!. The solid line represents the best fits to the d
assuming the two Gaussian functions shown by the dotted line
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3364 PRB 60B. AMBROSINI et al.
by the temperatureT. For temperatures between 1 and 2
where signal B decreases from its saturation value and fin
vanishes, the productA•T is found, as expected, to be tem
perature independent with an uncertainty of less than 1
This result represents a strong quantitative support for
reliability of our approach.

In Fig. 3 we observe that in fields exceeding 0.9 T, wh
signal A is dominant for all the chosen temperatures,T2

21is
approximatelyT independent and increases with decreas
field. With further decreasing field, entering the range wh
peak B starts dominating,T2

21acquires a significant tempera
ture dependence. Thus,T2

21(H) reaches a maximum, whos
position and magnitude now depends on temperature,
decreases with decreasing field at fields where peak B i
the dominant part of the spectrum. In Fig. 5 we attempt
demonstrate that the onset of theT dependence ofT2

21(H)
more or less coincides with the onset of signal B in the NM
spectrum. This behavior, once again, indicates that the t
peak feature is not an experimental artifact.

In Fig. 6 we display the relative intensity of peak B
reconstructed spectra as a function of temperature. It ma
seen that signal B vanishes at approximately 2 K. In Fig
we present the temperature dependence ofT2

21 estimated at
0.3 Tesla~full circles! and at 1.18 T~open circles!, two fields
at which peak B and peak A, respectively, have been sh
to be dominant in this temperature range. At these fie
T2

21is T independent for peak A, whereas it increases rap
as the temperature is enhanced towards 2 K for peak
giving evidence that signals A and B are associated with
coexisting phases and not with different sites in a sin
phase. A comparison of Figs. 6 and 7 shows that the incre
and perhaps the divergence ofT2

21approximately scales in
temperature with the progressive disappearance of peak
conclusion, the features of Figs. 6 and 7 of the153Eu-NMR

FIG. 5. 153Eu-NMR spectra for EuB6 measured at 1.1 and 1.6
K ~symbols in the lower and upper figure, respectively!. The dotted
lines represent a tentative estimate of line A and B in the over
ping region. In the central figure we display the field dependenc
T2

21. Note that the deviation ofT2
21 from the high-field

T-independent region approximately corresponds to the onse
line B. The data atT51.82 K are included to demonstrate th
crossover of the measuredT2

21 at 1.65 K from theT-independent to
the T-dependent region.
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measurements indicate that the observed unusual feature
associated with a critical behavior of phase B.

C. Magnetization

In Fig. 8 we display the temperature dependence of
frequency at which peak A is maximum in a constant ext
nal field H51 T. The resonance frequency at the magne
site of a ferromagnet can be expressed as a sum of
terms13

n5
g

2p UH2D fm0M1
m0

3
M1Hhf

M

M0
U, ~3!

whereH is the applied field. The second and the third te
represent the demagnetization and the Lorentz field, res
tively, with D f being the demagnetization factor. Our me
surements were made on powdered EuB6. For simplicity we
assume an averageD f51/3, implicitly implying an ‘‘average
spherical geometry’’ of our grains. Hence, the Lorentz a
the demagnetization field cancel each other. The last term
Eq. ~3! represents the hyperfine field. Except for the appl
field, all the contributions ton(T) are proportional to the

-
of

of

FIG. 6. Temperature dependence of the relative NMR integra
intensity of peak B in the reconstructed spectrum~see text!. The
solid line is to guide the eye.

FIG. 7. Temperature dependence ofT2
21 estimated at 0.3 T~full

circles! and at 1.18 T~open circles!, two fields at which line B and
line A, respectively, are dominant in this temperature range. T
measurements were performed at 156.36 MHz. The solid lines
to guide the eye.
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PRB 60 3365NMR STUDIES OF EuB6 AT LOW TEMPERATURES
magnetizationM (H,T). Since for the data shown in Fig. 8
H represents only a small fraction of about 3% ofHhf , plot-
ting n(T) is obviously a very useful way to establish th
temperature variation of the magnetization.

At sufficiently low temperatures the spin-wave appro
mation for describing the ferromagnetic state can be appl
In our analysis of the temperature dependence of the r
nance frequencyn(T) of the 153Eu nuclei we essentially rely
on the theoretical scheme developed by Holstein and Pri
koff ~HP!.14 The Hamilton operator describing the syste
contains in addition to the exchange term a Zeeman an
dipole-dipole interaction and may be written as

HHP52(
i , j

Ji j Si•Sj2gmBH(
i

Si
z1

m0~gmB!2

4p

3(
i , j

S Si•Sj

r i j
3

2
3~Si•r i j !~Sj•r i j !

r i j
5 D , ~4!

where the symbols have their usual meaning. From Eq.~4!
we obtain the magnetization

M ~H,T!5M02MT~H,T!2Mb~H !. ~5!

Here,MT represents the deviation from the saturation va
M0 due to thermal excitations. It is given by

MT~H,T!5
gmB

V (
k

Ak

ek

1

exp~ek /kBT!21
~6!

with V being the volume. In Eq.~5! Mb is a T-independent
term associated with the dipole-dipole interaction

Mb~H !5
gmB

2V (
k

S Ak

ek
21D . ~7!

The spin-wave parametersek , Ak andBk are defined as

ek5AAk
22Bk

2, ~8!

FIG. 8. Temperature dependence of the frequency at which p
A is maximum measured in an external field of 1 T~full circles!.
The solid and broken lines represent simulations ofn(T) according
to the spin-wave theory~see text! for J15J250.063 K andD
50 K and for J150.157 K, J250 andD51.4 K, respectively,
~note that for simplicity we writeJn but meanJn /kB).
d.
o-

a-

a

e

Ak5gmBH2
3

2
D fm0gmBM12S(

n
Jn~12eik•rn!1Bk ,

~9!

and

Bk5
1

2
gmBm0Msin2 uk , ~10!

whereuk represents the angle between the magnetization
the spin-wave propagation vectork. Jn is the exchange inte
gral for thenth nearest neighbors. For simplicity we assum
that only J1 and J2 are different from zero and we negle
the influence of neighbors at larger distances. A gap in
magnon excitation spectrum associated with anisotropy
be considered by adding a term to the external field, defin

H[Hext1HD5Hext1
kB

gmB
D. ~11!

The solid and broken lines in Fig. 8 display the results
simulations ofn(T) assuming different values ofJ1 , J2, and
D. The best agreement between the result of our meas
ments and our model calculation is obtained forJ15J2
50.063 K andD50 K or for J150.157 K, J250 andD
51.4 K ~note that for simplicity we writeJn but mean
Jn /kB). In fact from our simulations we cannot distinguis
between the casesD51.4 K with J1@J2 and a vanishingly
small gap withJ1'J2'0.063 K. Even an intermediate situ
ation is possible, becauseJ2 andD have a similar effect on
n(T). In conclusion the results of our simulations allow us
put an upper limit to any anisotropy gap of a few Kelvin,
agreement with a recent neutron-diffraction result.5 From J1
and J2 we can estimate the transition temperature in
molecular-field approximation15 ~MFA! to be

kBTc
MFA5

2

3
S~S11!~z1J11z2J2!, ~12!

wherez156 andz2512 are the number of nearest and ne
nearest Eu neighbors of the Eu sites in EuB6. In both cases
discussed above (D'0 or J2'0), the estimated transition
temperatures are of the order of 10 K, in fair agreement w
TC established with specific-heat and magnetizat
measurements.5–7 A closer agreement cannot be expected
cause the shape of the specific-heat anomaly6,7 clearly sig-
nals the inadequacy of the MFA for describing the transitio

D. 11B-NMR spectra of EuB6 and LaB6

In Fig. 9 we display examples of11B-NMR spectra for
EuB6, measured at several temperatures and at a fixed
quency of 63 MHz. From NMR measurements on the rela
compound LaB6, presented in Fig. 10, we expect the qua
rupole splitting of the11B signal to be of the order of 0.5
MHz, much less than the characteristic width of t
11B-NMR spectrum of EuB6 at low temperatures. Therefore
the prominent shoulder that appears in the11B-NMR spec-
trum of EuB6 at low temperatures is attributed to differenc
in the local fields. The low-temperature spectra are well
proximated by the sum of two Gaussians, here denoted
and II, as shown in Fig. 9 for the spectrum taken atT

ak
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3366 PRB 60B. AMBROSINI et al.
52.35 K. The individual contributions have integrated i
tensities of 1/3 and 2/3, respectively. At the lowest measu
temperatures the internal static fieldsHhf , obtained from the
shift of the center of the Gaussian relative to the expec
position of the boron NMR line in a diamagnetic substan
are20.02 and20.35 T for the minority~peak I! and major-
ity ~peak II! boron sites, respectively.

The observed splitting of the maxima of peak I and
DH'0.33 T, is in good quantitative agreement with the d
ference of the dipole fields at the B sites obtained by ass
ing the full Eu21 moments being oriented along the@110#
direction. Calculations assuming this orientation result in
direct dipole fieldHd520.116 T at 4 boron sites in the un
cell andHd50.232 T at the remaining two sites, thus lea
ing to a difference in field ofDH50.348 T. To reproduce
the observed maxima of peak I and II in the NMR spectr
we have to assume an additional hyperfine transferred
due to f-electron moments on the Eu ions of;20.24 T.
According to Su¨llow et al.,7 the Eu moments are claimed t
be oriented along the@111# direction at low temperatures
This moment arrangement results in a vanishing contribu
of the dipole field at all B nuclei and hence, two differe

FIG. 9. 11B NMR spectra of EuB6 between 2.35 and 216 K
measured atn563 MHz. The solid lines represent the best fits
the data using two Gaussian functions, as indicated in the top s
trum with I and II.

FIG. 10. 11B NMR spectrum of LaB6 measured at 18 K andn
566.71 MHz. The solid line represents the best fit assumin
first-order quadrupole perturbation of a Zeeman interaction do
nated powder pattern.
d

d
,

,

-

a

-

ld

n

transfer hyperfine fields would be needed to explain our m
surements. A hypothetical orientation of the moments alo
the @100# direction would also produce two inequivalent
sites with a dipole-field differenceDH520.7 T. This situ-
ation would require two transferred fields that differ in ma
nitude and direction, hence implying a strong anisotro
transferred hyperfine coupling for explaining our results. F
any of these orientations we cannot exclude that a sl
distortion of the crystal lattice is the cause of our obser
tions. At any rate, the temperature dependence of
11B-NMR spectra does not dramatically change below 3
and we may, therefore, exclude a moment reorientation
considerable alteration of electronic densities to be the ca
of the appearance of the two inequivalent phases as
cussed in Sec. III A

In Fig. 11 we display the temperature dependence of
average hyperfine field̂Hhf& of peaks I and II with full and
open symbols, respectively, measured atn532.5 MHz ~tri-
angles! andn563 MHz ~circles!. The solid line displays the
temperature dependence of the magnetization of a sam
prepared from the same piece of material in a fieldH
55 T.16 TheT dependence of̂Hhf& for the majority sites II
follows the temperature dependence of the bulk magnet
tion fairly well, indicating that it is a consequence of th
magnetic ordering. For the minority boron site I,^Hhf&(T) is
too small to draw any reliable conclusion.

E. 11B spin-lattice relaxation rate in EuB6 and LaB6

The 11B T1 measurements were made near the maxim
of the spin-echo intensity~see Fig. 9! and thus have the
largest contribution from peak I of the11B-NMR spectra. In
Fig. 12 we displayT1

21(T) measured in applied magnet
fields between 0.49 and 7 T~symbols!. The solid lines rep-
resent the results of calculations to be discussed below
the dashed line representsT1

21(T) measured for LaB6. The
spin-lattice relaxation in the range of the spectrum, where
11B-NMR signal is dominated by peak II, is essentially th
same as that for the boron peak I. This implies again that
observed order-of-magnitude difference between the hy
fine fields at the boron sites I and II is the result of canc
lations of different contributions to the local fields.

c-

a
i-

FIG. 11. Temperature dependences of the average hype
fields ^Hhf& of line I and II ~full and open symbols, respectively!
measured atn532.5 MHz ~triangles! and n563 MHz ~circles!.
The solid line displays the temperature dependence of the mag
zation atH55 T.
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Except at the lowest temperatures the11B spin-lattice re-
laxation rate for EuB6 is much larger thanT1

21for the refer-
ence compound LaB6. We associate this enhancement w
excitations within thef-electron system. The observed stro
temperature and field dependences ofT1

21 is typical for fer-
romagnets where the spin-lattice relaxation is well accoun
for by the flipping of a nuclear spin inducing a magnon e
citation, or vice versa.17 To estimate the efficiency of th
magnon-driven relaxation one needs detailed knowledg
the hyperfine interaction between the magnetic moments
the nuclear spins. As previously noted we assume that
interaction between thef electrons and the boron nuclei co
tains a transferredHtr and an electron-nucleus dipoleHdip
contribution. Thus the total hyperfine Hamiltonian may
written as

H5Htr1Hdip . ~13!

We mention here that if the crystal structure and the mag
tude of the magnetic moment are known,Hdip can easily be
computed. For the transfer term the situation may be m
complicated. IfHtr does not have a simple isotropic for
then a detailed account of this contribution is very difficu
However, since the hyperfine coupling enters only as
overall scaling factor in the relaxation, some qualitative
formation may still be obtained from the temperature a
field dependences ofT1

21.
The spin-wave approach, used for the analysis of the m

netization in Sec. III C can be applied here to estimate
spin-lattice relaxation rate at low temperaturesT!TC. In
this approach the spin operatorsS1,S2, andSz are expanded
in terms of boson operatorsb† and b for the creation and
annihilation of a spin-wave excitation,14 respectively. The
first-order expansion in spin-wave operators correspond
the one-magnon process where a nuclear spin flip is acc
panied by the creation of a spin wave or vice versa. Usu
this mechanism is forbidden because the energy is not
served. The two-magnon or Raman process represents
situation of a spin wave with wave vectork being scattered

FIG. 12. Temperature dependence of the11B spin-lattice relax-
ation rate measured in various magnetic fields from 0.49 to
~symbols!. The solid lines represent calculations considering tw
magnon-dominated processes at the respective field and assu
an energy gap in the magnon excitation spectrum of 1.4 K~see
text!.
d
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into a new statek8 by a nuclear spin-flip. In this case th
energy is easily conserved but the condition of angular m
mentum conservation may prohibit this process. Howeve
the hyperfine Hamiltonian includes terms of the for
A[ 1z]

•I 1Sz , the Raman process has a nonvanishing pr
ability. The operatorI 1 is the usual nuclear spin raising op
erator andA[ 1z] is the hyperfine matrix component assoc
ated with the termI 1Sz , whereSz is thez component of the
Eu 4f -electron spin operator. Note that for Eu21, the total
angular momentumJ5S57/2. The above form of the hy
perfine Hamiltonian is expected in the presence of the dip
interaction or if the hyperfine transfer mechanism is ani
tropic. In both cases the termsI 1Sz involve terms with one
creation and one annihilation boson operator14,18,19

Hhf
[ 1z]5

1

2
A[ 1z] I 1Sz5

1

2
A[ 1z] I 1

3FS2
1

N (
k,k8

exp@ i ~k2k8!•r #bk
†bk8G , ~14!

and the two-magnon process is allowed. In Eq.~14!, r rep-
resents the position of the spin. Using Fermi’s golden r
the spin-lattice relaxation rate is of the form18

1

T1
5

p~A[ 1z] !2

\ E ne~11ne!D
2~e!de, ~15!

whereD(e) represents the density of spin-wave states,e is
the energy associated with a spin-wave excitation given
Eqs.~8!–~10!, andne is the Bose-Einstein occupation facto
ne[@exp(e/kBT)21#21. In addition to this first-order Ra-
man process, a second-order two-magnon process, w
does not require the conservation of thez component of the
angular momentum, is mediated by the dipole interact
among ordered moments.17 In an even higher-order expan
sion, three-magnon processes where the nuclear spin fl
associated with the annihilation of one and the creation
two spin waves, are encountered. In this case the energy
momentum conservation requirements can always be
filled and, therefore, this type of process is always allowe

The solid lines in Fig. 12 represent calculations
T1

21(T,H) for a two-magnon dominated relaxation proce
employing Eq.~15! and usingJ150.157 K, J250 andD
51.4 K, one of the parameter sets discussed in Sec. II
The hyperfine coupling constantA[ 1z] provides an overall
free scaling parameter for obtaining the best agreement
tween our model calculations and the results of our meas
ments. The solid lines displayed in Fig. 12 were obtain
with A[ 1z]Sz /\g11B'0.45 T, with Sz57/2. We note that
with these exchange couplingsJ1 , J2 and the energy gapD
that we obtained via the analysis of the153Eu NMR spectra
~see Fig. 8 and corresponding discussion! the salient features
of the 11B spin-lattice relaxation may be reproduced rath
well. Using the same simple approximation for calculati
T1

21(T,H) with the second parameter set mentioned in S
III C, i.e., J150.063 K, J250.063 K, andD50 K, the
agreement between calculation and experiment is distin
worse. This confirms that the magnon excitation spectrum
low energies is dominated by a gapEg /kB of the order of 1
K. The nontrivial agreement between the calculated and

T
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observed temperature and field dependences ofT1
21in the

range where the spin-wave model ought to be applica
gives strong evidence that the relaxation is indeed domin
by two-magnon processes and that our approximation c
tures the essential ingredients. At higher temperatures, w
the deviations from the saturation magnetization grow s
stantially, we expect the spin-wave approximation to fail a
higher-order processes to become more significant. Here
point out that, based on the results of previous electr
resistivityr measurements, a magnon gap of the order of
K has been suggested for EuB6 ~Ref. 7!. Our analysis of the
NMR data presented above finds no support for this cla
We, therefore, believe that the observed features ofr(T)
have an origin different from the electron-magnon scatter
assumed in Ref. 7.

We now turn our attention to the hyperfine couplin
A[ 1z] . As mentioned above the best agreement with the fi
and temperature dependences of the spin-lattice relaxa
rate yieldsA[ 1z]Sz /\g11B'0.45 T. The two-magnon pro
cess is allowed only if the hyperfine interaction is anisotro
or if the electron and nuclear-spin quantization axes are
collinear. An anisotropic interaction involved in our situatio
is the direct electron-nucleus dipole interaction. The mag
tude ofA[ 1z] , calculated for the dipole case for Eu momen
aligned along the three directions@100#, @110#, and@111#, is
too small to quantitatively account for the magnitude of t
measured spin-lattice relaxation rate. Other causes that m
enhanceA[ 1z] are a lattice distortion enhancing the dipo
coupling, or an anisotropic hyperfine transferred interact
that invokes a hyperfine couplingA[ 1z] of the order of 0.45
T.

The measured temperature and field dependences o
11B spin-lattice relaxation rate are thus consistent with
two-magnon driven relaxation mechanism. The dipole int
action between the Eu moments and the B nuclei al
seems insufficient to quantitatively account for the obser
value of T1

21. This deficit may hint to either an anisotrop
transferred hyperfine interaction and/or a temperatu
induced lattice distortion. Both the lattice distortion and
the anisotropic transferred hyperfine interaction need to
consistent with the two inequivalent sites observed in
11B-NMR spectra and with the equal spin-lattice relaxati
rates observed for both these sites.

IV. CONCLUSIONS

Our results for the153Eu-NMR spectra signal that below
K, well within the ferromagnetic state of EuB6, slight
n
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changes in the electronic environments near the Eu sites
voke the gradual development of a second ordered ph
The small but distinct difference in the observed hyperfi
fields of the two coexisting phases is of the order of 1% w
no appreciable effect on the dynamics of magnon excitatio
Since the results for the11B NMR give no hint for dramatic
changes around 2 K, we have to conclude that the phas
detected in the results of153Eu NMR does not have very
different electronic or magnetic properties than phase
present already at higher temperatures. This in turn lead
the question of what causes two similar coexisting phase
EuB6? It is natural to attribute the differences of these pha
to weak terms in the electronic Hamiltonian which eith
violate an important symmetry, or which act only through
higher-order perturbation process. Spin-orbit and crys
field interactions, acting weakly on the Eu21 ions, are the
prime candidates for such a mechanism. Their main r
would not just be the lifting of the degeneracy of the 4f 7

ground state, but to induce two slightly different groun
states. In any case our findings point to a delicately balan
situation for the magnetic ground state of EuB6.

The low-temperature11B-NMR spectra reveal two in-
equivalent B sites, experiencing different hyperfine fields
is difficult to unequivocally identify the cause for this diffe
ence. None of the most obvious ferromagnetic alignment
the Eu moments can, by itself, explain both the magnitu
and the difference of the hyperfine fields. Thus very sm
lattice distortions at low temperatures cannot be ruled ou
be, at least partially, the cause for two inequivalent11B sites.
Possible lattice distortions are of interest here in connec
with electron-lattice interactions influencing the magne
and transport properties of EuB6. The similarity with man-
ganese oxides where large magnetoresistive effects c
bined with ferromagnetic order and enhanced metallicit20

are, at least partially ascribed to strong electron-latt
interactions,21,22 is intriguing.

We have attempted to analyze our results on the153Eu
line shift, induced by the spontaneous magnetization in
ferromagnetic phase, and of the11B spin-lattice relaxation
well below the Curie temperature, by invoking the spin-wa
theory of Holstein and Primakoff.14 The experimental results
are fairly well accounted for by a dominant two-magnon
laxation process and assuming a gapEg in the magnon exci-
tation spectrum such thatEg /kB is of the order of one
Kelvin. Finally we note that our microscopic measureme
in externally applied magnetic fields give no evidence fo
moment reorientation around 14 K, as has been suggeste
occur in zero field in Ref. 7.
ys.
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