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NMR studies of EuBg at low temperatures
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We report results of>*Eu and!'B nuclear magnetic resonan@eMR) measurements on EgRit tempera-
tures between 0.1 and 150 K and in external magnetic fields betweehand 7 T. The evolution of th&¥Eu
NMR spectra at low temperatures and low fields provides evidence for an unexpected and complex electronic
ground state of Eug involving the coexistence of two magnetically very similar phases. The temperature and
magnetic-field dependences of th#8 spin-lattice relaxation raté’l_l(T,H) are very well accounted for by
magnon-driven relaxation. A spin-wave theoretical interpretation of ffEu-NMR spectra and thé'B
Tl’lmeasurements indicate that a gap of the order of 1 K exists in the magnon excitation spectrum.
[S0163-182609)08329-0

. INTRODUCTION to reflect the opening of a gap &,/kg=A=45 K in the
magnon excitation spectrum.

Because of its unusual electronic and magnetic properties In order to etablish a more extended database with micro-
the cubic compound EyBhas now been in the focus of scopic information for a reliable interpretation of the intrigu-
research activities for more than 30 years. Since in this coming features of Eug we have made a number of NMR mea-
pound the Eu ions adopt a divalent configuration, EwBs  surements on botH*¥u and B nuclei, at temperatures
initially thought to be a magnetic semiconductddowever, between 0.1 and 150 K and in external magnetic fi¢tds
more recent resistivity results definitely imply a semimetallicbetween 0 and 7 T. For comparison, also NMR spectra and
character below 300 K with a very low charge-carrier spin-lattice relaxation rate measurements have been made on
concentratiorf:® This interpretation is supported by self- the related nonmagnetic metallic hexaboride taB
consistent band-structure calculations indicating a small After giving some details concerning the samples and the
band overlap at the X point of the Brillouin zofle. experimental procedures in Sec. Il, we present and discuss

At low temperatures, EuBorders ferromagneticaflyia  our results in Sec. Ill. We first display the results of the
two consecutive phase transitionsTat 16 and 14 K, respec- NMR spectra and spin-spin relaxation rate measurements on
tively, as inferred from two anomalies in the temperaturethe isotope ®¥u in Secs. Il A—lll C. Subsequently, the
dependence of the specific h&atThe ferromagnetic transi- 'B-NMR spectra and the corresponding spin-lattice relax-
tion is accompanied by a significant reduction of the resisation rate measurements on Eughd LaB; are discussed in
tivity p and in the temperature range of these transitionsSecs. Il D and Il E. In Sec. IV we offer some conclusions
EuB; also exhibits a large negative magnetoresistdniee  that follow from this study. Part of our NMR results on
increasingly metallic character of EgBelow the Curie tem-  >3u presented here have previously been published
peratureT is also obvious from the results of optical reflec- elsewheré&:*°
tivity measurements. A considerable blue shift of the reflec-
tivity edge is signaling a strong increase of the unscreened Il. SAMPLE AND EXPERIMENT
plasma frequency in the ferromagnetic ph&3ée electrical
resistivity also shows a large reduction with increasing pres- ) ) ) ) o
sure, concomitant with an increase of the magnetic phase- The hexaboride material used in our NMR investigation
transition temperature. These results have been claimed #as grown in the form of small single crystals by melting the
indicate a Ruderman-Kittel-Kasuya-Yosida-type coupling@Ppropriate amounts of the pure elements in aluminum flux.
between the Eu moments via the conduction electfons.  After the thermal treatment the crystals were separated from

A very detailed study of the magnetic behavior, reportedthe Al in a hot NaOH solutiofi® Hexaboride samples pre-
in Ref. 7, has been made in the temperature range of the tw@ared by this method have been shown to be of very high
ferromagnetic transitions by means of measurements of th@u@lity in structural perfection and chemical compositton.
magnetization and the magnetic susceptibility. From thes&0r our experiments the crystals have been powdered in an
results it has been argued that in the magnetically ordere@fgon atmosphere to grains with a typical size of less than
phase found betweefi~ 16 and 14 K the moments are fer- 100 um.
romagnetically aligned along tf&00] direction and that the
phase transition ai~14 K corresponds to a moment reori-
entation from th¢100] to the[111] direction. In addition the The NMR measurements b&lod K were performed in a
behavior of the low-temperature resistivity has been claimediilution *He-*He refrigerator, where the powdered sample

A. Sample

B. Experiment
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FIG. 2. Echo-decay curves ¢P%Eu in EuB; at 1.1 K measured
in applied magnetic fields of 0.24), 0.72(1l), and 1.33 T(lll ). The
solid lines represent the best fits to the data as described in the text.
The inset shows thé>*Eu-NMR spectrum folT=1.1 K with the
symbols placed where the corresponding spin-echo decays have
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FIG. 1. %Eu-NMR spectra for EuBmeasured at various tem-
peratures and a fixed frequency of 156.36 MHz. The data below 2 KNMR signal. Our observations show that the shifts of the
maxima of signals A and B are both proportional to the
temperature dependence of the bulk magnetization. It seems
rather unlikely that a lowering of the symmetry that results in
two different sites, leaves the hyperfine field associated with
the high-temperature phase essentially unchanged. Still as-
suming such a scenario to be possible, one would rather ex-
pect the single peak to progressively separate into two peaks
orresponding to the two inequivalent sites. Our observation,
owever, shows that peak B does not separate from peak A
ut rather appears at a different field. A scenario considering
ifferent hyperfine fields due to two crystal-field split
f-electron states, only slightly separated in energy, is not

show two broad peak@\ and B).

was kept in contact with the liquidHe-*He mixture. For the
measurements abev K the specimens were kept in flowing
He gas.

In all our measurements the NMR signal intensity was
obtained by integrating the spin-echo signal. The NMR spec
tra were collected at constant frequency or field by stepwis
varying the applied magnetic field or the irradiation fre-
guency, respectively. The measurements of the spin-lattic%
relaxation timesT, involved thle1 monitoring of the nuclear
magnetization reCO_Ve"Y‘(t) of |_3as a function of the time compatible with our observation of two almost equally in-
delay after the application of a single rf pulse or a comb of rf .

tense lines even at the lowest temperatures. Therefore, we
conclude that our results for the NMR spectra are most likely

pulses.
The spin-spin relaxation tim&,, measured for Eugon caused by the coexistence of two different phases at low

the *>3u isotope, was obtained by monitoring the spin-echq

) . ) . emperatures.

intensity as a function of the time delay between the pulses. The maxima of signals A and B shown in Fig. 1 corre-
spond, below 1.1 K, to hyperfine fields,; at the Eu nuclei

of —34.54 and—34.18 T, respectively. The negative sign

lll. RESULTS AND DISCUSSION or - I, re . :

5 indicates that the hyperfine fields are oriented antiparallel to

A. Eu-NMR spectra the applied magnetic field, as expected for a dominant core
polarization contribution to the hyperfine field. The differ-

In Fig. 1 we display examples of*Eu-NMR spectra of
EuBs between 0.08 and 2.15 K, measured at a fixed fre€nce between the average hyperfine fields of line A and B is
quency of 156.36 MHz. Aba 2 K the spectrum consists of Of the order of 1%. This small difference rules out any sig-

a single broad line A, but as the temperature is reduced tgificant valence change of a good part of the? Eiions as
belov 2 K a second line B at a lower field appears andthe origin for the unusual behavior indicated by our results.

gradually gains in relative intensity at the expense of line A
(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 of In Fig. 2 we present typica®®Eu spin-echo decay curves
5%y is unexpected because the occurrence of inequivalenf EuBg measured at 156.36 MHz arit=1.1 K in three

magnetic sites in a simple cubic structure like that of FuB different fields. The labeling of the curves by I, II, and IlI
cannota priori be anticipated. Two scenarios may, neverthe-denotes three magnetic fields which are also displayed on the

less, be postulated that could lead to this unexpected behaprofile of the corresponding NMR spectrum in the inset of
the same figure. The echo intensities have been normalized

ior: (a) inequivalent Eu sites in a single phase (bj the

coexistence of two different phases. to have the same value at the shortest possible time of moni-
The existence of two inequivalent Eu sites in the samdoring. Technical limitations and very short spin-spin relax-

magnetic phase seems very unlikely. In general even ation timesT, allowed us to measure only the tail end of the

temperature-induced lowering of the crystal symmetry byecho-decay curve. The decay is nonexponential in time, sug-

lattice distortion yields a single site and hence a single-pealgesting an inhomogeneous distributionTof s.

B. 1%%Eu-spin-spin relaxation rate
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In previous work Barak and co-workéfsproposed a
model for describing the spin-spin relaxation in ferromag-
netic systems where the broadening of the NMR signals is
due to microscopic and macroscopic inhomogeneities. In this
model the relaxation mechanism is provided by the indirect
Suhl-NakamurgSN) interaction. One can visualize this ef-
fective coupling between two nuclear spins by considering
that a spin-flip of say, nuclear spin 1, creates a virtual mag-
non in the ferromagnetic background. This virtual magnon )
may then be annihilated by a spin-flip of the nuclear spin 2, 0 1 2
hence leading to an effective spin-spin interaction. H(T)

In real ferromagnetic systems, microscopic imperfections
like strains or impurities cause the local magnetic field to  FIG. 3. T, * as a function of the applied field fd**Eu in Eug,
vary from site to site. In a first approximation, the resultantmeasured at 156.36 MHz and temperatufesm top to bottom of
microscopic distribution of Larmor frequencies is assumed td-82: 1.65, 1.47, 1.1, and 0.08 K. The solid lines are to guide the
be the same throughout the whole sample, being approxF—ye' T?e |n§et shows th&3Eu-NMR spectrum fmd the correspond-
mated by a function of the forrg(v— o), wherew, repre- ing T, = profile for_T:_ 0.08_ K. Note th_at the ml?lmum of the spec-
sents the mean frequency of the microscopic domain. Corffu™ does not coincide with the maximum of ~.
sider now a spini and its neighbors, arranged in shells
labeled with indeX. If the characteristic width of the Zee- First of all, the model employed to analyze the echo-
man energy distribution given (v — vy) is larger than the decay curves is based on reasonable assumptions and has
effective SN coupling constant between spiand a spin in  successfully been used in the past to analyze similar data on
the jth shell, then the SN interaction will spin-flip only a related ferromagnet$. Our estimated values o'l‘z’l are in
fraction of the nuclear spins in thigh shell, resulting in an  qualitative agreement with the measured curves, i.e., a vis-
increase of the spin-spin relaxation time. The relaxation ratéply faster relaxation corresponds to a Iarg’@rl (see Fig.

T, for a given microscopic region, characterized Bfv  2). As may be seen in the inset of Fig.B; * is not constant

Echo intensity
T Y(arb. units)

T,1(108s)

— 1), Will depend on the Larmor frequency as across the NMR spectrum and therefore its shape may be
affected byT, ‘effects. However, from the measured echo-
T, Y (v)=Cg(v—ry), (1)  decay envelopes along the profile of the NMR signal we can,

via Eq. (2), estimate the NMR spectrum at zero delay be-

whereC is a constant independent of In real ferromagnets tween the pulses. An example of such a reconstructed signal

the width of the NMR signals is expected to be much largecompared with the corresponding measured spectrum is
than (i) the width of the microscopic distributiog(v— v) shown in Fig. 4. It is obvious that the two-peak feature is
and, (i) the characteristic irradiation widthyH,; of the rf  preserved and that only the relative intensity of the two
pulse. In this case the integrated intensity(t) of the spin  peaks is affected. The slight shift in magnetic field of
echo, as a function of the time delapetween the pulses, is ~0.05 T between the maxima of peak A of the experimental
expected to be nonexponential with and the reconstructed curve is insignificant if we consider the
magnitude of the hyperfine field of the order of 30 T. As a

oo O s test of confidence of this procedure we have calculated the

ml(t)“f wg(V')e*t([l’T2 190" Ndy, (20 product of the reconstructed spectrum intensitynultiplied

wherev'=v—, andTgO)ETz (v=1wg) as given in Eq(1).

In what follows, we will denote the fit paramet*e'go) simply
asT,. We have used Ed?2) to fit our measured echo-decay
data with only two parameters, i.6., and an overall scaling
factor, absorbing the width and the amplitudeggf''). As
previously experienced by Barak and co-workErthe best
fits to the data are obtained using a Lorentzian distribution of
microscopic frequencieg(»— vy). The solid lines in Fig. 2
represent the best fits to our measurements.

In Fig. 3 we display the field dependence Bf* at 5 )
different temperatures between 0.08 and 1.82 K, measured at ' \
v=156.36 MHz. In the inset of the same figure we compare 0.0 05 10 15
the NMR spectrum and the correspondi@l(H) measured
at 0.08 K. We now intend to demonstrate that, although these
measurements have only been possible at the tail ends of the G, 4. 153£y-NMR spectrum for Eup measured atT
echo-decay envelope, (t), our results reflect intrinsic prop- =165 K andv=156.36 MHz(open circles The full circles rep-
erties of EuR and are not artifacts due to the experimentalresent the reconstructed spectrum for a zero delay between the
limitations. Below we offer some general considerations angulses(see text The solid line represents the best fits to the data
several simulations that support our interpretation. assuming the two Gaussian functions shown by the dotted lines.

Spin-Echo Intensity (arb. units)
Ooo

H(T)
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FIG. 5. %Eu-NMR spectra for EuBmeasured at 1.1 and 1.65 o
K (symbols in the lower and upper figure, respectiyeThe dotted measurements indicate that the observed unusual features are

lines represent a tentative estimate of line A and B in the overlap@ssSociated with a critical behavior of phase B.

ping region. In the central figure we display the field dependence of

T,'. Note that the deviation ofT,* from the high-field C. Magnetization

T-independent region approximately corresponds to the onset of . .

line B. The data aff=1.82 K are included to demonstrate the !N Fig. 8 we display the temperature dependence of the

crossover of the measurdq * at 1.65 K from theT-independent to ~ fréquency at which peak A is maximum in a constant exter-
the T-dependent region. nal fieldH=1 T. The resonance frequency at the magnetic

site of a ferromagnet can be expressed as a sum of four
by the temperaturd@. For temperatures between 1 and 2 K tgrmd3

where signal B decreases from its saturation value and finally
vanishes, the producd- T is found, as expected, to be tem- M
. . ; o Y Mo
perature independent with an uncertainty of less than 10%. v=-—|H-DiuoM+—M+Hpy—], (3)
This result represents a strong quantitative support for the 2m 3 Mo

reliability of our approach. . L .
In Fig. 3 we observe that in fields exceeding 0.9 T, wheravhereH is the applied field. The second and the third term

signal A is dominant for all the chosen temperaturégs,lis represent the demagnetization and the Lorentz field, respec-

approximatelyT independent and increases with decreasing'vely’ with Dy being the demagnetization fa.ctor.'(')ur mea-
field. With further decreasing field, entering the range wher urements were macle ;)n POV\TQ?TGQ ElfB.Dr smthﬂy we
peak B starts dominating,, Yacquires a significant tempera- assume an averagb,f,— 1/3,imp |9|ty Implying an average

e . spherical geometry” of our grains. Hence, the Lorentz and
ture dependence. Thus, "(H) reaches a maximum, whose r’\[(:ge demagnetization field cancel each other. The last term of

position and magnitude now depends on temperature, a e :

. . . . . “ Eq. (3) represents the hyperfine field. Except for the applied
decreasgs with decreasing field at ﬂelds. where peak B is iBeld. all the contributions tav(T) are proportional to the
the dominant part of the spectrum. In Fig. 5 we attempt to

demonstrate that the onset of tledependence 0T2_1(H)
more or less coincides with the onset of signal B in the NMR
spectrum. This behavior, once again, indicates that the two- 20}
peak feature is not an experimental artifact.

In Fig. 6 we display the relative intensity of peak B of
reconstructed spectra as a function of temperature. It may be
seen that signal B vanishes at approximately 2 K. In Fig. 7
we present the temperature dependencﬁz_d‘f estimated at
0.3 Teslafull circles) and at 1.18 Topen circleg, two fields
at which peak B and peak A, respectively, have been shown
to be dominant in this temperature range. At these fields,
Tz’lis T independent for peak A, whereas it increases rapidly 0.0;
as the temperature is enhanced towards 2 K for peak B,
giving evidence that signals A and B are associated with two

coexisting phases and not with different sites in a single giG. 7. Temperature dependenceTgf* estimated at 0.3 Tiull
phase. A comparison of Figs. 6 and 7 shows that the increagcleg and at 1.18 Topen circley two fields at which line B and
and perhaps the divergence ©f ‘approximately scales in Jine A, respectively, are dominant in this temperature range. The
temperature with the progressive disappearance of peak B. lneasurements were performed at 156.36 MHz. The solid lines are
conclusion, the features of Figs. 6 and 7 of tféEu-NMR  to guide the eye.

T,1(108s)

T
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where#, represents the angle between the magnetization and
the spin-wave propagation vector J,, is the exchange inte-
0 2 4 6 gral for thenth nearest neighbors. For simplicity we assume
TK that onlyJ; andJ, are different from zero and we neglect

i he influence of neighbors at larger distances. A gap in the

FIG. 8. Temperature dependence of the frequency at which peaﬁﬁagnon excitation spectrum associated with anisotropy will

A is maximum measured in an external field of 1(flill circles). . . . _
The solid and broken lines represent simulations(@f) according be considered by adding a term to the external field, defining

to the spin-wave theorysee text for J;=J,=0.063 K andA K
=0 K and forJ;=0.157 K, J,=0 andA=1.4 K, respectively, H=HytHa=Hogt B A (12)
(note that for simplicity we writel,, but meanJ, /kg).

The solid and broken lines in Fig. 8 display the results of
: ' simulations ofy(T) assuming different values df, J,, and
H represepts onI_y a small fraction of about 3%, PIOt' A. The best agreement between the result of ou? measure-
ting »(T) is obviously a very useful way to establish the ments and our model calculation is obtained fyr=1J,
temperature variation of the magnetization. —0.063 K andA=0 K or for J;=0.157 K, J,=0 andA

At sufficiently low temperatures the spin-wave approxi- _j 4 (note that for simplicity we writeJ, but mean
mation for de§cr|b|ng the ferromagnetic state can be applledJn/kB). In fact from our simulations we cannot distinguish
In our analysis of the templmserature de_pendence pf the resQatween the cases=14 K with 3,53, and a vanishingly
nance frequency(T) of the %u nuclei we essentially rely

on the theoretical scheme developed by Holstein and Prim%?oﬂl i%ag ovs\lgirgllcljl;] 62:51?13: ?;nI;.AEKgC eag ';tr?]irlrgf 2]'5? éits(')t: i

14 H e
koff (HP).™" The Hamilton operator describing the system v(T). In conclusion the results of our simulations allow us to

contains in a<_:id|t|on to the exchange term a Zeeman and Sut an upper limit to any anisotropy gap of a few Kelvin, in
dipole-dipole interaction and may be written as . 4 .

agreement with a recent neutron-diffraction resurom J;

and J, we can estimate the transition temperature in a

magnetizatiorM (H,T). Since for the data shown in Fig. 8

2
Hup=— 2, JijSi'Sj—g,uBHE SZ_{_'LL()(49—MB) molecular-field approximatidA (MFA) to be
) i T
k TMFA—ES(S+1)(Z Ji1+2,J,) (12
XE SSJ_S(SI’,J)(SJI’”) (4) Blc _3 1v1 2Y2)
= 3 5 '
oo r

1 ij wherez, =6 andz,=12 are the number of nearest and next-
nearest Eu neighbors of the Eu sites in EuB both cases
discussed aboveA(=0 or J,~0), the estimated transition
temperatures are of the order of 10 K, in fair agreement with
(5) Tc established with specific-heat and magnetization
measurements.’ A closer agreement cannot be expected be-

Here, M+ represents the deviation from the saturation valug-@Use the shape of the specific-heat anpﬁ?&@early sig-
M, due to thermal excitations. It is given by nals the inadequacy of the MFA for describing the transition.

where the symbols have their usual meaning. From(Eg.
we obtain the magnetization

M(H,T)=My—M+(H,T)=Mg(H).

A 1 D. MB-NMR spectra of EuBg and LaBg

_ Qe
Mr(H.T)== ; € exple /KgT)—1 6) In Fig. 9 we display examples of'B-NMR spectra for

EuBg, measured at several temperatures and at a fixed fre-
with V being the volume. In Eq5) M is a T-independent  quency of 63 MHz. From NMR measurements on the related
term associated with the dipole-dipole interaction compound LaB, presented in Fig. 10, we expect the quad-

rupole splitting of the''B signal to be of the order of 0.5

MHz, much less than the characteristic width of the
: (7)  B-NMR spectrum of EuB at low temperatures. Therefore,
the prominent shoulder that appears in tHB-NMR spec-
trum of EuB; at low temperatures is attributed to differences
in the local fields. The low-temperature spectra are well ap-
proximated by the sum of two Gaussians, here denoted by |
€= VAﬁ_BZ- ) and II, as shown in Fig. 9 for the spectrum takenTat

A
L |
€k

gu
-5 3

The spin-wave parameteeg, A, andBy are defined as
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FIG. 11. Temperature dependences of the average hyperfine
FIG. 9. B NMR spectra of EuB between 2.35 and 216 K fields (Hyg of line | and Il (full and open symbols, respectively

measured ab=63 MHz. The solid lines represent the best fits to Meéasured av=32.5 MHz (triangles and »=63 MHz (circles.

the data using two Gaussian functions, as indicated in the top sped1€ solid line displays the temperature dependence of the magneti-
trum with | and 1. zation atH=5 T.

o o _ _transfer hyperfine fields would be needed to explain our mea-
=2.35 K. The individual contributions have integrated in- syrements. A hypothetical orientation of the moments along
tensities of 1/3 and 2/3, respectively. At the lowest measureghe [100] direction would also produce two inequivalent B
temperatures the internal static fieldg;, obtained from the  gjtes with a dipole-field differencAH = —0.7 T. This situ-
shift of the center of the Gaussian relative to the expectegtion would require two transferred fields that differ in mag-
position of the boron NMR line in aldlamagnetlc sub;tancenitude and direction, hence implying a strong anisotropic
are—0.02 and—0.35 T for the minority(peak ) and major-  transferred hyperfine coupling for explaining our results. For
ity (peak I) boron sites, respectively. any of these orientations we cannot exclude that a slight

The observed splitting of the maxima of peak I and Il, gistortion of the crystal lattice is the cause of our observa-
AH~0.33 T, is in good quantitative agreement with the dif-tions. At any rate, the temperature dependence of the
ference of the dipole fields at the B sites obtained by assumtig_NMR spectra does not dramatically change below 3 K
ing the full ECf* moments being oriented along th10]  and we may, therefore, exclude a moment reorientation or a
direction. Calculations assuming this orientation result in aonsiderable alteration of electronic densities to be the cause
direct dlpOle erlde=—0116 T at 4 boron SiteS in the unit Of the appearance Of the two inequiva'ent phases as dis_
cell andH4=0.232 T at the remaining two sites, thus lead-cyssed in Sec. Il A
ing to a difference in field oAH=0.348 T. To reproduce In Fig. 11 we display the temperature dependence of the
the observed maxima of peak | and Il in the NMR spectrumayerage hyperfine fielH ;) of peaks | and Il with full and
we have to assume an additional hyperfine transferred fielgpen symbols, respectively, measured-at32.5 MHz (tri-
due tof-electron moments on the Eu ions 6f—0.24 T.  angles andv=63 MHz (circles. The solid line displays the
According to Silow et al,’ the Eu moments are claimed to temperature dependence of the magnetization of a sample
be oriented along thgl11] direction at low temperatures. prepared from the same piece of material in a field
This moment arrangement results in a vanishing contribution=g T16TheT dependence ofH,,) for the majority sites Il
of the dipole field at all B nuclei and hence, two different fg|jows the temperature dependence of the bulk magnetiza-
tion fairly well, indicating that it is a consequence of the
magnetic ordering. For the minority boron sitg H:}(T) is
too small to draw any reliable conclusion.

E. !B spin-lattice relaxation rate in EuBg and LaBg

The B T, measurements were made near the maximum
of the spin-echo intensitysee Fig. 9 and thus have the
largest contribution from peak | of thE#B-NMR spectra. In
Fig. 12 we displayTl_l(T) measured in applied magnetic

Spin-Echo Intensity (arb. units)

~ fields between 0.49 and 7 (Bymbols. The solid lines rep-
2o * resent the results of calculations to be discussed below and
285 487 485 491 the dashed line represents *(T) measured for Lag The

spin-lattice relaxation in the range of the spectrum, where the
H1B_NMR signal is dominated by peak Il, is essentially the

FIG. 10. 1B NMR spectrum of LaB measured at 18 K and same as that for the boron peak I. This implies again that the
=66.71 MHz. The solid line represents the best fit assuming @bserved order-of-magnitude difference between the hyper-
first-order quadrupole perturbation of a Zeeman interaction domifine fields at the boron sites | and Il is the result of cancel-
nated powder pattern. lations of different contributions to the local fields.
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10*

into a new statek’ by a nuclear spin-flip. In this case the
H - 0.99 Tesla o 0630%° energy is easily conserved but the condition of angular mo-
H=243Tesla 0%2?. mentum conservation may prohibit this process. However, if
ijﬁ”les'a @° g : the hyperfine Hamiltonian includes terms of the form
s ' Al*Z.1*s, | the Raman process has a nonvanishing prob-
ability. The operatot * is the usual nuclear spin raising op-
erator andAl™? is the hyperfine matrix component associ-
ated with the term ™S, , whereS, is thez component of the
Eu 4f-electron spin operator. Note that for £y the total
angular momentund=S=7/2. The above form of the hy-
perfine Hamiltonian is expected in the presence of the dipole
interaction or if the hyperfine transfer mechanism is aniso-
S ~ tropic. In both cases the ternis S, involve terms with one
10 10 . oo 19
K creation and one annihilation boson opertdf:

H=0.49 Tesla

102}

* ® 0O @ %

100}

T s

10-2 Y A S e

104

FIG. 12. Temperature dependence of B spin-lattice relax-
ation rate measured in various magnetic fields from 0.49to 7 T
(symbolg. The solid lines represent calculations considering two-
magnon-dominated processes at the respective field and assuming
an energy gap in the magnon excitation spectrum of 1.4sée
text).

1 1
[+Z _~ Al+Zdyj+Q = aAl+2) +
Hpy =5 AT s =S AL
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and the two-magnon process is allowed. In Eg), r rep-

Except at the lowest temperatures tH& spin-lattice re-  resents the position of the spin. Using Fermi’s golden rule
laxation rate for Euis much larger thaiT; *for the refer-  the spin-lattice relaxation rate is of the fotfn
ence compound LaB We associate this enhancement with
excitations within thd-electron system. The observed strong 1 m(AlT7)? 2
temperature and field dependencesT¢f is typical for fer- T, f f N(1+n)D(e)de,
romagnets where the spin-lattice relaxation is well accounted ] ) ]
for by the flipping of a nuclear spin inducing a magnon ex-WhereD(e) represents the density of spin-wave statess
citation, or vice versd’ To estimate the efficiency of the the energy associated with a spin-wave excitation given in
magnon-driven relaxation one needs detailed knowledge d¢ds-(8)—(10), andn_ is the Bose-Einstein occupation factor
the hyperfine interaction between the magnetic moments arftk=[exp(e/ksT)— 1]~ *. In addition to this first-order Ra-
the nuclear spins. As previously noted we assume that th@an process, a second-order two-magnon process, which
interaction between thieelectrons and the boron nuclei con- does not require the (_:onserv_ation of meomponen_t of the_
tains a transferredt, and an electron-nucleus dipofé;, angular momentum, is mediated by the dipole interaction

contribution. Thus the total hyperfine Hamiltonian may be@mong ordered moment§.n an even higher-order expan- -
written as sion, three-magnon processes where the nuclear spin flip is

associated with the annihilation of one and the creation of
H="Hy+ Hap- (13 two spin waves, are er_mountered. In this case the energy and
momentum conservation requirements can always be ful-
We mention here that if the crystal structure and the magnifilled and, therefore, this type of process is always allowed.
tude of the magnetic moment are knowhg;, can easily be The solid lines in Fig. 12 represent calculations of
computed. For the transfer term the situation may be mord; *(T,H) for a two-magnon dominated relaxation process
complicated. IfH, does not have a simple isotropic form employing Eq.(15 and usingd;=0.157 K, J,=0 andA
then a detailed account of this contribution is very difficult. =1.4 K, one of the parameter sets discussed in Sec. Il C.
However, since the hyperfine coupling enters only as ahe hyperfine coupling constad*Z provides an overall
overall scaling factor in the relaxation, some qualitative in-free scaling parameter for obtaining the best agreement be-
formation may still be obtained from the temperature andween our model calculations and the results of our measure-
field dependences (‘)‘f;l. ments. The solid lines displayed in Fig. 12 were obtained
The spin-wave approach, used for the analysis of the maguith Al*4S, /% y1,5~0.45 T, with S,=7/2. We note that
netization in Sec. Il C can be applied here to estimate thavith these exchange couplinds, J, and the energy gap
spin-lattice relaxation rate at low temperatufB€T. In  that we obtained via the analysis of th&%Eu NMR spectra
this approach the spin operat®$,S ™, andS, are expanded (see Fig. 8 and corresponding discussithe salient features
in terms of boson operatofs’ and b for the creation and of the 1B spin-lattice relaxation may be reproduced rather
annihilation of a spin-wave excitatidfl,respectively. The well. Using the same simple approximation for calculating
first-order expansion in spin-wave operators corresponds t; *(T,H) with the second parameter set mentioned in Sec.
the one-magnon process where a nuclear spin flip is acconti C, i.e., J;=0.063 K, J,=0.063 K, andA=0 K, the
panied by the creation of a spin wave or vice versa. Usuallyagreement between calculation and experiment is distinctly
this mechanism is forbidden because the energy is not comworse. This confirms that the magnon excitation spectrum at
served. The two-magnon or Raman process represents thav energies is dominated by a g&g/kg of the order of 1
situation of a spin wave with wave vectkrbeing scattered K. The nontrivial agreement between the calculated and the
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observed temperature and field dependence$ din the  changes in the electronic environments near the Eu sites pro-
range where the spin-wave model ought to be applicable/oke the gradual development of a second ordered phase.
gives strong evidence that the relaxation is indeed dominate@ine small but distinct difference in the observed hyperfine
by two-magnon processes and that our approximation CaFﬁEIdS of the two coexisting phases is of the order of 1% with
tures the essential ingredients. At higher temperatures, wheft®® appreciable effect on the dynamics of magnon excitations.
the deviations from the saturation magnetization grow subSince the results for th&'B NMR give no hint for dramatic
stantially, we expect the spin-wave approximation to fail andchanges around 2 K, we have to conclude that the phase B
higher-order processes to become more significant. Here wéetected in the results of*Eu NMR does not have very
point out that, based on the results of previous electricaflifferent electronic or magnetic properties than phase A,
resistivity p measurements, a magnon gap of the order of 4present already at higher temperatures. This in turn leads to
K has been suggested for EgBRef. 7). Our analysis of the the question of what causes two similar coexisting phases in
NMR data presented above finds no support for this claimEuBs? Itis natural to attribute the differences of these phases
We, therefore, believe that the observed features (df) to weak terms in the electronic Hamiltonian which either
have an origin different from the electron-magnon scattering/iolate an important symmetry, or which act only through a
assumed in Ref. 7. higher-order perturbation process. Spin-orbit and crystal-
We now turn our attention to the hyperfine coupling field interactions, acting weakly on the Euions, are the
Al*4. As mentioned above the best agreement with the field@rime candidates for such a mechanism. Their main role
and temperature dependences of the spin-lattice relaxatiohould not just be the lifting of the degeneracy of thé’4
rate yieldsAl"4S, /% y115~0.45 T. The two-magnon pro- ground state, but to induce two slightly different ground
cess is allowed only if the hyperfine interaction is anisotropicstates. In any case our findings point to a delicately balanced
or if the electron and nuclear-spin quantization axes are ndiituation for the magnetic ground state of EuB
collinear. An anisotropic interaction involved in our situation ~ The low-temperature™B-NMR spectra reveal two in-
is the direct electron-nucleus dipole interaction. The magniequivalent B sites, experiencing different hyperfine fields. It
tude of Al™2| calculated for the dipole case for Eu momentsis difficult to unequivocally identify the cause for this differ-
aligned along the three directiof00], [110], and[111], is  ence. None of the most obvious ferromagnetic alignments of
too small to quantitatively account for the magnitude of thethe Eu moments can, by itself, explain both the magnitude
measured spin-lattice relaxation rate. Other causes that migand the difference of the hyperfine fields. Thus very small
enhanceAl*Z are a lattice distortion enhancing the dipole lattice distortions at low temperatures cannot be ruled out to
coupling, or an anisotropic hyperfine transferred interactiorbe, at least partially, the cause for two inequivalift sites.
that invokes a hyperfine couplidyf "2 of the order of 0.45 Possible lattice distortions are of interest here in connection
T. with electron-lattice interactions influencing the magnetic
The measured temperature and field dependences of ti@@d transport properties of EgBThe similarity with man-
1B spin-lattice relaxation rate are thus consistent with adanese oxides where large magnetoresistive effects com-
two-magnon driven relaxation mechanism. The dipole interbined with ferromagnetic order and enhanced metalfitity
action between the Eu moments and the B nuclei alon@re, at least partially ascribed to strong electron-lattice
seems insufficient to quantitatively account for the observednteractions;*#is intriguing.
value of T X. This deficit may hint to either an anisotropic ~ We have attempted to analyze our results on tfi€u
transferred hyperfine interaction and/or a temperatureline shift, induced by the spontaneous magnetization in the
induced lattice distortion. Both the lattice distortion and/orferromagnetic phase, and of tHeB spin-lattice relaxation
the anisotropic transferred hyperfine interaction need to b#ell below the Curie temperature, by invoking the spin-wave
consistent with the two inequivalent sites observed in théheory of Holstein and Primakoff. The experimental results
11B.NMR spectra and with the equal spin-lattice relaxationare fairly well accounted for by a dominant two-magnon re-

rates observed for both these sites. laxation process and assuming a ggpin the magnon exci-
tation spectrum such tha,/kg is of the order of one
IV. CONCLUSIONS Kelvin. Finally we note that our microscopic measurements

in externally applied magnetic fields give no evidence for a
Our results for thé>*Eu-NMR spectra signal that below 2 moment reorientation around 14 K, as has been suggested to
K, well within the ferromagnetic state of EyB slight occur in zero field in Ref. 7.
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