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We report the results of>Eu and "B nuclear magnetic resonance (NMR) studies of EwB
temperatures above 0.04 K and in magnetic fields between 0 and 7 T. We have observed a surprising
evolution of the!>>Eu NMR spectrum at very low temperatures, which we interpret as evidence for a
complex electronic ground state of EyBnvolving the coexistence of two magnetically very similar,
but electronically inequivalent, phases. The low temperattBeNMR spectra reveal two inequivalent
boron sites with internal fields 0f0.02 and —0.35 T. [S0031-9007(98)07982-4]

PACS numbers: 75.30.Kz, 76.60.Cq

From the results of early work, EyBvas thought to of EuO by Barak and co-workers [8]. Prior to the actual
be a ferromagnetic semiconductor [1] with a Curie tem-NMR measurements we applied magnetic fields of the or-
perature of approximately 13 K involving the ordering der of a few tesla at low temperatures, which, in the pres-
of well-localized E4™ moments. However, this simple ence of even weak magnetic anisotropy, results in a very
picture could not account for magnetic and electronic propgood alignment of the crystallites. Demagnetization fields
erties of this material [2—4]. For example, at low tem- produce magnetic inductions of the order of 1 T, compa-
peratures no insulating but rather a metallic behavior hasable to the observed full widths of the various NMR lines.
been observed [5]. Also the magnetically ordered state of In Fig. 1 we display examples of recorde€dEu NMR
EuBs has proven to be difficult to understand. Previousspectra of EuB at temperatures between 0.08 and 2.15 K
and more recent results [6,7] on the temperature depemnd at a fixed frequency of 156.36 MHz. Above 2 K the
dence of the specific he@t, (T') indicate that two consecu- NMR spectrum consists of a single broad lieg Fig. 1),
tive phase transitions occur with onsets at 16 and 14 Khut below 2 K an additional lineB in Fig. 1) appears.
respectively. In an effort to add microscopic information With decreasing temperatuBgains in relative intensity,
to the database concerning the low-temperature behavioeaching a saturation value of approximately half of the
of EuBgs, we have madéEu and!'B NMR experiments  total below 1 K. Considering the simple crystal structure
on a EuB sample which has been characterized by strucef EuBs a two-line >*Eu NMR spectrum is unexpected
tural, thermal, transport, and optical properties [6].

As the most surprising result we note an anomalous evo-
lution of the 'Eu NMR spectrum at low temperatures, t T=214K
which implies the gradual development of a new ordered __ A
phase in EuBand the coexistence of two magnetically in- =5
equivalent phases in the ground state of this material. The & t T=19K
differences appear to be minute and to consist of a rather <, B A
subtle but distinct variation in the electronic environment g y
at the Eu sites. Ouf'B NMR results are consistent with - Nﬂ K
a slight distortion of the crystal structure below the Curie € B
temperature, but we have no evidence for moment reorien- o 4 To1.65K
tation phenomena at lower temperatures [7]. S A =0
For our NMR experiments we used standard spin-echo L B
techniques with external magnetic fields between 0 and .€ t 4 T=11K
7 T, at temperatures between 0.04 and 300 K. The NMR c% B A
spectra were measured at a fixed frequency by monitoring
the spin-echo signal at a given frequency and varying step- 4 ? T=0.08K
wise the applied magnetic field. The spin-lattice relaxation B A
time was measured by destroying the nuclear magnetiza- 1 2
tion with a comb of rf pulses and observing the nuclear H(T)

magnetization recovery towards thermal equilibrium. The

spin-spin relaxation timé&, was obtained by analyzing the £, 1 13g; NVR spectra for EuB measured at various
decay of the spin echo as a function of the separation b@emperatures and a fixed frequency of 156.36 MHz. The data
tween the rf pulses, using a model suggested for the caselow 2 K show two broad peakd @nd B).
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[9], and we are faced with the question of whether the two —~
lines arise from inequivalent Eu sites within a single phase 3
or from two different phases. S 101
We consider the first possibility as rather unlikely be- 2 :
cause any temperature-induced lowering of the symmetry
by lattice distortions generally yields a single Eu site and ©
hence a single NMR line. The same applies for a simple .&
reorientation of the ordered moments. A related scenario @

Echo Intensity

N ) o . <
considering different hyperfine fields of low-lying crystal- © 4o
; . ; : : @ 10V
field split f-electron states is not compatible with our ob- L :
servation of two almost equally intense linésindB even B
n

at the lowest temperatures. , . .
The spectra thus give evidence for the existence of two 1.104 3.10%

phases in EuBbelow 2 K. We will refer to these phases

simply asA and B corresponding to the lines indicated 27(s)

by A and B in Fig. 1. An analysis of the temperature n _
dependence of the positiod&(T) for both lines at three T'G: 2. Echo-decay curves of”Eu in EuB at 1.47 K
different frequencies (153.36, 156.36, and 157 MHz usmeasured at applied magnetic fields of 0.22 (1), 0.63 (1), and
X req ( i & ' o )!_ 1.23 T (). The solid lines represent fits to the data described
ing a spin-wave approximation of a Hamiltonian whichin the text. The inset shows th&3Eu NMR spectrum for
contains only first and second Eu-Eu nearest neighbar = 1.47 K with the corresponding, ' profile. The singular
dipolar and exchange interactions, yields the dispersiomalues of7; "’s related with the echo-decay curves of the figure
relation for magnon excitations = A + eya’k?, where are als_o i_ndicaj[ed. Note that the n"lilnimum of the spectrum does
€0/kp = 1.05 K, a is the lattice constant, antl/k is of ~ Not coincide with the maximum df, ~ (see text).
the order of 1 K for both lines [10]. This suggests that the
magnetic properties of both phasésand B are similar,
and the small gap is consistent with a tiny distortion of thescopic inhomogeneities, which produce a microscopic dis-
crystal structure. tribution, g(» — wg), of Larmor frequencies. The center
At the lowest temperatures the hyperfine figltjg atthe v of the distribution is a random variable characterizing
Eu nuclei are-34.54 and—34.18 T for the linesA andB, different local environments but its width is taken to be the
respectively. These negative hyperfine fields are similasame over the whole sample. The widthgdi — o) is
to those of other ferromagnets involving the ordering ofclosely related to the distribution of hyperfine fields caused
EW' moments, such as EuO-80.3 T [8]) and EuS by strains, impurities, and other microscopic imperfections
(—33.44 T [11]). The negative sign offy; is consistent [8]. The changes of the Zeeman energy levels of neigh-
with a dominant contribution of the core polarization to theboring spins reduce the possibilities of mutual spin flips
hyperfine mechanism, as expected for half-filled electrorand, thus, for a given nucleus/7; is reduced to a frac-
shells. The difference between the hyperfine fields of théion proportional to (i) the number of nearby nuclear spins
lines A and B is too small to be associated with distinct with a similar Zeeman energy, given Rfr — o), and
changes of the valence of the Eu ions, but would indicatéii) the strength of the spin-spin interacti@a; which can
a difference in magnitude of the ordered moments in th&€ompensate energy differences. In ferromag#gtscan
two phases of the order of 1%. be rather large because it has a contribution which in-
Unusual features are also observed in the transvers@blves the exchange of virtual magnons [12,13]. Since,
relaxation timeT, of 33Eu in EuB;, and below we discuss in addition, microscopic inhomogeneities can lead to large
in some detail why they support our interpretation ofchanges in the local fields at neighboring sites, one expects
two coexisting magnetic phases. In Fig. 2 we presentor ferromagnets a distribution of the transverse relaxation
examples of nuclear spin-echo-decay curves'toEu in  of the form(1/T§°))g(y — ), with g normalized so that
EuBs; measured at 156.36 MHz affl= 1.47 K for three | /7% 5 the maximum rate. In the limit of a very broad
different f|g|ds. '_I'he echos have been normalized to havgvRr line G(v), whose shape is determined by macro-
the same intensity at the sh_ortest dglay. The curves d@copic inhomogeneities, the spin-echo intenits; ») has
not have a smgle—gxppnenﬂal functional form but giveg time decay of the form [8]
evidence for a distribution df,’s. Although, from these
data, it is clear that the transverse relaxation is not constant

A(t,v) « [_wdvo glv — vy

across the spectrum (compare curves |, Il, and 1), a

gquantitative analysis is complicated because it relies on % exd —(1/T7 _ 1
data from the tail ends of the echo-decay curves that are A=(1/Tgw = w)l. - (1)
accessible in our experiments. Following Barak and co-workers [8] we have chosen a

Non-single-exponential echo-decay curves are commohorentzian distributiorg(v — vo) of Larmor frequencies.
in ferromagnets [8] and have been attributed to microEquation (1) is used to fit the echo-decay data with two
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free parametersl /75" and an overall scaling factor ab- mum of 7, ' does not coincide with the intensity mini-
sorbing the width og(» — »¢). Examples of best fits are mum near the center of the NMR spectrum, but is shifted

displayed in Fig. 2 by the solid lines. To simplify the no- towards the maximum of lin&. The same is true for
tation we will refer tol/Tz(O) asTs . all the temperatures, where lire can be identified, and

Although, the above analysis is based on the tails of_herefc_)re it is rather unlikely that linB isla simpIeT? ar-

the echo-decay curves accessible in our experiments, wWiact in the sense that a large valuefef” at a particular
trust our approach to be reliable. The employed model ipoint of the resonance could lead to an apparent reduc_tlon
based on reasonable assumptions and has successfully bdegignal intensity because the fast relaxation would wipe
used in the past to analyze data on related ferromagnef!t the signal before its acquisition begins. As may be
[8]. The derived values off; | reflect very well the S€enin Fig. 3 t_he changes]igr across the spectrum are
qualitative behavior of the echo-decay curves; they arénuch more _dl_stmct_ for higher than for lower temperatures.
always found to be larger for faster relaxations (see Fig. 2)ence, artificialT; induced effects would be expected to

After correction for the inhomogeneous echo decay using® More pronounced at higher temperatures, contrary to
Eq. (1), the integrated NMR intensityd multiplied by what we observe. The necessary corrections of the NMR

the temperatur@ is, as expected, roughljf independent.  SPectra fo;the nonzero and inhomogeneﬁgé leave the
In particular, for temperatures between 1 and 2 K, wher&orrected>*Eu NMR spectra with the two-peak feature.
drastic changes of thE3Eu NMR spectrum occurAT In Fig. 4 we display the corrected relative NMR in-

changes less than 10%. This seems to rule out possibignsity of line B as a function of temperature at a fre-
systematic errors and adds confidence to our approach. guéncy of 156.36 MHz (circles). Changing the resonance

In Fig. 3 we showr; ' as a function of the applied field frequency does not significantly affect the relative inten-

for a fixed frequency of 156.36 MHz and several temperaSiy Of phaseB, and the NMR spectrum collected at a
tures. T; | increases with decreasing fields and has, if anyfixed magnetic field, varying stepwise the frequency, has
only a weak? dependence in the region where the signaf'€ two-line pattern similar to those plotted in Fig. 1 [10].
corresponding to phase dominates. However, at lower Additional experiments monitoring the NMR dfe
fields, in the region where thB phase intensity is domi- have_ been made, and their results will be published in
nant,7; ' decreases with decreasing applied fields and exdet@il elsewhere [10]. Here we note only that e
hibits a strong” dependence. These anomalous field andPECtra reveal wo maxima implying two slightly differ-
temperature behaviors are again consistent with the gradu?:up_t hype”"ﬂe_ fleld_s at the bo_ron sites but show no sig-
formation of a new phasB at low temperatures, whereas nificant variation V\_/lt_h decreasing temperature pelow 3 K.
the manifestation of phasé (NMR spectrum.T>) seems The observed splitting of th& B NMR spectra is most

to continue as established at higher temperatures. In the'eafSin reproduced by agsunjing that ';he _Eu moments are
inset of Fig. 3 we display th&; ' (H) profile for 0.08 K. oriented along th€l10) direction, resulting in direct dipo-

Here and in the inset of Fig. 2 one observes that the max’fjlr fields Hy = —0.117 T qt_four of the borc_)n sites and
H,; = 0.234 T at the remaining two, respectively. To re-

produce the observed resonant fields an additional hyper-
fine transferred field 0f-0.23 T for all boron sites has to
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FIG.3. T, ' as a function of the applied field fdf*Eu in
EuBs measured at 156.36 MHz and temperatures (from top tc T(K)

bottom) of 1.82, 1.65, 1.47, 1.1, and 0.08 K. The solid lines are

to guide the eye. The inset shows tfitEu NMR spectrum and  FIG. 4. Temperature dependence of the relative NMR inten-
the corresponding; ' profile for 7 = 0.08 K. Note that the  sity of peakB corrected for7, effects. The filled circles rep-
minimum of the spectrum does not coincide with the maximumresent data measured at 156.36 MHz. The solid line is a guide
of T, . to the eye.
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be assumed. For this or any other moment orientationpagnetic state and the concomitant dramatic reduction of
we cannot exclude, however, that a slight distortion of thehe electrical resistivity [5], similar to what is observed
crystal lattice is responsible for the shape of thepectra. at higher temperatures in manganese oxides [14]. Phase
Since the temperature dependence of tBeNMR spectra  separation phenomena have recently become of interest in
does not change significantly below 3 K we may excludeconnection with transition metal oxides [15,16] and high-
moment reorientations or considerable alterations of elecF,. superconductors [17]. It remains to be seen whether
tronic densities to be the cause for the appearance of thmur observation reflects similar physics in this hexaboride
two inequivalent phases presented above. The insensiticompound.
ity of the boron spectra to the onset of a second magnetic This work was financially supported by the Schweiz-
phase below 2 K is attributed to the much weaker hypererische Nationalfonds zur Foérderung der Wissenschaft-
fine coupling of theB nuclei to the Euf-electron moments lichen Forschung.
in comparison with the corresponding coupling of the Eu
nuclei and the only tiny difference in the moment size be-
tween phased and B mentioned above.
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sites. They reveal no significant anomalies]iﬁl(T) [2] J. Etourneau and P. Hagenmuller, Philos. M&g, 589
below 5 K [10], again indicating that the previously dis- (1985).
cussed low-temperature features of Eu not substan- [ M- Kasaya, J.M. Tarascon, J. Etouneau, and P. Hagen-

. . . : ; muller, Mater. Res. Bull130 751 (1978).
:fg%g:‘oingﬁetshe microscopic electronic environments of [4] Z. Fisk, D.C. Johnston, B. Cornut, S. von Molnar,

; . . ) S. Oseroff, and R. Calvo, J. Appl. Phyg0, 911 (1979).
_Since the results for the B NMR give no hint for sig- [5] C.N. Guy, S. von Molnar, J. Etourneau, and Z. Fisk, Solid
nificant changes at low temperatures, we have to conclude ~ state Commun33, 1055 (1980).
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