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Abstract. We present a detailed study of the magnetic and crystal-field properties of the
hexagonal Kondo lattice YbGRI», using 17%Yb Mossbauer spectroscopy in the temperature
range 0.1 K-50 K. |y -edge x-ray absorption spectra at 10 K and 300 K were also obtained;
they indicate that the Yb ion is very close to trivalent over the whole temperature range. In
the antiferromagnetic phase, the thermal variation of thé&"Yépontaneous moment has been
measured and the derived transition temperatfifge= 1.95 K) is in agreement with previous
specific heat and magnetic data. In the paramagnetic phase, the two compgnantsg

of the g-tensor of the YB" ground crystal-field doublet have been measured. Tlgesslues
cannot be accounted for by a crystal-field-only model, and we interpret this in terms of a Kondo
reduction of the paramagnetist@ > Tx) and of the spontaneous momefit < Ty), with

a Kondo temperaturdx ~ 2.3 K. In addition, the spectra in the antiferromagnetic phase
show inhomogeneous broadenings due to the presence of random distortions with respect to the
hexagonal Yb site symmetry, and, closeTtp, dynamical effects are clearly evident and allow
the YB** fluctuation frequency to be measured in the magnetically ordered phase.

1. Introduction

In Ce- or Yb-based intermetallics, hybridization between 4f and conduction band electrons
is a common phenomenon [1]. In the strong-hybridization limit, it leads to an intermediate-
valence state for the Ce or Yb ion, and in the weak-hybridization limit, to Kondo or
heavy-electron properties for the €eor Yb*+ ion. One way of varying the strength of
the 4f-band electron hybridization is by chemical substitution which can modify the metal
density of electronic states at the Fermi energy and push the 4f orbital closer to or further
from the Fermi level. Evidence for this effect has been obtained for the Yb-based hexagonal
intermetallics YbCuy, ,Al,_,, with 0 < x < 1 [2, 3]. The thermodynamical and transport
properties reported in [2] in this series show that decreasing the Al content increases the
hybridization strength: YbGAI, is a weak Kondo lattice where the crystal-electric-field
(CEF) splittings of the Y& ion play an important role, and where the 3Ybsublattice
orders magnetically belo 2 K [4], whereas YbCyAl shows a behaviour assignable to a
rather high Kondo temperature (a few 10 K) and where no magnetic ordering occurs.

We present here a microscopic study of the magnetic and CEF properties ofAXbCu
in the temperature range 0.1 K-50 K, usihdYb Mossbauer absorption spectroscopy,
and Ly -edge x-ray absorption spectra at 10 K and room temperature. The zero-field
Mossbauer spectra allowed the characteristics of the magnetic phase (thermal variation
of the spontaneous moment and transition temperature) to be accurately determined.
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Other noticeable features of the low-temperaturesbbauer spectra are: the presence of
measurable Y& fluctuation frequencies in a small temperature interval on both sides of the
magnetic transition, and the influence of random crystal distortions of the Yb site, which
could be detected through the particular line broadenings in the magnetically ordered phase.
In the paramagnetic phase, a spectrunf at 4.2 K with an applied magnetic field of 4 T
allowed the spectroscopictensor of the ground Y& Kramers doublet to be measured. Our
data show the influence of the Kondo effect on the magnetic properties, and the derived
Kondo temperature is in good agreement with a previous estimation. Furthermore, the
Mossbauer spectra revealed the presence in our sample of a sizeable spectral contribution
(25%) which does not belong to the Yb§Al, main phase, but which is identical to the
Mossbauer spectrum obtained in the Yh&8luphase. In this work, we shall focus on the
study of the YbCygAIl, phase. The NMssbauer spectra in compounds with a lower Al content
(YbCus, ,Al,_,, wherex is 0.5, 0.75 and 1) will be the subject of a future publication.

This paper is organized as follows: after a brief description of the crystal structure
(section 2) and of the experimental set-up (section 3),fR¥b Mossbauer absorption
spectra in the magnetically ordered phase (section 4) and in the paramagnetic phase (section
5) are reported. In section 6, the ¥bground-doublet wavefunction is discussed and the
most likely CEF level scheme is derived; this section also contains an analysis of the CEF
distortions observed at the Yb site. In section 7 the lineshapes due to electronic fluctuations,
observed close to the transition temperature, are analysed. Section 8 contaipsedged.
x-ray absorption spectra and section 9 the discussion of the Kondo properties and the
comparison with the neutron diffraction data.

2. Crystal structure

The preparation of the polycrystalline sample is described in [2]. The ¥h@l,_,
compounds crystallize into a hexagonal Cag®we structure (space group6/mmm).

Their crystal structure has been extensively investigated by x-ray and neutron diffraction
experiments [2, 4]. In the hexagonal cell of Ybfl,, the Yb atom occupies the (0, O,

0) position (the 1a site) and is surrounded by six nearest-neighbour Cu atomszin=tBe

plane, located at the vertices of a regular hexagon (2c sites). The next-nearest neighbours
are eight Al and four Cu atoms occupying at random the 3g sites i ﬂ&e:t% planes,

i.e. forming a regular hexagonal prism whose centre is the Yb atom. The point symmetry
of the Yb site is thus exactly hexagonal if one considers the nearest neighbours only, and
close to hexagonal if one considers both nearest and next-nearest neighbours. As, in a
metallic compound, the lattice charges are screened by the conduction electrons, the Cu-Al
disorder in the 3g sites should not lead to important distortions of the hexagonal crystal-field
potential at the Yb site, and the CEF interaction acting on th& Ybn can be considered

to be of hexagonal symmetry to a good approximation.

A room temperature x-ray diffractogram of our sample shows the lines of a &£aCu
type structure, withu = 5.11055) A and ¢ = 4.13715) A, and 4% of an unidentified
impurity phase. However, as was said in the introduction, thissWauer study reveals
that our sample is not single phase (besides the 4% impurity). The identification of the
extra phase as YbGAI is discussed in subsection 9.2. As the lattice parameters as well as
the form factors of Cu and Al in the various Ybg&yAl,_, phases are very close, these
phases cannot be distinguished in the x-ray and neutron diffractograms from the positions
and intensities of the lines.
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3. Experimental set-up

The Mossbauer transition of thE%b isotope(Ey = 84.3 keV) links the ground nuclear
state {, = 0) to the first excited nuclear staté £ 2). The spectra were recorded using a
neutron-irradiated TiB;, y-ray source mounted on a linear-velocity electromagnetic drive.
The linewidth (FWHM) of the source versus a reference Ybabsorber is 2.8 mm—3

(L mm s! = 68 MHz for 1°Yb). The spectra below 4.2 K were recorded ifHe—*He
dilution refrigerator; temperatures alm\d K can easily be obtained by setting a thermal
impedance between the dilution chamber and the sample holder. The spectrum with a
magnetic field was recorded using a superconducting coil where the field direction can be
set either parallel or perpendicular to theray propagation direction.
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Figure 1. 17%vb Mossbauer absorption spectra in our YBBly sample at selected temperatures

in the magnetically ordered phase. The dashed line (Lorentzian line) represents the extra phase
contribution, probably from YbG4Al. The thin solid line represents the YbgAl, phase
spectrum: af” = 0.12 K, it corresponds to a fit with correlated distributions of hyperfine fields
and quadrupolar parameters; &at= 1.7 and 19 K, it corresponds to a fit with a relaxational
lineshape, as explained in section 7.

The XANES (x-ray absorption near-edge structure) experiments were performed at the
French Synchrotron Radiation Facility (LURE) in Orsay using the x-ray beam of the DCI
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storage ring (working at 1.85 GeV ane220 mA) on the EXAFS D21 station. A double
Si(311) crystal was used as a monochromator. Experiments were carried out in a standard
manner [5], at 300 K and 10 K, in the energy range 8940 eV to 9020 eV, which contains
the L, edge of Yb. Finely powdered samples were spread on an adhesive Kapton tape
and four such tapes were stacked together to obtain a sufficiently large signal. This was
also helpful in eliminating, to a good extent, any out-of-sample regions in the path of the
radiation.

4. 1%vb M dssbauer spectra in the magnetically ordered phasel’ < 2 K)

4.1. The spectrum & = 0.12K

The spectrum al' = 0.12 K shows a resolved hyperfine structure (figure 1), which consists
of two spectral contributions.

The majority contribution$75%; the thin solid line in figure 1) corresponds to the sum
of a magnetic and of an axially symmetric quadrupolar hyperfine interactions described by
the Hamiltonian

th = _gnMnIthf +

eQVi[ , 1U+1)
vl 100] o

In this expressiong,u,I and Q are respectively the magnetic and quadrupolar moment
of the excited nuclear statd & 2); Oz is the principal axis of the electric-field-gradient
(EFG) tensor at the nucleus site, aiif},; and V., are respectively the hyperfine field,
assumed to be directed along,@nd the main component of the EFG tensor. The majority
spectrum is well fitted using this axially symmetric Hamiltonian (the asymmetry parameter
n of the EFG tensor is lower than 0.1), which shows that the hyperfine field is directed
along thez-axis. This principal axis is a symmetry axis for the EFG tensor and therefore
can be identified as the crystal hexagonadxis. The fitted values af = 0.12 K are

Hyy =290(10) T andag = eQV,,/8 = 4.45(5) mm s1. Such a spectrum is characteristic

of an array of magnetically ordered ¥bions, located at an axially symmetric site. For
rare earths, the spontaneous electronic monmenis proportional to the hyperfine field:

m = Hj;/C, whereC is 102 Tjup for 1°Yb*". The ordered YB" moments are therefore
parallel to thec-axis and their amplitude af = 0.12 K (saturated value) i8:(0 K) =
2.84(10) up. Assigning to the ground Kramers doublet an effective spia- 1/2, the
z-component of itsg-tensor is thereforg, = 2m(0 K)/upg = 5.68(20). This majority
spectral component corresponds to the Yp&u phase, which has been shown, by neutron
diffraction experiments [4], to order antiferromagnetically with magnetic moments along
the c-axis.

The minority spectral component-f5%; the dashed line in figure 1), consists of a
single line (FWHM~ 6.2 mm s?) centred near zero relative velocity. As discussed in
section 8, our preliminary’®Yb Mossbauer study of YbGAI strongly suggests that this
spectral component corresponds to this latter compound.

4.2. Thermal variation of the spectrum in the ordered phase

The spectra can be satisfactorily fitted to the hyperfine Hamiltonian (1) up to 1.5 K: the
hyperfine field H,¢(T) steadily decreases as temperature increases, reaching a value of
230 T at 1.5 K, and the quadrupolar coupling parametgremains at its saturated value
4.45 mm s, In this temperature range (0.12 K-1.5 K), the spectra show inhomogeneous
line broadenings which can be attributed to the random distortions of the Yb site due to
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Figure 2. Thermal variation of the Yo spontaneous moment in YbgAl,. The solid circles
correspond to the hyperfine-field-derived values, and the open squares to the values derived from
the exchange-splitting values fitted with the relaxational lineshape (see section 7).
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Figure 3. 7%vb Mossbauer absorption spectra for our YgB&ip sample at selected temperatures

in the paramagnetic phase. The dashed line (Lorentzian line) represents the extra phase
contribution, probably from YbG4Al. The thin solid lines represent the YbgAl, phase
spectrum, fitted with a relaxational lineshape (see section 7).

crystal defects. An analysis of these effects in terms of a crystal-field model is performed
in subsection 6.2. In the temperature range 1.5-2 K, strong spectral changes are observed,
which are not merely increased line broadenings, but which involve changes of the lineshape:
the magnetic hyperfine structure is progressively smeared out and the most energetic line
drastically broadens (see the 1.9 K spectrum in figure 1). These effects are clearly of
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dynamic origin, arising from the fluctuations of the %bion. They overcome the static
broadenings and have to be analysed separately. We shall postpone the analysis of these
relaxation effects, which cannot be accounted for by Hamiltonian (1) alone, to section 7.
The thermal variation of the spontaneous®Ymoment is represented in figure 2. The
hyperfine-field-derived valuesT'(< 1.5 K; the full circles in figure 2) and the moment
values obtained from the relaxation lineshape analyssil< T < 2 K; the open squares
in figure 2) fit together well and their thermal variation follows a mean-figle: % law
with Ty = 1.95 K, expected for a ground ¥h Kramers doublet. The magnetic transition
is thus second order in YbGAIl,, and the derived'y-value is in good agreement with
those obtained from specific heat and magnetic susceptibility data [2].

At a given temperaturd’, the spontaneous moment(T), the exchange fieldH,,,
directed along the crystalaxis, and the exchange splittintg,, are linked by the relations

Aex(T) =&z MBHM(T)
(2)

1 h
m(T) = >8:1n tan 2kB
One can obtain an estimation of the saturated value&\gQf and hence of the saturated
H,.-value, using the moment value at 1 K{1 K) = 2.65 3, which is close to saturation.
Using (2), one getd,, (1 K) = 3.3 KandH,, (1K)~ 0.9 T. AssumingH,,(0K) =1 T, we
obtain the antiferromagnetic molecular-field constant aleng.. = H,,(0 K)/m(0 K) =
—0.35 T/up. The saturated value &f,, is thenA,, (0 K) = 3.8 K, very close to the value
2Ty predicted by molecular-field theory.

5. 17%vb M dssbauer spectra in the paramagnetic phase

5.1. Zero-field spectra

In the temperature range 2 K T < 2.2 K, the spectra still provide evidence for the

influence of YB+ paramagnetic fluctuations (figure 3), whose analysis will be presented
in section 7. Above 2.3 K, the spectra correspond to an axially symmetric hyperfine
guadrupolar interaction in the fast-relaxation regime and can be fitted to the Hamiltonian

I(I+1)
)

The two contributions to the quadrupolar coupling parameter are:

Ho = (o + o (T)}[If - 3

(i) a temperature-independent teur@” due to the EFG created by the lattice charges
at the nucleus site;

(ii) a term due to the distortion of the 4f shell in a non-cubic CEF, which bears all
the temperature dependence and which is proportional to the thermal average zef the
component of the 4f-shell EFG tens®y,(T), or equivalently, as we express it here, to the
z-component of the 4f quadrupolar mome@;z(T):

o) (T) = BgQ.o(T) = BQZ e M T ({1312 — T (J + Dli). @

In this expressionyJ is the total angular momentum of the ground spin—orbit multiplet of
the YB** ion (J = 7/2), the stategi) are the eigenstates of the hexagonal CEF interaction
with energiesA;, Z being the partition function, anB, is a quadrupolar hyperfine constant
which is By =~ 0.276 mm s for 170yp3+,
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The experimental thermal variation afy (T') = a’é”f + oeg(T) is weak: it decreases
from 4.35(15) mm st at 3 K to 3.85(25) mm s! at 50 K. This indicates that the energy
of the first excited CEF state is of magnitudd 00 K, and that its quadrupolar moment (or
ap-value) has the same positive sign as the ground doublet (see also subsection 6.1).
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Figure 4. The17%vb Mossbauer absorption spectrum for our Y@Bly sample at 4.2 K with a
magnetic field 64 T applied perpendicular to the-ray direction of propagation. The dashed
line (Lorentzian line) represents the extra phase contribution, probably from p#Cand the
thin solid line the YbCygAIl, phase spectrum, fitted as explained in subsection 5.2.

5.2. The spectrum af = 4.2 K with a magnetic field of 4 T

In a polycrystalline sample where the ¥bion lies at a site with axial symmetry (the crystal
c-axis in YbCuAl,), application of a magnetic field in the paramagnetic phase allows the
two componentg, andg, of the ground-doubleg-tensor to be measured [6], provided that
the crystallites do not rotate under the influence of the field. Indeed, for a given crystallite
where thec-axis is at an angl® to the applied field, the magnetic moment direction and
magnitude (and hence those of the hyperfine field) are completely determined gy #mel
gi-values. The hyperfine energies and line amplitudes depend thgn, @n and6, and

the spectrum due to one crystallite can be computed. Thesbhuer powder spectrum is
then obtained by integration over space, assuming a random orientation of the crystallites,
i.e. of the locale-axis, with respect to the field. The shape of this powder spectrum is very
sensitive tog, and g, and allows a rather precise determination of their values. In the
spectrum calculation, we did not include the effects of the exchange interaction which, at
4.2 K, is expected to yield only small corrections.

The spectrum obtained at 4.2 K in our powder YhEl3 sample, where the grains
are glued with a G.E. varnish, with a field @ T applied perpendicularly to the-ray
direction of propagation, is shown in figure 4. The single-line component (the dashed line
in figure 4) is observed with the same characteristics as in the zero-field spectra. The fit of
the YbCuAIl, component yields the following values for thetensor: g, = 5.71(13) and
g1/g. < 0.25. Theg.-value obtained is in excellent agreement with that derived from the
saturated moment value (5.68; see section 4.1).

In order to get a more precise determination of hevalue, we compared the
magnetization curve a’ = 15 K, in the antiferromagnetic phase, obtained for
polycrystalline YbCygAl, [2] with a calculated curve. The powder magnetization calculation
is similar to that of the NMdssbauer spectrum; it involves the andg, -values, and includes
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Figure 5. The magnetization curve & = 1.5 K for a polycrystalline YbCgAl, sample
(squares), taken from reference [2]. The lines are theoretical curves, calculated wigh the
tensor values shown in the figure, and with an isotropic molecular-field constant-0.35
T/up. Dashed line: theg-tensor as deduced from the valuesggfand oo (7 = 0) within a
hexagonal crystal-field model; solid line: the effectiy¢ensor deduced from experiment.

the antiferromagnetic exchange interaction, assumed to be isotropic and treated in a self-
consistent way. We find that the magnetization datd at 1.5 K are well reproduced,

using the previously derived valugs = 5.7 andA. = —0.35 T/up, with a ratiog, /g, >~

0.1 (figure 5, solid line). The quasi-saturated high-field value of the powder magnetization
is quite sensitive to thg, -value, as can be seen in figure 5, where the dashed line represents
them(H)-curve withg, /g, = 0.37 (see section 6). The small discrepancy between theory
and experiment at high fields arises from the fact that the quantum mixing with the excited
states was not taken into account in the calculation.

Table 1. Values of thez-componentg., O, and ofa for the eigenstately = 7/2; J, = dmy)
of J. . The Lane factor isg; = 8/7 for Yb3+.

my +1/2 +3/2 +5/2 +7/2

8: 114 &gy) 343 E3gy) 571 E5) 8(=T7gy)
0. -15 -9 3 21

ag (Mm s1) —4.140 —2.484 0.828 5.800

6. The Yb*t CEF energies and wavefunctions in YbCyAl,

In a crystal-field potential with hexagonal symmetry, the ground spin—orbit multiplet
{J = 7/2} of the YB** ion is split into four Kramers doublets, which are the eigenfunctions
of the hexagonal CEF Hamiltonian [7]:

Hiex = B3 03 + B30 + BOg + BSOg ®)

where theB)" are tabulated numerical coefficients and Mg are crystal-field equivalent
operators within thgJ = 7/2} multiplet. The eigenstates of this Hamiltonian are readily
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found; using the notatiohn) = |J = 7/2; J, = m), they are
W) = al£]) + BIF3)
W,) = BIF3) — al£3)
Wa) = [+3)
Wa) = 1£3).
Using the measured values of the ground-doupkensor and ofxy(0 K), one can try
to derive the ground Y& wavefunction; using the thermal variation @} (7), one can
get an estimation of the CEF level scheme of thé"Yon. In this section, we shall also

analyse the inhomogeneous line broadenings offthe 0.12 K spectrum in terms of axial
distortions from the exact symmetry of the Yb site.

(6)

6.1. The ground-doublet wavefunction and CEF level scheme

From the valueg, ~ 5.7 anda (0 K) =~ 4.45 mm s?, inspection of table 1 shows that the
ground wavefunction contains a dominaﬂi%) contribution. The following wavefunction:

Yy) = 0.912+7) £ 0.410F3) ™

yields the correct value fog,, and a‘g(o K) = 5 mm s!. Keeping in mind that

the lattice contribution to the EFG is much smaller than the 4f contribution, and that
it can be of opposite sign, agreement with the experimemgabalue is obtained with

o' ~ —0.6 mm s*. However, the wavefunction (7) yields a rago/g. of 0.40, which

is much higher than the experimental valyg:/g. = 0.1, and is compatible neither with

the Mossbauer spectrum g = 4.2 K with a field d 4 T nor with the magnetization
curve atT = 1.5 K (the dashed line in figure 5). Actually, the experimentally derived
g-tensor g, = 5.7, g, /g, = 0.1) does not correspond to any of the expected hexagonal
CEF wavefunctions (6). This discrepancy will be further discussed in subsection 9.1 and
interpreted in terms of the Kondo coupling on the3Yhon.

The weak thermal variation @f, (7)) up to 50 K implies that th&%) and|ig> states,
which have negative values of the quadrupolar moment (see table 1), lie at an energy more
than 150 K from the ground state. The most likely situation is that the jsigteorthogonal
to [y,), is the first excited state, with an energy greater than 80 K in order to reproduce the
thermal variatioru o (T).

6.2. Crystal-field distortions and line broadenings in the magnetically ordered phase

The random crystal distortions present in any sample can lead to non-negligible spectral
effects, because the ground wavefunctions at each Yb site are modified by mixing with
excited states through the distortion (or strain) interaction. In the magnetically ordered
phase, strain mixing has been shown to have a measurable influence on the hyperfine
spectrum [8]: the spectral lines acquire different (or inhomogeneous) broadenings due to
correlated distributions of hyperfine fields and EFG values induced by the strain distribution.
In the case where the distortion interaction can be treated as a perturbation with respect
to the CEF splittings, this correlation is merely a linear relationship between the hyperfine
field and the EFG values (ar,-values), independent of the strain variable:

ag =AHy; + D (8)

where A and D are parameters which depend on the wavefunctions of the states involved
in the mixing, and on the distortion type. The Ybf@l, spectrum atT = 0.12 K
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shows inhomogeneous line broadenings and can be very satisfactorily fitted to a gaussian
distribution of Hy-values, with a linearly correlated distribution af-values according

to (8) (the thin solid lines in figure 1). The fitted- and D-values areA = 0.7(1) x
102mm st T-tandD = 2.40(10) mm s 1, and the root m.s.d. of the field distribution is
o(Huy) = 37(5) T. In order to interpret this finding, we choose a model with the simplest
possible axial distortion interaction:

Hais = €03 = €[3J7 — J(J + D). 9)

This distortion Hamiltonian superposes on Hamiltonian (5) to determine the wavefunctions
of the YB** ion. The variablec in Hamiltonian (9) can be considered as a deviation of
the BZ-parameter from an average value, and it is assumed to be distributed according to
a symmetrical gaussian law, with root m.sad¢). Such a distortion can only mix the
ground statey,) with the excited stat@l,), at an energy\. Using the fact that the matrix
elements of/, and Jz2 connecting|y,) and|ys,) are both equal tods, a simple first-order
perturbation calculation yields the perturbed ground wavefunction and the perturbed ground
magnetic and quadrupolar moments for a given value: of

€
W1 = Iyy) — 1805,3X|UJ2>
, , 2160%p%
m = —g;up{W|J W) = mo+ TgJMB (10)
, , 64822 B2%¢
Qe = (Wif3J7 = JU + DYy = 00 + —
wheremg = %gz,ug and ijz are the unperturbed moment values. From these relations, the

linear correlation coefficients between the hyperfine fidljg = Cm and the quadrupolar
coupling parametesty, = By Q.. are easily derived:

%0 1 g b= BQ(QSZ - 3’"0). (11)
g1 Cus 87 1B

The slopeA does not depend on the and-values and isA = 0.71x 102 mm s T4,
in excellent agreement with the experimental valug0QL0) x 1072 mm st T~1. Using
BpQ? = ap = 445 mm st and mo/up = 2.84, one getsD = 2.39 mm s?, also
in excellent agreement with experiment. The root m.s.d of the hyperfine-field distribution
o (Hyy) is linked to the root m.s.d. of the distortion distributiorie) by

o (Hyy) = 21647, Crip T (12)
Using the fitted valuer (H,;) = 37 T, one getwr(e)/A ~ 1072, with « = 0.91 as in
the wavefunction (7). As the CEF splitting is of the order of magnitude of 100 K, we
obtaino (¢) ~ 1 K. This is a correct order of magnitude for random strains due to lattice
imperfections or defects. The root m.s.d. of this strain distribution is not small with respect
to Ty (2 K), and this can contribute to a small distribution Bf-values, leading to a
broadening of the specific heat anomalyrat

A

7. The YbB** fluctuations close to the magnetic transition

The spectra of YbGiAl, in the ordered phase at 1.7 K and 1.9 K (the thin solid line in
figure 1) and in the paramagnetic phase at 2.1 K (the thin solid line in figure 3) show
lineshapes characteristic of the presence of electronic fluctuations with a frequesittyn
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the Mossbauer ‘relaxation window’ for thE°Yb isotope, i.ev ~ AE,; ~ 1 GHz, where

AE,; is the hyperfine line separation. Practically, this frequency window ranges from
50 MHz to 50 GHz, and the spectra arou K in YbCusAl, are in the quasi-rapid-
relaxation regime, where the magnetic hyperfine structure is almost entirely smeared out
andv ~ 10 GHz.

In the paramagnetic phase, for an axially symmetric Kramers doublet, an analytic
perturbative relaxation lineshape has been derived [9] which depends on two dynamic
parametersi, andW, . The electronic fluctuations are assumed to be due to the coupling of
the electronic moment to a fluctuating effective magnetic fidl@). For a Kramers doublet,
we can write the relaxation interaction as a function of its effective $fiifi= 1/2):

Mo = SH()+ SIS, H- () + 5 H, ()] (13)

The W,- and W, -parameters are the Fourier transforms, at zero energy, respectively, of the
autocorrelation functiorH, () and of the correlation function ofi, (t) and H_(¢). The
spectra abow 2 K were fitted with this lineshape.

We have extended this lineshape to the case of the magnetically ordered phase by taking
into account the exchange splitting,, of the ground Kramers doublet. The relaxation
parameters are noW, and the ‘up’ and ‘down’ relaxation rates between the exchange-split
states of the doublety! and w:

1 +o00 -Aex
w! = ﬁ/ dr exp(—l - t>(H+(O)H_(1:))

—0Q

1 +0o0
Wl = 72 /_ dr exp(i

The two transverse relaxation rates obey the detailed-balance relation:
W/ W} = exp(—Aw/ksT)
and are related to the usual longitudinal relaxation tifpdoy

1 w!+wi. (15)
T,

The lineshape parameters are thegff;1 W, andA,,. The spectra between 1.5 K and 1.9 K
were fitted with this lineshape, thetensor being fixed at the previously measured values:
g, =57 andg, /g, =0.1.

The fits are very satisfactory both below and ab@ye For T < Ty, the fitted values
of A, yield the moment values, according to (2); for instanceT at 1.7 K, we obtain
Aey = 2.3(4) Kandm = 1.7(2) nug. The spontaneous-moment values obtained this way are
reported in figure 2 as open squares, and match well with the hyperfine-field-derived values.
As to the dynamic parameters, it transpires that the lineshapes are almost independent of
the longitudinal parameteW,; thus we could only measure/T;, given by (15) below
Ty, and by ¥T; = 2W, aboveTy. Below Ty, we find that Y73 = 5.0(1.5) GHz is
temperature independent, the change in the lineshape being due to the thermal variation of
A,, alone. AboveTy, 1/T; increases rapidly within a few 0.1 K: it is 17(3) GHz at 2.1 K
and ~50 GHz above 2.2 K, where the dynamical line broadenings become too small to
yield reliable values of the relaxation rate. The interaction most likely to be responsible
for the YB** fluctuations in this temperature range is the RKKY exchange interaction. In
the magnetically ordered phase, the transverse fluctuations are less efficient for electronic
relaxation because of the finite energy differencg between the two states, whereas in the
paramagnetic phase the two states are degenerate and relaxation is a zero-energy process,

(14)

AL"X
: t)(H_<0>H+<r>>.



7808 P Bonville and E Bauer

2.5 4 YbCu,Al, Yo Ly, edge
o YbCu,Al
20- —— Fit with v=2.98 Cu-K edge
) ~——— Fit with v=2.88 lf

o~ Y
S 15- 300K
s |
2 1o0- oLy,

0.5-

0.0 ; . . ' .

k 8900 8920 8940 8960 8980
Energy (eV)

Figure 6. X-ray absorption (XANES) spectra near the Yfy ledge at 300 K for the YbGAI»
sample and for YbCG4Al. For YbCwAI, a sizeable YB" component is visible. The lines are
fits as explained in the text.

whence )T is larger. The rapid decrease ofT} below 2.2 K is likely to be identified as
the critical slowing down of the moment fluctuations &spproachegy.

8. The x-ray absorption (XANES) spectra at the Ly, edge

The presence of a §bsbauer spectral component which shows a very weak thermal and

field dependence raises the question of the presence of divalent, intermediate-valent or

strongly Kondo trivalent Yb ions either in the YbgAl, phase or in a separate impurity

phase in our sample, besides the regula?tY$tate. In order to check for this possibility,

we performed x-ray absorption measurements close to the;Ybdge, at 10 K and 300 K,

for our YbCwAI, sample, and also for an YbgAl sample. In YbCyAl,, the spectra at

the two temperatures are identical; the room temperature spectra of both compounds are

represented in figure 6, the background being subtracted as described in reference [10].
The YbCuyAl, spectrum (the black triangles in figure 6) shows mainly the peak

associated with Yb in the trivalent state, at the®YH. ;-edge energyEs ~ 8943 eV.

The YbCuAl spectrum (the open circles in figure 6) also shows a dominant structure

at the energyEs, but a sizeable contribution is present at the’YHl j -edge energy

E, >~ 8935 eV. In order to estimate the valence of Yb from these spectra, we performed

spectral simulations by superposing two arctangent functions, and two Lorentzian functions

with peaks at energieg; and E,. The relative weight of these two contributions defines

the Yb valencev. The widths of the two arctangent functions, which correspond to the

experimental resolution, have been taken as identical, as have the widths of the Lorentzian

functions, which correspond to the Yb hole lifetime. From the fit of the Y{#CTpspectrum

(the thick solid line in figure 6), we obtain a mean Yb valence 2.98, and we can estimate
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that the upper limit for an Y& contribution amounts to about 4%. From the fit of the
YbCwAl spectrum (the thin solid line in figure 6), we obtain a mean Yb valenee2.88.

For both compounds, we notice that the width of the Lorentzian peak (4.5 eV) is somewhat
larger than the width associated with the Yb hole lifetime (4 eV). This broadening can be
related to stoichiometry defects or to a non-random distribution of Cu and Al on the 3g
sites, as XANES is sensitive to the local environment of the Yb ion.

The XANES Ly, -edge spectra in the YbGal, sample show therefore that it contains
only trivalent (or almost trivalent) Yb, with a valency = 2.98(4). Then, the extra
Mossbauer component can correspond either to an Yb-containing impurity phase where Yb
is close to trivalent, or to almost trivalent Yb ions in the Y@Ly, phase, but with a local
environment different from that of the majority ¥bions. In both cases, these Yb ions must
be more strongly hybridized than the majority 3hions because their fsbauer spectrum
is a field- and temperature-independent single line. Assuming that the extra component is
an YbCuAl impurity phase, with 25% relative weight, and assuming that Yb in Y4#Cu
has a valence of 3, the mean Yb valence in our sample, as measured by XANES, would be
2.97, a value which lies within the error bar of the measurement.

9. Discussion and comparison with previous measurements

9.1. The Kondo coupling on the $bion

The presence of a Kondo coupling on the®*Ylon in YbCwAl; has been inferred from the
thermal variation of the magnetic resistivity, which shows negativ€& Islopes, and from

the specific heat jump &y, which is rather small44 J K1 mol~) as compared with the
expected value for a doublet ground state (12.4-3 ol™1) [2]. As magnetic ordering
occurs below 2 K, the Kondo coupling is weaker than the RKKY exchange interaction
[11]. In that case, the Kondo spin fluctuations must lead to a reduction of the spontaneous
magnetic moment with respect to its CEF-derived value. Our analysis of the experimental
data for YbCyAl, shows that the ground ¥b Kramers doublet is well described by an
effective spin§ = 1/2 with a g-tensor which, however, does not correspond to any of the
hexagonal wavefunctions (6). The ¥bground state cannot therefore be obtained with a
model involving only the CEF interaction, and the wavefunction (7) cannot correspond to
the ground state. We think that this discrepancy can be explained in terms of the Kondo
coupling, in the following way: the effect of a weak Kondo coupling is to reduce the
paramagnetic susceptibility fafF < Tk, where Tk is the Kondo temperature, and hence

to reduce the ground-doublgttensor components at low temperature. The ratigg,,
however, can be considered, in a first approximation, as reflecting the CEF-only value, if one
assumes an isotropic reduction by hybridization. Then the true CEF ground wavefunction
is such thatg, /g, ~ 0.1 and would be

W,) =0.99+7) £ 0.14/F3). (16)

It yields g, = 7.72 anda‘g = 57 mm s; the associated spontaneous moment along
cis mcgr(0 K) = 3.85 up. The Kondo coupling in YbC4Al, would therefore reduce
the spontaneous moment by 25%, leading to the measured valug:2.8bhe saturation
powder magnetization at 1.5 K would also be reduced fromp2¢b®* to the experimental
value 1.5u5/Yb%t.

The Kondo temperaturgg can be obtained from the spontaneous-moment reduction at
T = 0 K through the following approximate formula, derived from the variational solution
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of the Kondo problem for a doubléiv, = 2) [11, 12, 13]:

m(0 K) ( Tx )2
N 17
mCEF(O K) Tex ( )

wherekgT,, is the exchange energy, estimated frégi,, = |Ac|m§”(0 K) ~ 3.5 K.

One getsTx ~ 2.3 K, close to the estimate given in [2] based on the specific heat jump
reduction atTy (Tx = 2.6 K). The exchange energy scdlg; is larger than the effective
ordering temperaturdy, which is expected for Kondo lattices due to the competition
between the Kondo spin fluctuations and the RKKY interaction in the establishment of
long-range magnetic ordering [11]. For a doublet ground state, it has been shown via a
self-consistent NCA calculation [14] that the Kondo magnetically ordered phase is well
described by a mean-field theory. This is illustrated for the present ¥&lGiondo lattice

by the fact that the thermal variation of the spontaneou’ Yhoment follows a mean-field

S = 1/2 law, and that the low-temperature properties are well described by an effective
g-tensor, reduced by the Kondo coupling with respect to the pure CEF values.

9.2. The impurity phase

In order to understand the origin of the extra spectral component, we obtaiassbiler

spectra at 0.1 K and 4.2 K for different YbgAl, samples. We found that the relative

content of this component is sample dependent: in the present sample, which was also

used for the magnetic measurements reported in [2], it amount®2&96; in the sample

used for the neutron diffraction experiments [4], it amounts~b5%, and for another

sample submitted to microprobe analysis, which showed the presence of thg AfpCu

phase alone, an upper limit of 5% could be established. We think therefore that the extra

spectral component corresponds to an Yb-containing impurity phase in which, according to

the Ly -edge spectra, the Yb ion is almost trivalent. In all of these samples, dsshduer

spectra of the main YbG®AI, phase show no significant difference at 0.1 K and 4.2 K.

The presence of this impurity phase therefore does not modify the magnetic properties of

the YbCuyAl, phase, but it illustrates the difficulty of Yb alloy metallurgy, due to the high

vapour pressure of this element, especially when large amounts of alloy are prepared.
The identification of the impurity phase relies on the fact that it cannot be detected in the

x-ray or neutron diffractograms, and therefore it must be one of the ¥h@i,_, phases,

for 0 < x < 1, whose lattice parameters are very close to those of ¥AIGu A preliminary

170vp Mossbauer study of YbGAI provides a strong hint that this compound is the impurity

phase in our samples. The spectrum of Y@lwconsists of a slightly asymmetrical single

line, very similar to the extra spectral component in the Yp&u sample, and showing also

a very weak thermal dependence. This can be understood because previous measurements

[2] have shown that YbGjAl is a Kondo lattice with a large Kondo temperature, as evident

from its very large paramagnetic Curie temperai@pe~ — 340 K. The presence 0f25%

of YbCuAl in the YbCuwAIl, sample used for magnetic measurements [4] also accounts for

the rather low derived effective moment of 4.44/Yb (the free-ion value is 4.54 ). As

regards the magnetization curve (figure 5), the presence of dGas no influence due

to the very low susceptibility of the latter (0.1bz/Yb at 7 T [2]).

9.3. Comparison with the neutron diffraction data

According to the neutron diffraction study of YbgAI, [4], the magnetic structure is of
antiferromagnetic type, with magnetic moments parallel to the crystais. Their saturated
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value, according to the structural model derived in [4], is;251 The transition temperature
deduced from the thermal variation of the magnetic Bragg peaks is 1.6 K.

The 17%b Mossbauer data agree with the neutron data as to the direction of the
spontaneous moment and its order of magnitude, but they are at odds with the neutron
results concerning the exact moment value, which is found to be larger (z.B&an the
neutron result, and the transition temperature, which is also found to be higher (2 K) than the
neutron result. These are rather serious discrepancies, for which we have at present no real
explanation. The neutron-derived spontaneous-moment value is somewhat underestimated
due to the 15% content in non-magnetic Yh@&l the corrected value is 2.3 5, which is
still lower than the Mdssbauer-derived value. In metallic compounds, the hyperfine field
at the'’®Yb nucleus can contain a contribution coming from conduction band polarization,
which can be of the order of magnitude of a few 10 T [15]. The neutron diffraction
technique would also detect this polarization as a small extra magnetic moment at the Yb
site. The discrepancy between thé&#sbauer- and neutron-derived moment values could be
explained if the conduction band polarization led tpasitivecontribution to the hyperfine
field and to anegativecontribution to the magnetic moment. The latter is obtained in the
presence of the Kondo effect, if one considers spin-only polarization (s-type conduction
electrons) and if one remains within the frame of the simfle - S model, withJx < 0.

In this case, indeed, the ratio of the conduction and 4f polarizations is proportiodgl to

i.e. it is negative. However, the presence of various mechanisms for the hyperfine coupling
and of orbital contributions to the conduction electron polarization renders the evaluation of
the hyperfine contribution difficult, and one can only retain the above-described mechanism
as a possible explanation for the difference betweésdauer-derived and neutron-derived
moment values.

10. Conclusion

The magnetic and crystal-field properties of the*¥Ylon in the hexagonal alloy YbGAl,

have been investigated By°Yb Mossbauer spectroscopy ang dedge x-ray absorption
spectroscopy, for a polycrystalline sample. In the antiferromagnetic phase, we find that the
Yb* spontaneous moment lies parallel to the crygtaixis, in agreement with previous
neutron diffraction results, and that its saturated value is 2.85whereas the (corrected)
neutron-derived value is 2.83. The thermal variation of the spontaneous moment has
been obtained through the measurement of the hyperfine field between 0.1 K and 1.5 K;
between 1.5 K and 2 K, the &sbauer lineshapes are influenced by electronic fluctuations,
and the spontaneous moment has been obtained via a relaxational lineshape where the
parameters are the exchange splitting and the relaxation frequeiigy TThe magnetic
transition is found to be of second order, with = 1.95 K, the measured molecular-field
constant ish = —0.35T/up and Y Ty is ~5 GHz, corresponding to fluctuations induced

by the transverse part of the RKKY exchange interaction. In the paramagnetic phase, a
spectrum at 4.2 K with an applied magnetic field4 T yielded the ground-doubleg-

tensor componentsg, = 5.7, in agreement with the saturated spontaneous-moment value;
and g, /g, ~ 0.1, which allows the magnetization curve At= 1.5 K to be correctly
reproduced. Thesgtensor components however do not correspond to any of the hexagonal
crystal-field wavefunctions; we interpret this fact in terms of the Kondo effect on thé Yb
ion, with a Kondo temperatur&x = 2.3 K close to that derived from the reduction of the
specific heat jump at the magnetic transition. The bare crystal-field ground wavefunction
appears then to be an almost pywe= 7/2; J, = +7/2) doublet. The thermal variation

of the 4f-shell quadrupolar moment indicates that the first excited crystal-field state is an
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almost purelJ = 7/2; J, = +£5/2) doublet, with an energyn ~ 100 K. Finally, the ly -

edge x-ray absorption spectra at 10 K and 300 K do not detect any contribution from an
Yb?* configuration, which agrees with the picture of an Yb ion very close to trivalent with
a weak Kondo coupling.
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