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Résumé . — Nous présentons une étude par spectroscopie Massbauer sur 17°Yb des propriétés
basse température du composé cubique i électrons lourds YbAuCuy. Dans la phase antiferroma-
gnétique (Tiy = 1 K), nous mesurons une réduction de 20 % du moment spontané i saturation
de YB3+ par rapport au moment de P’état fondamental I'; de champ cristallin, et nous mettons
en évidence une anisotropie notable de I'interaction magnétique entre les ions. Nous interprétons
ce comportement en termes d’hybridation entre les électrons 4f et les électrons de conduction,
qui rend compte des propriétés de type électron lourd. L’échelle d’énergie kg7 de ’hybridation
est estimée de l'ordre de 0,3 K. Les spectres Massbauer dans les phases ordonnée et parama-
gnétique présentent des élargissements de raie inhomogénes qui sont interprétés en termes de
distribution de contraintes locales suivant les axes <111> du cristal, d’énergie magnéto-élastique
moyenne 0,2 — 0,4 K.

Abstract . — We report on a '"°Yb Méssbauer spectroscopy investigation of the low tem-
perature magnetic properties of the cubic heavy electron material YbAuCuy. In the antiferro-
magnetically ordered phase (Ty = 1 K), we measure a 20 % reduction of the Yb3t saturated
spontaneous moment with respect to that of the crystal field I'7 ground state and we evidence a
sizeable anisotropy of the interionic magnetic interaction. We interpret these features in terms of
41 electron - conduction electron hybridisation, which accounts for the heavy electron properties.
The energy scale kgTy of hybridisation is estimated to be 0.3 K. The Mossbauer spectra in the
ordered and paramagnetic phases show inhomogeneous line broadenings which are interpreted as
arising from a distribution of local strains along the (111} crystal axes, of mean magneto-elastic
energy 0.2 — 0.4 K.
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1. Introduction.

The intermetallic compounds with Ce, Yb or U can present non-standard transport and mag-
netic properties at low temperature which are thought to be related to the presence of hybridi-
sation between the localised f electrons and the itinerant band electrons [1,2]. The energy scale
for hybridisation is called the Kondo temperature Ty; for T < Ty, the properties of the material
strongly deviate from those of an array of localised trivalent Ce or Yb ions (with total angular
momentum J), weakly coupled to band electrons (with spin s) through the conventional k — f
exchange interaction:

Hys = —2Jxss.J, (l)

where Jir is the “atomic” exchange integral.

For temperatures below Tp, hybridisation leads to the formation of a narrow band located
near the Fermi level and of width of order kpTp, where the quasi-particles have predominantly 4f
character and are strongly correlated. Depending on the structure and symmetry properties of
the energy bands, the charge carriers at the Fermi level may show high effective masses, varying
roughly as 1/Tp; in the so-called “heavy electron” compounds where the Kondo temperature
is low, the mass enhancement can reach values of a few 100.

In the limit of weak hybridisation, charge fluctuations are negligible and the compound
is called a Kondo lattice, the rare earth ions being trivalent to a good approximation. The
ground state of a Kondo lattice depends on the relative magnitudes of Ty and of the energy
scale of the interionic magnetic coupling, as was first shown by Doniach [3]. The interionic
coupling induced by hybridisation has a RKKY-like dependence upon distance [4] and can be
considered as an effective interionic exchange Trkky; it favours a ground state with long range
ordering of the 4f magnetic moments, whereas hybridisation, which induces local quantum
fluctuations of the 4f moment with time scale i/kpTy, has an on-site demagnetising effect. So,
when Tp > Trkky, a non-magnetic ground state results, which behaves like a Fermi liquid
for T < To. A magnetically ordered ground state occurs when the quantum fluctuations do
not entirely smear out intersite magnetic correlations, i.e. when Ty < Trxky- In this case, the
magnetically ordered phase can show unconventional features: the actual ordering temperature
T can be drastically reduced with respect to Trkky; the 4f saturated magnetic moment can
be smaller than that expected for the crystal electric field (C.E.F.) ground state of the ion; the
anisotropy of the interionic interaction can be strong even in compounds with cubic symmetry;
the magnetic ordering can show unusual structures. In the present state of knowledge, however,
the occurence of one or more of these properties in a given material cannot be predicted with
certainty.

The determination of the saturated magnetic moment, of the magnetic energy kpThkky
and of the magnetic anisotropy in hybridised compounds is thus of great interest for a better
understanding of the magnetic ground state formation. In Yb based compounds, a local mea-
surement technique such as 17°Yb Mdssbauer spectroscopy can provide such information, as
demonstrated by the Mdssbauer investigation of the cubic monopnictides YbP and YbAs [5,
6], which are hybridised materials with a magnetic ground state (T =~ 0.7 K). In these com-
pounds, hybridisation leads to a reduction of the Yb saturated moment and of the transition
temperature T, but the magnetic anisotropy is found to be much smaller than the exchange
interaction.

In another series of cubic Yb based intermetallics, YbXCuy, where X = Ag, Au and Pd, spe-
cific heat, resistivity and magnetic measurements have evidenced “heavy electron” behaviour
[7]. Among these compounds, YbAgCu, appears to have the highest Kondo temperature
(To = 110 K) [8] and it has a non-magnetic ground state. In contrast, YbAuCuy and YbPdCu,
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show a specific heat peak below 1 K, attributed to the occurence of a magnetic phase transition.
Hence we expect that hybridisation is much less important in these two compounds than in
YbAgCu, and that the C.E.F. energy levels of the Yb®* ion are well defined in YbAuCuy and
YbPdCuy. Crystal field transitions have indeed been observed and analysed in these materials
by an inelastic neutron scattering study [9, 10]. The cubic C.E.F. interaction partially lifts the
degeneracy of the J = 7/2 ground spin-orbit multiplet of the Kramers Yb3* ion into two dou-
blets T's and I'7, and a quartet I's. The C.E.F. level scheme proposed in reference [9] for Yb3*
in YbAuCuy consists of a I'z ground state, the excited states being I's and I's respectively at
energies 45 K and 80 K above the ground state.

We present in this work 17°Yb Mdssbauer spectroscopy measurements together with mag-
netic susceptibility and magnetisation data at low temperature in YbAuCuy; we confirm the
presence of an antiferromagnetic transition at Ty ~ 1 K, and we analyse the properties of
the magnetically ordered phase in terms of hybridisation of the ground state. We could esti-
mate the Kondo temperature of YbAuCuy, the interionic exchange energy and we evidenced
the presence of a sizeable magnetic anisotropy. We analyse hybridisation in terms of a model
derived from the Noncrossing Approximation (N.C.A.) solution of the Anderson Hamiltonian
f11].

Another feature of Mdssbauer spectroscopy is that it is very sensitive to small deformations
of the ionic environment; the Mdssbauer spectra in YbAuCuy show noticeable line broadenings
which we attribute to a distribution of small distortions of the Yb site in our sample.

This paper is organized as follows: section 2 deals with the sample characterisation by means
of x-ray diffraction spectra. Section 3 describes the experimental setup, and section 4 reports
on the zero applied field Mossbauer spectra in the magnetically ordered phase. In section 5,
the T = 0.05 K Mossbauer spectrum is thoroughly analysed in terms of crystal field distortions
and weak hybridisation of the Yb ion 4f electrons with band electrons. Section 6 contains
the Mossbauer data obtained in applied magnetic fields in the antiferromagnetic phase and
their interpretation. In section 7 we describe the results obtained in the paramagnetic phase:
Moéssbauer spectra in zero applied field as well as in high magnetic fields, and magnetisation
and susceptibility measurements. Finally, section 8 contains a discussion of the results.

2. Sample characterisation.

The YbAuCu, sample used for the present experiments is part of the sample prepared for
the neutron inelastic scattering experiments [9]. Following the x-ray and neutron diffraction
patterns [10], all three compounds YbAgCu,, YbAuCuy and YbPdCuy crystallize in the cubic
C15b structure (space group F43m). The x-ray powder pattern of YbAuCuy using filtered Cu
radiation shows a weak impurity line at an angle 26 ~ 50°, which does not pertain to the
diffraction pattern of the oxyde Yb;0O3. The impurity content of the YbAuCuy sample is thus
of the order of a few percent.

The C15b structure is closely related to the C15 MgCu,-type structure (space group Fd3m);
the Yb and metal (Ag, Au or Pd) atoms, occupying respectively the positions (0,0,0) and
(1/4,1/4,1/4) in the cubic cell, form two fcc lattices translated from each other by the vector
(1/4,1/4,1/4) a, where a is the fcc cell basis vector. The Cu atoms occupy the positions (zzz),
(2£ZZ), (zxZ) and (ZZz), where z is a free parameter. According to x-ray intensity calculations,
the value of x in the three compounds should not be very different from its value 5/8 in the C15
structure. The (200) diffraction line, which is not allowed in the C15 structure, but possible
in the C15b structure, appears generally in the x-ray diffraction patterns of YbAgCu, and
YbPdCuy, but is absent in that of YbAuCuy [9]. This extinction is accidental and due to the
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fact that the x-ray diffusion factors of Yb*t and Au are not very different: f(Yb**) =63 and
f(Au) = 70 at small reflection angles.

In the C15b structure of YbAuCuy, the Yb site has cubic symmetry; with z = 5/8, its nearest
neighbours are 12 Cu atoms at a distance a v/11/8 = 0.41a. The next-nearest neighbours are
4 Au atoms located on the vertices of a tetraedron along the <111> directions, at a distance
a \/§/4 =~ (.43e from the Yb site. The Yb ion is thus surrounded by 16 almost equidistant
metal atoms; this high coordination environment has the <111> directions as symmetry axes.

The cubic lattice parameter reported in reference [9] for YbAuCuy is @ = 7.0519 A. We
performed a more detailed structural analysis of our sample. An x-ray diffractometer spectrum
of 100 mg of finely powdered material shows that the lines at high reflection angles are relatively
broad, which is indicative of a distribution of lattice parameters. An estimation of the width of
this distribution leads to: 7.033 A < a < 7.055 A. However a Debye-Scherrer pattern performed
on a small fragment of the sample shows that the material is very well crystallised with a unique
lattice parameter, this parameter depending on the chosen fragment. We tentatively attribute
this parameter distribution to slight stoichiometry variations within the sample, which could
be due to the large number of meltings necessary to prepare the quantity of material (50 g)
required for the neutron measurements [9, 10].

Therefore, there exists a small parameter inhomogeneity from grain to grain in our YbAuCuy
sample, each grain being well crystallized with a well-defined cubic lattice parameter.

3. Experimental setup.

The magnetic measurements were performed using a standard extraction technique. The mag-
netisation curve was obtained at 7' = 4.2 K for fields up to 4.6 T. The magnetic susceptibility
measurements were performed between 0.5 K and 30 K at low fields: # = 13.6 Oefor T < 3 K
and H = 136 Qe at higher temperatures.

The 7Yb Mossbauer transition has an energy of 84.3 keV and links the ground nuclear
state with spin I; = 0 and the excited state with spin I = 2. The Mdssbauer spectra were
recorded using a neutron-irradiated Tm*B;, v-ray source mounted on a triangular velocity
drive. The linewidth of the Tm*B;2 source versus a reference YbAlz absorber is 2.7 mm/s (for
170yb, 1 mm/s = 68 MHz).

The Mossbauer experiments in zero applied magnetic field were performed in the tempera-
ture range 0.05—60 K. Experiments with an applied magnetic field up to 7 T were performed at
T =0.05 K and T" = 4.2 K. The field direction was parallel to the y-ray propagation direction.
Spectra below 1 K were obtained using a 3He—*He dilution refrigerator.

4. Mossbauer spectra in the magnetically ordered phase in zero applied field.

4.1 SPECTRUM AT T = 0.05 K. — The 7°YDb absorption spectrum at T' = 0.05 K (Fig.1)
shows five resolved lines indicating the presence of a hyperfine field at the nucleus, and thus of
magnetic ordering of the Yb3* magnetic moments at this temperature. Such a spectrum, where
the energy differences between adjacent lines are almost the same, can be fitted to a hyperfine
Hamiltonian consisting of a dominant magnetic term and a small electric quadrupolar term:

(2)

I{I+1
Hut = —gnpinlz Hue + 0f [I% - —(‘—)]

3
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Fig. 1. — 170y}, Massbauer absorption spectrum in YbAuCug4 at T = 0.05 K; the solid line is a fit
with hyperfine Hamiltonian (2) using linearly correlated Gaussian distributions of Hy¢ and ag with

A=31x10"2 mm/s/T and B = —4.4 mm/s (see text).

In this expression, the Z-quantisation axis is taken to be along the hyperfine field Hy; and
gnpinl is the magnetic moment of the excited nulear state (I = 2). The quadrupolar parameter

of is defined as: af = eQZZZ, where @ is the nuclear electric quadrupole moment and
3cos?0 — 1

Voz = Vz,.—2—-— is the projection onto the hyperfine field direction OZ of the principal

component V,, of the electric field gradient (E.F.G.) tensor at the Yb site, # being the angle
between OZ and the principal axis 2 of the E.F.G. tensor. Such an expression for the hyperfine
quadrupolar interaction holds only when it can be considered as a perturbation on the magnetic
hyperfine interaction. The small value found for the quadrupolar parameter in YbAuCuy shows
that the Yb ion lies at a site with cubic or quasi-cubic symmetry.

The fitted parameters at 0.05 K are: Hyr = (148.5+ 3)T and o = (0.25 £ 0.1)mm/s. The
hyperfine field in a metallic host comes mostly from the 4f Yb electrons, and is proportional
to the 4f magnetic moment p : Hf = C p, where C = (102 £ 3)T/ugp for 170Yb**(12].
There is an extra contribution coming from the conduction electron polarisation which is an
order of magnitude smaller than H{, and which will be shown to be negligible in YbAuCu,
(see Sect. 7.3). Therefore, the saturated spontaneous magnetic moment of the Yb** ion is:
#(0.05 K) = (1.46 £ 0.07)up.

The cubic C.E.F. eigenstates I's and I'7 have magnetic moments u(I's) = 1.33up and p(T'7) =
1.715up, and zero associated E.F.G. tensor. In the presence of an exchange (or Zeeman)
interaction, mixing of the I'g state into the ground doublet enhances the saturated moment and
creates a small positive induced E.F.G. at the Yb site. At first approximation, the experimental
values of p and ag are consistent either with a I'g ground state or with a I'; ground state with
a reduced magnetic moment. The latter possibility is in agreement with the inelastic neutrtn
scattering determination [9, 10] and the reduction of the saturated moment could then be due
to 4f electron-band electron hybridisation. The possibility of a I's quartet as the ground state
will be examined and ruled out in section 8 and the nature of the Yb®* ground state will be
further discussed in section 6.

Another feature of the T' = 0.05 K spectrum is the presence of inhomogeneous broadening
of the lines as can be seen in figure 1. This is the halimark of a distribution of hyperfine
parameters. In the case of only a distribution of the hyperfine fields, the broadenings would
be symmetrical with respect to the central line; the observed asymmetry of the linewidths is
caused by a correlated distribution of hyperfine fields and electric field gradients. This property
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is easily understood using the expressions of the hyperfine energies of Hamiltonian (2):
E(m) = —gopn Hrygm + (,\rcz?(m2 -2), (3)

where m is the z-component of the nuclear spin (—2 < m < 2). Then, for a small variation of
Hyr and ag :

AE(m) = —gnpnmAHpe + (m? — 2)Aag, (4)

with gppu, > 0. Inspection of this formula shows that, if AHys and Aag are correlated, for
instance positively, then for the less energetic line (m = 2), the two contributions to AE(m)
are of opposite sign, whilst for the most energetic line (m = —2) they have the same sign.
This leads to broadenings of the type experimentally observed, for instance the linewidth
G(m = 2) = 3.2 mm/s is much smaller than G(m = —2) = 6.2 mm/s. We have fitted the
T = 0.05 K spectrum using correlated distributions of Hys and ag with Gaussian shape. The
correlation is taken to be linear:

a%:Ath+B, (5)

which, as will be shown in section 5, is the form to first order perturbation in presence of
distortions from cubic symmetry of the Yb site. The solid curve in figure 1, which represents
such a fit where the intrinsic Mossbauer linewidth is fixed at the minimal experimental value
2.7 mm/s, shows that the inhomogeneous broadenings are correctly reproduced. The fitted
gaussian distribution of hyperfine fields has the following characteristics: mean value Hf; =
148.5T and mean square deviation AHys = (19 £ 2.5)T. The A and B parameters of the
correlation can be allowed to vary substantially without much affecting the quality of the fit.
One finds that the acceptable values for A (in mm/s/T) and B (in mm/s) are linearly related:

B =0.21-1.47 x 10%4, (6)

the coefficient A varying in the range: 1.5 x 1072 < A < 3.2 x 1072, yielding —4.5 < B < -2
(see Fig. 3). The center of the distribution of quadrupolar parameters is quasi-independant
of the A and B values and is worth: af), = 0.25 mm/s; the mean square deviation Aagq varies
from 0.34 mm/s (for A = 1.5 x 10~%) to 0.52 mm/s (for A = 3.2 x 10~2). We performed
detailed perturbation calculations of the A and B coefficients as a function of the type of
C.E.F. distortions for the two cases of a I's or I'7 C.E.F. ground state: these calculations and
comparison with experiment will be explained in section 5.

4.2 THERMAL VARIATION OF THE HYPERFINE FIELD AND THE MAGNETIC TRANSITION, —
The hyperfine field smoothly decreases from 148.5 T at 0.05 K to 110 T at 0.8 K, its thermal
variation matching with the mean field curve for S = 1/2 with Ty = 1+ 0.1 K (Fig.2).
Above 0.8 K the spectra show no resolved structure and the overall linewidth decreases upto
1.2 K. The magnetic transition is very probably of second order, the transition temperature
lying between 0.8 K and 1.2 K. The low temperature magnetic susceptibility shown in the
insert of figure 2 confirms this conclusion: it presents a kink characteristic of a transition to
an antiferromagnetic phase with Ty = 1 K. This result is at variance with that reported in
reference [7] where the specific heat peak found in the YbAuCuy sample is located near 0.6 K.
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Fig. 2. — Thermal variation of the hyperfine field on 170vh in YbAuCuy; the dashed line is the

S = 1/2 mean field curve with H}?f = 148.5T and Ty = 1 K. Insert: low temperature magnetic
susceptibility in YbAuCuy (H = 130e).
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Fig. 3. — Coefficients of the linear correlation between H and ag in YbAuCuy4 at T" = 0.05 K :
a(zi = AHys + B; the solid line represents the experimentally acceptable values of A and B (expression
)

5)); the squares represent the calculated values for a I's or a I'; ground state and for a strain axis
along <100> or <111> (see Tab. II).

5. Analysis of the spectrum at 7=0.05 K; hybridisation and C.E.F. distortions.

In this section, we shall examine the combined effects of the exchange interaction and of small
distortions from cubic symmetry (strains) on the 1”°Yb hyperfine spectrum in the magnetically
ordered phase. We shall show that the inhomogeneous broadenings of the T = 0.05 K spectrum
can be interpreted by assuming the presence of a distribution of strains at the Yb site along a
well defined symmetry axis.

We treat the exchange interaction Hex and the C.E.F. distortion interaction Hg;s in pertur-
bation with respect to the cubic C.E.F. interaction. This is justified since the lowest C.E.F.
excitation has an energy of 45 K [9], Hex ~ kT = 1 K and Haqis, as is shown below, is of the
order of a few 0.1 K. To first order perturbation, Hex and Hgis can be treated independantly.



466 JOURNAL DE PHYSIQUE 1 Ne4

As will be shown in section 7.1, the mean value of Hgjs is zero: {Hgis) = 0, i.e. there is no
average non-zero strain in the sample. We can then analyse the mean values of Hys and aé in
the saturated state at T = 0.05 K in terms of the exchange interaction alone and then examine
the effects of the strains described by HMg;s.

5.1 MIXING DUE TO THE EXCHANGE FIELD. — At T = 0.05 K, the ground doublet is split
by the exchange interaction:
Hex = 97T Hey, (7)

where H.yx is the exchange field which we assume is directed along the antiferromagnetic
sublattice moment direction OZ. Mixing of the I's state into the ground doublet {there is no
matrix element of J between I's and I'7) to first order perturbation enhances the magnitude
of the magnetic moment p = —gyup {Jz) in an isotropic way:

pu = p(T;)(1+ Pe) i=6,7. (8)

In this expression, € is the perturbation parameter: € = gyupHex/As, As being the I's exci-
tation energy, and P is a number independent of the direction of He, but depending on the
nature (T's or I'7) of the unperturbed ground state. Mixing also induces an axially symmetric
E.F.G. at the Yb site, with its principal component along the direction of H.y; the associated
quadrupolar parameter is, to first order perturbation:

ad = Aq (3J% — J(J +1)) = R(u)Aqe, (9)

where Ag = 0.276 mm/s for "°Yb and R(u) depends upon the orientation of the exchange
field represented by the unit vector u and on the nature of the ground state.

We shall compare the experimental values y = (1.46 + 0.07)up and aé = (0.25 £ 0.1)mm/s
with (8) and (9) in the two hypotheses of a I's or I'z ground doublet. Details concerning the
calculation of P and R(u) are given in Appendix 1.

For a I's doublet, u(T's) = 1.33up and P = 20/3. The quantity R(u) has its minimum value
O(e?) when H is along <111> and its maximum value 70 when Hey is along <100>. Using
the value Ag = 45 K, we find that an exchange field H., ~ 0.87 T accounts for the experimental
4 value and yields an acceptable value for ag when Hgy is along the <100> direction.

For a I'; doublet, u(T'7) = 1.715u4p and P = 4. The quantity R(u) has its maximum
value 48 when Hey is along <111> and its minimum value 18 when Hy is along <100>. The
experimental y value is 15 % smaller than the bare p(I'7) and is even smaller than the exchange
enhanced value p(T'7)(1+4¢). Hybridisation of 4f electrons with band electrons, which is known
to be present in YbAuCuy [7], can account for such a reduction. We shall use here a simplified
model [11] in order to compute the moment reduction. In this model, the effect of a weak
hybridisation is merely to assign an occupation number n; to each hybridised electronic level;
this occupation number is given, at 7" = 0 K, by the expression:

_ (1=mnr

where Ty is the Kondo temperature, T’ is the “hybridisation width”, ns is the 4f-shell hole
occupancy, which is very close to 1 in a weakly hybridised material like YbAuCuy, and A; is
the energy of the electronic level from the ground state. We shall consider here only the two
exchange split states of the ground Kramers doublet and neglect all excited states. Labelling
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n and fi the occupation numbers of these two states, separated by an energy A = 2u(T'7)Hex,
it can easily be shown that:

=p(T7)[n—a+4de(n+n
{a% =;I‘2((u7))xizqe(n—ﬁ)6,( ) (11)

Introducing an antiferromagnetic molecular field constant A < 0, the exchange field is
Hex =| A | pt and the self consistent equation (11) for p yields:

p= o) [1 - 4222 LT ) (12)

Asn—~7 < 1 and n+ n o 1, these equations show that hybridisation introduces a reduc-
tion factor for both the magnetic moment and the E.F.G.. To calculate the moment value,
it is necessary to also take into account the effect of exchange enhancement. Estimations
indicate that values for n — #i in the range 0.75 < n—#n < 0.8, | A | values in the range
05 T/ugp < | A | £1T/up, yielding 0.73 T < Hex < 1.46 T, give a good agreement with
the experimental y and ag values when the exchange field direction is <111> or <110>. The
Kondo temperature Ty can be estimated using the two relations derived from (10):

n—n = F(l - nf) . A
n4 i =F(l—nf) 2+ A

T To(To + A)

Introducing the moment reduction ratio r = p/¢ (T'7) and defining Trgky through: kgTrkky =
| A ] 1 (T7)?%, we get, using n + 7 = nr ~ 1 and taking into account the exchange enhancement
(12) of the magnetic moment:

To _ nrs
TRy 148768  Trrky
#(l7)  As

As Trrxy = (1.60 £ 0.35) K and » = 0.85, we obtain for the Kondo temperature:
Ts = (0.30 £ 0.10) K.

To summarize this section, it can be concluded that the mean values of the hyperfine field
and of the induced E.F.G. at T = 0.05 K in YbAuCuy are compatible either with a bare I'g
ground state or with a hybridised I'7 ground state with a small Kondo temperature Ty 2~ 0.3 K.
The derived exchange field in both cases is close to 1T, and its direction is likely to be the
<100> axis for the case of a I'g ground state and the <111> or <110> axis for the case of a
I'7 ground state.

(14)

ng—r

5.2 EFFECT OF STRAINS ON THE MAGNETIC HYPERFINE SPECTRUM. — Small deviations
from cubic symmetry of the crystal electric field at a Yb site can be expanded up to second
order in J using a basis of angular momentum operator-equivalents which transform according
to the representations I's and I's under the operations of the cubic group. The two I's-like
operators are {13]:

O(T3g0) =3J2—J(J+1)
i

O(Tsgn) = ?(J}- + J2),
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and the three I';-like operators are:
O(Fsy,g) = %(JkJI + Jka), i,kl==z,y,2 and {#k#L (16)

A natural choice for the z-axis is one of the high symmetry cubic axes; in the following we
present calculations where the z-axis is either the tetragonal <100> axis or the trigonal <111>
axis.

The distortion (or strain) Hamiltonian writes therefore:

Hais = 3 BagiO(T3:) + Y BisgiO(Tsg:). (17)

i=0,n i=2,9,2

The B coefficients are assumed to be small with respect to the first C.E.F. excitation energy
(45 K) which allows Hgis to be treated in perturbation with respect to the cubic C.E.F.
interaction.

To first order perturbation, it turns out that the only term in Hgis yielding corrections to
the magnetic moment is the axially symmetric term ’Hg';’s'g = Bag,¢ [372 — J(J + 1)] . This type
of distortion is equivalent to an elongation (or compression) of the Yb environment along the
local 2-axis, i.e. the <100> or <111> axis.

The axial distortion 'Hgfs’e has matrix elements between all three states I's, I'7 and T's. The
first order perturbation parameters will be expressed via § = 3Bag9/As and § = Ag/Agr =
0.57, where Agy is the energy separation between I'¢ and I'z. Mixing by ’Hgfs’a creates an axially
symmetric E.F.G. whose principal axis lies along the z-elongation axis. Assuming in a first step
that the magnetic moment, i.e. the exchange field, lies along the elongation axis, we obtain

the following perturbed values for 4 = g, and ag :
{l‘ = p(T:)(1 + QB) (18)
ap = AgS f(8)8,

where @ and S are numbers depending on the direction of the z-elongation axis and on the
type of ground doublet and f(é) is a function of the ratio Ag/Ag7. Details concerning the
calculation of @, S and f(§) are given in Appendix 1. Their values are given in table I.

Table I. — Coefficienis for the first order correction to y and ag due to the azxial distortion
H? (see (18)), when the exchange field is parallel to the strain azis Oz.

I's ground state I'; ground state
z J/< 100 > z <111 > z ff< 100 > z ff< 111 >
Q —20 O(g?) -4 —32/3
S -210 - 70 —18 -~ 128
f(8) 1 ) 1 1+ 35/646

In the general case where the exchange field direction OZ lies at an angle ¢ from the 2-
elongation axis, we obtain for the parallel and transverse components of the magnetic moment:

p: = p(T:)cos 6 [14 QB(1 + 1.5 sin? 0)]
2
{ pe = p(Ts) sin 8 [1 - QBW] , (19)
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which gives the magnitude of the moment to first order:
3cos?f—1
p=uro [1+0s2 = L), (20)

The angle 8’ between g and Oz is given by: tan ¢ = (1-3Qp)tan 8; to first order perturbation,
it is equal to #. The component of the E.F.G. tensor along the hyperfine field direction, i.e the
magnetic moment direction, which corresponds to the experimentally measured quadrupolar
parameter, writes then:

3cos?l—-1 3cos? -1
ag = 0‘:2_'2'—'" = AqS f(6)ﬂ———3— (21)
Including the exchange field correction obtained in the previous paragraph, we get the complete
perturbation expression for the hyperfine field Hys = Cp and for the Z-component of the E.F.G.
for a given strain value (i.e. B value):

Hye(B) = Hpe(T3) [1 + Pe + Qﬂm;—o:—l
z 3cos? 6—1 (22)
B0 = Ao [Rwe+s 1P XL

Inspection of expressions (22) leads to the following conclusions:

1) the axial distortion ’Hgfs’a induces first order corrections to Hy¢ and aé if the angle between

the exchange field and the elongation axis is different from the “magic angle”
Om = Arcos(1/+/3).
ii) whatever the angle @ (except 6,,) between the exchange field and the elongation axis on
a given site, there exists a linear relationship between Hyps and aé; for instance, eliminating
3cos? 6 —1
p= =

3 between equations (22):

1] + Age [R(u) - %‘5 f(6)] . (23)

5(6) = g5 LO) [th(ﬁ) _

Q | Hue(Ly)

The quantities @, 5 and f(&) depend only on the direction of the distortion axis whereas the
quantity R(u) depends only on the direction of the exchange field.

iii) therefore, in the presence of a distribution of axial strains, i.e. of § values, the resulting
distributions of Hys and aZ values are linearly correlated if the strain axis is the same for all
sites, and if the exchange field lies at a fixed angle, different from the “magic angle”, with
respect to the strain axis. Even for a random orientation of the exchange field, the correlation
would still hold in first approximation, but would be slightly smeared by the random values
taken by the quantity R(u) which, as is shown below, gives only a small contribution to
expression (23).

The experimentally observed significant distribution of hyperfine parameters in YbAuCu,
at T'= 0.05 K and the linear correlation between them can therefore be interpreted as arising
from a distribution of axial C.E.F. distortions of the Yb site along a common symmetry axis;
furthermore, the easy magnetisation direction of the antiferromagnetic structure cannot lie at
an angle 8,, = Arcos(1/+/3) from the strain axis. This means that if the distortion is along
<100>, the magnetic moment direction cannot be <111> and vice-versa.
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Table II. — Calculated coefficients of the linear correlation between Hyns and a% (see (23)) in
the presence of azial strains and of an exchange field of 1 T parallel to the strain axis. For
the case of a T'¢ ground state with the z-elongation azis along < 111 >, there is no first order
correction to u and therefore no linear correlation. For the case of a I'7 ground state with the
z-elongation azis along < 111 >, the pure C.E.F. values and the “hybridised” values are given.

I's ground state I'7 ground state
z /< 100 > z /<111 > z J/< 100 > z <111 >
C.EF. hybr.
A x 102 2.13 - 0.71 2.48 3.10
(mm/s/T)
B(mm/s) -2.90 - —1.24 —~4.33  —4.46

In order to compare the coefficients A and B of the linear correlation: ag (8) = A Hye(B)+B
calculated in (23) with the experimental values, we computed them for the two cases of an
elongation axis along <100> or <111>, and in the two hypotheses of a I's or a I'y ground
doublet (see Tab. II). As can be seen on expression (23), the slope A does not depend
on the exchange field quantities u and ¢; in contrast, the B coefficient has a contribution:

cAg [R(u) - —PQ—S f (6)} which depends on Hy for which we know neither its exact magnitude
nor its direction. However, this e-dependant term is small, of the order of 0.1 — 0.2 mm/s. The
numbers given in table II are computed with the assumption that Hey is 1T and lies along the
elongation axis.

We can proceed now with the comparison of the experimental correlation coefficients ob-
tained in section 4.1 (see expression (6)) with the calculated values of table II; all these values
are represented in figure 3. For the case of a I's ground state, the calculated A and B values
with the elongation axis along <100> match precisely the experimental values. For the case
of a I'7 ground state, the calculated correlation with the elongation axis along <100> does
not match the experimental data, whereas the A and B values obtained when the elongation
axis is along <111> are not far from the experimental correlation. However, we have shown in
section 5.1 that, if the ground state is I'7, hybridisation must be taken into account. A simple
calculation using expressions (11) combined with (18) yields the hybridisation corrected A and
B values:

SP f(6)(n + )
Qn—7)

Bnyy, =¢€Aq [R(u)(n —f) -

Sf(6)  n+n

Ahyb - AQ Q th(Ff) n—n

Using n + n = 1 and the representative values n — 2 = 0.8 and Hex= 1T, we get: Bpyp =

—~4.6 mm/s and Anyp = 3.1 x 1072 mm/s/T, which are very close to experimentally acceptable
values (see Fig. 3).

From the measured mean square deviation of the hyperfine field distribution A Hy¢, we can
deduce the mean square deviation of the «Z distribution through relation: AaZ = A AHy,
and then obtain the mean square deviation ABj, ¢ of the axial distortion distribution through
relation (22). Actually we can only derive the quantity:

3cos?f — 1 _ AHy Asg
2 " Hm(l:)  3QAn

S f(é) _
— AT (n+n

AB:ig,ﬂ (25)
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where An = 1 for the case of a I'g ground state without hybridisation and An = n— 5 =
0.8 for the case of a hybridised I'; ground state. For a I's ground state, we find: AHyr =

3cos?9 -1
20.5 T and ABag,g———-2— = 0.11 K, and for a T'7 ground state: AHnys = 17 T and
3cos?0 — 1
ABgy =g = 017K.

5.3 SUMMARY OF RESULTS. — To summarise the results of this section, we can say that the
T = 0.05 K Mdssbauer spectrum in YbAuCuy shows the existence of a distribution of small
strains at the Yb site; in the presence of the exchange field, the spectral shape is sensitive only
to axially symmetric distortions. Two hypotheses concerning the Yb** C.E.F. ground state
and the strain axis are compatible with the T = 0.05 K experimental data: a I's ground state
with a strain axis along <100>, or a I'7 ground state hybridised with band electrons with a
strain axis along <111>.

The hypothesis of a I'; C.E.F. ground state is in agreement with the inelastic neutron
scattering analysis in YbAuCuy [9, 10]. In this case, we estimate the hybridisation of the Yb3+
ion to.correspond to a Kondo temperature Ty ~ 0.3 K; the magnitude of the exchange field
is Hex = (1.1 £ 0.35)T; its direction is not known as the magnetic structure has not been
determined, but our data show that the magnetic moment cannot lie along <100> and suggest
it could lie along the <111> or the <110> direction. If we assume that the easy magnetisation
axis is <111> the mean square deviation of the axial strain distribution is: ABz, 4 ~ 0.17 K.

6. Mdssbauer spectra in the antiferromagnetic phase with applied magnetic field.

6.1 PRELIMINARIES. — When a magnetic field is applied in the antiferromagnetic (AF)
phase, M&ssbauer spectroscopy on a powder sample can provide information about the orien-
tation of the magnetic moments with respect to the applied field via the spectral line intensities.
Indeed, due to the rotational properties of the Mossbauer photon which has a well defined an-
gular momentum ! = I, — I, the intensities of the nuclear transitions depend on the angle ¢
between the local quantisation axis and the v-ray propagation direction k. For 17°Yb, [ = 2
and the angular dependencies of the various A, = m transitions are:

1
AL(m=42) = Esinz (1 + cos® 6)
AlL(m=%1) = %(cos20+cos220) (26)
AL(m=0) = i—sin2 26

In our experimental setup, the magnetic field H is applied parallel to the k direction, and the
local quantisation axis in the AF phase of YbAuCuy is the direction of the hyperfine field,
i.e. of the Yb3®* magnetic moment. For a given ion, the angle @ represents therefore the angle
between the directions of the magnetic moment and of the applied magnetic field. In a powder
sample in zero applied field, the orientations of the AF moments with respect to the k direction
are at random; as the angular average [ AI,(m,6)dQ is independent of m, all the lines have
equal intensities. When a magnetic field is applied, the relative line intensities can depart from
unity in the case of a common orientation of the magnetic moments in the whole sample with
respect to the field, allowing the angle 8 to be measured using expressions (26).

The effect of a magnetic field on an AF structure is well known and depends on the relative
strengths of the magnetic anisotropy energy Eanis and of the exchange interaction [14]. Two
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limiting cases can be singled out: the weak anisotropy case when F.njs < Hex and the strong
anisotropy case: Fqnis ~ Hex-

When the magnetic anisotropy is weak, it is easily overcome by a moderate field, resulting
in the rotation of the AF structure in each domain perpendicularly to the field direction. This
yields a spectrum where the m = 0 line is absent (@ = #/2). Upon further increase of the field,
the two AF sublattices tilt symmetrically towards the field direction until they line up with H
for a threshold value Hg = 2H,,. The spectrum then consists of the two m = % 1 lines, the
m = 0 and m = £ 2 lines being absent (¢ = 0). The weak anisotropy case is illustrated by
our study of the AF phase of the hybridised compound YbAs [6]: a field of 2 T resulted in the
rotation of the AF structure and in a slight tilting of the Yb®** magnetic moments, the angle
@ being close to 80°. However lining up of the moments along the field direction could not be
obtained due to the very high value of the exchange field (7 T) in this compound, compared
with the maximum available laboratory field of 5.8 T.

A quite different picture arises when the anisotropy energy is of the same order of magnitude
as the exchange energy. Model calculations for the case of an axial anisotropy [14] show that,
at low fields, the AF structure does not rotate and that it is not drastically modified. When
the applied field is close to parallel to the easy magnetisation axis, the AF configuration is
the most stable until the field reaches a threshold value Hs = He, where a metamagnetic
(spin flip) transition occurs towards a ferromagnetic configuration. When the applied field
is close to perpendicular to the easy magnetisation axis, the situation is similar to the weak
anisotropy case, the threshold field for lining up of the moments being however bigger than
2H.y. Consequently, at low fields, the powder Mossbauer spectrum is not expected to be very
different from a zero field powder spectrum; as the field increases and reaches Hs = Hey, a
fraction of the magnetic moments should undergo the metamagnetic transition and exhibit a
two line spectrum, whose relative weight should increase with further increase of the field as
more and more magnetic moments line up along its direction.

6.2 EFFECT OF THE MAGNETIC FIELD ON THE AF STRUCTURE OF YbAuCuy,. — We
recorded spectra at 7" = 0.05 K in applied fields ranging from 0.2 to 4 T. As can be seen in
figure 4, the data suffer from relatively poor signal-to-noise ratio; this is due to the experimental
geometrical arrangement, where the distance between the v-ray source and the YbAuCuy
absorber is quite large because of the presence of the superconducting magnet generating the
field. The spectra at 0.2 T, 0.5 T (Fig.4a) and 1 T show no particular line extinction; they are
similar to the zero field spectrum (see Fig. 1), the hyperfine field increasing slightly with the
applied field but remaining close to the zero field value (Fig.5). The spectral shape suddenly
changes for an applied field of 1.5 T: it consists mainly of the two m = X 1 lines with different
widths, the m = 0 and m = £ 2 lines being less intense. The spectra at 2 T (Fig.4b) and
3 T are similar to that at 1.5 T, with still decreased intensities of the m = 0 and m = £ 2
lines. Fits using the hyperfine Hamiltonian (2) with line intensities given by expressions (26)
are satisfactory and yield 8 values of 22° for 1.5 T, 20° for 2 T and 15° for 3 T. These angle
values must probably be understood as average values because these spectra can also be fitted
by a superposition of a powder spectrum (with equal line intensities) and of a two-line (6 = 0)
spectrum, the relative intensity of the powder spectrum decreasing with increasing field values.
The spectrum at 4 T (Fig.4c) consists of only two lines with different broadenings and is well
accounted for using values lower than 10°. Between 1.5 T and 4 T, the energy separation
between the two m = %1 lines steadily increases, corresponding to an increase of the mean
hyperfine field from 173 T to 198 T (see Fig. 5).



Ne4 MAGNETIC ORDERING AND HYBRIDATION IN YbAuCuy 473

absorption (%s,)
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Fig. 4. — 170y}, Méssbauer absorption spectra in YbAuCuy at T = 0.05 K with magnetic field H
applied parallel to the y-ray propagation direction. The lines are fits using hyperfine Hamiltonian
(2). (a) H = 0.5 T; the line intensities are equal (powder spectrum) and the linewidths are fixed
at the values obtained in zero field. (b) H = 2 T; the line intensities are given by expressions (25)
with 8 = 20° and the linewidths are fixed at the values obtained in zero field. (c) H = 4 T; the line
intensities are given by expressions (25) with § = 0 and the widths of the two lines are free parameters.
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Fig. 5. — Field variation of the magnitude of the Yb3t magnetic moment in the AF phase of YbAuCuy
at T = 0.05 K derived from hyperfine field measurements. The squares represent the experimental data.
The lines are self-consistent C.E.F. calculations (see text) for a I'7 ground state with A = —0.85T /up
(dashed lire) and for a I's ground state with A = —0.6T/up (dash-dotted line).

6.3 INTERPRETATION. — As we do not observe any extinction of the m = 0 line for fields
below 1T, we can conclude that the magnetic AF structure does not reorient perpendicularly to
the applied field, evidencing the presence of a sizeable magnetic anisotropy. The predominance
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of the two-line spectrum from 1.5 T upwards shows that, for theses field values, an important
fraction of the magnetic moments is aligned with the applied field, i.e. that these moments
have undergone a metamagnetic-like (spin flip) transition for a threshold field Hs between 1
and 1.5 T. As the field grows, more and more moments line up along its direction; for a field
value of 4 T the magnetic structure is ferromagnetic. This metamagnetic behaviour is also
characteristic of a strong magnetic anisotropy as outlined in section 6.1. The possible origin
of this anisotropy will be discussed in section 8, where it will be tentatively assigned to an
exchange anisotropy induced by hybridisation.

The variation of the magnitude of the Yb3t magnetic moment with the applied field, derived
from the hyperfine field measurements, is represented in figure 5, together with the field varia-
tions of the T' = 0.05 K moment expected for a I's and a I'; ground state supposed hybridisation
free. The moment is calculated in the simplest case of weak anisotropy: it remains saturated
up to the spin-flip field Hs > 2H.y, and then it is computed self-consistently using the molecu-
lar field constant determined in section 5, and starting from an appropriate cubic C.E.F. level
scheme described by the z and W parameters [15]. For the case of a I'; ground state, we use
z = -0.945 and W = —2.61 K as determined in reference [9]. For the case of a I's ground state,
we use £ = 0.85 and W = —2.86 K which yield the same energy separations between levels as
observed in reference [9]. It is to be noticed that the quasi-linear increase of the moment with
the field for H > Hg is due solely to quantum mixing and that the slope writes, to first order
perturbation, and with the notations of section 5: p(T';)Pgyup/As, i.e. it does not depend on
the molecular field constant A. As the field increases, the magnitude of the moment departs
from the I's curve and, from 3 T upwards, is correctly accounted for by the I'y curve with A
values in the upper end of the range determined in section 5: —1T/up < A < —0.7T/up. We
interpret this behaviour in the following way: the C.E.F. ground state of Yb** in YbAuCuy
is the 'y doublet and the field variation of the magnitude of the moment reflects the crossover
from a hybridisation reduced value at low fields towards a pure C.E.F. value at high fields.
Indeed, the effects of hybridisation are expected to be suppressed by fields greater than a
critical field Hx ~ kgTy/u. Using the estimation Ty ~ 0.3 K obtained in section 5, we get:
Hyg ~ 0.4T; therefore, for magnetic fields H > Hg, the Yb®t magnetic moment should recover
its C.E.F. value, what is experimentally observed.

6.4 SUMMARY. — The Mdossbauer data with an applied field in the AF phase of YbAuCuy
allow us to discard one of the hypotheses put forward in section 5: the Yb** C.E.F. ground
state cannot be the I'g doublet; it is the 'z doublet weakly hybridised with conduction electrons,
in agreement with reference [9]. A sizeable magnetic anisotropy is evidenced which leads to a
metamagnetic-like behaviour of the magnetic structure. The threshold field for spin flip, which
is expected to be Hg ~ H,y, is found to lie in the range 1 T < Hg < 1.5 T; this is consistent
with the derived mean value of the molecular field constant A = —0.85T /g (Sect. 5.1), which
yields Hex = 1.25 T.

7. Mdssbauer spectra and magnetic measurements in the paramagnetic phase.

This section presents the experimental results and their interpretation at temperatures 7" >
4.2 K. In this temperature range, the effects of hybridisation associated with a Kondo tempera-
ture Ty ~ 0.3 K are expected to be weak, at least as concerns the magnetic moment and E.F.G.
values. This is confirmed by our calculations using the model of reference [11]. Therefore, in
this section, interpretation of the data neglects hybridisation and starts from the cubic C.E.F.
level scheme of reference [9] with a I'; ground state (z = —0.945 and W = —2.61 K). The
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z-axis of the M3y ¢ strains is therefore assumed to be the <111> direction. The full C.E.F.
Hamiltonian writes:

Hepr. = Heun(z, W) + Bagp [3JZ—J(J +1)]. (27)

For the data in the presence of a large magnetic field, the Zeeman interaction is included and the
complete Hamiltonian is diagonalised. Furthermore, in this temperature range where 7 > 4 Tiy
and for applied field values H > 4 T, much higher than the estimated anisotropy field (< 1.5 T,
see Sect. 6), the anisotropy of the interionic exchange coupling will be neglected. Exchange is
self-consistently taken into account vie an antiferromagnetic molecular field constant A which,
in the paramagnetic phase, reduces the magnetic moment (or hyperfine field) value with respect
to the pure C.E.F. value.

7.1 MOSSBAUER SPECTRA IN ZERO APPLIED FIELD. — In the paramagnetic phase (above
1.2 K) the main component of the spectra is a single line whose width gently decreases from
6.2 mm/s at T = 4.2 K to 4.3 mm/s at 60 K. On the spectra at T' = 4.2 K (see Fig.6) and 10 K,
a second component is visible, which consists of a split spectrum and amounts to 10 — 15 %
of the whole spectral intensity. This spectrum can be accounted for by an axial quadrupolar

hyperfine interaction:
Ho = aq(l - 2) (28)
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Fig. 6. — !"°Yb Mossbauer absorption spectrum in YbAuCug at T = 4.2 K. The line is a two-
component fit: the central broad line (85 %) corresponds to a Gaussian distribution of axial strains
with <B3g‘9) = 0 and AB3y 4 = 0.37 K and the other component (15 %) is an axial quadrupolar
spectrum with g = 4.3 mm/s (see text).

where ag = QVz, , the z-axis being the principal axis of the E.F.G. tensor. The rather high

obtained values: ag(4.2 K) = 4.3 mm/s and ag(10 K) = 3.3 mm/s show that these Yb ions lie
at sites with non-cubic symmetry. As the impurity content of our sample is quite low, we think
these sites pertain to the YbAuCuy phase and that they are associated with stoichiometry
defects (see discussion in Sect. 8). Such defects can create sizeable distortions from cubic
symmetry and therefore, significant alterations of the ground wave-functions. Indeed, the
above mentioned ag values are actually close to those associated with an electronic state
arising in the presence of a dominant axial C.E.F. component. In the magnetically ordered
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phase, these Yb ions should give rise to non-cubic hyperfine field spectra but their contributions
are not resolved from the main spectrum analysed in section 5.

The majority of the Yb ions, which yield the broadened single line-spectrum, lie at sites with
cubic or quasi-cubic symmetry. The broadening can be due to dynamical effects (paramagnetic
relaxation) and/or to the distribution of small distortions of the Yb site evidenced in the
T = 0.05 K spectrum. The latter indeed lead to a distribution of small electric field gradients
at the Yb site and the resulting spectrum is a superposition of unresolved quadrupolar hyperfine
spectra yielding a single broad line. The paramagnetic relaxation rate 1/7} within the ground
doublet can be estimated (at temperatures well below the C.E.F. excitation energy) by the
half-width of the quasi-elastic line of the neutron inelastic spectra. Following the analysis of
reference [9], one finds: 1/71(4.2 K) ~ 40 GHz and 1/77(10 K) ~ 60 GHz. The relaxation
frequency is therefore much greater than the magnetic hyperfine constant A of the 10Yb
isotope associated with the I'7 doublet: A(T'7) ~ 0.9 GHz [12). In this “quasi-rapid” relaxation
regime, the dynamical broadening of the Mdssbauer line is given by (see Appendix 2):

ATg = 3A(T)Th. (29)

Using the above values of 1/77, one obtains, at 7' = 4.2 K : A'g = 0.8 mm/s. As the overall
linewidth at T = 4.2 K is 6.2 mm/s, static effects are therefore dominant in building up the
line broadening.

In the absence of a polarising (magnetic or exchange) field, both the I'z-like and I's-like
strains yield first order contributions to the E.F.G. tensor. However, we shall give here an
analysis of the static broadening of the main component of the paramagnetic spectra assuming
that the only strain present is that evidenced in the AF phase, i.e. Hg, g along the <111> axis.
The analysis of the spectra at T=4.2K with high magnetic fields shows that this assumption
is very likely (see Sect. 7.2). So, starting from Hamiltonian (27), we calculate the Boltzmann
average of the E.F.G. tensor over the C.E.F. levels for a given Bs, s value, which yields the
quadrupolar parameter ag in the rapid or quasi-rapid relaxation regime. The final spectrum
is obtained by introducing a Gaussian shaped distribution of the strain parameter Bsg ¢ and
by assigning a width G = 2.7 mm/s + ATgr to each elementary spectrum. The lineshape
then depends only on the centroid (339,9) and on the mean square deviation ABj, g of the
distribution. At T'= 4.2 K (see Fig. 6) and 10 K, the presence of the extra spectrum arising
from Yb ions in non-cubic sites somewhat hinders a precise determination of the distribution
parameters to be done. Nevertheless, the spectra at these two temperatures can be coherently
fitted using the following values: |[{Bsg6}] < 0.1 K and ABg, ¢ = (0.37 & 0.07) K. At higher
temperature, the spectra are correctly accounted for using the above parameters, which means
that the decrease of the spectral width from 4.2 K to 60 K is due for a small part to the
decrease of the dynamical broadening and mainly to the Boltzmann averaging of the E.F.G.
tensor as temperature increases.

With the assumption that only axial strains are present in YbAuCuy, we can conclude that
their distribution has a Gaussian shape and is symmetrical with respect to zero to a good
approximation, i.e. that there is no average distortion of the cubic Yb site over the sample:
{Bsg,0) = 0. We can also combine the value of AB3, ¢ determinedzhere and the result of section
5 to obtain the angular factor of expression (25); we find: eos -1 =~ 0.5, or § ~ 35°. As
the strain axis is the <111> axis, this suggests that the direction of the exchange field, and
therefore of the magnetic moment, in the AF phase is the <110> axis.

7.2 MOSSBAUER SPECTRA WITH APPLIED MAGNETIC FIELD AT T = 42 K. — In presence
of a magnetic field H, the direction of the induced magnetic moment on each paramagnetic Yb
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ion is determined by the relative strengths and directions of the single ion C.E.F. anisotropy,
of the exchange anisotropy (neglected here) and of the Zeeman interaction. Then, for the
majority of the Yb ions, which lie at sites with quasi-cubic symmetry, the induced magnetic
moment is expected to lie close to parallel to H due to the weak crystalline anisotropy of the
cubic wave-functions. The angle between the hyperfine field and the k direction is therefore
close to zero for these ions, yielding a spectrum where the m = £ 2 and m = 0 transitions
have very small intensities. The spectra at 4.2 K under 4 T and 7 T (see Fig. 7) can indeed be
interpreted as arising mainly from these quasi-cubic Yb ions: they consist of two well separated
lines corresponding to the m = + 1 transitions, the m = 1 (left side) line being substantially
broader than the m = —1 line. An extra absorption is visible near the center of the spectrum,
which amounts to about 15 % of the total absorption; we think it originates in those Yb ions at
sites with non-cubic symmetry which were evidenced in the spectra with zero applied field. For
these ions the C.E.F. anisotropy is important and the induced magnetic moment is not expected
to lie close to the applied magnetic field, yielding spectra with no particular line extinctions
and therefore with possibly a substantial central spectral contribution. In the following, we
shall restrict ourselves to the analysis of the majority quasi-cubic spectral contribution; for this
purpose, the fits were performed without taking account of the central part of the spectra.
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Fig. 7. — !"Yb Massbauer absorption spectrum in YbAuCuy at T = 4.2 K with a magnetic field
of 7 T applied parallel to the 4-ray propagation direction. The solid line is a fit corresponding to a
Gaussian distribution of axial strains with (Bsg¢) =0 and AB3, s = 0.37 K (see text).

In a first step, the spectra are fitted to the hyperfine Hamiltonian (2) with line intensi-
ties given by expressions (26) where the angle § is zero. The following hyperfine parameters
were obtained: for H = 4T, Hyr = (157.5 £ 5)T and ag ~ 0.5 mm/s, and for H = 7 T,
Hyr = (209+5)T and ag ~ 1 mmy/s. In the present case where the Zeeman interaction cannot
be considered as a perturbation with respect to the C.E.F. interaction, a small anisotropy
results for the induced magnetic moment, and hence for the hyperfine field, by mixing of the
ground doublet with the anisotropic I's quartet. This implies that both hyperfine field and
E.F.G. tensor depend on the orientation of the field with respect to the cubic axes. As the local
axes are at random with respect to the field, this results in a small distribution of hyperfine
parameters and yields a two-line spectrum with small line-broadenings. The fitted values for
Hy¢ and ag have then to be considered as average values.

In a second step, we calculate the spectra starting from the cubic C.E.F. alone to which is
added the Zeeman interaction. We find that the line positions are correctly accounted for if we
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allow for a non-zero molecular field constant; for H =4 T we get: A = —(0.54£0.2)T/up and for
H=7T:2=—~(0.840.2)T/up, i.e. an average value of —0.7T/ug which is in good agreement
with that deduced from the spectra in the AF phase (Sects. 5 and 6.3). In this approach, the
m = 1 line is slightly broader than the m = -1 line, but this “anisotropy” broadening is
much smaller than the experimental broadening which is caused by the distribution of C.E.F.
distortions, as is shown below.

The third step in our analysis of the spectra with applied magnetic field consists in introduc-
ing the distribution of distortions evidenced earlier in order to account for the line broadenings.
This assumption, i.e. that the broadenings are of static origin (due to a distribution of local
strains), is justified since the dynamical broadening AT'r of the m = =1 lines in the presence
of a magnetic field is very small in the rapid relaxation regime 1/T} > A(T;). Indeed, in that
case, AT'r can be shown to be the same for both lines and to be given by the expression (see
Appendix 2}:

1 A

AlR = -2-,4(1*.-)2:111 [1 - thzm] (30)
where A is the Zeeman energy separation of the ground doublet. At T' = 4.2 K with
1/T1 ~ 40 GHz, we get ATgr(4 T) = 0.05 mm/s and ATr{(7 T) = 0.012 mm/s which are
negligible with respect to the line width which lies in the range 4 — 5 mm/s. For the same rea-
son as explained in section 5, in the presence of a magnetic field the axial distortion Ha, s alone
contributes to the spectral shape to first order perturbation. Thus, starting from Hamiltonian
(27) to which is added the Zeeman interaction, we calculate the rapid relaxation spectrum in
the presence of a Gaussian shaped distribution of the Bs, s parameter, assigning the minimal
experimental linewidth G = 2.7 mm/s to each subspectrum. In contrast with the situation
in the AF phase, the angle between the hyperfine field and the crystal axes is not the same
throughout the sample but is at random because, in the paramagnetic phase, the hyperfine
field lies close to the applied magnetic field. Therefore an angular average has to be performed
and the spectral shape depends on the mean square deviation A Bs, ¢ alone and not on a prod-

3cos?8 -1 . . .
uct of the type ABag g —-ciS?—— as in the AF phase. These spectra thus provide a direct
measurement of the mean square deviation of the axial C.E.F. strains. Using A = —0.7T/pz,

we find that the broadenings and positions of the two lines are correctly reproduced for the
two field values by using the same axial strain distribution as derived by fitting of the zero
field T = 4.2 K spectrum (Sect. 7.1): (Bsgs) = 0 and ABg, s = (0.37 £ 0.07) K (see Fig. 7).
The central absorption is of course not accounted for in this type of fit. This shows that the
assumption made in fitting the zero field spectrum, i.e. that the axial strains are the dominant
origin of the broadening in YbAuCuy, is correct. If other types of distortions were present,
it would not be possible to account both for spectra with and without applied field with the
same distribution of axial B3, s parameters.

7.3 MAGNETISATION AND MAGNETIC SUSCEPTIBILITY MEASUREMENTS. — The magneti-
sation curve p(H) of our YbAuCuy sample at T = 4.2 K is shown in figure 8 (black dots). It
is linear below 2 T and shows no saturation up to 4.6 T. Also represented are the values of the
mean magnetic moment deduced from the Mdssbauer spectra at 4 and 7 T (open squares); for
cubic symmetry, these values should be very close to those obtained by a direct magnetisation
measurement. In order to calculate the powder Yb®t magnetisation, we neglected the distri-
bution of small axial strains. Indeed, it is symmetric with respect to zero and therefore does
not modify the average magnetisation with respect to the cubic value in the linear regime (for
fields below 1.5 T); at higher fields, our calculations show that the deviation from the cubic
value is very small for a distribution with a mean square deviation of the order of 0.5 K. When



No4 MAGNETIC ORDERING AND HYBRIDATION IN YbAuCuy 479

comparing the calculations with experiment, we have to bear in mind that around 15 % of the
Yb ions lie at sites with non-cubic symmetry. As shown in figure 8, the magnetisation curve
for H < 4.6 T is correctly accounted for with a molecular field constant A = —0.5 T/up; to
account for the moment value at 7 T however, a different value A ~~ —0.85 T/pup is required as
determined from the Mossbauer spectrum. This discrepancy could be due to the presence of
the non-cubic Yb ions (15 %); trial calculations assuming a strongly anisotropic g-tensor for
these ions show that the sample magnetisation, taking into account this non-cubic contribu-
tion, departs from the cubic curve in the following way: it lies slightly above the cubic values
for fields below about 4 T and slightly below for larger fields. This effect could explain the
fact that the low field part of the u(H) curve of the sample is accounted for, with a cubic
C.E.F. level scheme, using a smaller A than for the high field point. The fact that the two
curves cross for a field of about 4 T would explain why the Md&ssbauer derived value at 4 T,
which represents a cubic only value, coincides with the magnetisation measurement, which is
an average over the sample and therefore includes the non-cubic contribution. Using the inter-
mediate value A = —0.7 T/ug, the cubic only Mdssbauer derived magnetic moments at 4 and
7 T are reproduced approximately; this slight disagreement could arise from the fact that we
neglected both the anisotropy of the exchange and the strain distribution in the calculation.

2.0 A
&
&
15| gy .
—_ ';’:",/
&7
10} Y /4 1
2 y/4
2 A=-05T/
@"f’ —) = 07 T(LB
05+ ~-—\ = ~0.85 ’/JD.B
0 1 1 1
0 2 4 8
H (1)

Fig. 8. — Magnetisation versus magnetic field in YbAuCuy at T = 4.2 K. (»): experimental data; (0O):
magnetisation values derived from the Mossbauer spectra with fields of 4 and 7 T; lines: calculations
from the C.E.F. level scheme of reference [9] with different molecular field constants: A = —0.5T/ug
(------- ), A=—-0.7TT/pp (———) and A = —0.85T/ppg (— - — -).

The comparison between the magnetic moment values derived from a purely magnetic mea-
surement and from a hyperfine field measurement can provide us with an order of magnitude
of the conduction electron polarisation contribution to the hyperfine field. This contribution
is difficult to evaluate; it is expected to be proportional to the magnetic (or exchange) field.
For H =4 T and at T = 4.2 K, the magnetisation per Yb** ion is: u(4 T) = (1.54 £ 0.03)uz.
This would yield a 4f electron contribution to the hyperfine field: Hf(4 T) = (157 +£4) T.
This value is very close to the experimental value of the hyperfine field for H = 4 T and at
T =42 K : Hyr = (157.5 £ 5) T; the conduction electron contribution to Hys must therefore
be very small for H =4 T and not greater than a few 1 T. In the magnetically ordered phase,
where Hex =~ 1 T (see Sect. 4), the conduction electron contribution to the hyperfine field is
negligible.
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Fig. 9. — Inverse of the magnetic susceptibility versus temperature for H = 1360e in YbAuCuy.
(A): experimental data; lines: calculations from the C.E.F. level scheme of reference [9] with different

assumptions: cubic C.E.F. (— - — -), cubic C.E.F. with a molecular field constant A = —0.7T/up
(------- ), and cubic C.E.F. with A = —0.7T/ug and with a Gaussian distribution of axial strains
of mean square deviation AB3g ¢ = 0.37 K (————).

The inverse magnetic susceptibility of our YbAuCu, sample between 3 K and 30 K is
represented in figure 9. Between 15 K and 30 K, it can be accounted for by a Curie-Weiss type
law 1/x o< (T + 8), with 8 ~ —8.5 K. The calculated curve using the cubic C.E.F. only, shown
as the dash-dotted line on figure 9, lies significantly below the experimental data. Introducing
the molecular field constant A = —0.7 T/up yields a curve closer to experiment (dashed line);
taking into account the distribution of axial strains along the <111> direction with mean
square deviation ABzg ¢ = 0.37 K (solid line) further improves the agreement with experiment
but does not reproduce the data exactly. The discrepancy is probably due here again to the
presence of the Yb ions at non-cubic sites.

7.4 SUMMARY. — The M&ssbauer data in the paramagnetic phase of YbAuCuy reveal the
presence of a fraction (15 %) of Yb ions lying at sites with non-cubic symmetry, which very
likely pertain to the YbAuCug phase and are close to a stoichiometry defect (see discussion in
Sect. 8). Analysis of the majority quasi-cubic spectral contribution suggests that the dominant
strains at the Yb site are axial with O(['s;¢) type. Their axis is the <111> direction and
their distribution, which has approximately Gaussian shape, is symmetrical with respect to
zero and has a mean square deviation of about 0.37 K. This would imply that the direction
of the spontaneous Yb®t magnetic moment in the AF phase is the <110> direction. The
interpretation of both Mdssbauer data and magnetic measurements requires the presence of an
mean antiferromagnetic molecular field constant of about —0.7 T/up which is in reasonable
agreement with the A value derived from the measurements in the AF phase.

8. Discussion of the results.

8.1 STRUCTURAL PROPERTIES. — Comparison of the lattice parameters of the YbXCuy
compounds (X = Ag, Au, Pd) prepared by different authors [7, 9, 10, 16, 17} and by us shows
an important variability that probably originates in the details of the fabrication procedure
to which these compounds seem to be very sensitive. The dependance of the cubic lattice
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parameter upon Yb content has been measured in the YbAgCu, compound [17}: it was found
that it decreases as the Yb content increases. Our YbAuCuy sample shows a sizeable dispersion
of cubic lattice parameters reflected in the rather large width of the x-ray diffraction lines at
high angles. As the Yb stoichiometry is not very precisely monitored in these compounds
we assign this dispersion mainly to an inhomogeneous Yb composition. It could be due, as
mentioned in section 2, to the repeated number of meltings that were required to prepare 50 g
of the alloy, from which 2g were extracted for the Mossbauer measurements. To a lesser extent,
inhomogeneities in the Au and Cu concentrations, or substitutional disorder between Au and
Cu atoms could contribute to the parameter dispersion.

On a microscopic scale, the Mdssbauer data reveal the presence of 15 % of Yb ions lying
at sites where cubic symmetry has been destroyed. These sites therefore suffer from a strong
perturbation of their neighbouring environment. The nearest and next-nearest neighbours
of a Yb ion in the C15b structure are Cu and Au atoms, among which some disorder can
occur; however, we think that substitution of a metallic cation by another cannot create a
big perturbation of the cubic C.E.F. because Cu and Au both have one valence electron. In
contrast, the presence of a nearest neighbour Yb vacancy (or substitution by a metallic cation)
is expected to generate a localised charge defect which induces a strong C.E.F. perturbation.
As each Yb3* jon has 8 Yb®' nearest neighbours, a 2 % Yb deficiency creates 16 % strongly
non-cubic Yb sites. As the 6 next nearest Yb neighbours would also be affected (to a lesser
extent), the presence of 15 % non-cubic Yb sites in our sample can be accounted for by an
overall Yb vacancy level of about 1 %.

Besides these highly perturbed Yb sites, the majority of Yb ions lie at basically cubic sites
experiencing a small non-cubic C.E.F. component, corresponding mainly to an axial strain
along a <111> axis. These strains show a distribution of approximately Gaussian shape, with
a mean square deviation AB3zg g >~ 0.4 K and with zero mean value over the sample. This
distribution is very sensitive to the preparation procedure: in an arc melted YbAuCuy sample
[16] the Mdssbauer spectrum at T = 4.2 K shows that the mean square deviation of the
strain distribution is 60 % greater than in our sample. This sample has a lattice parameter of
7.048(3) A and contains 21 % of Yb ions at non- cubic sites, which is in rough agreement with an
estimated Yb stoichiometry of 0.98. In line with the discussion in the preceeding paragraph, we
think these small strains arise from perturbations within the Cu and Au sublattices (probably
mainly disorder) which are not expected to significantly alter the cubic symmetry of the Yb
site. It can be noted that the Au atoms in the C15b structure are located on <111> axes if the
origin is chosen at a nearest neighbour Yb ion: this fact could be related to the predominance of
axial strains along <111> in the case where the crystallographic defects would involve mainly
the Au atoms.

Another explanation for this strain distribution which preserves the overall cubic symmetry
can be put forward: it could arise from a random elongation or compression along the <111>
directions of the metallic “cage” surrounding a Yb atom. The coefficient Bgg ¢ is the product
of a magneto-elastic constant V(I'3) and of a relative deformation €344 [13, 18]; the order of
magnitude of €344 is a few 1073 and V(T's) can reach a few 10 K, yielding a mean square
deviation ABgzg ¢ of a few 0.01 K as was found in rare earth dilute alloys by E.P.R. [18] and
MGdssbauer spectroscopy [19]. As ABgz, ¢ in YbAuCuy is bigger by one order of magnitude, we
think the strains in this material are predominantly caused by structural defects and not by
a random Jahn-Teller like mechanism that would distort the “molecule” formed by the 12 Cu
atoms and the 4 Au atoms nearest neighbours of a Yb atom.

Therefore, we tentatively relate the distribution of lattice parameters and the presence of
non-cubic Yb sites to Yb deficiencies: our sample would then Yb richer than the arc melted
sample because its mean lattice parameter is smaller (7.040 A versus 7.048 A) and because it
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contains less non-cubic Yb sites (15 % versus 21 %). As to the distribution of small strains it
probably arises from substitutional defects which we relate to local inhomogeneities of the Au
and Cu environment; in that sense, our sample appears to be more stoichiometric than the arc
melted sample [16].

8.2 THE I's QUARTET AS THE Yb3* GROUND STATE IN YbAuCuy. — Although the inelastic
neutron scattering study [9] assign I'7 as the C.E.F. ground state of Yb®** in YbAuCuy, it is
of interest to check whether the Mdssbauer data and the magnetic measurements allow one
to rule out the possibility of the I's quartet as the C.E.F. ground state. The cubic C.E.F.
can be chosen so as to yield a I's ground state and the excited doublets both at an energy of
about 45 K from the ground state, in order to be compatible with the neutron spectra: this is
achieved using the parameters 2 = (.38 and W = -2 K.

Then, it turns out that the magnetisation and Mdssbauer measurements in the paramagnetic
phase, in the presence or the absence of an applied magnetic field, are not selective to distinguish
between the two C.E.F. level schemes. In the limit of experimental uncertainties, these data
can be reproduced consistently with the two kinds of level schemes using comparable molecular
field and strain parameters.The situation is different for the spectra in the AF phase in zero
field. Indeed, the T' = 0.05 K Mossbauer spectrum can be rather satisfactorily reproduced in
the hypothesis of a I's ground state with the following parameters: an exchange field of 0.08 T
parallel to the <111> direction and axial strains along <100> with a mean square deviation
of 0.01 K. However, the magnetic energy involved is small, of the order of 0.16 K, much lower
than the transition temperature Ty = 1 K; this does not allow the thermal dependence of the
spectra in the AF phase to be reproduced. Furthermore, the magnitude of the axial strains
(0.01 K) is much too small to account for the width of the T' = 4.2 K spectrum with a large
magnetic field.

Therefore, the possibility of a I's ground state for Yb®¥ in YbAuCuy can be ruled out
unambiguously.

8.3 HYBRYDISATION AND INTERIONIC INTERACTION. — To obtain the Kondo temperature
of Yb®t in YbAuCuy, we used the variational expressions of the hybridised level occupancies
at T = 0 K given in reference [11], and applied them to analyse the T = 0.05 K data. In
this analytical approximate calculation (see Sect. 5.1), we neglected the excited C.E.F. states
and the small hole occupancy 1 — ny of the 4f shell induced by hybridisation, as well as the
effect of temperature which could be sizeable because the derived Ty value is small. In order
to check the validity of these approximations, we performed the complete finite temperature
calculation using the model of reference [11] and the cubic C.E.F. level scheme of reference
[9] for various values of the exchange field and of Ty. Agreement between the calculated and
experimental values of the spontaneous Yb3* magnetic moment at 7" = 0.05 K is obtained,
with a bare hybridisation width I' = 1 meV, for similar T; values as determined earlier:
To = (0.3 £ 0.15) K. The 4f occupancy is found to lie in the range: 0.94 < n¢ < 0.98, i.e. the
departure from trivalency is very small.

The measured value of the interionic exchange coupling Trkky (defined as
kpTrrxy = | A | p (T7)?) is about 1.6 K; it is greater than Ty and therefore magnetic or*
dering is expected to occur according to Doniach’s modelisation {3] of the interplay between
hybridisation and RKKY interaction. The effect of the Kondo spin fluctuations on the charac-
teristics of the magnetic phase are modest in YbAuCuy : the effective ordering temperature is
somewhat smaller than the strength of the RKKY interaction (Ty < Trkgy) and the reduc-
tion of the spontaneous Yb®' magnetic moment with respect to the expected C.E.F. value is
20 %. Another possible consequence of the presence of hybridisation, i.e. the anisotropy of the
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exchange coupling, is discussed below.

The Kondo temperature of Yb®t in YbAuCuy is therefore very much lower than in the
isoelectronic non-magnetic Kondo lattice YbAgCuy (To = 110 K); the 4f brehmsstrahlung
isochromat spectra of YbAgCu, and YbAuCuy reported in reference [20], which reflect the
one-electron density of states above the Fermi energy Efr, seem to show a Kondo resonance at
Ep in both compounds, with a larger weight in YbAgCu, that could account for the larger Tg
in this compound.

8.4 ANISOTROPY OF THE INTERIONIC EXCHANGE INTERACTION. — The anisotropy of the
exchange interaction in the AF phase of YbAuCuys was evidenced by application of a mag-
netic field on the powder sample; it was found that the magnetic moments remain pinned to
their easy magnetisation axis upto fields of 1.5 T, which is of the order of magnitude of the
exchange field. This indicates that the anisotropy energy is not small with respect to the ex-
change energy. The origin of this anisotropy lies with the crystal field interaction or with the
exchange interaction itself. For cubic symmetry the crystalline anisotropy is expected to be
quite small. In YbAuCuy, the axial strains evidenced at the Yb site, described by the operator
B3 g [3J 2 J(J+ 1)] , correspond to an anisotropy energy:

—3u(Ti)HexQB3g 0 ) 3cos? -1
Az 2

with the notations of section 5. This defines an easy magnetisation axis which is along the strain
axis if By ¢ is negative and perpendicular to the strain axis if B3, ¢ is positive. However, within
a given crystallite, the Ba, ¢ values are distributed symmetrically with respect to zero and the

EaniS(o.)

BTRKKY,’
according to expression (31), is of the order of magnitude of Bz, ¢/A3z, i.e. much smaller than
unity. Therefore, a bulk easy magnetisation axis cannot be defined by this mechanism and the
observed anisotropic behaviour in YbAuCuy does not arise from C.E.F. distortional effects,
but is likely to originate in the interionic exchange coupling.

The interionic interaction in the presence of hybridisation is mediated by the Cogblin-
Schrieffer coupling [4] between the 4f electrons and the conduction electrons. The two-ion
coupling was shown to be anisotropic with respect to the interionic axis and was invoked to
explain the magnetic structures and magnetic anisotropy observed in the cubic Ce monop-
nictides [21]. The calculation made for Ce>* in reference [21] starts from the free ion states
|J =5/2,J, = m), which are assumed to be the eigenstates of the Ce** ion in the material.
This approach is valid if the interionic interaction overcomes the C.E.F. interaction, which
seems to be the case in some of the Ce monopnictides. In YbAuCuy however, the ground state
is the I'y cubic doublet, and it would be of interest to perform an anisotropy calculation similar
to that of reference [21] for the cubic case. Nevertheless we tentatively attribute the observed
exchange anisotropy in YbAuCuy to the presence of hybridisation between 4f electrons and
band electrons.

Eanis(6) = (31)

strain axes very probably randomly occupy the <111> axes; furthermore the ratio

9. Conclusion and summary.

We performed 17°Yb Mdssbauer and magnetic measurements in the cubic heavy electron ma-
terial YbAuCuy at low temperature. A transition to an antiferromagnetic phase is found at
Tn = 1 K in our sample, while the transition temperature previously reported for this com-
pound is 0.6 K [7]. We confirmed that the Crystal Electric Field ground state of the Yb3* ion
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is the T'7 doublet, in agreement with an inelastic neutron scattering study [9). In the antiferro-
magnetic phase, we measured a 20 % reduction of the saturated Yb** magnetic moment with
respect to the I'; value, and we evidenced the presence of a sizeable exchange anisotropy. We
attribute these two features to hybridisation of the Yb 4f electrons with band electrons, and
we estimated the value of the Kondo temperature T ~ 0.3 K. We also measured the molecular
field constant A ~ —0.7T/up which corresponds to a saturated exchange field Hex ~ 1 T or
to an exchange energy kpThrkky =~ 1.6 K of the same order of magnitude as the ordering
temperature Ty. By measuring the saturated magnetic moment in the antiferromagnetic phase
(T = 0.05 K) as a function of the magnetic field, we could observe the crossover from the hy-
bridised state at low fields to the hybridisation free state at high fields, reflecting the smearing
out of the Kondo resonance by a large magnetic field.

The Mossbauer spectra below and above Ty show line broadenings which were analysed
in detail and interpreted as arising from a distribution of small axial strains ( of magnitude
0.2 — 04 K) along the <111> directions. These strains probably originate in inhomogeneities
of the Au and Cu compositions. This analysis lead us to conclude that the spontaneous Yb3*
magnetic moment in the antiferromagnetic phase cannot lie along the <100> direction and
suggests that the moment direction is <110>. It would be of interest to check this prediction
by a neutron diffraction study of YbAuCuy below 1 K.

Appendix 1.

We outline here the method and give the wavefunctions used to obtain the magnetic moment
¢ and the component of the E.F.G. tensor along the moment direction a2 for a Kramers doublet
at T' = 0 K in the presence of a small exchange (or Zeeman) interaction H.x and of a small
strain Hgis-

. 7 . . .
In cubic symmetry for J = —, the C.E.F. eigenfunctions are independent of the £ param-

eter [15]. If a fourfold cubic axis is chosen as z-axis, the eigenfunctions write, in the basis
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The Kramers conjugate of each state ¢} = 3" a,,|m) is given by:

|#) = S (=1)%"maz,| — m). The perturbation Hey lifts the Kramers doublet degeneracy;
it is diagonalised first inside the doublet basis, and then the first order corrections to the
wavefunctions induced by Hey + Hajs are calculated using standard perturbation theory. The
average values of J, and 3J2 — J(J + 1) in the ground state yield the corrections to y and ag
respectively, and hence the numbers P and R(u) given in the text, and @, S and f(6) given in
table 1.

Appendix 2.

We derive here the dynamical broadenings of the 17Yb Mdssbauer lineshape of a Kramers
doublet in cubic symmetry in the limit of quasi-rapid electronic relaxation, i.e. when the

relaxation rate T is much greater than the hyperfine constant A of the doublet: TL > A
1 1
Without external magnetic field, the cubic hyperfine Hamiltonian writes: Hye = AI- S,

. 1 . .
S being the fictitious spin (S = 5) of the doublet which fluctuates with a rate Ti The
1

relaxational lineshape writes [22], with k=1

A1
— z__ + ZT
I(p) 1 1 (A.2.1)
P+ (g~ —~)+ 24

where p = —g— — #w, I' being the “static” broadening of the Mossbauer line. Expressing I(p) as
a function of the small parameter u = AT} and expanding to first order in u, one finds:

1
I(p) x —3 (A.2.2)
p+ §A2T1

which represents a Lorentzian shaped line centered in w = 0 and having a dynamical broaden-
ing: ATr = 34Ty, as stated in equation (29).

In the presence of a large external magnetic field H(Hnr < gugH), the hyperfine Hamilto-
nian reduces to its diagonal part: Hpe = Al S,, and the relaxational lineshape can be obtained
using a stochastic method [23]. When the magnetic field is parallel to the y-ray propagation
direction, the lineshape reduces to the A, = +1 components: I{p) = f(A) + f(—A), where:

poitn B 1
22 T T,
F(4) o — 22 T (A23)
P+ +T+§-ﬁh2kBT

A being the Zeeman splitting of the doublet: A = gugH. Expanding to first order in the
small parameter u = ATj, one obtains:

1

A) =
f( ) 1Ath A +A2T1
2kgT 4

(A2.4)

A
— 2_—
(1-th oy T)
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. . . A A . .
This represents a Lorentzian shaped line at an energy w = —Ethm with a dynamical
B

broadening;:

ATg = (1= th T) (A2.5)

as stated in equation (30). The term f(—A) yields a line at an energy w = éth with

A
2 2kgT
the same dynamical broadening.
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