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Abstract. We have examined the magnetic properties of the heavy electron compounds YbAgGe and
YbPtIn by "°Yb Méssbauer spectroscopy down to 0.1 K, and the crystal field properties of YbAgGe by
Perturbed Angular Correlations (PAC) measurements up to 900 K. In YbAgGe, we show that each of the
two magnetically ordered phases below 0.8 K involves a specific incommensurate modulation of the Yb
moment. An analysis of existing low temperature specific heat data suggests the persistence of fluctuations
of the correlated Yb spins down to 0.1 K. The PAC data allow to discriminate among proposed Yb**
crystal field level schemes. In YbPtIn, we show that the low temperature magnetic order phase has an
antiferro-para structure, where zero moment Yb ions coexist with large moment ones, and that a 90°
moment reorientation occurs at 1.4 K.

PACS. 71.27.4+a Strongly correlated electron systems; heavy fermions — 76.80.4y Mossbauer effect; other

gamma-ray spectroscopy

1 Introduction

Some ternary Yb intermetallics crystallizing in the hexag-
onal ZrNiAl-type structure combine two features which
are hot topics in present solid state magnetism: the Kondo
effect and geometrical frustration of the magnetic inter-
actions. The Kondo effect, due to a hybridisation be-
tween 4f and conduction electrons, leads to a shielding
of the local 4f moment at low temperature resulting in
a non-magnetic singlet N-electron ground state and to
the formation of the so-called heavy electrons [1]. Ge-
ometrical frustration of interionic magnetic interactions
occurs in special lattice types, like triangular, kagomé or
pyrochlore [2], where the vertices are occupied by a mag-
netic species. Frustration can prevent long range ordering
(LRO) of the magnetic moments down to T' = 0, for in-
stance in the case of an antiferromagnetic (AF) Heisenberg
system. However, the long range nature of the RKKY ex-
change interaction in Kondo lattices, and the presence of
magnetic anisotropy, of dipole-dipole and other higher or-
der interactions in frustrated lattices, generally stabilize a
LRO ground state. Then the magnetic structures, result-
ing of an equilibrium between antagonist interactions, can
show very unusual or exotic features.
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In the two compounds YbAgGe and YbPtIn, which
have a ZrNiAl-type structure, the Yb magnetic ions are
located on the vertices of coplanar corner-sharing trian-
gles (see Fig. 1), i.e. they are arranged in a kagomé-like
lattice, prone to frustration of AF interactions. Measure-
ments of thermodynamic and transport properties have
been carried out in YbPtIn [3,4] and YbAgGe [5,6], show-
ing somewhat analogous features: the crystal ¢ axis is
a hard magnetic axis, the paramagnetic Curie tempera-
ture 0, is negative with a magnitude of a few 10 K, in-
dicative of AF exchange and/or Kondo coupling, and two
magnetic transitions are observed below 4 K. In YbPtIn,
they occur at 1.4 and 3.4 K [4], and in YbAgGe at 0.65
and 0.8 K according to reference [7], and at 0.65 K and
1 K according to reference [8]. Heavy electron behaviour
is also reported for both compounds as a high value of
the Sommerfeld coefficient v = limyp_,g Ce;(T')/T, where
C.; is the electronic specific heat. It was found that v =~
500 mJ/mol K2 for YbPtIn [4] and that it lies in the range
150 to 1000 mJ/molK? in YbAgGe [5,6,9]. The H — T
phase diagram around the field induced quantum critical
point was extensively studied by transport measurements
down to very low temperature in YbAgGe [8-10] and in
YbPtIn [11]. Finally, the low temperature magnetic and
anisotropy properties have been investigated in both the
RAgGe series [6] and the RPtIn series [12], where R = Gd-
Tm.
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Fig. 1. (Color on line) Projection of the YbAgGe crystal struc-
ture onto the base (a, b) plane: Yb in the 3g sites (z, 0, 1/2),
(0, z, 1/2) and (Z,Z,1/2) in the z = 1/2 plane, and Ge in the
3f sites (z, 0, 0), (0, z, 0) and (Z, Z,0) in the z = 0 plane.

Some hints about the crystal field levels have been ob-
tained by inelastic neutron scattering in YbAgGe: a single
excitation was found at 12 meV [13]. The magnetic struc-
ture in YbAgGe has been investigated by neutron diffrac-
tion [14,15], but the determination of the number and
nature of the magnetic phases is still underway. The mag-
netic Bragg peaks observed below 0.65 K could be indexed
with a propagation vector k = (1/3,0,1/3), and those in
the phase 0.65 K < T' < 0.8 K with the incommensu-
rate vector k = (0,0,0.324). Recent neutron diffraction
data [16] suggest that there are in fact three magnetic
transitions in YbAgGe, at 0.65, 0.8 and 1 K. In the fol-
lowing, we will adopt this result, keeping in mind that the
exact nature of the phase 0.8 K < T < 1 K is not yet
established.

In this work, we report on a '"°Yb Mossbauer spec-
troscopy investigation of YbAgGe and YbPtIn, in zero
magnetic field, down to 0.1 K, together with '"?Yb
Perturbed Angular Correlations (PAC) measurements in
YbAgGe up to 900 K. Through these local techniques, we
could gain new insight in the magnetic moment magnitude
and orientation in the LRO phases of both compounds:
we find that YbAgGe presents modulated magnetic struc-
tures, and that YbPtIn has the so-called antiferro-para
structure as ground state. In YbAgGe, our PAC data allow
to discriminate between proposed crystal field models. Us-
ing the hyperfine parameters derived from the Mossbauer
data in YbAgGe, we also interpret the very low tempera-
ture specific heat measurements of reference [9] and show
that collective spin fluctuations are present in the mag-
netic LRO phase.

2 Experimental

The experiments were performed on a powder YbAgGe
sample obtained by grinding single crystals, and on a poly-
crystalline YbPtIn sample. The preparation details are
given in reference [4] for YbPtIn and in reference [6] for
YbAgGe. Both compounds crystallize in the P62m space
group, with 3 equivalent Yb sites in the unit cell, and the
point symmetry at the Yb site is Cy,. For Yb at (x,0,1/2),

the two mirror planes are (a, b) and (a, ¢) planes, and a
(or [100]) is the two-fold symmetry axis. For the other Yb
sites at (0,z,1/2) and (z,,1/2), the two-fold axis is re-
spectively [010] and [110]. The lattice parameters of the
hexagonal unit cell are: a = 7.548 A and ¢ = 3.766 A for
YbPtIn, and a = 7.05 A and ¢ = 4.14 A for YbAgGe.

The 7°Yb Méssbauer measurements (Ey = 84.3 keV,
I, = 0, I. = 2) were performed with a Tm*By 7-ray
source mounted on an electromagnetic drive with trian-
gular velocity signal (1 mm/s = 68 MHz). For the PAC
measurements, the sample was proton irradiated to pro-
duce '"?Lu nuclei and annealed at 800 °C to remove irradi-
ation defects. We used the 91-1094 keV v —~ cascade from
the '2Lu — "2Yb B decay; the intermediate level of the
cascade, namely the 1172 keV excited state of 1”?YDb has a
spin I = 3. More details about '"2Yb PAC measurements
are given in reference [17].

3 YbAgGe: crystal electric field and magnetic
structures

3.1 The 4f quadrupole moment and the crystal field

Combined Méssbauer and PAC measurements [17] yield
very useful information for determining the crystal electric
field (CEF) level scheme in Yb compounds. The J = 7/2
ground spin-orbit multiplet of the Yb37 ion is split by the
CEF interaction into 4 Kramers doublets. Each doublet
has a well-defined 4f quadrupolar tensor:

QY = <g(JZ-J]— + 3 J) — (T +1) 6m-> (D)

which gives the main contribution to the hyperfine in-
teraction with the nuclear quadrupole moment. Another
contribution, usually smaller, stems from the lattice (ionic
charges on all neighboring atoms and contribution from
the conduction electrons). The total hyperfine quadrupo-
lar interaction writes:

I(I+1)

Ho = ag I%— 3

+ g(ﬁ +12)|, (@

where the parameters ag and 7, (asymmetry parameter)
are expressed in terms of the main components (Vxyx,
Vyy, Vzz) of the electric field gradient tensor (EFG) at
the Yb nucleus site:

3eQVzz

_ Wy — Vxx]|
Q= - W on= 3)

\Vzz|

@ being the nuclear quadrupole moment. The axis OZ is
the principal axis of the EFG tensor, i.e. |Vzz| corresponds
to the largest eigenvalue. As the Yb site symmetry is Co,,
the main axes of the EFG tensor for Yb at (z,0,1/2) are
a, ¢ and a third axis perpendicular to a and c, and the
corresponding axes rotated by 120° and 240° around c for
the two other sites. For non-axial point symmetry, it is
not known a priori which is the principal axis.
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Fig. 2. (Color on line) Thermal variation of the absolute value
of the principal component Vzz of the electric field gradient at
the Yb site, as measured by 17°Yb Méssbauer spectroscopy
(circles) and '"Yb PAC (triangles) measurements between
4.2 K and 900 K. The solid line is calculated from a crystal
field model (see text).

The 4 f shell contribution to the EFG tensor is propor-
tional to the thermal average of the 4 f quadrupole tensor.
It shows a strong thermal variation, for trivalent Yb ions,
because it depends on the equilibrium populations of the
CEF levels. For instance, its principal value writes:

V(1) = Bo(3J% — J(J +1))r, (4)

where Bg ~ 29 V/A? for Yb3+.

The quantities Vzz and 1 were measured in the para-
magnetic phase, using '"Yb Méossbauer spectroscopy be-
tween 4.2 and 80 K (see next section), and using 1"?Yb
PAC (which gives access only to |Vzz|) between 80 and
900 K. The 7 value is found to be close to 0.1-0.2 be-
low 400 K. At 4.2 K, the '"Yb quadrupolar coupling
parameter is ag ~ 3.2(1) mm/s, which corresponds
to Vyz ~ —340 V/AQ. As temperature increases, Vzz
presents a significant thermal variation, typical for a Yb
ion with a valence close to 3, and shown in Figure 2.
The quantity Vzz(T) can be calculated from the eigen-
values and eigenfunctions of the crystal field Hamiltonian:
Hepr =), By O, where the Oy are Stevens crystal
field operator-equivalents [19]. For the Cs, point symme-
try of the Yb site, all B]* parameters with even n and m
enter the expression of Hogp.

A simplified model CEF interaction for YbAgGe, using
only the two lowest order parameters (BY = 1.47 K and
B3 = +14.8 K) has been put forward in reference [13]; it
yields a ground state with magnetic hard axis along ¢ and
a first excited state at an energy 12 meV above the ground
state, as experimentally observed. The solid line in Fig-
ure 2 is calculated using these model parameters, and an
estimated small lattice gradient: |V}%¥*| = 70 V/A2. The
agreement with experiment is qualitatively good, although
the calculated curve lies above the data points. However, it
is known that the Kondo coupling can strongly reduce the
CEF only calculated Vzz values [18], by mixing the sin-
gle ion wave-functions with extended conduction states. In
YbAgGe, the Kondo coupling is thought to be rather large
(Tk ~ 25 K), so that it was not attempted nor to refine

the two B]* parameters, neither to use a greater number of
parameters, in order to obtain a better match to the exper-
imental Vzz data. This crude CEF model yields however
a much better agreement with experiment than that pro-
posed in reference [5] (BY = 0.085 K, BY = 0.061 K and
B? = —1.0 K), which yields |Vzz| values below 20 V/A?
in the whole temperature range.

Using the parameter values BY = 1.47 K and B3 =
—14.8 K, and choosing the two-fold axis (i.e. [100], [010]
or [110] respectively for the 3 YD sites in the unit cell) as
the quantisation z-axis, the wave function of the ground
doublet is very close to: |o) = |J = 7/2; J, = £7/2).
This corresponds to a very anisotropic g-tensor: g. ~ 0
and g, ~ 8 [19,20]. This two-fold axis is also the prin-
cipal axis OZ of the electric field gradient tensor. Tak-
ing into account the crudeness of the model CEF interac-
tion used here, it is likely that the actual g-tensor of the
Yb3t ground doublet does not present such an extreme
anisotropy.

3.2 The 17°Yb Méssbauer absorption spectra

170Yh Méssbauer spectra in YbAgGe at selected temper-
atures are shown in Figure 3. At 4.2 K and up to 80 K,
the spectrum is a quadrupolar hyperfine spectrum typical
for the paramagnetic phase, and the line positions can be
fitted to the eigenvalues of Hamiltonian (2), yielding the
ag and n values as described in the previous paragraph.

Below 1 K, the spectra at 0.1 K, 0.6 K (not shown) and
0.73 K present a resolved magnetic hyperfine structure. In
a LRO phase, the 170Yb Mossbauer spectra show 5 absorp-
tion lines with equal intensities arising from the Zeeman
splitting of the excited nuclear state with spin I, = 2. The
lineshapes observed in YbAgGe below 0.75 K are peculiar,
i.e. they present strong inhomogeneous line broadenings
and the 5 lines are not individually resolved. These spec-
tral shapes can be due to a continuous distribution of the
magnitude and/or of the orientation of the hyperfine field.
However, they do not correspond to a standard Gaussian
shaped distribution. They rather remind of the spectrum
of a modulated magnetic structure, either with an incom-
mensurate wave-vector, as observed in YbPtAl [21], or
with a commensurate, but very small wave-vector. This
latter assumption can however be discarded since the neu-
tron diffraction spectra could be indexed with propagation
vectors of magnitude of order unity. For '"0YD, the spec-
tral signature of an incommensurate modulation is the
presence of a very broad and “flat” line at the right edge
of the spectrum. For non S-state rare earths, the hyper-
fine field is proportional to the magnetic moment, with a
proportionality constant C' = 102 T/up for Yb3*.

As a first assumption, we analysed the spectra in the
M1 phase (T < 0.65 K) and M2 phase (0.65 K < T <
0.8 K) in terms of an amplitude modulation, the orienta-
tion of the moment in the main axes of the EFG tensor
being kept fixed. The moment modulation is described
by a sine-Fourier expansion up to the fifth harmonics.
For a given position x of a Yb ion along the propagation
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Fig. 3. '"°Yb Mossbauer absorption spectra in YbAgGe in the
four phases: M1 (T < 0.65 K), M2 (0.65 K < T < 0.8 K), M3
(0.8 K< T < 1K) and P (paramagnetic, T > 1 K). The lines
are fits to an incommensurate modulation of the Yb moments
at 0.1 and 0.73 K, to a longitudinal spin fluctuation lineshape
at 0.95 K, and to a pure quadrupole hyperfine interaction at
4.2 K.

vector k, the moment value is thus:

(5)

To each moment value along the k direction corresponds
a hyperfine field Hyf(kz) = Cm(kx), and the associated
spectrum is obtained from the hyperfine Hamiltonian:

m(kx) = mq sin kx 4+ mg sin 3k 4+ ms sin Sk

Huf = —gntinHne I+ Hq, (6)
where gnu,1 is the nuclear magnetic moment and Hq is
the quadrupolar Hamiltonian (2). The final spectrum is
computed by summing the individual spectra over the kx
values between 0 and 27 with a constant density, the ad-
justable parameters being the Fourier components my, ms
and my and the angle 6§ between the principal axis OZ of
the EFG tensor and the moment direction. A good fit of
the 0.1 K spectrum is obtained with the parameters:

my = 1.435 UB; ms = 0.017#3; ms = 0049#3 (7)
This corresponds to the modulation shown in Figure 4 and
to the peculiar moment distribution shown in the inset of
Figure 4. The maximum moment value is ~1.5 up, and
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(=}

Weight (a.u.)

'
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Fig. 4. (Color online) Yb moment modulation in YbAgGe,
at 0.10 K (M1 phase) and 0.73 K (M2 phase), derived from
the '"°Yb Mossbauer spectra. Inset: distribution of moment
amplitudes at 0.1 K.

the modulation is almost a pure sine-wave. This maximum
moment value is much lower than that inferred from the
approximate CEF model described in section 3.1 (mg =
%gauB ~ 4 pp). This can be partly ascribed to the Kondo
screening of the magnetic moment.

At 0.6 K, the modulation is identical to that at 0.1 K,
which suggests that the transition from phase M1 to M2
is sharp and possibly first order, as noted previously [7].
At both temperatures, we obtain a good fit with a unique
angle 6 < 10°.

The spectrum shape changes slightly, but significantly,
at 0.73 K, in the M2 magnetic phase. A good fit is obtained
with the Fourier components:

my =1.00up; m3=0.32pp; ms=-0.23up, (8)
and the same 6 angle of at most 10°. The corresponding
modulation is shown in Figure 4. The maximum moment
value is about 1.2 up, and the modulation is different from
that in the M1 phase.

As a second assumption, a helicoidal magnetic struc-
ture with constant moment value and incommensurate
pitch was tried. The spectra at 0.1 and 0.73 K can be
reproduced with this hypothesis, the Yb moments hav-
ing the values respectively 1.55 and 1.35 up and being
close to perpendicular to the propagation vector. The fits
are not of as good quality as with the amplitude modula-
tion fit, but this second assumption cannot be completely
discarded.

In the M3 phase at 0.85 K (spectrum not shown) and
0.95 K, the magnetic hyperfine pattern is smeared out and
the spectra are characteristic of a fluctuating hyperfine
field, i.e. they belong to a phase with dynamic spin corre-
lations. The best relaxation model to fit these spectra is
a longitudinal model where the hyperfine field fluctuates
along the Z axis. The fit yields a Yb moment of about
1 pup fluctuating with a frequency v ~ 2.6 x 10° s~! at
0.85 K and 3.6 x 10° s~' at 0.95 K. Phase M3 could be
a paramagnetic phase with short range correlations or a
LRO phase with rapidly fluctuating Yb moments.
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Fig. 5. (Color online) Semi-log plot of the low temperature
specific heat in YbAgGe in zero field (open symbol) and with
a field of 11 T applied in the (a, b) plane (closed circle) from
reference [9]. The lines are calculated using various assump-
tions about the hyperfine parameters (see text).

At 4.2 K, the fast relaxation regime is reached (v >
101% s71) and the magnetic pattern has disappeared, leav-
ing a quadrupolar hyperfine spectrum.

3.3 The very low temperature specific heat

The specific heat of a single crystal of YbAgGe has been
measured down to the 0.1 K range, in zero field and with
fields up to 11 T applied in the basal (a, b) plane [9]. It was
shown that the magnetic transition is cancelled for fields
above 5 T. The data curves show a Schottky hyperfine up-
turn below 0.2 K (Fig. 5), which arises from the quadrupo-
lar and magnetic hyperfine splittings of the ground nu-
clear level of the isotopes '"'Yb (I, = 1/2) and '™Yb
(Ig = 5/2) in the M1 phase. Note that the quadrupolar
contribution comes solely from the '"3Yb isotope, which
has a quite large quadrupolar moment in its ground nu-
clear state: Q'3 = 3.1 b. The hyperfine Schottky anoma-
lies can be computed from Hamiltonian (6) using the elec-
tronic dipole and quadrupole moments derived from the
Mossbauer spectra in phase M1, and compared with ex-
periment. The calculated curves in Figure 5 are the sum of
the Schottky hyperfine specific heat and of two electronic
contributions:

Cp = CSchottky + ’YT + nga (9)
where + is the electronic Sommerfeld coefficient and b the
spin-wave coefficient.

For the H = 0 data, v = 0.37 J/K?mol. and b =
1 J/K*mol. reproduce correctly the electronic part in the
range 0.2-0.5 K, in good agreement with reference [9]
as concerns the yv(H = 0) value. The calculated nuclear
Schottky term, derived from the measured quadrupolar
interaction and magnetic hyperfine splittings due to the
moment distribution in the M1 phase (inset of Fig. 4)
is shown as the blue line in Figure 5. Unexpectedly, it
lies above the experimental points. If one considers the

quadrupolar interaction alone, the corresponding curve
(black line in Fig. 5) lies below the experimental data.
This can be interpreted as a reduction of the magnetic
contribution to the hyperfine Schottky anomaly due to
fluctuations of the correlated Yb spins [22]. This reduc-
tion effect occurs in the magnetic LRO phase in case the
spin fluctuation time 7 and the nuclear (hyperfine) relax-
ation time T are of the same magnitude. The physics
underlying this phenomenon is that, in case T} ~ 7, the
hyperfine levels have no time to thermalise before the mo-
ment (i.e. the hyperfine field) switches again. Then the
steady state out of equilibrium hyperfine populations are
reduced, leading to a scaled decrease of the Schottky spe-
cific heat.

It was shown in reference [22] that, for a model
spin 1/2, the hyperfine Schottky specific heat is reduced
by a factor r = 1+ 273 /7, and the effective moment de-
rived from this Schottky anomaly is reduced by +/r. In
order to obtain the r factor in YbAgGe, the experimental
data was fitted to the quadrupolar interaction and mag-
netic incommensurate structure, but allowing for a com-
mon reduction of all the moment values. The red line in
Figure 5 reproduces the zero field data, with /r = 1.54.
This corresponds to a ratio of the hyperfine relaxation
time to the fluctuation time of the correlated Yb moments
T1/7 ~ 0.68, keeping in mind that this evaluation is only
strictly exact for a nuclear spin 1/2. Very few measure-
ments are available of the relaxation time 77 at such low
temperature; hyperfine relaxation is probably due to cou-
pling to spin-waves, and one can speculate that T lies in
the range 1074-10~" s. As to 7, the observation of fully de-
veloped static hyperfine field Mossbauer spectra indicates
that it is longer than 108 s. Therefore, the analysis of
the specific heat data in the light of the 1"°Yb Méssbauer
data strongly suggests the presence of fluctuations of the
correlated Yb moments in the LRO M1 phase of YbAgGe.
Spin fluctuations have been evidenced by this method in
the LRO phase of the frustrated “ordered spin ice” py-
rochlore ThySn,O7 [23].

For the H = 11 T specific heat curve, there is no mag-
netic transition and accordingly the spin-wave coefficient b
is found to be zero; the Sommerfeld coefficient (11 T) is
reduced to 0.28 J/K2mol., and a good fit to the data is
obtained by assuming a single hyperfine field of 220 T
(green line in Fig. 5). Neglecting the applied field, this
corresponds to a mean Yb polarisation of ca. 2.2 up. As
the spin fluctuations are likely to be frozen by the high
magnetic field, this should represent the actual value of
the static Yb3t moment under field. This value is larger
than the zero field moment values (maximum 1.5 upg),
which can have two explanations: the magnetic field de-
pletes the Kondo coupling, resulting in a weaker screening
of the magnetic moment, and/or the CEF mixing due to
the magnetic field enhances the ground state Yb moment.
The 11 T moment value derived from the specific heat
is also larger than the magnetisation in the (a, b) plane
measured with the same field at 0.05 K (1.4 ug) [9]. The
Schottky anomaly, through the hyperfine field, measures
the magnitude of the magnetic moment, and the smaller
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value of the magnetisation, i.e. of the projection of the mo-
ment on the field direction, can be due to an incomplete
alignment of the moments along the field. This is also wit-
nessed by the absence of saturation of the magnetisation
at 11 T.

3.4 Discussion

According to the neutron diffraction data on a single
crystal sample [14], the propagation vector of the mag-
netic structure in phase M1 is k = (1/3,0,1/3), i.e. it
is commensurate with the lattice spacings, whereas the
Mossbauer data point towards an incommensurate modu-
lation. The diffraction pattern shown in reference [14] in-
deed presents a sixfold symmetry, but no uncertainty on
the wave-vector components is quoted. An small incom-
mensurability of one of the components of the k vector (or
of both components) would be reflected in a finite size of
the diffraction spots, and could remain undetected in the
neutron data analysis. In phase M2, the incommensurabil-
ity of the propagation vector obtained from the neutron
diffraction data [15] is in agreement with the Mdssbauer
results.

So, contrary to what had been speculated previ-
ously [6], YbAgGe is not a small moment ordered system,
but shows a moment modulation with a sizeable maximum
value (1.5 pp in the M1 phase, 1.2 up in the M2 phase).
The assumption of a small ordered Yb moment in YbAgGe
had been put forward because of the very small value of
the entropy release at 1 K, i.e. at the transition from the
M3 magnetic phase to the paramagnetic phase (~10% of
Rln?2 [6,7]). Actually, this reduction can arise from three
phenomena in YbAgGe: i) the Kondo coupling, because
the paramagnetic degrees of freedom are not entirely re-
leased at the magnetic transition [1]; ii) the incommensu-
rability of the magnetic structure, because the presence
of moment values between zero and the maximum value
of the modulation reduces the specific heat jump at the
transition, and hence the entropy, by a factor 2/3 [24];
iii) and possibly the frustration of the exchange interac-
tion on the kagomé-like Yb lattice [2]. Up to now, frustra-
tion in these materials has not been demonstrated to exist.
The study of thermodynamic and transport properties in
the RAgGe series, where R = Tb-Lu [6], has shown that
the easy magnetic axis is the ¢ axis, except for the Er, Tm
and Yb members of the series which have strong planar
(a, b) anisotropy. Frustration can arise on a kagomé lat-
tice with Ising moments perpendicular to the plane and
antiferromagnetically coupled. It can be seen that it is
also fully operative with in-plane moments either with
isotropic ions coupled via antiferromagnetic exchange or
with ferromagnetically coupled Ising ions. Exchange is an-
tiferromagnetic in the RAgGe series, and thus the Tm mo-
ments in TmAgGe, for instance, which are strongly Ising
in the (a, b) plane, are not expected to be frustrated.
As to YbAgGe, frustration could be present provided the
ground doublet has a finite in-plane anisotropy, i.e. if both
the g, and g, values are sizeable. As concerns frustration,

this situation is indeed similar to the isotropic antiferro-
magnet case. As noted in section 3.1, the Ising-like Yb3™
ground wave-function obtained using the model CEF pa-
rameters is likely to be a crude approximation. The ac-
tual ground g-tensor could show finite planar anisotropy,
allowing frustration to play a role in the magnetic prop-
erties. This would yield a third source for reduction of
the entropy release at Ty and could be the cause of the
presence of fluctuations in the LRO phase.

4 YbPtlIn: the '"°Yb Maossbauer absorption
spectra

The '"Yb Mossbauer spectra in the three phases of
YbPtIn are represented in Figure 6. At 4.2 K, the para-
magnetic quadrupolar hyperfine spectrum yields n =~
0.1 and g ~ 4.4 mm/s (corresponding to Vzz =~
—466 V/A?).

At the lowest temperature (0.08 K) in the M1 phase
(T < 1.4 K), the spectrum shows a good resolution, but
more than 5 lines can be sorted out: this means that two
hyperfine contributions are present. The fit shows that
this spectrum is well accounted for by the sum of two
components: a quadrupolar spectrum with relative inten-
sity 35(2)%, similar to that at 4.2 K but with somewhat
broader lines (red line in Fig. 6 top), and a magnetic hy-
perfine spectrum with relative intensity 65(2)%, with a
hyperfine field Hpy ~ 220 T parallel to the local quan-
tisation axis OZ (6 = 0). In this latter spectrum, the
most energetic line is broader, but well resolved. This is a
known effect of the random small crystal field distortions
present in the sample [25]. This spectrum corresponds to a
large spontaneous Yb*+ moment of 2.2 pp directed along
the principal axis of the EFG tensor, i.e. probably along
a in the easy magnetic plane. The quadrupolar spectrum
corresponds to a Yb?* ion with zero moment (or with a
magnetic moment fluctuating faster than 101 s=1). This
demonstrates the coexistence, in the M1 phase of YbPtIn,
of Yb ions with a large moment (2.2 pp at 0.08 K) and of
Yb ions with zero moment, in the proportion 2:1. The sim-
plest interpretation is that the M1 phase is an antiferro-
para (AFP) commensurate phase, where the moments
show an arrangement of the type 7] 0 7] 0... along the
propagation vector k. Such structures have been observed
in CeSb, but ounly at finite temperature [26]. As temper-
ature increases, the hyperfine field of the main magnetic
component decreases, reaching 120 T at 1.4 K.

As one enters the M2 phase (see spectrum at 1.45 K
in Fig. 6), the spectrum abruptly changes: the hyperfine
field value drops to about 30 T (i.e. the Yb moment drops
to about 0.3 up), and the angle 6 between the hyperfine
field and the principal axis OZ of the EFG jumps to 90°.
The thermal variation of the spontaneous moment in both
phases is represented in Figure 7. The transition at 1.4 K
corresponds thus to a first order reorientation of the Yb
moments towards the hard magnetic ¢ axis, which explains
the low moment value in the M2 phase.
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Fig. 6. (Color on line) 170yh Méssbauer absorption spectra in
YbPtIn in the three phases: M1 (T'< 1.4 K),M2 (14K < T <
3.4 K) and P (paramagnetic, T' > 3.4 K). The lines are fits to
quadrupolar and magnetic hyperfine interactions as explained
in the text. At 0.08 K, the subspectrum in red corresponds to
zero moment Yb ions.
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Fig. 7. Thermal variation of the spontaneous Yb moment in
YbPtIn as derived from the '"°Yb hyperfine field values; the
reorientation of the moment near 1.4 K is indicated by the
value of the angle 6 it makes with the easy magnetic axis in
the (a, b) plane.

5 Summary and conclusion

170yh Méssbauer and '"2YDb Perturbed Angular Correla-
tions spectroscopies applied to the heavy electron mate-
rials YbAgGe and YbPtIn in a large temperature range
yield valuable information about their low temperature

magnetic phases and about the crystal field splittings (in
YbAgGe).

In YbAgGe, we showed that each of the two low tem-
perature magnetic phases below 0.8 K has an incommen-
surate modulated structure with sizeable maximum mo-
ment per Yb ion (1.5 up for the ground M1 phase, and
1.2 pp for the M2 phase). We showed that the descrip-
tion of the Yb3t crystal field interaction with the two
parameters BY = 1.47 K and B3 = +14.8 K proposed in
reference [13] is a correct first order approximation. Our
analysis of the very low temperature Schottky upturn of
the specific heat in YbAgGe strongly suggests that the Yb
moments keep fluctuating in the magnetically ordered M1
phase. In YbPtIn, we showed that the ground magnetic
phase has an antiferro-para structure, where zero moment
YD ions alternate with large moment ions (2.2 ppg) in the
(a, b) plane. At 1.4 K, a moment reorientation towards
the hard magnetic ¢ axis occurs.

Both a non-square modulated and an antiferro-para
structures are forbidden for a Kramers ion at 7" = 0; their
occurence in these Kondo lattices is due to the singlet
N-electron ground state induced by the Kondo coupling,
which allows an exchange field modulation to induce a lo-
cal moment modulation. The spin fluctuations evidenced
in the ground magnetic phase of YbAgGe could indicate
that frustration is operative in the kagomé-like lattice of
Yb ions. Such fluctuations seem to be a general feature of
magnetically ordered frustrated systems. Finally, the ob-
served complexity of the magnetic structures could arise
from the interplay of the Kondo coupling and of the frus-
tration of the AF interactions.
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