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Abstract. Low-temperature neutron scattering experiments have been performed to in-
vestigate spin-wave excitations and the magnetic phase transition in the Kondo compotnd
YbAs. In agreement with previous Mossbauer and specific heat experiments the present
neutron results suggest that YbAs undergoes a first-order magnetic phase transition,
which is smeared out in the crystal in an unusually large temperature range between
0.48 and 0.65 K. The spin-wave dispersion determined by bilinear magnetic exchange
interactions is much stronger than the observed molecular-field splitting Ayg. This indi-
cates that due to Kondo hybridization in YbAs the onset of long-range magnetic ordering
is strongly suppressed and shifted to lower temperature. The mean-feld spin-wave model
for localized 4f electron systems which was appropriate to describe the magnetism of
the dense Kondo systems CeAs and CeSe fails to describe the magnetism in YbAs. This
result is not surprising because of the strong reduction of the observed magnetic moment
of YbAs with respect to the crystal-field expectation value.

1. Introduction

With respect to Kondo hybridization, the monopnictides of the heavy rare earth Yb
have attracted considerable interest in recent years [1]. For YbN, YbP and YbAs
specific heat anomalies {2] indicated cooperative phase transitions t0 a magnetically
ordered ground state in the temperature range below 1 K. From band-structure
calculations [3] the excess specific heat peak observed in all three compounds around
5 X was attributed to the Kondo effect for a ground-state doublet. Mdssbauer
measurements [4] yielded magnetic saturation moments in YbF, YbAs and YbSb
significantly reduced below the value 1.33 uy expected from the crystal-field ground-
state doublet Iy, which is presumably due to Kondo hybridization. The electrical
resistivity measured in YbP and YbAs [5] turned out to be only weakly sensitive
to the magnetic phase transition. Transport properties are dominated by electrons,
whereas measurements of the thermoelectric power [5] indicated the Kondo effect to
be mainly due to holes.

Neutron diffraction experiments performed over the whole series of rocksalt-type
ytterbium monopnictides YbX (X = N, B, As, Sb) confirmed the magnetic origin of
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the specific heat anomalies [2]. Stoichiometric compounds of YbN [6] and YbAs
{7, 8] exhibit long-range antiferromagnetic ordering of type III, corresponding to k =
[1,0,3] below Ty = 0.79 K and Ty = 0.7 X, respectively. The low magnetic saturation
moments of 0.39 ug (YbN) and 0.86 up (YbAs) are oriented perpendicular to the
c axis of the tetragonal magnetic unit cell. An ytterbium phosphide sample with a
non-stoichiometric composition of YbP, 5, [9] showed long-range antiferromagnetic
ordering of type II, corresponding to k = [}, 1, 1] below Ty = 0.64 K with the mag-
netic moments (1.03 up at saturation) perpendicular to the propagation vector. In
contrast to the interpretation of previous Méssbauer data [4] neutron diffraction ex-
periments performed in stoichiometric YbSb [10] indicated the absence of long-range
magnetic ordering down to 7 mK. Defects due to non-stoichiometry and inhomogene-
ity may significantly influence the physical properties in the ytterbium monopnictides,
and this is the reason for the contradictory results obtained for different samples,
especially of YbP [2,9,11].

In a previous investigation [7] we determined the magnetic structure of YbAs
using a single crystal of volume 150 mm®. For the work reported here we used
the same large YbAs single crystal as in [7] and continued the neutron scattering
experiments in order to study the unusual magnetic phase transition of YbAs in
more detail, as well as to measure spin-wave excitations in the magnetically ordered
state. The results of these experiments are summarized in section 3 and discussed in
section 4.

A measurement of the spin-wave dispersion by inelastic neutron scattering can
provide a very detailed picture of magnetic interactions on a microscopic level. Such
experiments have been performed for the rocksalt-type dense Kondo compounds
CeAs [12] and CeSe [13). In the data analysis the influence of Kondo hybridization
on the well isolated crystal-field ground-state doublet was neglected, and anisotropic
magnetic interactions between fully localized 4f electrons of the magnetic Ce®+ ions
were phenomenologically described via a model Hamiltonian in a generalized Heisen-
berg form. Using the Green’s function formalism in the random-phase approxima-
tion a self-consistent effective spin-1 mean-field Hamiltonian with highly anisotropic
bilinear nearest-neighbour exchange interaction was appropriate to describe the ex-
perimentally observed magnetic properties in both systems, CeAs and CeSe.

This theoretical spin-wave model can be adapted to the FcC type-III antifer-
romagnetic structure of YbAs. The resulting expressions for calculating spin-wave
excitation energies and intensities as functions of tetragonal anisotropic bilinear mag-
netic exchange interactions are given in [13]. The experimentally observed spin-wave
excitation spectra in the present work provide evidence that this mean-field formalism
for fully localized 4f electrons is inappropriate for describing the magnetic properties
of YbAs, where the influence of Kondo hybridization on the well isolated crystal-field
ground-state doublet T’y cannot be neglected. At present the appropriate form of the
Hamiltonian including the effect of Kondo hybridization is not clear.

This result is supported by specific heat experiments. For both CeAs [14] and
CeSe [15] the specific heat anomaly at the magnetic phase transition contains a
magnetic entropy close to the value of R In 2 = 576 J mol~! K~1, the molar
entropy expected for a ground-state doublet. This is in contrast to the results for
the ytterbium monopnictides YbN, YbP and YbAs, where the cooperative magnetic
phase transitions below 1 K only release about 20% of the expected value £ In 2
[2). The total entropy R In 2 is only recovered if the temperature is raised to much
above 10 K, ie., more than an order of magnitude above the magnetic ordering
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temperatures,

2. Sample preparation and experimental details

The YbAs sample was obtained in a two-step process. The first step comprised the
prereaction. Fine turnings of 3N Yb (Research Chemicals, Phoenix, AZ), prepared
under flowing argon from a one-inch bar, were reacted with 4N As in closed evacuated
quartz ampoules. The ampoules were slowly heated up to about 600 °C and kept at
this temperature until the reaction appeared to be completed. In order to homogenize
the samples the ampoules were heated to 800 °C for another day. For the second
step the resulting greyish powder (20 g) was pressed into pellets of 12.5 mm diameter
and filled into a tunpsten crucible (total height ~~ 30 mm). The sealed crucible was
heated to above the melting point of YbAs, slowly cooled to about 50-100 °C below
this temperature, and after 10 days cooled to room temperature. The resulting ingot
turned out to consist of large single-crystal domains. The room temperture lattice
constant of a,g g = 5.6957(9) A for YbAs was determined by x-ray diffraction with
a Guinier-Jagodzinski camera from Cu Ko, radiation and with silicon as the internal
standard (assuming ¢ = 5.43047 A at 295 K).

The magnetic phase transition has been studied by neutron diffraction experiments
performed on the double-axis spectrometer at the reactor Saphir (Wirenlingen). The
neutron wavelength A = 2.337 A was obtained from a graphite (0,0,2) monochro-
mator. A pyrolitic graphite filter 120 mm thick was inserted in the monochromatic
beam to eliminate higher-order contamination. The crystal clamped with a vertical
[0,0,1] axis to a copper sample holder was mounted in a He(3,4) dilution refrigerator
reaching 7 mK as the lowest temperature.

Spin-wave excitations in the ordered state of YbAs were studied in an inelas-
tic neutron scattering experiment on spectrometer IN12 at the cold source at ILL,
Grenoble. The single crystal of YbAs was mounted with a (0,0,1) orientation in a
dilution refrigerator. Measurements were performed at 200 mK with a collimation
of 60°/60°/6%° from monochromator to detector. The incoming neutron energy was
kept fixed at 2.28, 2.51 3.24, 4.06 and 4.66 meV, which yields instrumental resolutions
(A E = 0) of 0.04, 0.05, 0.09, 0.14 and 0.18 meV, respectively.

3. Results

3.1. The magnetic phase transition

The magnetic Bragg peaks detected in YbAs at 7 mK correspond to FCC antiferro-
magnetic ordering of type ITI with ordering wave vector k = [1,0,3] as reportcd in [7].
In the magnetlc Z domain (oonsmtmg of the eight propagatlon vectors [1,0,4+3], [ 1,
0, :I:z], [0, 1,+3] and [0,- -1,+1 3]) the magnetic unit cell is doubled along the z axis as
compared with thc nuclear FCC cell, illustrated in figure L. The [1,0,1] domain shown
in figure 1 consists of a superposition of a (+-) stacking along z, a {+) stacking
along v and a (++-—-) stacking along ». From neutron diffraction data obtained
on a magnetic multidomain single crystal a determination of the explicit direction of
the magnetic moments perpendicular to the = axis of the tetragonal magnetic cell is
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Figure 1. Fcc antiferromagnetic type-I1I structure
of YbAs correspanding to k = [1,0,}] with ferro-
magnetic coupling between the two sublattices H
and @. (Antiferromagnetic coupling corresponds
1ok = [1»0:""%'}')
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Figure 2. Temperature dependence of the average reduced ordersd magnetic moment
1/ po per Yb*+ ion of YbAs derived from the magnetic peak (1,1,0). According to the
Missbauer results magnetically ordered and paramagnetic domains coexist between 0.48
and 0.65 K.

w/e

not possible. For the case plotted in figure 1 the ordered moments gup(S®) at the
lattice sites R, are given by

(5§) = §l(1 — i)'t ™ + (1 +D)ei 9 R (57) 6]

with the ordering vector g, = (27/e)(1,0,3).

The temperature dependence of the average sublattice magnetization, determined
as the square root of the magnetic peak intensity of the reflection (1,0,3), is shown
in figure 2. The thermal variation is rather unusual: the average magnetic moment
remains almost constant up to 480 mX, where it suddenly drops (93%, 84%, 68%,
60% and 50% at 480, 490, 500, 510 and 520 mK, respectively), but the final decrease
towards the Néel temperature is rather slow (38%, 18%, 8% and 0% at 550, 600, 650
and 700 mK, respectively). With a temperature stability better than 5 mX the experi-
ments yield no hysteresis. The magnetization curves obtained from the peaks (1,0,1)
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and (1,0,2) are practically identical [7], so a temperature-dependent reorientation of
the magnetic moment can be excluded. Scans along (¢,0,0) and (0,¢,0) through the
magnetic peak (1,3,0) at different temperatures are shown in figure 3. No critical
- scattering and no temperature dependence of position and half-width of the magnetic
Bragg peak (1,3,0) was observed, so there is long-range magnetic ordering up to
Ty =065 K

YbAs, A=2.337 A

(x,1,0) {0.5.y.0)
127 400 mK
8.
4, -
0. -
8, - 480 mK
:g 4.
S P
2
2 B, 500 mK
@
Sl P
8 550 mK
8.7 700 mK
A0 P
Q, e ___espemmsmeepascssces Figure 3. Scans along (¢,0,0) and {0,q,0) through
0.45 D.50 0.55 0.95 1.00 1.05 the magnetic peak (},1,0) of YbAs at different
X Y temperatures.

3.2, Spin-wave excitations

Magnetic multidomain spin-wave excitation spectra of YbAs along the [£, 0.5, 0]
direction are shown in figure 4. Although contributions from the 24 different magnetic
domains give rise to 12 or 24 different excitations (for the cases of isotropic or
anisotropic bilinear magnetic coupling, respectively, see [13]), the observed spectra
(figure 4) basically consist of two different excitation groups. One group has a constant
excitation energy of 0.31 meV, as plotted in figure 5, whereas the other group exhibits
a strong dispersion with an epergy gap of 0.08(2) meV at the W point, and excitation
energies above 0.6 meV at @ = (0.7, 0.5, 0). In the vicinity of @ = (1, 0.5, 0) the
dispersions measured along the directions [£, 0.5, 0] (shown in figure 5) and (1, &,
0) (not shown} look quite similar, At the magnetic zone centre @ = (1, 0.5, 0), the
intensities of the excitations exhibit a strong maximum and drastically decrease with
distance from the W point. Because of the weak intensity of the excitations and the
necessarily good instrumental energy resolution, the spin-wave excitations could only
be observed in the vicinity of the magnetic zone centres. The different polarizations
of the excitations of the two groups of figure 5 are illustrated in figure 6, which
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contains the spectra measured at @ = (0.95, 0.5, 0) and at @ = (0.95, 15, 0). The
temperature dependence of the spin-wave excitations of YbAs measured at @ = (0.9,
0.5, 0) is shown in figure 7.
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Figure 4. IN12 multidomain spectra of YbAs along the (&, 0.5, 0) direction measured
at 0.20 K with constant incoming energies E; = 251 meV, E; = 3.24 meV and E; =
4.06 meV. Solid lines are guides to the eye.

4. Discnssion

4.1. The magnetic phase transition

The unusual temperature dependence of the average sublattice magnetization (fig-
ure 2) is in striking agreement with the results of previous Mossbauer experiments
performed by Bonville et al [16]: in the Mbssbauer spectra 50 mK (see figure 1 in
[16]) the observed magnetic hyperfine structure (Zeeman quintet) indicates antifer-
romagnetic ordering. At 700 mK a single-line paramagnetic spectrum is observed.
At 500 mK in the neighbourhood of the magnetic transition the observed lineshape
consists of the superposition of the two spectra indicating a coexistence of a (mag-
netically saturated) antiferromagnetic fraction and a paramagnetic fraction at this
temperature. The hyperfine field (Hyg) of the antiferromagnetic fraction, which is
proportional to the Yb3+ 4f-shell magnetic moment, remains practically constant be-
low Ty. The paramagnetic-antiferromagnetic transition does not occur through a
progressive decrease to zero of the hyperfine field, but rather through a decrease in
the proportion of the magnetically ordered fraction. The temperature dependence of
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Figure 6. INI2 spectra of YbAs measured at Q
= (0.95, 0.5, 0) and @ = (0.95, L5, 0) illustrating
the diferent polarizations of the excitation groups.
Solid lines are guides to the eye.

Figare 7. Temperature dependence of the magnetic
excitations of YbAs at (0.9, 0.5, 0). The IN12 spec-
tra were measured with constant E; = 3.24 meV.
Sclid lines are guides to the eye.

the relative proportion of the antiferromagnetic fraction obtained by Mdssbauer spec-
troscopy [16] is practically identical with the temperature dependence of the average
sublattice magnetization cbtained by neutron diffraction (figure 2).
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According to the Mdssbauer results figure 2 actuaily reflects the progressive de-
crease of the overall volume of magnetically ordered domains as temperature in-
creases and cannot be interpreted as a decrease of the Yb sublattice magnetization,
which is independent of temperature below Ty. The magnetic phase transition in
YbAs is of first order and smeared out in the crystal in a large temperature range
of =~ 0.17 K. According to figure 2, 50% of the crystal has transition temperatures
between 480 mK and 520 mK in agreement with the specific heat anomaly [2], but up
to Ty =~ 0.65 K a small fraction of the crystal exhibits long-range magnetic ordering.

The specific heat anomaly at the magnetic phase transition of YbAs measured
by Oyamada et a! [8)] consists of a quite sharp lower-temperature side and an un-
usual tail extending to the higher-temperature side, which is in nice agreement with
Mossbauer and neutron results. Additional neutron scattering experiments [8] also
yielded antiferromagnetic type-1II ordering in YbAs with the moments perpendicular
to the c axis, absence of critical scattering and absence of hysteresis. For their YbAs
sample with slightly lower transition temperatures a smaller saturation moment Hyp =
0.6 pp was measured using a neutron wavelength A = 0.83 A. Between 500 mK and
530 mK a shift of the magnetic propagation vector from the commensurate value of k
= [1, 0, 0.5] to an incommensurate value of k = [1, 0, 0.498] at higher temperatures
was claimed [8], which is incompatible with the results of figure 3. Measurements of
magnetic field dependence of the magnetic peak intensities revealed domain motions,
which is typical for a single-k structure.

At present, the reason for this unusually large temperature range of coexistence
of antiferromagnetic and paramagnetic phase in YbAs is not clear. This effect is
sample independent in the sense that the results obtained for four different YbAs
samples [2,7,8,16) are in almost perfect agreement. The contradictionary results
obtained for different samples of YbN, YbP and YbSb indicate that, in the series of
ytterbium monopnictides, so far the YbAs samples have the highest quality as regards
stoichiometry and homogeneity. Similarly to what is observed for YbAs in CeAs, the
second-order magnetic phase transition was found to be smeared out in the crystal
in the large temperature range 7.5 K < T < 85 K [17]. In the case of CeAs this
behaviour had been attributed to the existence of a nearly gapless spin-wave mode
[12,18].

4.2, Spin-wave excitations

We compare the spectra of YbAs (figures 4, 5) with the previously measured spin-wave
spectra of CeAs (FCC type-I antiferromagnet = [0, 0, 1]; see [12]), CeSe (FcC type-
II antiferromagnet, & = [3, 5, 3]; see [13]), and CeSb (FCC type-la antiferromagnet at
T = 42K, k = [0,0, 1]; see [12]). The magnetic multidomain spectra of CeAs, CeSe
and CeSb all look similar, containing two groups of excitations. At the magnetic zone
centres (CeAs: X point; CeSe: L point) or the X point (CeSb) the two groups exhibit
the maximal splitting in energy with the excitations corresponding to the dispersion
minimum A, and to roughly the molecular-field splitting Ayp. Besides this low-
energy branch reaching the energy gap A,,,, the total energy dispersion along the
main symmetry directions of the nuclear lattice is rather small, being less than A g/2.

The observed spectra of CeAs, CeSe and CeSb were all reproduced by calculations
using the mean-field spin-wave theory for the appropriate magnetic structure, For
all the compounds the bilinear nearest-neighbour coupling turned out to be highly
anisotropic. Furthermore, in CeAs and CeSe a single magnetic domain exhibits the
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energy gap excitation (A,,,) not at its own magnetic zone centre but at the magnetic
Zone centre of a different magnetic domain.

Using the results on CeAs, CeSe and CeSb in an interpretation of the muitidomain
spectra of YbAs (figures 4, 5), the dispersionless excitation group at 0.31 meV is
expected to correspond to the molecular-field splitting A,,e. Similar to the cerium
compounds, YbAs has multidomain spectra that contain a low-energy branch reaching
the energy gap A, = 0.08 meV at the magnetic zone centre. However, the contrast
to the spin-wave spectra of the cerium compounds, the excitation group with the
strong dispersion (figure 5) in YbAs reaches excitation energies of above twice the
value of the molecular-field splitting A, at @ = (0.7, 0.5, 0).

Within a mean-field spin-wave model for localized 4f electrons the wave-vector
dependence of the spin-wave excitation energies «w(g} is determined by the Fourier-
transformed bilinear exchange interactions J{gq) because the I'; ground-state doublet
of YbAs has no quadrupolar matrix elements. For vanishing J(g) = 0 the dispersion
becomes flat, corresponding to the molecular-field splitting Aye = A ; 4+ A g, which
contains contributions from bilinear interactions (A ;) and quadrupolar interactions
(Ag)- The stability of the magnetic structure requires that for all wave vectors g

|w(g) ~ AMF‘ < App- (2)
That is, the whole energy dispersion must be within the energy range from 0 to 2A 4p.
Equation (2) is satisfied by the experimentally observed spin-wave dispersions in all
the compounds CeAs, CeSe and CeSb. However, since the spin-wave dispersion of
YbAs shown in figure 5 violates (2}, the modei can never explain the observed data.
Compared with the observed molecular-fieid splitting Ayg in YbAs, the spin-wave
dispersion determined by the bilinear magnetic exchange interactions turns out to be
too large. Assuming that strong quadrupolar interactions are present in YbAs, the
observed splitting Aye = 0.31 meV is possible for the observed magnetic ordering
temperatures (between 0.48 K and 0.65 K). However, for the case of fully localized 4f
electrons the observed bilinear exchange interactions of YbAs must lead to a much
higher Néel temperature, possibly corresponding to the specific heat anomaly around
5 K. Due to Kondo hybridization in YbAs the onset of long-range magnetic ordering
is strongly suppressed and shifted to Jower temperatures.

Recently the low-temperature part of the specﬂic heat of YbAs measured by
Oyamada et a! [8] was analysed by fitting a spin-wave dispersion with emergy gap
E = Dk + A. Independently of the present work they obtained an energy gap of
3K [19] rough]y corresponding to the excitation energy Ayp = 031 meV = 3.6 K
of the spin-wave group with flat dispersion in figure 5.

The temperature dependence of the spin-wave excitations of YbAs is shown in
figure 7. At T 2 0.5 K in the coexistence range of magnetically ordered and param-
agnetic regions in the crystal (see section 4.1) the excitations do not shift in energy,
in agreement with a first-order phase trampsition. With increasing temperature the
spin-wave excitations decrease in intensity, whereas the quasielastic scattering from
the paramagnetic regions gains intensity.
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