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Abstract. From Yb'™® Mossbauer measurements on YbNis, we establish: the Ybit ground state Kramers
doublet is well isolated and has uniaxial anisotropy, the compound magnetically orders at 0.55 K, the
Yb?T moments are aligned along the hexagonal axis, they have a saturated value of 3.9up and a thermal
variation close to a mean field S = 1/2 law. We obtain the strength of the Yb**~Yb3*t coupling which we
find is considerably smaller than that between the rare earths (R*") in the other RNis. From a study of the
spin dynamics, we find that dynamic short range order is present just above the ordering temperature and

that above 2 K, the relaxation rate of the paramagnetic Y

b3" spins follows a T-linear Korringa law with a

relatively pronounced slope which we link to a high density of states at the Fermi level. Magnetic suscep-
tibility and magnetisation measurements establish the ferromagnetic nature of the Yb**~Yb®** coupling.

We comment on the Yb®" crystal field properties.

PACS. 75.50.Cc Other ferromagnetic metals and alloys — 76.80.4y Mossbauer effect

1 Introduction

In the hexagonal compounds RNi; (R is yttrium or one
of the rare earths), the nickel atoms carry essentially no
intrinsic magnetic moment because the holes in the nickel
3d band are filled by electrons coming from the rare earth
atom [1,2]. In fact, the compounds are exchange enhanced
Pauli paramagnets with (at least in LaNis [2,3]) a high
density of states at the Fermi level. Small Ni moments
may be induced by an external magnetic field and/or by
the molecular field coming from the ordered rare earth mo-
ments [2,4,5]. The magnetic properties of RNi5 are dom-
inated by those of the magnetic rare earth, i.e. by R-R
exchange. Most of the RNi5s have been examined and the
general features of the series have been established. They
are ferromagnetic [6] and for the heavy rare earths (that
is from DyNis to TmNis), the rare earth exchange inter-
action was reported to be independent of the rare earth,
whereas for the light rare earths the interaction is both
more important and rare earth dependent [7]. The size of
the rare earth magnetic moment is influenced by the crys-
tal field which also governs its direction in the ferromag-
netic phase [8]: if the second order crystal field parameter
BY is negative, the moments are parallel to the hexagonal
axis, whereas if it is positive, they lie in the basal plane.
To our knowledge, little information has been pub-
lished concerning the low temperature magnetic proper-
ties of YbNis, the end magnetic member of the series.
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For example, there does not seem to be any published
evidence concerning its magnetic ordering temperature.
We present here '"Yb Mossbauer measurements down
to 0.05 K which establish the magnetic ordering tempera-
ture and provide the size and direction of the magnetically
ordered moments and the strength of the Yb?t-Yb3"
coupling. These measurements also provide information
concerning the dynamics of the Yb®t magnetic moments
both in a small temperature range below the magnetic
ordering temperature and in a wide temperature range
above. We also present susceptibility and magnetisation
measurements which establish the ferromagnetic nature
of the magnetic transition, the magnetisation measure-
ments also providing a second estimate of the strength of
the Yb3t—Yb*" coupling. We also discuss the crystal field
properties of the Yb3T ion and compare them with those
for the rare earths in the neighbouring RNis.

2 Sample and structure

The sample was made by melting the constituent elements
in an arc furnace. Three further remeltings optimised the
homogeneity. The composition of the starting mixture was
adjusted to allow for the preferential evaporation of the
ytterbium. The room temperature X-ray analysis showed
the sample formed in the expected hexagonal structure
(CaCus-type, space group P6/mmm) and has lattice pa-
rameters a = 0.4847 and ¢ = 0.3957 nm. It contains
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Fig. 1. '"°Yb Mossbauer absorption spectra in YbNis below
and above the magnetic ordering temperature, Tc = 0.55 K.
The lines are fits as explained in the text.

a small amount (<5%) of unidentified impurity phases.
Each Yb3T has 6 Ni atoms as nearest neighbours, with
the two nearest Yb3t neighbours lying along the ¢ axis
(distance 0.3957 nm) and the six next nearest Yb3" neigh-
bours lying in the basal plane (distance 0.4847nm).

3 170Yh Mossbauer measurements

The '"°Yb Méossbauer absorption measurements were
made over the temperature range 60 to 0.05K using a
source of Tm*B1s and a triangular velocity sweep. For
170YD, the ground nuclear state has a spin Iy =0, the ex-
cited nuclear state has a spin I, = 2 and a quadrupole mo-
ment Q = —2.11b. The transition energy is F, = 84.3keV
so that 1cm/s corresponds to 680 MHz. Figure 1 presents
spectra for selected temperatures.

3.1 Magnetically ordered region

Anticipating the results of Section 4, we note that the
order is ferromagnetic. In the following, we thus refer to
the magnetic ordering temperature as a Curie tempera-
ture (T¢).

At 0.05K, in the magnetically saturated state, an ef-
fective hyperfine field line shape is observed (Fig. 1 top)
and this provides the saturated values of the hyperfine
magnetic field (399(2) T) and of the hyperfine quadrupole
interaction (eQV../8 = 4.90(0.05) mm/s). The lineshape
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analysis also establishes that the hyperfine field (and the
Yb?+ magnetic moment) lie parallel to the principal axis
of the electric field gradient tensor, with component V.
The magnetic moments thus lie along the hexagonal c axis.

For Yb*t (4f'3, 2F75) in a metallic material, the
dominant contribution to the magnetic hyperfine field
comes from the self ion 4f shell contribution and very
much smaller contributions may arise from the polarisa-
tion of the conduction electrons. Assuming the latter may
be neglected and using the hyperfine constant for 1"0Yb:
C ~ 102T/up [9], we obtain a value m(0) = 3.9(1) up
for the saturated Yb3T magnetic moment. The quoted
uncertainty is bigger than that in the measurement of
the hyperfine field as it allows for a possible contribu-
tion of the conduction electrons to the hyperfine field. The
z-component of the g-tensor of the ground state Kramers
doublet is thus: g, = 7.8(2). The magnetic moment and
the value for g, are close to those for a fully stretched
|J =7/2,J, = +7/2) state (m(0)=4.0pp, g. = 8.0).

The quadrupole hyperfine interaction is also domi-
nated by the contribution coming from the self ion 4f
shell with a smaller contribution coming from the asym-
metric distribution of lattice charges. The value of the
lattice contribution (eQV!¢* /8 ~ —0.3mm/s) may be es-
timated by scaling from the directly measured lattice con-
tribution in GdNis [10,11]. The self ion 4f shell contri-
bution to the quadrupole hyperfine interaction of Yb3+ is
thus 5.2(0.1) mm/s which approaches the maximum pos-
sible value of 5.8mm/s linked with the fully stretched
|J = 7/2,J, = £7/2) state. From the values of g, and
of the 4f contribution to the quadrupolar hyperfine in-
teraction, the wave-function of the ground doublet can be
derived with a good accuracy:

7 5
|¢g>0.985‘i5>+0.173‘¢5>. (1)

From this we obtain that the value of g, the transverse
component of the g-tensor falls in the range 0.5 to 1.0.
The Yb3T ground doublet has strong Ising character since
g:-/g. lies in the range 8 to 16.

In the small temperature range between ~0.3K and
T, we observe that the widths of some of the lines change
whereas there is no clear shift in their positions (see Fig. 1
at 0.4 K). This behaviour indicates that a magnetic hyper-
fine field (and a spontaneous Yb3* moment) is still present
(the compound remains magnetically ordered), but that
the correlated moments fluctuate at frequencies which lie
within the 170Yb Mossbauer window (from ~2 x 10% to
~5 x 10 7).

To obtain more quantitative information from the line
shapes, we first note that the crystal field interaction
leaves a well isolated Kramers doublet as the ground
state (Sect. 5). At temperatures where magnetic order is
present, only the two conjugate states of this doublet are
thermally populated. Since these two states have strong
Ising character, the magnetic fluctuations are longitudinal
in nature. We thus analyse the lineshapes in terms of the
longitudinal fluctuation model of Nowik et al. [12]. The
sizes of the saturated hyperfine field and the quadrupole
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Fig. 2. Thermal variation of the Yb3" spontaneous magnetic
moment in YbNis obtained from "°Yb Méssbauer measure-
ments. The solid line is a mean field S = 1/2 variation with an
ordering temperature of T = 0.55 K.

interaction are given by the measurement at 0.05K and
the linefits provide values for the two parameters asso-
ciated with the model: the longitudinal fluctuation rate
(v(T)) and the separation between the two conjugate sub-
states (A(T)).

We find that between 0.3 K and T, the Yb?*+ fluctua-
tion rates are of the order of v = 2x1019s~1. That is, they
are close to the rate observed just above T (Sect. 3.2).

As the temperature decreases from T to 0.3 K, we find
that A(T) increases progressively. The saturated value
A(0) = 1.3(10) K is obtained by extrapolation. The spon-
taneous Yb3T moment at each measurement tempera-
ture is obtained from the value of A(T) using the rela-

tion: m(T) = m(0) tanh(fQAk(BTT)), and the exchange field

is given by: He,(T) = 2 A(T)/m(T). The values of the
Yb?+ magnetic moment so obtained in the range 0.5 to
0.3 K, together with the value obtained directly at 0.05 K,
are shown in Figure 2. The data are fitted in terms of a
S =1/2 mean field model with a T of 0.55 K. Although
this model provides a reasonable description of the data,
we note that the experimental points at 0.4 and 0.45 K lie
slightly above the mean field curve. This raises the pos-
sibility that the thermal dependence near T¢ is slightly
steeper than that given by the mean field model. Such
behaviour may be attributed to the influence of the Ising
character of the system. However, we also note that di-
mensional effects do not play a major role since the mag-
netic ordering temperature is not depressed relative to the
energy of the Yb3+t-Yb** coupling (see below). More ac-
curate values for the thermal dependence of the Yb3* mo-
ment could probably be obtained by neutron diffraction.
These could confirm/infirm the slight difference observed
relative to the mean field behaviour.

From the value of A(0), we derive the size of field act-
ing on the Yb3* spin at zero temperature: H(0) = 0.25T.
Within the molecular field model, the size of this field is
equivalent to a magnetic ordering temperature of %m(O)-
H(0) = 0.65 K. This is close to the directly measured value
T = 0.55K.
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Fig. 3. Thermal dependence of the Yb*" longitudinal spin
fluctuation rate in YbNis in the paramagnetic region obtained
from '"°Yb Mdssbauer measurements. The line is a fit to the
sum of a constant spin-spin term and a 7T-linear Korringa law
term (see text).

3.2 Paramagnetic region

Above T¢, the lineshapes have the characteristic form as-
sociated with the combined presence of an axially sym-
metric quadrupole interaction and paramagnetic fluctua-
tions. These two features were previously established by
Nowik et al. who reported a measurement carried out
at 4.2K [13]. At this temperature our results agree with
theirs. We observe that the size of the quadrupole interac-
tion remains essentially independent of temperature up to
the highest measurement temperature of 60 K. This indi-
cates that up to this temperature, only the lowest crystal
field Kramers doublet is thermally populated. (We esti-
mate the lowest excited doublet lies at least 150K above
the ground doublet.) For all the measurement temper-
atures, the magnetic fluctuations thus only concern the
two conjugate, highly anisotropic sublevels of the ground
doublet. In the paramagnetic region where there is no
spontaneous magnetic moment, the two sublevels remain
degenerate. The thermal dependence of the longitudinal
fluctuation rate is shown in Figure 3. The relaxation rate
at 0.6 K, just above the magnetic ordering temperature,
is 1.7x1019s~1. As the temperature is increased, two dif-
ferent regimes are visible. Up to ~2K there is a rapid
quasi-linear increase of the relaxation rate with v/T ~
1.7 x 1019571 /K, whereas above ~2K the increase of the
relaxation rate is quasi-linear with v/T ~ 109s71 /K.

We attribute the rapid thermal decrease as the tem-
perature is lowered below ~2K to critical slowing down
of spin-spin exchange driven fluctuations. It is to be noted
that this critical regime extends over a range ~3T¢ above
the magnetic ordering temperature. The relatively large
range of the critical region may be linked with the Ising
character of the Yb3t spins and the specific interactions
with the nearest and next nearest neighbours. We at-
tribute the quasi-linear increase above 2K to a Korringa
mechanism, where the Yb3* spin relaxation is driven by
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coupling to the conduction electrons through k — f ex-
change.

The line in Figure 3 is a fit to a the law:

V(T) = Vex + CkT, (2)

where the two terms correspond respectively to a tempera-
ture independent relaxation rate linked with the exchange
interaction and to a Korringa relaxation mechanism.

The fitted value of the exchange rate ve; is 6x1010s~1,
and it corresponds to an equivalent temperature of 0.5 K,
very close to the value of T¢. For system with an isotropic
g-tensor, the correspondence hve, ~ kpTc, is expected
since both quantities should vary as ¢2J, where J is
the interionic exchange integral. However, for a very
anisotropic doublet, hv,, is related to gi whereas kgTc
is related to g2. In the present case where g./g, ~10,
the observed equivalence between the values of kT and
hv., should thus be considered as coincidental.

The Korringa constant Ck is:

gr—1 2
{QL' 7 }-[kan(EFﬂQkB, (3)
9J

_Ar

C’th

where Jj5 is the conduction electron — 4f exchange in-
tegral, n(Er) the conduction electron density of states
at the Fermi level, g, the transverse component of the
ground state g-tensor and g; = 8/7 (for Yb3T). The mea-
sured value for Cx then yields: g |Jxn(Er)| ~ 0.19. Us-
ing the value g; = 0.5 to 1.0 (Sect. 3.1), we obtain an k— f
exchange coupling constant: |Jirn(Ep)| ~ 0.30(10). This
is an order of magnitude higher than the value (~0.02)
observed for rare earths in metals [14] where the exchange
is dominated by the conventional atomic exchange inter-
action. It is also noticeably higher than the value observed
for Yb3T in Pd [15] where the coupling is enhanced by the
strong interactions within the Pd d-band.

The large value observed for the product |Jin(Er)|
in YbNi5 can be linked to the observation of an unusually
large Pauli susceptibility and electronic specific heat in
isomorphous LaNis and YNis [2], which were attributed
to a high density of 3d states at the Fermi level.

4 Susceptibility and magnetisation
measurements

dc susceptibility measurements, made to below the mag-
netic ordering temperature in a field of 2.6 mT, are shown
in Figure 4. The upturn of the susceptibility at the or-
dering temperature (0.55K) establishes the ferromagnetic
nature of the transition.

Magnetisation measurements in the paramagnetic re-
gion, made on the crushed polycrystalline sample set in
a resin are shown in Figure 5. These values are consis-
tent with those expected for a randomly oriented poly-
crystalline sample and the wave functions of the Yb3T
ion as established above but they are approximately 50%
lower than the values reported in reference [6]. We suggest
that the reported values are erroneous. We have checked
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Fig. 4. Magnetic susceptibility for YbNis evidencing the fer-
romagnetic nature of the magnetic transition near 0.5 K. The
line links the data points which have been omitted.
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however that the values of reference [6] are obtained if
the crushed polycrystalline sample is not set in a resin. In
this case it appears that the individual grains are largely
single crystal and under the influence of the very large in-
trinsic uniaxial anisotropy, the grains rotate so that their
c-axes are parallel to the direction of the applied field. The
same situation pertains to ErNis: the reported magneti-
sation [6] for a putative randomly oriented sample is not
coherent with the values that were subsequently obtained
for a single crystal sample [5]. We have further checked
that the reported values [6] are obtained if the crushed
polycrystalline sample is not set in a resin.

The calculated magnetisation curves in Figure 5 were
obtained assuming that the magnetisation comes only
from the Yb3* ions. We consider a unique Kramers dou-
blet with an axially symmetric g-tensor with g, = 7.8
and g; =1 (Sect. 3.1), and allow for a small Van-Vleck
term eH, proportional to the field, which accounts for the
small mixing, due to the magnetic field, of the excited
CEF states into the ground doublet (¢ = 0.0035up/T).
A self-consistent calculation was performed by intro-
ducing a molecular field constant A, describing Yb-Yb
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exchange. The curves shown, which match quite well the
data, were obtained with a positive (ferromagnetic) value
A =0.06T/up. This corresponds to a saturated exchange
field H.,(0) = 0.23T, in good agreement with the value
(0.25T) obtained in Section 3 from the Mdssbauer data.
The good agreement between the measured and calculated
magnetisation data also indicates that any Ni based mag-
netic moment is quite small.

Belorizky et al. [7] report that in the RNis where R
is one of the heavy rare earths (Gd to Tm), the exchange
interaction is essentially independent of R and the volumic
molecular field constant ngg is roughly equal to 150 cgs.
We estimate nggr for YbNis from the ionic molecular field
constant A derived above, from the relationship:

91\ A
= — 4
nRR (g(;l) N (4)

where N is the density of rare earth ions. We obtain:
nrr =~ 85cgs, which amounts to only about half of the
value established in the neighbouring RNis. For the heavy
rare earths, the exchange interaction in the RNis is thus
not totally independent of the rare earth.

A confirmation of the relatively small value for the
Yb3+t—Yb* coupling is provided by comparing the mag-
netic ordering temperature and the size of the saturated
moment in YbNis with those in ErNis. In both cases the
ground doublet has a fully stretched wave function. The

standard relation linking the ordering temperature (TéR) ),

the exchange coupling (7)) and the rare earth g; and
J values is written:

T = 71 (g, — 1)27(J + 1). (5)

Using the known values (Yb: Tc = 0.55K ¢g; = 8/7, J =
7/2 , Er: Tc = 9K g5 = 6/5, J = 15/2), we again find
J YD) amounts to only about a half of J (Er),

5 Crystal electric field

Using the standard equivalent operator notation, the crys-
tal field Hamiltonian is written:

Hopr = Y Bi0n(rip) O (6)

n,m

where for the hexagonal symmetry of the rare earth site,
the non-zero parameters are BY, B}, BY and BS. Sets
of crystal field parameters have been established for a
number of the rare earths in the RNis series (a list is
given in Radwanski et al. [16]), but none have been pro-
posed for YbNis. We consider the sets of parameters that
have been established for the two adjacent rare earth
ions: Er3t (BY = —251.7, B} = —51.2, By = 11.2 and
BS = 63.8K) [17]; Tm3* (BY = -376.2, B} = —77.2,
By = —32.6 and Bf = 135.6K) [18] and examine their
compatibility with the experimental data for Yb3*. Both
sets lead for Yb3* to a situation where each of the four
crystal field Kramers doublets is strongly dominated in
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turn by one of the four possible |J, = m) components.
In both cases the ground doublet is dominated by |7/2)
with some admixture with |—5/2), the first excited doublet
is dominated by |5/2) with some admixture with |—7/2),
and the second and third excited doublets are pure |[£3/2)
and |£1/2) respectively (these two states remain unmixed
for hexagonal symmetry). The set for Er®* when applied
to Yb3*t leads to a ground state magnetic moment and a
low temperature quadrupole interaction which are respec-
tively ~15% and ~10% lower than experiment. It predicts
a thermal variation of the Yb?t quadrupole interaction
which is much more pronounced than experiment (we es-
timate the energy of the first excited Kramers doublet is
~150K whereas the value calculated from the CEF pa-
rameters for ErNis is only 30 K). The set for Tm3* when
applied to Yb3t leads to a ground state magnetic moment
and a low temperature quadrupole interaction which are
respectively ~5% and 3% lower than experiment and it
predicts a thermal variation of the quadrupole interaction
which is only slightly more pronounced than experiment
(the first excited doublet is predicted to lie at 100 K, some-
what lower than the estimated value of ~150K).

The crystal field parameters relevant for Yb3* thus
appear to be closer to those proposed for Tm3* than to
those proposed for Er3*T. To more fully account for the
properties of Yb3t, the parameters for Tm3* need to be
modified in two ways. First, to ensure the crystal field
states of Yb3* are almost pure |.J, = m) states, the mix-
ing parameter B¢ must play a less important role than
in TmNis. Second, to increase the separation between the
lowest and the first excited crystal field states for Yb3* to
at least 150 K, some changes must also occur in the size of
some of the other parameters. Inelastic neutron scattering
measurements of the energies of the excited levels would
enable a more extended analysis to be made.

6 Summary

We have established the basic magnetic properties (both
static and dynamic) of YbNis, the last member of the
RNij series to be reported. The properties are dominated
by those of the Yb3t ions and any contribution coming
from the Ni atoms is, at most, quite small. The Yb?+ mag-
netic moments order ferromagnetically at 0.55 K. They are
aligned along the crystal hexagonal axis and have a satu-
rated value of 3.9up. The ordered moment shows a ther-
mal variation which is close to a mean field S = 1/2 de-
pendence. The ground state Kramers doublet which is well
isolated, is close to a fully stretched |J = 7/2,J, = £7/2)
state. From the measurement of the spin fluctuation rate
within this doublet, we identify Korringa processes due the
coupling of the rare earth spin with conduction electron
spins. The high value obtained for the Korringa constant
suggests the density of states at the Fermi level is high, as
in the non-magnetic counterparts LaNis and YNis. The
Yb3t-yb3t exchange obtained from the Mdssbauer mea-
surement, which is consistent with that obtained from the
magnetisation data, is noticeably smaller (~50%) than
that between the rare earths in the neighbouring RNis.
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