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Abstract. The effect of pressure on the electrical resistaRe@, p) (where p < 13 GPa

and 18 K < T < 300 K) and the lattice parameterp (< 26.4 GPa atT = 300 K) of

the ferromagnetic Kondo-lattice compound YbNiSF- (= 5.5 K at ambient pressure) has
been investigated using the diamond anvil cell technique. The x-ray diffraction data show a
smooth decrease of the lattice parameters upon increasing pressure, indicating no structural
phase transition up to 26.4 GP&®(T, p) measurements show forQ p < 9 GPa the same
pressure dependence Bf as obtained from very recent high-pressure ac susceptibiity( f))
measurements. However, unlike for thg.(p) measurements, where the ferromagnetic signal

is lost for pressurep > 9.4 GPa, we find an almost pressure-independent valug-ah the
pressure range & p < 13 GPa, i.e. no indication of a discontinuous change of the type of
magnetic order is observed at= 9.4 GPa. We further discuss the correlation between the
pressure dependence ®f and that of the characteristic temperature of crystal-electric-field
effects T .

The rare-earth (R) ternary intermetallic compounds RNiSn which crystallize in the
orthorhombice-TiNiSi-type [1] structure show a variety of interesting magnetic properties
depending on the choice of R [2]. Among these compounds YbNiSn has recently attracted
considerable interest as being a ferromagnetic (FI}) & 5.5 K) Kondo-lattice (KL)
system which exhibits features of heavy-fermion systems [3, 4, 5]. At high temperatures
the magnetic susceptibility reveals Curie-Weiss behaviour with an effective moment of
terr ~ 4.3 pug [3], which is close to the value for the free ¥bion (epr = 4.54 up).
Below T¢, the YB*" magnetic moments lie along theaxis with a saturated value of

wus = 0.85up [5], which is lower than that expected from the analysis of the paramagnetic
state (11up [5]) made by considering the influence of the crystal electric field (CEF). The
reduction ofu is suggested to be caused by the hybridization of the localized 4f electrons
with the conduction electrons [3, 5]. The relatively high electronic specific heat coefficient
(y ~ 300 mJ K2 mol~! at low temperatures [4]) for YbNiSn supports the coexistence of
the magnetic order with a heavy-electron state.

In this respect, high-pressure studies on KL systems are of particular interest because
the ground-state properties of these systems are expected to be sensitive to external pressure
(p) [6]. This is related to the fact that modifies the strength of the exchange interaction
between localized 4f electrons and conduction electrons and thereby the competition between
the intersite (RKKY) and intrasite (Kondo) interactions with the characteristic temperatures
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Trxxy and Tk, respectively. This delicate balance is described theoretically by Doniach
[7] for a magnetic phase diagram dependingJon

Experimentally, recent measurements of the electrical resistivity of YbNiSn under
pressure (X p < 1.7 GPa) [8] revealed a gradual increaseTpffrom 5.5 K at ambient
pressure to 7.6 K at 1.7 GPa. This result was discussed within the Doniach model as a
decrease iV with increasingp, which reduces the Kondo spin compensation and thereby
favours long-range magnetic order. Actuall oc exp(—1/]J]) andTrx gy x J2, ~0.7 K
and ~7.3 K, respectively, at ambient pressure [9], decrease with pressure. However, the
exponential fall of Tx is much more dramatic than that @kgxxy. Very recent high-
pressure ac susceptibilityyf(.(p)) measurements on YbNiSn over an extended pressure
range 0< p < 38 GPa [10] reveal that the enhancg&d passes through a maximum at
aboutp ~ 2 GPa and then falls to: ~ 5.3 Kfor 6 < p < 9.4 GPa. This result provides the
first qualitative experimental confirmation of the Doniach model in a magnetically ordered
Yb Kondo-lattice compound. However, it is found th&t is almost pressure independent
in the pressure range € p < 9.4 GPa which is notably different to what is found for
Ce compounds [11, 12]. In addition, the authors of [10] show another interesting finding,
namely the disappearance of the ferromagnetic signgb fer9.4 GPa. This was suggested
to be related to a transition from the ferromagnetic to an antiferromagnetic or nonmagnetic
state, which might be accompanied by a structural phase transition.

In order to obtain a deeper insight into the stability of the ferromagnetic state of YbNiSn
under high pressure, we have performed measurements of the electrical resiRi@hge)
at pressures in the rangeOp < 13 GPa and for the temperature rangg@R < 7 < 300 K.
Measurements ak (7', p) allow one not only to determine the pressure-induced change of
but also to study corresponding variations of the CEF and electron correlation effects which
are known to be important for the ground-state properties of YbNiSn [5]. We have also
performed x-ray diffraction measurements under pressures in the radge € 26.4 GPa
and at 300 K in order to investigate the structural stability of YbNiSn under high pressure,
particularly in the pressure range around= 9.4 GPa, where the ferromagnetic signal of
Xac(p) measurements is lost [10].

Polycrystalline YbNiSn was prepared by melting stoichiometric amounts of the
constituents in a sealed molybdenum crucible and by post-annealing the sample°& 800
for several days.

Measurements of the electrical resistance have been performed using the diamond anvil
cell technique [13, 14]. We have used a dc four-probe technique, where the current
direction was automatically reversed to eliminate thermovoltages. Pressure was determined
by measuring the pressure-induced shift of theflRorescence line of ruby.

The pressure-dependent variation of the lattice constants was measured at the energy-
dispersive x-ray diffraction station for high pressure at LURE in Paris. Measurements were
performed using the diamond anvil cell technique with silicon oil as the pressure-transmitting
medium.

Figure 1 shows the pressure dependence of the lattice parameters for pressyses 0
26.4 GPa at 300 K and figure 2 displays the pressure dependence of the relative volume
in the same pressure range. A smooth decrease of all lattice parameters is observed upon
increasing the pressure. There is no evidence for any structural phase transition up to 26.4
GPa. Experimental data points in figure 2 have been fitted to Murnaghan’s equation of state
using Vo = 2335 A3, By = 146(20) GPa andB; ~ 2.6. The value ofB, is comparable to
results for related Yb compounds [15].

Figure 3 displays the electrical resistanBéT, p) in the temperature range8LK <
T < 300 K for pressures in the rangeQp < 13 GPa. For a better comparison the curves



Letter to the Editor L67

8r 100}
®eesoee ¢ 0046 00 o
< 7r ©ooo o
< oo
2 © 000 o0 o 0.95 -
g 6r o
o O a §
s A b 090}
8 5 e ¢
3
Kot MAMMAAAL 4, AA A a N a
ar 085
0 5 10 15 20 25
p (GPa) p (GPa)

Figure 1. The pressure dependence of the latticd=igure 2. The pressure variation of the relative volume
parametersa (O ), b (A) and ¢ (®) of YbNiSn V/Vpof YbNiSn. The solid line is a fit to Murnaghan’s

(orthorhombic structure, space groBpm3. equation of state (see the text).
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Figure 3. The electrical resistanc®(7, p) of YbNiSn at different pressure points and as a
function of temperature. Pressure values correspondin§ (i p) curves are given in the
figure. The inset show®(T, p) for the temperature range 7 < 12 K and at pressures of
0.25 GPa and 1.8 GPa.

were shifted along th& (T, p) axis so as to have the same starting point at 295 K. Since
we are not able to measure absolute values of the resist&1€ep) is given in arbitrary
units.

As is evident from figure 3,R(T, p) shows a double-peak structure as reported
previously [4, 8]. These features have been attributed to Kondo-lattice behaviour. The
maximum that appears at higher temperatures is attributed to CEF population effects
(e.0.T¢gr ~ 80 K at p = 0.25 GPa) [16]. At low temperatures 10 K 7 < 30 K,
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the resistance develops a shoulder, which is followed by a drop of the resistance for the
onset of ferromagnetic ordef{). The value of the resistance f@r < T is an order of
magnitude smaller than that fa@r > 10 K.

The maximum at around 100 K (CEF) can clearly be seen for presguses.7 GPa.
The slope ofR(T) for temperatures in the range 10 K 7 < 25 K which is small but
positive atp = 0.25 GPa decreases with increasing pressure until it becomes clearly negative
for pressures above = 4.8 GPa. Over the whole pressure range(® < 13 GPa) YbNiSn
reveals a KL behaviour.
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Figure 4. The magnetic ordering temperatufe of  Figure 5. The volume dependence of the characteristic
YbNiSn as a function of relative volum&/Vo. The temperature of crystal-electric-field effect:., for
datum point at ambient pressure (filled square) is take¥ibNiSn. T/ is defined in the text.

from [8].

Tc is defined as the temperature whereR@d7? shows an extremum. Using this
definition, we have plotted the values @f as a function of relative volume in figure 4.
The values forp < 9.4 GPa are in good agreement with very recgpt(p) measure-
ments [10]. On the other hand the characteristic temperature for crystal-field effects was
determined usind ., = (T1 + 12)/2, whereT; is the temperature whereRddT has a
maximum andr is the temperature whereRdd7 has a minimum in the temperature range
25 K < T < 300 K. In this way, T is defined even in the pressure range where no
explicit maximum can be found. The values T . obtained for pressures < 1.8 GPa
are in good agreement with previous measurements [8]. The estimated valljgs,cds a
function of volume are plotted in figure 5.

In the following we first discuss the volume dependenceTefwhich is shown in
figure 4. As mentioned above, we find a good agreement wjtlip) data [10] in the
pressure range < 9.4 GPa. However, we still observe the same features ofRit#® p)
curves, particularly the resistance drop at low temperatures for presgute®.4 GPa.

This finding suggests that long-range magnetic order silktsin this pressure range

(9.4 GPa< p < 13 GPa), so a transition to a nonmagnetic state can be excluded. As
is evident from figure 4 one can distinguish between two regions in wiiclexhibits
completely different volume dependences: there is a large variatidn for V/Vy > 0.96.

Here one finds a sharp increaseTef from 5.5 K to 7.7 K atV/Vy =~ 0.99 followed by

a drop of T to 5.7 K atV/Vy =~ 0.96, a value which is close to the value at ambient
pressure. It is to be noticed that such a large initial changg-ofvith p implies a rather

large magnetic Gmeisen parameteRy(p — 0) = -0 InT/d InV ~ +40, which is
suggested to be a precursor effect of a subsequent change of the magnetic structure at high
pressures [17].



Letter to the Editor L69

In the second region,. 96 > V/Vy > 0.92, one finds thaf is hardly affected by
decreasing volume and no anomaly7ia is observed ap = 9.4 GPa. This result seems
to contradict that obtained from,.(p) measurements, where the ferromagnetic signal is
lost at p = 9.4 GPa [10]. There are two possibilities for explaining our observation in this
pressure range: (ifc may be not sensitive to the change in the type of magnetic order; or
(i) the pressure-induced change of the spin structure may be gradual.

Since the magnetic ordering temperature of local moment systems is sensitive to any
change of the spin structure [17], we believe that the change of the spin structure should
be gradual, e.g. from a collinear FM structure to a complex type of magnetic order with a
vanishing ferromagnetic component for pressures above 9.4 GPa.

In this connection, we want to discuss another interesting aspect of our study, namely the
influence of pressure on CEF effects in YbNiSn and its possible relationship to the pressure
dependence of .. As mentioned above, the maximum in the resistance at around 100 K
can be attributed to CEF effects. The pressure dependerigg, pfcan be seen in figure 5.

We find a large linear rate of increase®f; , with decreasing volume fov /v, > 0.96 and

a smaller one folV/Vp < 0.96. If one compares the volume dependenc&obnd 7, -,

a correlation of the behaviour of these two characteristic temperatures can be found. Both
guantities are sensitive to volume changesWfgivy > 0.96 and almost volume independent

for 0.96 > V/Vy > 0.92. This correlation leads to the assumption that one has to consider
CEF effects to explain the pressure-induced changes of the magnetic properties of YbNiSn.
It is worth mentioning here that the actual moment direction in YbNiSn results from the
competition between the CEF anisotropy which favours a moment orientation along the
a-axis and the anisotropic exchange interaction which tends to align the moments along
the c-axis [5]. As known for some Ce KL compounds, the simultaneous occurrence of
CEF effects and Kondo-like coupling can lead to complex magnetic structures, e.g. with
modulated moments, even for a ground-state Kramers doublet [17]. In Ce compounds
pressure reducel’ ., and a transition from a complex magnetic order to a collinear order
can be observed. In contrast to this, in Yb compoufigis, is enhanced by pressure and
one would expect (in analogy to the case for Ce compounds) a transition from a collinear
(here ferromagnetic) order to a more complex magnetic order. In this respect we want to
refer to the similarity between the resistance curves of YbNiSn for pressures above 6 GPa
and that of the isostructural compound YbPtAl [18]. YbPtAI orders antiferromagnetically
below Ty = 5.8 K and shows metamagnetic behaviour in a rather low (0.5 T) magnetic
field [18]. This again would give further support for our suggestion of a pressure-induced
complex magnetic structure in YbNiSn.

In summary, our x-ray diffraction data obtained under high pressure reveal that the
crystal structure of YbNiSn is stable up to pressures of 26.4 GPa. On the other hand,
we have shown from measurements of the electrical resistance at high pressures that the
anomalous pressure dependenceTgfis related to a pressure-induced instability of the
ferromagnetic state of YbNiSn. The observed strong correlation of the pressure dependence
of T and T/ leads to the conclusion that CEF effects have to be considered in explaining
the effect of pressure on the magnetic properties of YbNiSn. It would be of great interest
to investigate the stability of the magnetic structure of YbNiSn under high pressure using
direct experimental methods, e.g. neutron diffraction@¥b Mossbauer effect methods.
Such experiments are under way in our laboratory.

It is a pleasure to acknowledg) P Ite and A Polian for their assistance at LURE and
enlightening advice. We are also gratefolx A Hodges for providing the YbNiSnh sample
and to H Micklitz ard J S Schilling for useful discussions.
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