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Competing Anisotropies in the Ferromagnetic Kondo-Lattice Compound YbNiSn:
Observation of a Complex Magnetic Ground State under High Pressure
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The 170Yb high pressure Mössbauer-effect technique has been used to investigate on a microscopic
level the ground state properties of the ferromagnetic (FM) Kondo-lattice compound YbNiSn. Unlike
general expectations, we find for0 # p # 3 GPa a stable moment behavior whileTC is enhanced to its
maximum value. Forp . 3 GPa we observe a gradual change of the FM state to a complex magnetic
ground state. This is suggested to be due to a volume dependent competition between the anisotropy of
the magnetic exchange interaction and the crystal electric field anisotropy. [S0031-9007(96)01381-6]

PACS numbers: 75.30.Mb, 75.10.Dg, 76.80.+y
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The discovery that some Yb intermetallic compoun
reveal many of the interesting Kondo-related propert
which are found in Ce compounds has generated consi
able excitement [1,2]. This is due to the fact that Yb31 in
its 4f13 configuration with one4f hole can be considered
as the counterpart to the4f1 configuration of Ce31 with
one 4f electron. The common point of interest in the
systems is that their ground state critically depends on
competition between the indirect magnetic intersite int
action (RKKY) between4f local moments via the con
duction electrons and the on-site Kondo interaction wh
favors a nonmagnetic ground state via moment comp
sation [3]. The delicate balance between these two
teractions (with characteristic energiesTRKKY and TK ,
respectively) is theoretically described by Doniach [4] f
a one-dimensional Kondo lattice in a magnetic phase
agram depending on the exchange interactionJ between
4f and conduction electrons.

Among Yb-based intermetallic compounds orthorho
bic YbNiSn (e-TiNiSi structure) has recently attracte
considerable interest as being a ferromagnetic (F
sTC  5.65 Kd Kondo-lattice (KL) system: At high tem-
peratures the magnetic susceptibility reveals Curie-We
behavior with an effective momentmeff ø 4.3mB [5]
close to the value of the free Yb31 ion smeff ø 4.54mBd.
At low temperatures the interionic magnetic exchan
coupling is found to be strongly anisotropic and compe
with the crystal electric field (CEF) anisotropy. Th
competition results in an unusual situation where t
Yb magnetic moments lie along thec axis although
the a axis is the easy magnetization axis [6]. F
temperaturesT , TC the Yb magnetic moments hav
a saturated value ofmS  0.85mB which is lower than
the valuemCEF  1.1mB, as estimated from the analys
of the paramagnetic state by considering the influen
of the CEF [6]. The reduction ofmS is attributed to
the hybridization of the localized4f-electrons with
conduction electrons. At low temperatures YbNiS
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reveals a relatively high electronic specific heat coe
cient g ø 300 mJ mol21K22 [7] suggesting that a heavy
electron state coexists with magnetic order of reduc
magnetic moments.

These findings very recently have motivated seve
high pressure groups to investigate the effect of pr
surespd on the transport, magnetic, and structural pro
erties of YbNiSn. Measurements of the resistivity
pressuresp # 1.7 GPa [8] have shown thatTC strongly
increases withp reachingTC  7.6 K at p  1.7 GPa.
Very recent high pressure ac-susceptibilityfxacspdg mea-
surements [9] on YbNiSn over an extended press
range 0 # p # 38 GPa reveal that the enhancedTC

passes through a maximum atp ø 2 GPa and then
falls to TC  5.3 K for 6 # p # 9.4 GPa. These re-
sults [8,9] have been qualitatively discussed within t
Doniach model. At higher pressures, however, the
thors [9] reported evidence for an unstable FM state
YbNiSn which cannot be simply understood within th
Doniach model: the ferromagneticxac signaldisappeared
for pressuresp $ 9.4 GPa, a fact which is taken as a
indication of a transition from the FM state to an antiferr
magnetic or nonmagnetic state. In contrast to this,
cent high pressure resistivity measurements for0 # p #

13 GPa on YbNiSn reveal thatTC is nearly pressure in-
dependent for6 # p # 13 GPa [10]; i.e., no indication
of a discontinuous change of the type of magnetic or
is observed atp  9.4 GPa. Also a possible pressure
induced structural phase transition atp  9.4 GPa could
be excluded from high pressure x-ray diffraction measu
ments on YbNiSn which indicate a stable structure
p # 26.4 GPa [10].

Despite these extensive experimental efforts
YbNiSn such macroscopic high pressure experiments
not provide any information about the pressure effect
the Yb magnetic moment and the type of magnetic or
which are known to be intimately connected to the crys
electric field anisotropy in many KL compounds [3,11
© 1996 The American Physical Society
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Obviously, this information is of fundamental interest fo
a better understanding of the ground state properties
magnetically ordered KL systems.

It is for this reason that we have investigated for the fir
time on amicroscopiclevel the effect of pressure on the
magnetic and electronic properties of a magnetically o
dered Kondo-lattice system up to pressures of 7 GPa a
temperatures1.8 # T # 9 K using the170Yb high pres-
sure Mössbauer effect (ME) technique [12]. This micro
scopic method is a powerful tool for the determinatio
of pressure-induced changes of the Yb magnetic mom
fmYbspdg, the Curie temperaturefTCspdg and the electric
field gradient (EFG) at the Yb site which reflects the Y
local site symmetry. mYBspd is obtained by measuring
the pressure dependence of the effective magnetic hyp
fine (hf) field Beff sT ! 0 Kd at the170Yb nucleus, since
Beff is directly proportional tomYb (Beff  CmYb, C 
102 T m

21
B [6]). TCspd is obtained by measuring the tem

perature dependence ofBeff at different pressures. The
change of the EFG withp is obtained from the pressure de
pendence of the quadrupole splittingEQ  eQVzz , where
Vzz is the EFG at the Yb nucleus andQ is the nuclear
quadrupole moment of theI  2 excited state. Since the
EFG in YbNiSn is dominated by the contribution from
the aspherical charge distribution of4f and6p electrons
[6,13], the pressure dependence ofEQ should give infor-
mation about the change of the CEF anisotropy withp.

Our results show that unlike general expectations t
enhancement ofTC for pressures0 # p # 3 GPa is
not accompanied by a pressure-induced change of
Yb magnetic moment, which indicates a stable mome
behavior. Most interesting is our finding of a grad
ual pressure-induced magnetic phase transition forp .

3 GPa from the FM ground state to a complex magne
state. It is shown that the magnetic ground state prop
ties of the FM KL compound YbNiSn are governed by
volume dependent competition between the magnetic
change and CEF anisotropy.

For our high pressure study we have prepared a spe
170TmB12 high activity s,200 mCid Mössbauer source on
small active diameter of less than 3 mm. Polycrystallin
YbNiSn was prepared by melting stoichiometric amoun
of the constituents in a sealed molybdenum crucible a
by postannealing the sample at 800±C for several days.
High pressure170Yb-ME measurements up to 7 GPa an
at temperatures1.8 # T # 9 K were performed using
a Chester-Jones type high pressure setup as descr
elsewhere [14].

Figure 1 shows170Yb ME spectra of YbNiSn in the
paramagnetic phasesT  9 Kd at different pressures. All
spectra were fitted assuming a pure quadrupole splitti
The asymmetry parameterh of the EFG [h  jsVxx 2

VyydyVzzj, whereVxx # Vyy # Vzz and h # 1] is found
to be 0.2 # h # 0.6 and the values ofEQ and h at
ambient pressure are in very good agreement with tho
previously reported [6]. As evident from Fig. 1 (and
of
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FIG. 1. Typical170Yb ME spectra of YbNiSn in the paramag
netic state collected atT  9 K and different pressures.

Fig. 3(a)) EQ is gradually enhanced with increasingp,
particularly abovep  3 GPa.

In Fig. 2 we show ME spectra in the magnetical
ordered statesT  1.8 Kd for different pressures. The
spectra were fitted with a full Hamiltonian assumin
magnetic hyperfine fields as free parameters and by fix

FIG. 2. Typical170Yb ME spectra of YbNiSn in the magneti-
cally ordered state collected atT  1.8 K and different
pressures. Dashed and solid lines in the ME spectrum
7 GPa display subspectra of the low and high field compone
respectively.
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the values ofEQ and the linewidth to values obtained
in the paramagnetic phase. At low pressuresp , 3 GPa
Beff shows nearly constant values ofBeff ø 85 T in good
agreement with previous ambientp results [6], revealing
an almost pressure independent Yb magnetic mome
Above a critical pressurespcd of about 3 GPa, a high
field (moment) component appears withBeff ø 175 T
[see also Fig. 3(b)], whose fraction grows at the cost
that of the low field component. This indicates a pressur
induced magnetic phase transition forp $ 3 GPa from
the FM state to a new, complex magnetic ground sta
A reversible behavior upon releasing the pressure
observed. The pressure dependence of the twoBeff

components and their weight averaged valueBeff are
shown in Fig. 3(b).

In addition, we have deduced the values ofTCspd from
the temperature dependence ofBeff at different pressures.
The results ofTCspd are shown in Fig. 3(c) together
with those observed in recent high pressure resistivi

FIG. 3. (a) Pressure dependence of the quadrupole splitti
eQVzz at T  9 K; (b) pressure dependence of the averag
magnetic hf fieldBeff sjd at T  1.8 K. Symbols shd and
s}d denote the pressure dependence of the low and hi
field components, respectively. Arrows mark the correspondin
values of the Yb magnetic moment along thec smcd and a
axis smad and the estimated value ofmCEF by considering
CEF effects according to Ref. [6].pc  3 GPa is the critical
pressure; and (c) pressure dependence ofTC as obtained from
our high pressure170Yb ME measurements on YbNiSns≤d and
from high pressure resistivity measurementss±d [10]. Dashed
lines through data points are guides to the eye.
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measurements on YbNiSn [10]. The agreement betwe
the Mössbauer and resistivity data and previous results
others [8,9] is obvious.

First, we discuss the pressure-induced changes ofm and
TC. As is evident from Fig. 3(b) the value ofBeff ø 85 T
(or mYb ø 0.83mB) is almost pressure independent in th
low pressure range0 # p # 3 GPa which is typical for
stable moment systems [15–17]. On the other hand,TC is
strongly enhanced withp in the same pressure range to i
maximum valuesTC ø 7.7 Kd. This finding of a pressure
independentmYb is in contradiction to the suggestion
that the magnetic ground state of YbNiSn exhibits
reduced Yb moment [6] due to Kondo screening. I
one follows this suggestion in the framework of th
Doniach model, one would expect a related increase
both the Yb magnetic moment andTC with increasingp
due to the dramatic decrease of the Kondo temperat
TK with respect toTRKKY . Here we want to mention
that this theoretical picture works fairly well for the
magnetically ordered Ce KL system CeSix [15]. In this
system it has been shown that the pressure depende
of the saturation magnetization is directly related to th
of TC. This indicates that the pressure dependence
TC and mYb in YbNiSn cannot be simply understood o
the basis of the Doniach model assuming a reduced
magnetic moment at ambient pressure. Our observat
of a pressure-induced magnetic phase transition at hig
pressures gives additional indication that the magne
ground state properties of YbNiSn are more compl
(see below).

Next, we discuss the pressure-induced changes om

and TC in the pressure range3 , p # 7 GPa. As men-
tioned before, we find forp . pc that the FM state of
YbNiSn becomes unstable: whileTC decreases sharply
with p, we observe the appearance of a high field co
ponent (Beff  175 T or m  1.72mB) whose fraction
increases with increasingp. Thus the decrease ofTC

upon increasingp is directly related to the transition
from a low field to high field state which we attribute
to a magnetic phase transition from the FM state at a
bient pressure to a new, complex magnetic state. In
der to explain the formation of such a state, we rec
that the FM state at ambient pressure is governed
a competition between the anisotropy of the magne
exchange interaction and that of the CEF. As show
in Ref. [6], the alignment of the Yb magnetic momen
along thec axis although thea axis is the easy mag-
netization axis is related to the fact that the anisotro
of the magnetic exchange interactionovercomesthe CEF
anisotropy. Model calculations and magnetization me
surements on single crystal YbNiSn [6] show that th
saturation value of the Yb magnetic moment along t
a axis sma

Yb ø 1.65mBd is twice that along thec axis.
Here we emphasize that we find forp . 3 GPa a value
of the high field component ofBeff  175 T which is
equivalent to the value of the Yb moment along thea



VOLUME 77, NUMBER 15 P H Y S I C A L R E V I E W L E T T E R S 7 OCTOBER 1996

c
n

n

i

n

r

of

e

v

-

.

.

,
,

.

d

.

.

,

d

)

e

axis. This leads us to suggest that the pressure-indu
magnetic ground state is accompanied by a correspo
ing change of the Yb moment orientation from thec axis
to the easya axis. The change of the moment directio
is also evidenced by a change in the angleQ between
Beff and Vzz . Such a phase transition is only possible
one assumes that pressure enhances the CEF anisot
with respect to the anisotropy of the magnetic exchan
interaction and thereby favors the orientation of the Y
moments along the easy magnetizationa axis. This in-
terpretation is strongly supported by our finding of
gradual increase ofVzz [see Fig. 3(a)] with pressure (par-
ticularly for p . 3 GPa) which displays a corresponding
increase of the CEF anisotropy. As mentioned befor
this increase ofVzz with p should arise from a cor-
responding change of the aspherical charge distributi
of the 4f and/or 6p electrons with increasing pressure
However, our finding of a stable moment behavior fo
p , pc and a gradual change of the orientation of th
local Yb moments forp . pc indicates that the ground
state wave functions of the4f electrons remain almost
unchanged as pressure increases. Therefore, the obse
increase ofVzz with pressure should be mainly due to a
pressure-induced change of the Yb6p contribution to
Vzz . Indeed, the6p contribution to Vzz in rare earth
compounds is considerably large (e.g., Gd31 intermetal-
lic compounds [13]) and is known to be very sensitiv
to volume changes (e.g., Gd2Co17Nx [18]).

Here, we want to refer to our170Yb ME measure-
ments at ambientp on the related isostructural antifer-
romagnetic KL compound YbPtAlsTN  5.8 Kd [19]: in
YbPtAl, with a lattice volume at ambientp corresponding
to that of YbNiSn atp ø 5 GPa, we find [20] in the para-
magnetic state a single, large value ofeQVzz ø 30 mmys.
In addition, we observe atT  4.2 K a coexistence of
a high and a low field component withBeff of 130
and 60 T, respectively, similar to YbNiSn atp . pc.
These results strongly support our high pressure results
YbNiSn.

Finally, our finding of a gradual change of the FM
ground state of YbNiSn forp . pc  3 GPa to a com-
plex magnetic state withp can explain the loss of the FM
signal in very recentxacspd measurements of YbNiSn for
p $ 9.4 GPa [9] if the pressure-induced magnetic sta
has a vanishing FM component.

In conclusion, we have shown that the magnetic grou
state properties of the FM KL compound YbNiSn ar
governed by a volume dependent competition betwe
the magnetic exchange and CEF anisotropy rather th
by a direct competition between Kondo and RKKY in
teractions. We believe that our microscopic high pressu
study should stimulate theoretical and experimental effo
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for a better understanding of the ground state properties
KL systems.
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