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Direct observation of a magnetically ordered state in YbCu2Si2 under high pressure
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The intermetallic compound YbCu2Si2 is a well-known nonmagnetic~NM! Yb intermediate-valent com-
pound with a Yb valence of 2.9 at ambient pressure and 300 K. In the present work we have investigated the
effect of high pressure on the ground state properties of YbCu2Si2 on both microscopic and macroscopic levels
by using the 170Yb Mössbauer effect, electrical resistance, and x-ray diffraction techniques, respectively.
High-pressure x-ray diffraction data indicate that the lattice structure of YbCu2Si2 is stable up to 22.2 GPa. The
value of the bulk modulus@B05168(10) GPa21# is found to be close to the value expected for trivalent
RCu2Si2 compounds. The pressure dependence of the electrical resistance reveals evidence for a pressure-
induced magnetic order forp>8 GPa. From our Mo¨ssbauer data, we conclude a crossover from the NM to a
magnetically ordered state of localized Yb moments forp>8 GPa and below 2 K. The pressure-induced
change of the electric quadrupole splitting indicates that this transition is accompanied by a valence change
towards the Yb31 state.@S0163-1829~99!01729-4#
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I. INTRODUCTION

For the last two decades Ce and Yb intermetallic co
pounds have attracted much attention because of their p
liar electronic and magnetic properties due to the close p
imity of their f level from the Fermi energy. The propertie
of these compounds are dominated by essentially two c
acteristic energies scalesTK and TRKKY ~the Kondo effect
and the RKKY interaction, respectively! which are both re-
lated to the hybridization strength between the 4f and con-
duction electrons.1

When TK@TRKKY the ground state is nonmagnetic a
the compound can even be in an intermediate valence
gime; i.e., thef count is noninteger. As opposed to this, wh
TRKKY@TK the compound can exhibit magnetic order. T
most interesting situation occurs when the balance betw
both competing energy scales makes the compound clos
a magnetic instability where heavy-fermion behavior co
ists with either superconductivity and/or magnetic orderin

Among Yb-based intermetallic compounds tetrago
YbCu2Si2 (ThCr2Si2-type structure! has attracted continu
ous interest as being in an intermediate-valent state, the
lency v.2.9 at 300 K,2 with a moderately high value of th
linear specific heat coefficientg.135 mJ mol21 K22.3 Nei-
ther electrical resistivity nor susceptibility measurements
ambient pressure showed any sign of magnetic orde
down to 0.4 K.3 Since pressure is expected to favor the triv
lent 4f 13 state (v53), there have been many attempts
observe pressure-induced valence changes and ultim
magnetic ordering in YbCu2Si2.

Regarding the effect of pressure on the valence stat
Yb, first pressure~up to 1.2 GPa! experiments were carrie
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out using dc magnetic susceptibility (x) measurements a
room temperature. They showed thatx increases with ap-
plied pressure pointing to a valence increase.4 More conclu-
sive were the inelastic neutron scattering experiments
formed up to 1.7 GPa at 300 K.5 They indicated that
application of p51.7 GPa induces a valence shiftDv
50.055, i.e.,v52.96~300 K, 1.7 GPa! together with a weak
reduction of the overall crystal field splitting.

In order to find evidence for a pressure-induced magn
order several high-pressure electrical resistivity measu
ments have been performed. Earlier high-pressure elect
resistivity measurements up to 8 GPa at temperatures
tween 5 and 300 K failed to detect any sign of magne
ordering.1,6 A set of experiments with extended pressu
ranges~up to 25 GPa! gave some evidence for a pressur
induced magnetic order atp.8 GPa.7–10 This finding was
supported by recent thermopower data.11

Despite these experimental efforts, there is no direct e
dence for such a pressure-induced magnetic order. A
nothing is known about the nature of the pressure-indu
magnetic state, e.g., the value of Yb magnetic moment
the type of magnetic ordering are still missing informatio

In order to shed more light on the nature of the grou
state of YbCu2Si2 we have investigated the effect of pressu
on both microscopic and macroscopic levels by using170Yb
Mössbauer effect, electrical resistance, and x-ray diffract
techniques, respectively.

170Yb Mössbauer spectroscopy offers the possibility
determine the electric quadrupole and magnetic hyperfine
teractions. From the quadrupole splittingEQ5eQVzz, where
Vzz is the electric field gradient~EFG! andQ the quadrupole
moment of the excitedI ex52 state, one can gain informatio
3324 ©1999 The American Physical Society
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about the pressure-induced valence changes. The determ
tion of the effective magnetic fieldBe f f allows one to evalu-
ate the pressure dependence of the Yb magnetic mom
mYb(p) and of the ordering temperatureT0(p) by measuring
Be f f(T) at different pressures. Measurements of the re
tanceR(T,p) permit one not only to determineT0(p) but
also to study corresponding variations of the crystalline e
tric field and electron correlation effects which are known
be important for the ground states properties of correla
electron systems. The x-ray diffraction experiments w
performed with the aim to investigate the structural stabi
of YbCu2Si2 under high pressure and to provide the volum
dependence of the relevant physical parameters.

II. EXPERIMENT

Polycrystalline single-phase samples of YbCu2Si2 were
prepared by resistance heating of stoichiometric amount
the elements in an evacuated tantalum crucible.7 Their qual-
ity was checked by x-ray diffraction.

Measurements of the electrical resistance have been
formed using the diamond anvil cell~DAC! technique12 be-
tween 1.8 and 300 K up to 21 GPa. Pressure was determ
by measuring the pressure-induced shift of theR1 fluores-
cence line of ruby.

The pressure- and temperature-dependent variation o
lattice parameters was measured at the energy-dispe
x-ray diffraction station for high pressure at LURE, Orsay13

~300 K measurements!, and at HASYLAB, Hamburg14 ~vari-
able temperature measurements!. Silicon ~300 K! oil and
solid argon (28 K<T,300 K) were used as pressure tran
mitting medium in the DAC at pressures up to 22.2 GPa

The 170Yb high-pressure Mo¨ssbauer effect experimen
were performed at temperatures ranging from 1.8 to 80
and up to 8.9 GPa in a Chester-Jones-type setup with4C
anvils. Related technical details are described elsewhere15 A
superconducting lead manometer was employed in the p
sure cell for in situ measurements of the pressure. T
170TmB12 source (;40 mCi on a 2 mmactive diameter! and
the absorber were kept at the same temperature during
measurements.

III. RESULTS AND DISCUSSION

A. Volume dependence of the lattice parameters

Figure 1 shows typical energy dispersive diffraction p
terns recorded at 300 K at pressures up to 22.2 GPa.
peaks besides the Yb fluorescence lines and escape p
from the sample can be indexed according to the tetrag
ThCr2Si2-type structure. There is no evidence for any stru
tural phase transition up to 22.2 GPa. The pressure de
dence of the lattice parameters and of the unit cell volu
are presented in Figs. 2 and 3, respectively. A smooth
crease of botha andc parameters is observed upon increa
ing pressure with a slightly faster decrease of thea param-
eter. Diffraction patterns recorded at 16 GPa at differ
temperatures from 300 down to 28 K indicate that YbCu2Si2
retains the tetragonal structure at low temperatures. The fi
the pressure-volume relationship~Fig. 3! to a Murnaghan’s

equation of stateV(p)5V0@11(B08/B0)p#21/B08, leads to a
bulk modulus B05168(10) GPa, B08'0.8, and V0
na-
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5152.6 Å3. The value ofB0 is comparable to x-ray result
for related Yb compounds.16–18 Our x-ray-determinedB0
value differs considerably from the one estimated from B
louin scattering, an indirect method which does not imp
any pressure experiment.19

B. Pressure effect on the electrical resistance

Figure 4 displays the temperature dependence~logarith-
mic scale! of the electrical resistanceR(T,p) normalized to
its room temperature valueR(295 K,p) for some selected
pressures. The normalized resistance value increases
tinuously and exhibits a broad maximum which becom
more pronounced and shifted to lower temperature with
creasing pressure (0<p<10 GPa). The shape, below th
maximum, of the resistance curves start to be modified ab
7 GPa and a second bump shows up clearly at lower t

FIG. 1. Room temperature energy dispersive diffraction patte
of YbCu2Si2 obtained at different pressures up to 22.2 GPa. T
diffraction data were collected at a scattering angle of 6.49°. U
marked peaks represent escape lines and Yb fluorescence line

FIG. 2. Pressure dependence of thea andc lattice parameters of
YbCu2Si2.
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perature atp>15 GPa. The pressure~volume! dependence
of the high-temperature maximum,Tmax, is shown in Fig. 5.

Compared with results of previous investigations,6–10 the
Tmax values appear to be sample dependent, probably du
the strong anisotropic character of YbCu2Si2. Here, one first
observes a rapid decrease ofTmax from about 270 K at am-
bient pressure followed by a progressive flattening with
most constantTmax values between 9 GPa and 19 G
(0.05,12V/V0,0.10). Above 20 GPa (12V/V0
.0.105) Tmax slightly increases. The negative pressure
rivative of Tmax for p,15 GPa is opposite to that found i
all nonmagnetic Ce compounds but similar to that obser
in other Yb intermetallics.20,21 It is thus tempting to assum
that Tmax scales with the Kondo temperatureTK and to de-
duce then an electronic Gru¨neisen parameter V

FIG. 3. Pressure variation of the unit cell volume of YbCu2Si2.
The solid line is a fit to Murnahgan’s equation of state~see text!.

FIG. 4. Temperature dependence of the normalized elect
resistance@R/R(295 K)# of YbCu2Si2 at some selected pressu
values:~a! 1.0 GPa~lower curve!, 2.3 GPa, 4.2 GPa, 6.1 GPa, 6
GPa, 7.1 GPa, 9.0 GPa, 10.0 GPa, and 15 GPa~upper curve!; ~b! 19
GPa and 21 GPa.
to

l-

-

d

5] ln Tmax/] ln V.227 which be estimated from the exper
mental value of]Tmax/]p.240 K GPa21 (p,2.3 GPa)
by using the measured bulk modulus@B05168(10) GPa#.
The value of V is comparable to the one reported f
YbCu4.5 (V5227),20 but much smaller than the value re
ported recently for the nonmagnetic heavy-fermi
Yb2Ni2Al ( V52165).18 The above statement is, howeve
somewhat questionable since the crystal field splitt
(TCEF) ~Ref. 5! at ambient pressure compares to the va
estimated forTK and both characteristic energies decrea
with increasing pressure. It definitely breaks down at hig
pressures (p.15 GPa) whereTmax rises and a low-
temperature maximum sets in. HereTmax is no longer linked
to TK but probably to the scattering with populated excit
crystal field states.

Similar behavior was already observed in other Y
compounds.20–22The change of the physical origin ofTmax is
more clearly seen if the resistance data normalized to
resistanceRmax at Tmax are plotted versusT/Tmax ~Fig. 6!.
The observed deviation from a scaling law1 ~see Fig. 6!
clearly indicates thatTK no longer plays a central role. Fig
ure 6 shows that reasonable scaling appears forp,9 GPa
when 0.6,T/Tmax,2. This is a quite extended range o

al

FIG. 5. Volume dependence of the high-temperature resista
maximumTmax for YbCu2Si2.

FIG. 6. Resistance vs temperature for YbCu2Si2 at different
pressures plotted on normalized scales asR/Rmax(p) vs T/Tmax(p).
The pressure increases from the bottom to the top: 1 GPa~lower
curve!, 2.3 GPa, 4.2 GPa, 6.1 GPa, 6.7 GPa, 7.1 GPa, 9.0 GPa,
GPa, 15 GPa, and 19 GPa~upper curve!.
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temperature becauseTmax is rather large. The breakdown o
scaling with increasing pressure in the high-temperat
range (T/Tmax.1) indicates thatTCEF plays the dominant
role while at the lowest temperatures (T/Tmax,1) it points
to the growing importance of the RKKY interaction a
shown in the measured curve atp>9 GPa.

As already pointed out above~see Fig. 4! the resistance
curves change their low-temperature shape for pressup
.7 GPa. This behavior is attributed to the onset of m
netic ordering atT0. Our measurements allow us to dete
mine the pressure~volume! dependence ofT0 which was
defined as the temperature whered2R/dT2 shows a mini-
mum in the temperature rangeT,10 K ~Fig. 7!. The T0
estimated as above are somewhat higher than those rep
by Alami-Yadri et al.,10 but both sets of data can be reco
ciliated if T0 in Ref. 10 is defined as the temperature whe
the resistivity versus temperature derivativedr/dT, at T
,10 K, shows its first anomaly when decreasing the te
perature. The critical pressurepc where magnetic order is
induced is found to be close to 8 GPa, in good agreem
with the high-pressure Mo¨ssbauer results~see below!. Figure
7 shows thatT0(p) rises steeply before saturating atp
>19 GPa. This behavior mirrors the one observed in
compounds, where application of pressure suppresses
netic order,23 and results from a delicate balance between
Kondo and RKKY interactions.24 Further insights that pres
sure induces a magnetically ordered state in YbCu2Si2 are
provided by theT3 dependence of the low-temperature res
tance observed above the critical pressure as well as by
mopower data.11

C. High-pressure 170Yb Mössbauer measurements

1. Electronic ground state at ambient pressure

The ambient pressure Mo¨ssbauer experiments were pe
formed using a standard YbCu2Si2 absorber, i.e., outside th
pressure cell, at 4.2 K and 1.8 K~Fig. 8!. The spectra at both
temperatures can be well fitted assuming the presence o
axial quadrupole interaction only witheQVzz54.0(2) mm/s
at 4.2 K, in accordance with previous results.25 No sign of
magnetic hyperfine splitting was observed down to 1.8
The principal componentVzz of the EFG was estimated t

FIG. 7. Volume dependence of the pressure-induced magn
ordering temperature (T0) in YbCu2Si2 as deduced from the high
pressure resistance data.
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amount to 25.3(3)31021 V/m2 taking Q522.11
310228 m2 for the value of the quadrupole moment of th
excited (I ex52) state.Vzz is made of three main compo
nents. There is in general a dominant contributionVzz

4 f ,
which originates from 4f electrons in a partially filled shell
a componentVzz

latt from the lattice charges, and a contrib
tion arising from the aspherical distribution of the valen
6p and 5d electrons,Vzz

6p.5d . The sum of the last two contri
butions,Vzz

latt1Vzz
6p,5d , can be estimated from the quadrupo

splitting data of 155Gd in the isostructural GdCu2Si2
compound.26,27 For theS-state ion Gd31, Vzz

4 f vanishes and
Vzz5Vzz

latt1Vzz
6p,5d . From the155Gd experimental results on

deduces (Vzz
latt1Vzz

6p,5d).2.9031021 V/m2. It follows that
Vzz

4 f in YbCu2Si2 amounts to.28.231021 V/m2 at 4.2 K,
i.e., eQVzz

4 f.6.2 mm/s. As expectedVzz
4 f is the major con-

tribution to Vzz but the other components cannot be n
glected; they represent about 35% of the 4f contribution. It
is difficult to differentiate experimentallyVzz

latt and Vzz
6p.5d ;

nevertheless, it was shown from EFG computations base
band structure calculations for GdCu2Si2 that Vzz

6p.5d54.8
31021 V/m2 overcomes by a factor of about 2~with oppo-
site sign! the Vzz

latt contribution.28

Vzz
4 f at 4.2 K and at ambient pressure is rather small

represents only about 30% of the free-ion Yb31 value. This
value as well as its unusual temperature dependence25,29 was
explained straightforwardly by a theoretical model,29,30 tak-
ing into account hybridization between 4f and conduction
electron states together with crystal electric field effects. T
results of this model agree well with the weak (Dv'0.1)

tic

FIG. 8. 170Yb Mössbauer spectra recorded at ambient press
at 4.2 K and 1.8 K.
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3328 PRB 60H. WINKELMANN et al.
temperature dependence of the Yb valence obse
experimentally.31

2. Pressure-induced valence change

The Mössbauer spectra recorded at 4.2 K and 1.8 K
various pressures up to 8.9 GPa are shown in Fig. 9. Spe
at 8.9 GPa and at 4.2 K and 80 K are shown in Fig. 10.

At 4.2 K and 1.8 K~up to 7.3 GPa! one observes only
pure quadrupole split spectra with slightly broadened lin
(W54.9 mm/s vs 3.2 mm/s atp50) and whereeQVzz has
increased by a factor of 2 from 4 mm/s at ambient pressur
about 8 mm/s at 8.9 GPa at 4.2 K~Fig. 11!. The line broad-
ening could be attributed either to little nonhydrostatic
effects ~the pressure gradient across the the sample is
than 10% at 8.9 GPa! or to relaxation effects as observed
other Yb intermetallics.32,33

The pressure dependence ofeQVzz has to be related to th
volume dependence of the different contributions toVzz.
Whereas Vzz

latt is expected to have little variation, an
pressure-induced valence shift towardsv53 will increase
Vzz

4 f . The pressure dependence ofVzz
6p.5d is so far unknown

and difficult to anticipate because it varies from one syst
to another. While it is strongly volume dependent in G
metal34 and in YbNiSn,35 little pressure effects on the EFG
were observed in some Gd intermetallics34 and in
Yb2Ni2Al.18 Nevertheless, similar pressure enhancement
Vzz were observed in other intermediate-valent Y
compounds32,33 and ascribed to valence changes. For
ample, the pressure-induced increase ofeQVzz in YbCuAl
~Ref. 32! up to 5.4 GPa at 4.2 K, due to a minor change

FIG. 9. Typical 170Yb Mössbauer spectra recorded at 4.2 K a
1.8 K at different pressures. Mo¨ssbauer spectra in the magnetica
ordered state were fitted by a superposition of a magnetic~solid
line! and nonmagnetic~dashed line! component~see text!.
ed

t
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the Yb valence from'2.8 to about 2.9, is more than a facto
of 2. Thus, it may be concluded that the observed press
dependence ofVzz is mainly due to the pressure-induce
valence shift towards the Yb31 state.

The temperature dependence ofeQVzz at 6.5 GPa and 8.9
GPa is shown in Fig. 11 together with the ambient press

FIG. 10. 170Yb Mössbauer spectra collected at 8.9 GPa and
4.2 K and 80 K.

FIG. 11. Temperature dependence ofeQVzz at ambient pressure
(s) as taken from Ref. 25 and at 6.5 GPa and 8.9 GPa (d, L,
present work!.
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data of Ref. 25. Here we observe a much weaker depend
of eQVzz at p58.9 GPa compared to that at ambient pre
sure. This finding is consistent with a valence change
wards Yb31. The fact thateQVzz at high pressure increase
with increasing temperature~instead of decreasing!, as re-
ported in YbCuAl~Ref. 32! and YbPd2Si2 ~Ref. 33!, could
be explained by a temperature-dependent contribution of
6p,5d electrons toeQVzz in YbCu2Si2.

3. Pressure-induced magnetic ordering

For the spectra recorded at the highest pressures~8.2 GPa
and 8.9 GPa! and at 1.8 K a strong change in their shape
evident~Fig. 9!. These data provide the most clear sign o
pressure-induced magnetic ordering in YbCu2Si2. The analy-
sis of the spectral shapes shows that they cannot be
counted for assuming either a single magnetic componen
magnetic relaxation within an exchange-split-isolated Kra
ers doublet.36 Best fits to the data were obtained with tw
subspectra corresponding to a well-separated magnetic
nonmagnetic component. During the least-squares fit
procedure which includes diagonalization of the combin
magnetic and quadrupole Hamiltonian, the linewidth and
quadrupole splitting were fixed to their paramagnetic st
values at 4.2 K. The hyperfine fieldBe f f , the angleQ be-
tweenVzz and Be f f , and the relative spectral areas of bo
subspectra were kept as free parameters. Forp58.9 GPa the
magnetic subspectrum which represents about 50% of
total spectral area can be approximated withBe f f
5127(4) T andQ521(5)°. Both Be f f and the magnetic
fraction increase with increasing pressure. The value of
Yb magnetic moment is estimated to amount tomYb
.1.25mB at 8.9 GPa, using the relationBe f f5CmYb where
C5102 T/mB .37 The value of the Yb magnetic moment
s
.,

is

m

B

n
ce
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c-
or
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e
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e

rather large and compares with those obtained in magn
cally ordered Kondo-lattice Yb compouds, e.g., YbNiS
~Refs. 35 and 37! and YbPtAl ~Ref. 38!.

Although the ordering temperatureT0 cannot be estimated
accurately from our Mo¨ssbauer data, the observed behav
is consistent with theT0 values determined by resistanc
measurements~Fig. 7!. The coexistence of a magnetic an
nonmagnetic component may be ascribed to a first-or
pressure-induced transition as reported recently
Yb2Ni2Al,18 but one cannot at this stage disregard other
planations: the formation of magnetic clusters in the pa
magnetic phase~Griffiths phase! ~Ref. 39! for p>8.2 GPa
and T<1.8 K. To clarify this last point170Yb Mössbauer
measurements at lower temperatures and at higher pres
are highly desired.

IV. CONCLUSIONS

We have investigated the effect of pressure on the gro
state properties of the nonmagnetic intermediate valent c
pound YbCu2Si2 using the x-ray diffraction, electrical resis
tance, and the170Yb Mössbauer effect techniques. We o
serve a pressure-induced change of the electric quadru
splitting, indicating a valence shift of Yb towards the Yb31

state. Atp>8 GPa and below 2 K we find acrossover from
the nonmagnetic intermediate-valent state to a magnetic
ordered state. The values of the magnetic hyperfine field
the high-pressure phase indicate that the magnetic orderin
due to localized Yb magnetic moments.
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36H. H. Wickmann, inMössbauer Effect Methodology, edited by I.
J. Gruverman~Plenum, New York, 1966!, Vol. 2, p. 39.

37P. Bonville, P. Bellot, J. A. Hodges, P. Imbert, G. Jehanno, G.
Bras, J. Hammann, L. Leylekian, G. Chevrier, P. Thue´ry, L.
D’Onofrio, A. Hamzic, and A. Barthelemy, Physica B182, 105
~1992!.

38K. Drescher, M. M. Abd-Elmeguid, H. Micklitz, J. P. Sanchez,
Geibel, and F. Steglich, J. Magn. Magn. Mater.182, L275
~1998!.

39A. H. Castro Neto, G. Castilla, and B. A. Jones, Phys. Rev. L
81, 3531~1998!.


