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Direct observation of a magnetically ordered state in YbCySi, under high pressure
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The intermetallic compound YbG8i, is a well-known nonmagnetitNM) 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 ¥8gon both microscopic and macroscopic levels
by using the®vb Mossbauer effect, electrical resistance, and x-ray diffraction techniques, respectively.
High-pressure x-ray diffraction data indicate that the lattice structure of ¥®iCis stable up to 22.2 GPa. The
value of the bulk modulu§B,=168(10) GPal] is found to be close to the value expected for trivalent
RCuw,Si, compounds. The pressure dependence of the electrical resistance reveals evidence for a pressure-
induced magnetic order f@=8 GPa. From our Mssbauer data, we conclude a crossover from the NM to a
magnetically ordered state of localized Yb moments ger8 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 YB' state.[S0163-182609)01729-4

[. INTRODUCTION out using dc magnetic susceptibility measurements at
room temperature. They showed thatincreases with ap-
For the last two decades Ce and Yb intermetallic com-plied pressure pointing to a valence incredssore conclu-
pounds have attracted much attention because of their pecsive were the inelastic neutron scattering experiments per-
liar electronic and magnetic properties due to the close proxformed up to 1.7 GPa at 300 K.They indicated that
imity of their f level from the Fermi energy. The properties application of p=1.7 GPa induces a valence shiftv
of these compounds are dominated by essentially two char=0.055, i.e.y=2.96(300 K, 1.7 GPatogether with a weak
acteristic energies scalfs and Tgrkxy (the Kondo effect reduction of the overall crystal field splitting.

and the RKKY interaction, respectivelyvhich are both re- In order to find evidence for a pressure-induced magnetic
lated to the hybridization strength between thieahd con- order several high-pressure electrical resistivity measure-
duction electrons. ments have been performed. Earlier high-pressure electrical

When T¢>Triky the ground state is nonmagnetic and resistivity measurements up to 8 GPa at temperatures be-
the compound can even be in an intermediate valence rédween 5 and 300 K failed to detect any sign of magnetic
gime; i.e., the count is noninteger. As opposed to this, whenordering® A set of experiments with extended pressure
Trrky> Tk the compound can exhibit magnetic order. Theranges(up to 25 GPagave some evidence for a pressure-
most interesting situation occurs when the balance betweenduced magnetic order at>8 GPa’'° This finding was
both competing energy scales makes the compound close sapported by recent thermopower d&ta.

a magnetic instability where heavy-fermion behavior coex- Despite these experimental efforts, there is no direct evi-
ists with either superconductivity and/or magnetic ordering.dence for such a pressure-induced magnetic order. Also

Among Yb-based intermetallic compounds tetragonalnothing is known about the nature of the pressure-induced
YbCu,Si, (ThCrSi,-type structurg has attracted continu- magnetic state, e.g., the value of Yb magnetic moment and
ous interest as being in an intermediate-valent state, the véle type of magnetic ordering are still missing information.
lencyv=2.9 at 300 k? with a moderately high value of the In order to shed more light on the nature of the ground
linear specific heat coefficient=135 mJmol*K~23Nei-  state of YbCySi, we have investigated the effect of pressure
ther electrical resistivity nor susceptibility measurements abn both microscopic and macroscopic levels by usifityb
ambient pressure showed any sign of magnetic orderindylossbauer effect, electrical resistance, and x-ray diffraction
down to 0.4 K2 Since pressure is expected to favor the triva-techniques, respectively.
lent 4f1° state (=3), there have been many attempts to  1’°¢b Mdssbauer spectroscopy offers the possibility to
observe pressure-induced valence changes and ultimatedigtermine the electric quadrupole and magnetic hyperfine in-
magnetic ordering in YbGiSi,. teractions. From the quadrupole splittig=eQV,,, where

Regarding the effect of pressure on the valence state df,, is the electric field gradiedlEFG) andQ the quadrupole
Yb, first pressurdup to 1.2 GPaexperiments were carried moment of the excitetl,,=2 state, one can gain information
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about the pressure-induced valence changes. The determina-
tion of the effective magnetic fielB.¢; allows one to evalu-

ate the pressure dependence of the Yb magnetic moment
myp(p) and of the ordering temperatufg(p) by measuring
Bet#(T) at different pressures. Measurements of the resis-
tanceR(T,p) permit one not only to determin€y(p) but

also to study corresponding variations of the crystalline elec-
tric field and electron correlation effects which are known to
be important for the ground states properties of correlated
electron systems. The x-ray diffraction experiments were
performed with the aim to investigate the structural stability
of YbCu,Si, under high pressure and to provide the volume
dependence of the relevant physical parameters.

Il. EXPERIMENT

Polycrystalline single-phase samples of YbSy were
prepared by resistance heating of stoichiometric amounts of
the elements in an evacuated tantalum crucibiéeir qual-
ity was checked by x-ray diffraction.
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Measurements of the electrical resistance have been per-

formed using the diamond anvil c€IDAC) techniqué? be-
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tween 1.8 and 300 K up to 21 GPa. Pressure was determined

by measuring the pressure-induced shift of Refluores-
cence line of ruby.

FIG. 1. Room temperature energy dispersive diffraction patterns
of YbCu,Si, obtained at different pressures up to 22.2 GPa. The

The pressure- and temperature-dependent variation of th#ffraction data were collected at a scattering angle of 6.49°. Un-
lattice parameters was measured at the energy—disperSiV@arked peaks represent escape lines and Yb fluorescence lines.
x-ray diffraction station for high pressure at LURE, OrSay
(300 K measurementsand at HASYLAB, Hamburlf (vari-  =152.6 A. The value of8, is comparable to x-ray results
able temperature measurementSilicon (300 K) oil and  for related Yb compound$*® Our x-ray-determineds,
solid argon (28 K<T<300 K) were used as pressure trans-value differs considerably from the one estimated from Bril-
mitting medium in the DAC at pressures up to 22.2 GPa. |ouin scattering, an indirect method which does not imply

The *"%b high-pressure Mssbauer effect experiments any pressure experimett.
were performed at temperatures ranging from 1.8 to 80 K
and up to 8.9 GPa in a Chester-Jones-type setup with B
anvils. Related technical details are described elsewfigxe.
superconducting lead manometer was employed in the pres- Figure 4 displays the temperature dependefagarith-
sure cell forin situ measurements of the pressure. Themic scal@ of the electrical resistand@(T,p) normalized to
17°TmB,, source (-40 mCi on a 2 mnactive diametérand  its room temperature valuR(295 K,p) for some selected
the absorber were kept at the same temperature during tipgessures. The normalized resistance value increases con-
measurements. tinuously and exhibits a broad maximum which becomes
more pronounced and shifted to lower temperature with in-
creasing pressure @p=<10 GPa). The shape, below the
maximum, of the resistance curves start to be modified above
7 GPa and a second bump shows up clearly at lower tem-

B. Pressure effect on the electrical resistance

Ill. RESULTS AND DISCUSSION
A. Volume dependence of the lattice parameters

Figure 1 shows typical energy dispersive diffraction pat-
terns recorded at 300 K at pressures up to 22.2 GPa. Al' 4.1 — T T T T
peaks besides the Yb fluorescence lines and escape pea J
from the sample can be indexed according to the tetragona Sa4a
ThCr,Si,-type structure. There is no evidence for any struc- T Lo
tural phase transition up to 22.2 GPa. The pressure deper. s, 4975
dence of the lattice parameters and of the unit cell volumey 39 %
are presented in Figs. 2 and 3, respectively. A smooth de *e
crease of botla andc parameters is observed upon increas- LN ]
ing pressure with a slightly faster decrease of ahgaram- 38r
eter. Diffraction patterns recorded at 16 GPa at different .
temperatures from 300 down to 28 K indicate that YbS&iy 37l L L L L
retains the tetragonal structure at low temperatures. The fit o 0 5
the pressure-volume relationshipig. 3) to a Murnaghan’s

equation of state/(p)=V[1+ (By/Bo)p] B0, leads to a
bulk modulus By=168(10) GPa, B(~0.8, and V,
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FIG. 2. Pressure dependence of éhandc lattice parameters of
YbCu,Si,.
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FIG. 3. Pressure variation of the unit cell volume of YBSiy. FIG. 5. Volume dependence of the high-temperature resistance
The solid line is a fit to Murnahgan’s equation of stédee text maximumT ., ., for YbCu,Si,.

perature ap=15 GPa. The pressu@olume dependence =dInT.,,/dInV=—27 which be estimated from the experi-
of the high-temperature maximufi,,ay, is shown in Fig. 5. mental value ofdT . /dp=—40 K GPa' (p<2.3 GPa)
Compared with results of previous investigatidi¥ the by using the measured bulk modulpB,=168(10) GP#&

Tmax Values appear to be sample dependent, probably due fthe value of Q) is comparable to the one reported for
the strong anisotropic character of Yb@i,. Here, one first YbCu,s (2=—27) 20 hut much smaller than the value re-
observes a rapid decreaseTof,, from about 270 K at am- ported recently for the nonmagnetic heavy-fermion
bient pressure followed by a progressive flattening with al-Yb,Ni,Al (Q=—165)!8 The above statement is, however,
most constantT,,,, values between 9 GPa and 19 GPasomewhat questionable since the crystal field splitting
(0.05<1-V/Vy<0.10). Above 20 GPa (&V/V, (Tcep) (Ref. 5 at ambient pressure compares to the value
=0.105) T,,.x Slightly increases. The negative pressure de€stimated forTy and both characteristic energies decrease
rivative of T4 for p<15 GPa is opposite to that found in with increasing pressure. It definitely breaks down at higher
all nonmagnetic Ce compounds but similar to that observegressures §>15 GPa) whereT.,, rises and a low-
in other Yb intermetallic§®?! It is thus tempting to assume temperature maximum sets in. HéFg, is no longer linked
that T4« Scales with the Kondo temperatufg and to de- to Tk but probably to the scattering with populated excited
duce then an electronic Qmaisen parameter )  crystal field states.

Similar behavior was already observed in other Yb

e - - compound£®-22The change of the physical origin ®f,,y is
] more clearly seen if the resistance data normalized to the
12} 15GPa i resistanceR .y at Tiax are plotted versu3/T,,.x (Fig. 6).
N The observed deviation from a scaling fasee Fig. 6
clearly indicates thalk no longer plays a central role. Fig-
10k ure 6 shows that reasonable scaling appearpfo® GPa
. when 0.&<T/T,,<2. This is a quite extended range of
X
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FIG. 4. Temperature dependence of the normalized electrical FIG. 6. Resistance vs temperature for YhSu at different
resistancg R/R(295 K)] of YbCu,Si, at some selected pressure pressures plotted on normalized scaleRER,,,.,(P) VS T/TmaxdP)-
values:(a) 1.0 GPa(lower curve, 2.3 GPa, 4.2 GPa, 6.1 GPa, 6.7 The pressure increases from the bottom to the top: 1 GReer
GPa, 7.1 GPa, 9.0 GPa, 10.0 GPa, and 15 @Pper curveg (b) 19 curve, 2.3 GPa, 4.2 GPa, 6.1 GPa, 6.7 GPa, 7.1 GPa, 9.0 GPa, 10.0
GPa and 21 GPa. GPa, 15 GPa, and 19 GRapper curve
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FIG. 7. Volume dependence of the pressure-induced magnetic:
ordering temperatureT() in YbCu,Si, as deduced from the high-
pressure resistance data.
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temperature becaudg, . is rather large. The breakdown of
scaling with increasing pressure in the high-temperature
range (/T,ac>1) indicates thafl g plays the dominant
role while at the lowest temperatures/{ ,,.x<1) it points -
to the growing importance of the RKKY interaction as L . L . L . L . L
shown in the measured curve@t9 GPa. -20 -10 0 10 20
As already pointed out abousee Fig. 4 the resistance

curves change their low-temperature shape for prespure v (mm/s)

>7 GPa. This behavior is attributed to the onset of mag-
netic ordering afTy. Our measurements allow us to deter-
mine the pressurévolume dependence off; which was
defined as the temperature what&R/dT? shows a mini-
mum in the temperature range<10 K (Fig. 7. The Ty amount to —5.3(3)x10%* V/m? taking Q=-2.11
estimated as above are somewhat higher than those reportedi0-28 m? for the value of the quadrupole moment of the
by Alami-Yadri et al.;” but both sets of data can be recon- gycited (,,=2) state.V,, is made of three main compo-

ciliated if Ty in Ref. 10 is defined as the temperature where, ot There is in general a dominant contributMﬂ

the resistivity versus temperature derivatidp/dT, at T which originates from 4 electrons in a partially filled shell,

<10 K, shows its first anomaly when decreas_lng the temy component/'3" from the lattice charges, and a contribu-
perature. The critical pressug, where magnetic order is

! : . tjon arising from the aspherical distribution of the valence
induced is found to be close to 8 GPa, in good agreemeré and 5 electrons Ve The sum of the last two contri-
with the high-pressure Misbauer resultsee below Figure P vz

; latt , y,6p,5d ;
7 shows thatTy(p) rises steeply before saturating pt bUt_'o.nS’VZZ +Var 15 can t_)e estlmgted from the quadrl_JpoIe
=19 GPa. This behavior mirrors the one observed in C&PItiNg d%tg of *%Gd in the |so+stru3'§ural GdGB,
compounds, where application of pressure suppresses mé _mpolutr:oe. s Fsé)r theSstatf ion G, Vz; vanishes and
netic order® and results from a delicate balance between the/zz=Vyz + V22 . From the'*Gd experimental results one
Kondo and RKKY interaction& Further insights that pres- deduces Y+ V52-*)~=2.90< 107* V/mZ. It follows that
sure induces a magnetically ordered state in YiSGuare Var in YbCu,Si, amounts to=—8.2x10%* V/m? at 4.2 K,
provided by theT® dependence of the low-temperature resis-i.e., eQ\/Z‘;:6.2 mm/s. As expecteld"z‘; is the major con-
tance observed above the critical pressure as well as by theribution to V,, but the other components cannot be ne-
mopower data’ glected; they represent about 35% of thieabntribution. It
is difficult to differentiate experimentally/'2" and V&P :
nevertheless, it was shown from EFG computations based on
. . band structure calculations for GdgSi, that VS@-*=4.8

1. Electronic ground state at ambient pressure X 10?* V/m? overcomes by a factor of about(®ith oppo-

The ambient pressure Msbauer experiments were per- site sign the VA" contribution?®

formed using a standard YbgSi, absorber, i.e., outside the v;‘; at 4.2 K and at ambient pressure is rather small; it
pressure cell, at 4.2 K and 1.8(Kig. 8). The spectra at both represents only about 30% of the free-ion®Ybvalue. This
temperatures can be well fitted assuming the presence of alue as well as its unusual temperature dependefteas
axial quadrupole interaction only withQV,,=4.0(2) mm/s  explained straightforwardly by a theoretical motfef® tak-
at 4.2 K, in accordance with previous res#ftsNo sign of  ing into account hybridization betweerf 4nd conduction
magnetic hyperfine splitting was observed down to 1.8 K.electron states together with crystal electric field effects. The
The principal componen¥,, of the EFG was estimated to results of this model agree well with the weak\~0.1)

FIG. 8. Y% Mossbauer spectra recorded at ambient pressure
at 4.2 Kand 1.8 K.

C. High-pressure "%Yb Mdssbauer measurements



3328 H. WINKELMANN et al. PRB 60

T T T T T
c
9
1))
c ke
@ =
R 7]
£ c
e ©
© —
= -
E O
© =
] et
o ©
)
o
1 " 1 M 1 M 1 " 1 1 2 1 " 1 2 1 " |
20 10 0 10 20 -20 10 O 10 20
v (mm/s) v (mm/s)
FIG. 9. Typical"%b Méssbauer spectra recorded at 4.2 K and
1.8 K at different pressures. Mebauer spectra in the magnetically
ordered state were fitted by a superposition of a magriettid L . L . L . L . L
line) and nonmagneti¢dashed ling componenisee text -20 -10 0 10 20
temperature dependence of the Yb valence observed v (mm/s)
; 1
experimentally’ FIG. 10. ¥%b M0ssbauer spectra collected at 8.9 GPa and at

4.2 K and 80 K.
2. Pressure-induced valence change

The Maossbauer spectra recorded at 4.2 K and 1.8 K athe Yb valence from=2.8 to about 2.9, is more than a factor
various pressures up to 8.9 GPa are shown in Fig. 9. Spectrd 2. Thus, it may be concluded that the observed pressure
at 8.9 GPa and at 4.2 K and 80 K are shown in Fig. 10. dependence o¥,, is mainly due to the pressure-induced

At 4.2 K and 1.8 K(up to 7.3 GPaone observes only valence shift towards the Yb state.
pure quadrupole split spectra with slightly broadened lines The temperature dependencee@V,, at 6.5 GPa and 8.9
(W=4.9 mm/s vs 3.2 mm/s gg=0) and whereeQV,, has  GPa is shown in Fig. 11 together with the ambient pressure
increased by a factor of 2 from 4 mm/s at ambient pressure to
about 8 mm/s at 8.9 GPa at 4.2(Rig. 11). The line broad- T y T y T y T y T
ening could be attributed either to little nonhydrostaticity 12| o  0GPa -
effects (the pressure gradient across the the sample is les L | e 65GPa i
than 10% at 8.9 GPar to relaxation effects as observed in __ 10 © 89GPa &
other Yb intermetallic§?33 g

The pressure dependencee@V,, has to be related to the g }
volume dependence of the different contributions\g,. = 8T % T

&

Whereas V2" is expected to have little variation, any .
pressure-induced valence shift towands 3 will increase 6 Pt .
V4. The pressure dependence\dl’* is so far unknown ! LT
and difficult to anticipate because it varies from one system n ) 4
to another. While it is strongly volume dependent in Gd L
metaf* and in YbNiSn® little pressure effects on the EFG . . . ,
were observed in some Gd intermetaffftsand in 0 o5 50 75 100
Yb,Ni,Al. '8 Nevertheless, similar pressure enhancements o T (K)

V,, were observed in other intermediate-valent Yb

compound%"’% and ascribed to valence changes. For ex- FIG. 11. Temperature dependencee6jV,, at ambient pressure
ample, the pressure-induced increasee @fV,, in YbCuAl (O) as taken from Ref. 25 and at 6.5 GPa and 8.9 G@a ¢,
(Ref. 32 up to 5.4 GPa at 4.2 K, due to a minor change ofpresent work
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data of Ref. 25. Here we observe a much weaker dependencather large and compares with those obtained in magneti-
of eQV,, at p=8.9 GPa compared to that at ambient pres-cally ordered Kondo-lattice Yb compouds, e.g., YbNiSn
sure. This finding is consistent with a valence change totRefs. 35 and 3i7and YbPtAl(Ref. 38.

wards YB". The fact thaeQV,, at high pressure increases  Although the ordering temperatufg cannot be estimated
with increasing temperaturénstead of decreasifgas re- accurately from our Mssbauer data, the observed behavior
ported in YbCuAl(Ref. 32 and YbPgSi, (Ref. 33, could IS consistent with theT, values determined by resistance

be explained by a temperature-dependent contribution of th&easurementgrig. 7). The coexistence of a magnetic and
6p,5d electrons teeQV,, in YbCu,Sk. nonmagnetic component may be ascribed to a first-order

pressure-induced transition as reported recently for
Yb,Ni,Al,*® but one cannot at this stage disregard other ex-
i planations: the formation of magnetic clusters in the para-
For the spectra recorded at the highest pres{@@sGPa  magnetic phaséGriffiths phasg (Ref. 39 for p=8.2 GPa
and 8.9 GPpand at 1.8 K a strong change in their shape isagnd T<1.8 K. To clarify this last point’%b Mdssbauer

evident(Fig. 9. These data provide the most clear sign of ameasurements at lower temperatures and at higher pressures
pressure-induced magnetic ordering in YBSU. The analy-  are highly desired.

sis of the spectral shapes shows that they cannot be ac-
counted for assuming either a single magnetic component or IV. CONCLUSIONS

magnetic relaxation within an exchange-split-isolated Kram- ) .
ers doublef® Best fits to the data were obtained with two W& have investigated the effect of pressure on the ground

subspectra corresponding to a well-separated magnetic art€ Properties of the nonmagnetic intermediate valent com-
§ound YbCuySi, using the x-ray diffraction, electrical resis-

nonmagnetic component. During the least-squares fittin S0y " .
procedure which includes diagonalization of the combined@nce, and the’yb Mossbauer effect techniques. We ob-

magnetic and quadrupole Hamiltonian, the linewidth and the&€rve & pressure-induced change of the electric quadrupole

quadrupole splitting were fixed to their paramagnetic statéPlitting, indicating a valence shift of Yb towards the ¥b
values at 4.2 K. The hyperfine fieBl,, the angle® be-  State. Atp=8 GPa and belw 2 K we find acrossover from

tweenV,, and B¢, and the relative spectral areas of both the nonmagnetic intermediate-valent state to a magn.etical.ly
subspectra were kept as free parameterspF8.9 GPa the order_ed state. The value_s of the magnetic hyperf_me flelqls in
magnetic subspectrum which represents about 50% of thibe h|gh-pre_ssure phase |nd_|cate that the magnetic ordering is
total spectral area can be approximated wisy,; due to localized Yb magnetic moments.

=127(4) T and®=21(5)°. Both B.s; and the magnetic
fraction increase with increasing pressure. The value of the
Yb magnetic moment is estimated to amount g/, It is a pleasure to acknowledge J. P. kied A. Polian for
=1.25up at 8.9 GPa, using the relatid = Cuy, Where their assistance at LURE. We also are grateful to P. Bonville
C=102 Tiug.% The value of the Yb magnetic moment is and C. Geibel for useful discussions.

3. Pressure-induced magnetic ordering
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