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High-pressure investigations of the ground state properties of the non-Fermi-liquid systemSYbRh
(*"%b-Mossbauer effect, electrical resistance and x-ray diffragtieneal unusual features that are different
from those found in Ce-related systems. We show that the ordered state with a low magnetic moment persists
in a very large pressure range up~dl0 GPa and is associated with spin fluctuations. At 10 GPa the system
undergoes a first-order magnetic phase transition to a high-moment statg wyithl.9(1)ug and magnetic
ordering temperaturé,,=7.5(4) K at 16.5 GPa. A magnetic phase diagram for Y4#hin the (p,T) space
is suggested.
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In recent years a growing interest has been devoted t8°Sj NMR (Ref. 14 and uSR (Ref. 13 experiments on
investigate strongly correlated electron systems, in particuybRh,Si,.
larly heavy fermionHF) metals which are located at or close  Regarding the pressure effect on the ground state proper-
to a magnetic quantum critical poif@CP.! This is due to  ties of Yb HF systems, unlike in Ce-based compounds
the fact that such system€e-, U- or Yb-based HF com- (4f! Ce") where pressure suppresses magnetism, pressure
pounds and alloysdevelop low temperature thermodynamic, induces (enhances magnetism in Yb-based ¢4%Yb®")
transport, and magnetic propertigso called non-Fermi- compounds. This is due to the fact that the hybridization
liquid (NFL) behaviol that essentially deviate from those strength parameted betweenf and conduction electrons
predicted by Landau Fermi-liquid thedtlost interesting is  which determines the ratio between the characteristic ener-
that the ground state properties of this class of materials cagies for the Kondo effect ) and the Ruderman-Kittel-
be tunedaround a magnetic QCPT{,—0 K) by a control  Kasuya-YosidaRKKY)) interaction Trxky)is decreased by
parameter such as doping, pressure, or magnetic field, argpplying pressure for Yb systersSince YbRBSI, is lo-
thereby allows one to gain new information about this un-cated in the vicinity of a QCP and displays weak magnetic
conventional metallic state. order with a low magnetic momefite., the ratioT  / Trxky

In fact, there are increasing number of examples of Ceis just below the critical value for disappearance of magne-
and U-based systems which have been found to exhibiism), application of pressure offers a unique possibility to
magnetic quantum critical points either by dopinjor by  investigate the nature of the LM state as well as its expected
applying external pressufe? Well known examples for a evolution towards a high-momerfHM) magnetic state at
pressure tuning of a QCP are CeCyAu,,’ CePdSi,,®  sufficiently high pressuré$. Such information is of funda-
and Celn,® which undergo asecond-ordermagnetic-to- mental interest for a better understanding of quantum critical
nonmagnetic transition through a QCP. In the case ophenomena in this class of systems.
CePdSi, and Celn even superconductivity appears near the In this Communication, we show that the LM state of
antiferromagnetic QCP. Among this class of systemsybRh,Si, persists up to a very high pressure of about 10
YbRh,Si, has attracted considerable excitement as being thgPa, and exhibits spin fluctuations in this pressure range. At
first ordered Yb-based HF compound which is located in thel0 GPa we find a first-order magnetic phase transition from
vicinity of a QCP and exhibits a pronounced NFL behavior atthe LM state to a magnetically ordered state with a HM
ambient pressure over a temperature range of more than ofg.,=1.9(1)ug and T,,=7.5(4) K at 16.5 GPh Finally,
decade as obtained from low temperature resistiviyp ( we suggest a temperature-pressure phase diagram for
«T) and specific heat/4 C/T=InT) measurement?. The YbRh,Si,.
proximity of YoRh,Si, to a magnetic QCP is manifested by  High quality YbRBSi, single crystalgresidual resistiv-
the observation of an antiferromagneticallyF) ordered ity ~1 () cm) were prepared as described in Ref. 10. The
state with extremely low value of y=70 mK, which can pressure dependence of the lattice constants at 300 K up to
either be suppressed T—0 by lattice expansion via Ge 21 GPa was measured on powdered samples by energy dis-
substitution(x) of ~5%, YbRR(Si, ,Ge,),,'* or by apply-  persive x-ray diffraction at HASYLAB using the diamond
ing a very small external magnetic fiefiOn the other hand, anvil cell (DAC) technique. The same type of DAC has been
Ty increases with pressufg=2.7 GPa; Ty=1 K at 2.7 used for electrical resistance measurements up to 21 GPa
GPa Refs(10 and 11]. A further interesting feature of the between 1.7 and 295 K and 70 neKr'<25 K in an external
AF ground state is its very tiny value of the orderstatio ~ magnetic field B,,) up to 6 T. *"%Yb high pressure Mss-
magnetic momerftuy ,~ (10 2-10"%) ug] as reported from  bauer effec{ ME) measurements up to 17.5 GPa at tempera-
very recent muon spin relaxatiopSR) measurementsin  tures 1.3 KsT<8 K have been performed with H°TmB,
addition, the existence of spin fluctuations in this low-source(35 mCij using a specially designed large volume
moment(LM) state has been reported from low temperaturepressure setup using industrial diamond antls.

0163-1829/2003/671.8)/1804034)/$20.00 67 180403-1 ©2003 The American Physical Society



RAPID COMMUNICATIONS

J. PLESSELet al. PHYSICAL REVIEW B 67, 180403R) (2003

L B L B B
(b) p=16.5GP

11 F a

1.0 -

X
209
g
o« 4 1 c
e | 1 s
in a=1.1 GPa 0.24F N 1 @
08 - b=51 GPa =022 ] 1 L £
c=69 GPa 5020~~x§» F  le® .. E
X d=87 GPa : | @
e=11 GPa 0.18 ] T g
07| f=12 GPa  0.16f ] 1 | =
9=14 GPa  0.14f 7GPa} 11GPa}17GPa 2
[ h-17.5GPa 0 1 20 1 20 1 2 7 5
e

i =19.5GPa T (K)
0.6 | S PR IR R B | 1
0 50 100 150 200 250 300

T(K)

FIG. 1. Temperature dependence (1.ZK<295 K) of the
electrical resistance normalized to its room temperature value for
YbRh,Si, at different pressures. The inset shows sele&€H,p)
curves in an external magnetic fiel},, for 70 mK<=T=<2.5 K.
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Figure 1 displays the temperature dependence of the elec-
trical resistancé&(T,p) normalized to its value at room tem-
peratureR(295 K,p) for some selected pressures. Hor
=1.1 GPa the resistance shows a broad maximum around 80 FIG. 2. "%b Mossbauer spectra of YbR&i,: (a) at T
K and a weak shoulder near 25 K. Upon increasing pressure 1.3 K for some selected pressures ghyl at p=16.5 GPa and
a maximum develops out of the should8r,(,,) at low tem-  different temperatures. The dashed and solid lines in the 11- and
perature which is shifted to lower temperatures and becomek?.8-GPa spectra represent the contibution of the paramagnetic and
sharp at higher pressures. The low temperature maximuragnetic components, respectively.

Tmax Which is observed in many HF compouhtscales

with the Kondo temperatureT(), whereas the broad maxi- consider the'’®vb high pressure ME measurements. This
mum (Tcep) at higher temperature is due to a Kondo scat-experimental technique allows one to determine the pressure
tering of the conduction electrons at the first excited crystalependence of the Yb magnetic moment,(p), the order-
field state. ing temperaturd ,(p), and the electric field gradieGEFG)

Due to the fact that up tp=28.7 GPa the two maxima in at the Yb site which reflects the Yb local site symmetry.
the resistance at,,,,,andTcgr are not well defined itis very  uvyp(p) is obtained from the effective magnetic hyperfine
difficult to determine the value of and its pressure depen- field (hf) B¢ at thé’%b nucleus which is directly propor-
dence. Nevertheless we find tha, ., first decreases with tional to the value of the Yb ordered magnetic moment
increasingp (from 25 to 10 K and then nearly saturates [Bei1=CX uyp, Where C=102 T/ug (Ref. 20]. The
arourd 8 K atpressures higher than 11 GPa. This decrease afhange of EFG wittp is obtained from the pressure depen-
Tmax (Or Tx) with increasingp indicates a corresponding dence of the electric quadrupole splittifgy=eQV,, where
decrease of (s. above, whereas the saturation df,,, at V,,is the EFG at the Yb nucleus and Q is the nuclear quad-
higher pressures reflects a growing of the magnetic RKKYrupole moment of thé=2 excited state.
interaction. Such a type of behavior has already been ob- Figure 2a) shows some selected ME spectra collected for
served in nonmagnetic HF compounds, e.g.;NBAI (Ref.  YbRh,Si, up to 16.5 GPa and at 1.3 K. As shown in the
17) and intermediate valent compounds, e.g., Y. Bin  figure, below 10 GPa one observes paramagnetic spectra
which a pressure-induced magnetic phase transition occumsith a small value ofEq which slightly increases with in-
above pressure values wherg,,, nearly saturates. Accord- creasing pressure. At 10 GPd.3 K) one observes a
ingly, one would expect a change of the magnetic groungressure-inducedpectral line broadeningabout 20%. At
state of YbRRSI, above p=11 GPa. It should be men- p=11 GPa the spectral shape changes significantly and best
tioned that no clear anomaly indicating magnetic orderindfit to the data is obtained by assuming a superposition of a
was found in the resistance curves at least down to 1.7 K upvell-defined paramagnetic and magnetic components of
to the highest pressur@ €21 GPa). Further low tempera- about 51% and 49%, respectively. A valueBy;; of 150 T
ture electrical resistance data down to 70 mK at high preswhich corresponds to a value @fy,=1.5(1)ug at 1.3 K
sure and in external magnetic figghown in the inset of Fig. was deduced from the analysis of the magnetic component.
1) will be discussed later. By further increasing the pressure above 11 GPa the mag-

To obtain microscopic information about the effect of netic component in the ME spectra grows at the expense of
pressure on the low moment state of YBBB, we now the paramagnetic one, andmt 16.5 GPa and =1.3 K the
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whole spectrum shows an asymmetrical hf splitting due to VIV,
combined magnetic and quadrupole interactions V@ths 094 09 098 1.00
=191 T[uy,=1.9(1)ug] andEy=8.8(4) mm/s, assuming 8§Q N
Bt andV,, to be parallel. This indicates a pressure-induced 7 1o %, o p'y"b 125
first order magnetic phase transitionpgt=10 GPa from the 6F 53 Eﬁ 120 _
LM state to a magnetically ordered state with a HM. Note o 5f T g@ =
that the HM value is significantly reduced compared to the :s 4r s e :rn
free ion YB'* value of 4ug due to the crystal electric field 3r \ {1.0
effect. The analysis of the ME spectra in the pressure range 2p ’i los
(10 GPa<p=<16.5 GPa) shows that the magnitudeof is 15 ‘é"I'“\ '
temperature independent between 8 and 1.3 K. This clearly 0p : ’ 3 *4 2
shows that the onset of magnetic ordering below 7.5 K is not p (GPa) i §
connected with a lattice distortion or a structural phase £ ,,—;“ E
transition?! and suggests that the Yb moments in the HM - g" 2
phase are parallel t9,,, i.e., aligned along the axis. o

To construct a magnetic phase diagram for Yb&h in S ENFL =i
the (p,T) space we have determined the pressure depen- INE,) —> e

dence ofT,, by measuring the temperature dependence of
Bets at different pressure points. We first consider the HM  FiG. 3. The upper part shows the pressure-temperature magnetic
state above 10 GPa. Figuréb? displays the temperature phase diagram for YbRISi, based on the experimental data for the
dependence of the ME spectra @t 16.5 GPa between 8 ordering temperatureT(,) determined by ME(®) and electrical

and 1.3 K. As is evident from the figure the total width of the resistancd (M) (Ref. 22 and(#) (Ref. 10]. In addition the pres-
paramagnetic resonance line increases rapidly by loweringure dependence of the magnetic momeqt (CJ) is shown. The

the temperature below 8 K, resulting in a well-resolved maglower part illustrates the suggested different phases in the
netic hf splitting at 4.3 K which almost reaches its saturationl JN(Eg). T]-phase diagramN(Eg) is the electronic density of
value at 1.3 K. The analysis of the change of the linewidthstates at the Fermi energy.

with T allows us to obtain a value af,,=7.5(4) K at 16.5

GPa. With a knowledge of ,(p) and the magnetic moment tancg whereas above the LM HM transition(11 GPa and
at finite temperature, the saturation value of the Yb magneti¢, tne HM state(17 GPa almost no change is observed. This
momentuyp, can be calculated assumingla 1/2 Brillouin jngicates that the external magnetic field suppresses spin
function appropriate for a well isolated Kramer’s doublet. g~ ations in the LM state (3 GRep<10 GPa), and
Pelrforn;mg d theje calcutllatlons we o_biaén 1nearf|y game thereby causes a strong reduction of the low temperature
value OI or ert;a miglnggpmoﬂﬁm“i_ I ( )'“f?‘ or Fhrets';h resistance. These findings clearly show that spin fluctuations
imiva&eshzszvﬁcz;\sition :D‘ iSI(S)foi?zsitr gr(é%? Irms hatthe survive up top<10 GPa and that their existence has to be
P c ' considered to understand the pressure dependendg, of

Now we discuss the pressure dependencg,pfelated to ) . : .
the LM state. In contrast to the HM state, in the LM state weDeSplte the lack of any information about the nature of spin

find no resolved magnetically hf split ME spectra down to fluctuations in the LM state under high pressure, we would
13K (3.5 GPap<10 GPa). However, atemperature- Ilke'to suggest a quahtanye explan'atlon of the unusual be-
inducedbroadening of the spectral lines is observed around'@vior of Tu(p). The starting point is to consider the com-
1.3 K, indicating an onset of magnetic order at this temperaPl€x nature of spin fluctuations in YbR8i, at ambient
ture. Since the lowest accessible temperature is 1.3 K, it igressure. According to very recent NMR measuremfits,
not possible to estimate the values of the Yb magnetic mois suggested that the spin fluctuations with firgterectors
ments in the LM phase with increasing pressure from suchvhich are associated with the formation of the low moment
line broadening. We find that,, is nearly pressure indepen- antiferromagnetic(LMAF) state coexists with large spin
dent in the pressure range (3.5 GAa<10 GPa). Such a fluctuations withq=0. Starting near the QCP, the large in-
pressure independent behaviorTgf, is not likely expected crease ofT,, with p in the low pressure range up to
because ofi) the large initial increase of ,, with pressure  =2.7 GPa could be explained if one assumes a correspond-
up to 2.7 GP4dT,,/dp~0.3 K/IGPa(Ref. 10], and(ii) the  ing increase of the static part of the LMAF state which
continuous decrease dfy with pressure (&£p<10 GPa) would lead to a decrease of its associated spin fluctuations.
which reflects a corresponding decrease in the hybridizatiofor 3.5 GPa p<10 GPa, far away from the QCP, the
strengthd. LMAF state becomes stable showing a pressure independent
Before discussing the pressure dependenck,pfve first  behavior ofT,,,. While these spin fluctuations freeze at tem-
consider our result of the effect of external magnetic fieldperatures belowl ,,, other spin fluctuationgénot associated
(Bey) ONR(T,p) down to 70 mK. As shown in the inset of with LMAF order) with certaing vectors survive pressures
Fig. 1, application ofB,,=3 T in the LM state(7 GPa  up to 10 GPa and might lead to the formation of the HM
causes a strong reduction of the low temperature resistanctate at higher pressures.
(70 mK=T=2.5 K) of about 28%(negative magnetoresis- Collecting the results of different measurements, the
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pressure-temperature magnetic phase diagram and the sugf-a QCP. We find that a weak AF ordered state with a low
gested different phases of YbF3i, are shown in the upper moment exists up to very high<10 GPa and is associated
and lower parts of Fig. 3, respectively. As evident from thewith spin fluctuations in this pressure range. At 10 GPa, the
figure, the LM state survives in a very large pressure rangeystem undergoes a first-order magnetic phase transition
up to about 10 GPéor AV/V~5%), andthen undergoes a from the LM state to a HM state witjy,=1.9(1)ug and
first-order LM—HM phase transition withuy,~1.9ug for 1 =75(4) K at 16.5 GPa. We think that our results would
p=10 GPa. The existence of such an unusual behavior oftimylate further experimental and theoretical efforts for a
the LM state has not been found so far in any Ce-HFjetter understanding of quantum critical phenomena and

system’ 2 and is observed in YoRi, for the first time, t0  their relation to magnetic ordering in HF systems.
our knowledge.
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