UC Irvine
UC Irvine Previously Published Works

Title
Ultrasonic study of the mixed-valence system YbIin1l-xAgxCu4

Permalink
https://escholarship.org/uc/item/8wp9p1l6h

Journal
Physical Review B, 60(5)

ISSN
2469-9950

Authors

Zherlitsyn, S
Lathi, B
Wolf, B

Publication Date
1999-08-01

DOI
10.1103/physrevb.60.3148

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.orag/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8wp9p16h
https://escholarship.org/uc/item/8wp9p16h#author
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

PHYSICAL REVIEW B VOLUME 60, NUMBER 5 1 AUGUST 1999-I

Ultrasonic study of the mixed-valence system Yblp_,Ag,Cu,

S. Zherlitsyn B. Luthi, and B. Wolf
Physikalisches Institut, Universit&rankfurt, Robert-Mayer Strasse 2-4, D-60054 Frankfurt, Germany

J. L. Sarrao
Los Alamos National Laboratory, Los Alamos, New Mexico 87545

Z. Fisk
National High Magnetic Field Laboratory and Florida State University, Tallahassee, Florida 32306

V. Zlatic
Institute of Physics, Zagreb, Croatia
(Received 12 February 1999

We report ultrasonic investigation of the mixed-valence compounds,Yhhy,Cu, for the different silver
concentrationg=0, 0.2, 0.25, 0.3. This study enables us to characterize the coupling of the Yb ions with the
lattice as a function of temperature, magnetic field, and silver concentratiorx=Fdrand 0.2 the system
demonstrates pronounced first-order phase transition with the abrupt change in the different elastic moduli. For
the higher silver concentrations we have observed rather smooth behavior of the elastic constants which is
typical for a continuous phase transition. The critical temperature and the size of the anomaly in the bulk
modulus at the phase transition changes linearly with silver concentration. External magnetic field shifts the
transition to lower temperatures in accordance with previous investigations. Numerical calculations of the bulk
modulus and the magnetic susceptibility have been performed in the frame of the promotional Ramirez-Falicov
model. The results obtained demonstrate qualitative and quantitative agreement with the experimental data.
[S0163-182699)06029-4

[. INTRODUCTION Wilson ratio of the low-temperature susceptibility to the
specific-heat constant(Ref. 13 and the temperature behav-
YbInCuy, is the only stoichiometric compound which ior of the Cu spin-lattice relaxation time, inferred from the
demonstrates first-order valence transition at ambientuclear quadrupole resonan®QR) measurement$ con-
pressuré. Although the Yb valence reduction is rather small firm a realization of the Fermi-liquid state beldWy . Effects
from 3 in the high temperature phase to 2.9 at lowof pressure and high magnetic field on the phase transition
temperature? all physical parameters coupled to the have been studied in a number of wofkE.It was shown
f-electron occupation number; demonstrate anomalies in that the field induced transition @<T, is a valence transi-
the vicinity of the phase transitior®~’ The phase transition tion with approximately the same change of valence as ob-
takes place at a critical temperature Qf=40K, although served as a function of temperature at ambient field. It has
some crystals showed the phase transition at temperatures bpen found that a simple energy scale with a rather small
to 66 K2 Silver doping moves the transition to higher tem- characteristic energy is associated with the phase tranéftion,
peratures and makes it to be of second ofdeiPure and the silver doping does not change the scale relations. It
YbAgCu, appears to be a moderately heavy fermiop ( turns out that the phase transition involves a large change of
=250mJ/mol ¥) compound®® YbInCu, has a face- the Kondo temperature fromT~20K in the high-
centered-cubi€15b structure and the valence phase transi-temperature phase B ~430K at low temperatures.
tion is accompanied by the abrupt increase in the lattice pa- Earlier ultrasonic investigatidr revealed a strong soften-
rameter by about 0.13% without any change in the spacing of the bulk modulugg of 43% at the transition tempera-
symmetry'®!! The cell volume was found to vary propor- ture and a change of the Poisson ratio of 30%. At the same
tionally to n;.® In addition to the change of the lattice pa- time transverse-acoustic modes demonstrated steplike
rameter, the electrical resistivity shows an abrupt decrease ahomalies in the sound velocity that was not typical for an
T, . Hall coefficient measurement reveals a large change iisostructural phase transition. However, it is still unclear how
carrier density, which occurs at the transitidrnThe mag- the silver doping affects the coupling of the valence fluctua-
netic susceptibility follows the Curie law at high tempera-tions to the lattice and how strong the stiffness of the lattice
tures with an effective magnetic moment that is close to thehanges at the phase transition. In order to address this issue
Yb3t (413, J=7/2) free-ion valueu=4.54ug. The mag- we have carried out the ultrasonic investigations of
netic susceptibility drops suddenly at the phase transition an¥bin, _,Ag,Cu, for different silver concentrationg in a
shows nearly temperature-independent Pauli-like paramagvide temperature range and at applied external magnetic
netic behavior at low temperature®.So far no magnetic field. In addition we give a simple quantitative physical de-
order has been found in YbInGat low temperaturesThe  scription of the temperature dependence of the elastic con-
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phase transition in Ybln ,Ag,Cu, for the different silver concen-

The samples were single crystals grown ig_IpAg,Cu  trationsx.
flux, as reported earliérThe typical size of the samples used
in our ultrasonic experiments was X2.5x1.5mnt. We  thermal cycles give the approximately symmetrical anomaly
utilized transverse resonant quartz transducers with a fundgshown in Fig. ). The sound velocity of thec, mode
mental frequency of 10 MHz and piezoelectric films in casechanges about 14% at the phase transition for this silver con-
of longitudinal sound excitation. In order to reduce bondcentration. In both cases of silver concentraticn0 andx
break effects at the discontinuous phase transition when the 0.2 we observed crystal degradation after a few cycles
volume of the lattice increases by 0.5%, we used a thin Ithrough the phase transition. As a result sound waves did not
layer between the resonant transducers and the sample. PFopagate through the degraded samples any more and one
ezoelectric film was glued on the samples with a two com-<could see a mosaic structure, which appeared at a polished
ponent epoxy. Measurements were carried out at constastirface of the samples. This confirms the supposition about
frequency. The ultrasonic pulse technique was describethe first-order valence phase transition, taking place in
elsewheré? Measurement at magnetic field up to 50 T wasYbInCu, and YbIry gAgoCu,. Higher silver concentration
carried out using a pulse magnet with a typical magnetianoves the transition to higher temperatures and makes it
pulse duration of 20 ms. continuous, consistent with Ref. 6. The critical temperature

Figure 1 shows the temperature dependence of the souridr YbIng 7520, 2<Cu, becomesT, =92 K and for the highest
velocity of the longitudinakt, = (c11+ €1+ 2C,40)/2 mode in -~ concentration  which  we  studied in this  work,
YblIn, _,Ag,Cu, for different silver concentrations. In the YbIng-AgosCu,, the critical temperature i§,~106K. In
case of pure YbInCuthere is a jump at the phase transition the last case the anomaly in the sound velocity is rather
(see insert of Fig. )1 The ultrasonic signal becomes so smallsmooth but still the change of the sound velocity at the phase
at the critical temperatur,~40K that it is impossible to transition is more than 5%. One can see that both the critical
measure the complete change of the sound velocity that takégmperature and size of anomaly changes approximately lin-
place at the phase transition. Thus the inset of Fig. 1 showsearly with silver concentration. Figure 2 shows temperature
sound velocity behavior only in the immediate vicinity of the dependencies of the sound velocity of the transvejgand
phase transition, but the real size of the anomaly and whethé€;— C1,)/2 modes in the vicinity of the valence phase tran-
the sound velocity has a lower value in the low-temperaturesition in Ybln_,Ag,Cu,. Both transverse modes demon-
phase remains unknown. This behavior is typical for the disstrate identical steplike behavior. Anomalies in YblpGue
continuous phase transition. Although the sound velocity ofvery large Av/v~12% for (c;;—C15)/2 mode andAv/v
thec, mode in YblIn gAg, -.Cu, does not demonstrate a step- ~8% for ¢4y mode, (see insets of Fig. )2 although in
like behavior any mordsee Fig. 1, the anomaly is very YbIn;_,Ag,Cu, (x#0) the change in the sound velocity is
sharp and is located at higher temperatur€s=(80.2K).  much smaller in comparison with, mode and transverse
Only after the first cooling the low-temperature shoulder ofmodes in pure YbInCu The absolute sound velocity of dif-
the anomaly is lower than the high-temperature shouloer  ferent acoustic modes in cubic YhInAg,Cu, are listed in
cause of the discontinuous phase transjtiout all following ~ Table I.
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TABLE |. Absolute sound velocities, critical temperature of the mixed-valence phase transition ip_YAHpCu,, and adjustable
parameters in the Ramirez-Falicov model.

Sound velocities al=170K

c,. mode C44 Mode (c11—C19)/2 mode T, = G W b
X (km/9) (km/9) (km/9) (K) (meV) (meV) (meV) (meV)
0 4.28+0.1 2.49-0.1 2.04-0.1 40 18.4 53.8 1040 -
0.2 4.32£0.05 2.57-0.05 2.14-0.05 80.2 29 58 1040 100
0.25 4.33:0.05 2.54-0.05 2.13-0.05 92 29 55.5 1040 117
0.3 4.26-0.05 2.51%0.05 2.13-0.05 106 30.5 55 1080 200

At the isostructural valence transition in Ybingihe bulk  not very large(in fully isotropic caseA=1), it changes at
moduluscg = (c,;+ 2¢1,)/3 should be soft.We deduced the the phase transition, and the mixed-valence phase becomes
bulk moduluscg from our experimental datésee Fig. 3, slightly more anisotropic elasticallisee inset of Fig. ¥
open symbols One can see that for YhjrgAgg <Cu, and Applied magnetic field decreases the critical temperature
YbIng -Adg sCU, the bulk modulus has a lower value in the of the valence phase transitibhWe did not observe any
mixed-valence phase in comparison with the high-shift of the critical temperature in Yb§sAgg »<Cu, for B up
temperature phase. It is impossible to ascertain this in case ¢d 13 T applied along110] axis. Measurements performed
Ybing sAgo Cu, (and especially for YbInC)) because of in pulse magnetic field revealed a reduction of the critical
some difficulties, mentioned above and associated with medemperaturésee Fig. . This effect in the sound velocity of
surement of the sound velocity at the discontinuous phasthe longitudinalc, mode turns out to be even larger than
transition with a large abrupt volume change. Qualitativelymeasured versus temperature at ambient pregsees Fig.
our results are consistent with the earlier ultrasonic investid). The inset of Fig. 5 shows a part of tBeT phase diagram
gation of YbInCuy.® We have also deduced the Poisson ratioof YbIng ;sAg, »<Cu, similar to the results obtained for other
v=Cy,/(C11+ 1) (Fig. 4 and the elastic anisotropy factor Ybin,_,Ag,Cu, compoundg?

A=2cy4/(Cy1—Cqp) (see inset of Fig. Afrom our experi-
mental data. Both of these quantities show significant pecu-
liarities at the valence phase transition, whiledecreases
strongly atT,, for the different samples, it is stib>0.2. For Different theoretical approaches have been applied to ex-
simple cubic valence phase transition one could expect plain the mechanism and driving forces for the valence tran-
<0.2 Although the elastic anisotropy of Ybin,Ag,Cu, is  sition. Of these the single impurity Anderson model which
takes into account the hybridization of conduction electrons
with localizedf electrons cannot explain neutron-diffraction
dat&* and photoemission spectralLikewise an extension to
the Kondo-volume-collapse mod@VC),?® which was con-
sidered for Cea— vy phase transition, leads to unphysical

Ill. DISCUSSION
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ity of the mixed-valence phase transition in YblgAg,Cu,. Solid 0 50 100 150 200 250
lines are results of numerical calculation in frame of the Ramirez- T(K)

Falicov model(see text for details Inset: results of numerical cal-

culation of thef-level occupation probability versus temperature for  FIG. 4. Poisson ratior as a function of temperature in
Ybin, _,Ag,Cu, in the frame of Ramirez-Falicov modgsee Eq.  YbIn, ,Ag,Cu, for the different silver concentrations The inset
(3)]. Values of the adjustable parameters are listed in Table I. Lineshows a change of the elastic anisotropy parami&tec,,/(c1;

1 to 4 correspond to different silver concentratioris0, 0.2, 0.25, —c4,) at the mixed-valence phase transition in YhlpAg,Cu,.
and 0.3. For an elastic isotropic crystél=1.
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whereT is temperatureSis the entropy function, and is an
internal energy of given many-electron state, which in ther-
mal equilibrium and for a fixed number of carriers can be

0 T=77K written as’
E=Een+NEn;—NGn. 2
o Here the first two terms represent single quasiparticle contri-
< - ~ butions of electrons and holes from the conduction band and
\; 20 % ‘ highly localizedf states, respectively. The last term is a
< . Y quasiparticle-quasiparticle interaction, and®) is an inter-
3 action constant between an electron in tiehell and a hole
0k 0 0 ido \/ in a Wannier orbitalN is the number of Yb ionsp; is the
30 90 occupation probability of thélevel, which has been found in
TR L Ref. 17:
0 10 20 30 40 50 1T |14 Ae-Q
B(T) nf=——21In ° -9 ‘ (©)
w Agt+e |
FIG. 5. Magnetic-field dependence of the sound velocity of the
longitudinal ¢, mode KIul[110]) at the metamagnetic mixed- Where
valence transition in Yb . Field sweep up is onl
shown. Magnetic field waghgggﬁéfg?oﬁg)l] directiopn. 1E)empera>-l Ao=aexd (E;—2Gny)/kgT], (4)
ture is 77 K. The inset shows a part of tBeT phase diagram,
extracted from our pulse field ultrasonic measurements of a=n;/(2J+1)(1—ny), 6)

b 74AGo 2sC L, (BIL001]). Point at 13 T was extracted from kg is the Boltzmann constandy=W,+ W, is the bandwidth

temperature dependence of the sound velocity ofcihenode at .
static magnetic field. In this case magnetic field was parallel toOf the conduction band, and/e, Wy, are electron and hole

[110] crystallographic direction. The line was drawn to guide theSUbbandS' respectively, and

eye.

Qo=W/kgT, Q;=W,/kgT. (6)

large (" ~4000) electron Giueisen parametéwhereas this  As discussed above in the case of Ce ionsf aaunt gives
parameter was estimated to be ofily-34" n¢>0 for T>T, andn;=0 for T<T,, wheren; is the con-

Here we take the promotional Ramirez-Falicov centration off electrons. Similarly, for Yb ions, afcount
modef’~* to describe the thermodynamic properties ofalso givesn;>0 for T>T, andn;=0 for T<T,, butn, is
Ybin;_4AgxCuy, in the high-temperature phasenagnetic  now the concentration dfholes. For Ce, we have to pay an
susceptibility, bulk elastic moduliusThe observation of the  energyE,>0, if we transfer an electron from the Fermi level
crystal-field (CF) levels® and the Curie-Weiss law at high in the conduction band to the localizédevel above the
temperatures® points to a very small hybridization, which chemical potential, i.e., Ce switches from the nonmagnetic
we neglect, so that the Ramirez-Falicov model can be used to the magnetic #* configuration. In Yb case, we pay an
The Ramirez-Falicov model was applied to the alpha-gammanergyE>0, if we transfer arf electron from a localized
transition in cerium, where the ground state consists of evel below the chemical potential to the Fermi level in the
filled Fermi sea and néelectrons. Localized single-particle conduction band, i.e., if we produce &ole such that the
excitations are obtained by promoting conduction electronsp jons switch from the nonmagneticf ¥ to the magnetic
from the Fermi level to the localized energy lesl above 4§13 configuration. If the conduction band has electron-hole
the chemical potential. As for the Yb ions, thehell is fully  symmetry, the thermodynamic properties of Ce and Yb sys-
occupied in the ground state, and the single-particle excitaems are exactly the same.
tions are obtained by addiridioles rather thahelectrons. If We assume a magnetoelastic expression for the coupling
the conduction band has an electron-hole symmetry, the thefetweenf electrons and elastic wavés:
modynamic properties of Ce systems, with érdectron and
Yb systems, with onéhole, are fully equivalent. To find the (7)
solution of the model folT>T, we use the mean-field ap-
proximation, following closely Refs. 17 and 18 where all thewhere E{ is the position of thef level in the absence of
mathematical details can be found. Fo T,,, the hybrid-  volume deformatiors andb is a coupling constant. The en-
ization effects will play an important role which we will not tropy function in Eq.(1) is given by’
try to describgsee, for example Ref. 27Likewise the ques-
tion of the effect of fractional valence change of 3 to 2.9 we
leave out from this analysiS.For T<T, an effective Hamil- ®)
tonian, taking into account the hybridization, has to be used.

The free energy of the system can be written as the folThe first term in Eq.(8) is the itinerant electron and hole
lowing: entropy and the last two terms are the localized electron en-
tropy and the ionic spin entropy, respectively. For our pur-
poses we consider only the last two terms.

E;=E?+be,

S=Seh—NKkg[n¢Inn¢+ (1—ng)In(1—ny¢)]
+Nkgn¢ In(2J+1).

F=E-TS (1)
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The bulk elastic modulus is written as a second derivative 60 5
of the free energy: i
#’F  ¢’E 4°S
Ch=——e=———T ——. 9
B 9s2  ge? de? © 40
Neglecting a conduction-band dependence on deformation E 1
and using Eqs(1)—(9) we get an expression for the change E
of the bulk modulus as a function of temperature: o2 el
S 20F 100 200 300
an an ang [ 1 1 = T(K)
Co— Q=N 2b—2G " +kgT — | — + , = )
de de de \ny  1—ny Lo 3200
(10)
wherecgisthebarebulkmodulusand 0—,/_ “
0 50 100 150 200 250
ang W T(K
— =12 — — (X)
Je Aol (expQ1+Ag)  ~—(exp(—Qo) +Ag) ] . o
N FIG. 6. Temperature dependence of the magnetic susceptibility
12kgT N x=Ng?J(J+1)un/3kgT (solid lines calculated in the Ramirez-
- ne(1—ny) +24G (11 Falicov model withn; shown in the inset of Fig. 3. Symbols are the

experimental data taken from Ref. 8. Open circles correspond to
In Eq. (10) we neglected also the terms which contain aYbInCu, diamonds tax=0.2, triangles tox=0.25, and stars t&
second derivative®n; /9=?. These Van Vleck terms contrib- =0.3 in Ybin,_,Ag,Cu,. The inset shows an equilibrium value of
ute only marginally tocg and they disappear automatically the volume deformatioe as a function of temperature, found as a
with approximations made in Ref. 18. The model is veryresult of free-energy minimization for the parameters corresponding
sensitive to the values of the adjustable parameters, whicl@ Silver concentration=0.25.
are conduction bandwidti/, position of thef level E; and
Coup|ing constantb andG. For a given temperature E(ﬁ) Ramirez-Falicov model are presented in Refs. 18 and 19, but
yields three different solution§*®and it is necessary to per- both of them seem to be improper in the case of
form numerical calculations in order to get an absolute mini-YbIn; _,Ag,Cu,. In order to account for the fractional va-
mum of the free energy. Depending on the values of thdéence change hybridization has to be taken into account. We
parameters this model leads to the discontinuous or contindeave also out of the consideration the theoretical description
ous phase transition at different temperatures. We have ca®f the step function anomalies for the transverse sound near
ried out numerical calculations and the inset of Fig. 3 showshe mixed-valence phase transition which might be due to the
the temperature behavior of tiidevel occupation probabili-  strain-quadrupole couplifgas pointed out befork.
ties[see Eq.(3)]. This n; for electrons is equivalent to the
hole count because of electron-hole symmetry as discussed
above. Figure 3 demonstrates a fit for a bulk elastic modulus
change[see Eq.(10)] for the same adjustable parameters. In summary, we carried out the ultrasonic investigation of
These parameters are given in Table I. Within a slight variamixed-valence compounds Yhln,Ag,Cu, for different sil-
tion of a few percenG, E;, andW can give equally good fits ver concentratiox. The obtained data confirm an important
of the bulk modulus but with quite different magnetoelasticrole of the lattice in the mixed-valence phase transition. For
coupling constanb. That is whyb varies so strongly in all investigated compounds large softening has been found
Table I. A generalization of the Ramirez-Falicov model de-for the bulkcg modulus(see Fig. 3, longitudinalc, modu-
veloped in Ref. 18 leads to qualitatively the same result. Arus (see Fig. 1 and the Poisson ratiee Fig. 4 at the phase
approach made in Ref. 18 adds one additional contributiofransition. Transverse elastic moduli demonstrate much
NW(an¢/de)?/12 to Eq.(10) and gives a value of the mag- smaller steplike anomaligsee Fig. 2 The critical tempera-
netoelastic coupling constahtto be about 2—4 times larger. ture and the size of the anomaly in the sound velocity of the
b gives a bare electron Gmeisen parameter slightly smaller ¢, mode changes linearly with silver concentration. The an-
than the one deduced froaT./9P.* We would like to point  isotropy parameteA grows at the phase transitigsee inset
out that the same parameters result in a qualitative and satf Fig. 4), i.e., the mixed-valence state is slightly elastically
isfactory quantitative description of the temperature depenmore anisotropic than the high-temperature state. Applied
dence of the magnetic susceptibilisee Fig. #and the ther- magnetic field moves the valence transition towards lower
mal expansion(see inset in Fig. Bin the vicinity of the temperatures in accordance with the earlier obtained
mixed-valence phase transition in YpInAg,Cu,. Note that  results™® We used the promotional Ramirez-Falicov model
we can explain the volume change up to 0.2% instead of than order to explain behavior of the bulk modulus and the
measured total change of 0.5%The model leads to a magnetic susceptibility in the high-temperature phase. The
change of thef-level occupation probability to be almost properties of the model can be qualitatively understood by
unity at the phase transitidisee inset of Fig. Bthat is much  noticing that the increase of the internal energy due to the
more than observed in experiments. Some speculations abaswitching of some Yb ions from nonmagnetid4 to the
possible explanation of fractional valence change inmagnetic 42 configuration has to be compared with the

IV. CONCLUSIONS
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