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Magnetic-field, pressure, and temperature scaling of the first-order valence transition
in pure and doped YbInCu,
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We report measurements of the high-fielH<€30 T) magnetoresistanc®(H,T) of pure and doped
YbInCu,. A hysteretic transition is observed which we take to be the field-induced variant of the first-order
valence transition observed at 42 K in YbInClor H=0 T. Applied pressure suppresses the valence transition
to lower temperature. By properly scaling thd (,T,) data extracted from the resistance measurements, we
can collapse all of the pressure-dependent data, as well as that from doped variants of ,Ydtia@wbient
pressure, onto a universHl-T phase diagram. This suggests that a single energy scale is associated with the
valence transition.S0163-182807)00225-7

YbInCu, has attracted much recent attention because it is Applied pressure pushes the valence transition to lower
the only known stoichiometric compound that undergoes aemperaturé:>'%1'This is presumably because under pres-
first-order isostructural valence transition at ambientsure the smaller Y&" configuration is favored over the
pressuré.*° At high temperature T>50 K) Yb appears to |arger Yt?* one. The initial rate of depression ®f, is ap-
bg essentially trivalgnt, displaying Curie—Weigs susceptibilityproximately 2 K/kbar and for applied pressures up to 10
with a paramagnetic moment near the free-ion value of 4.3pay, the resistive transition remains first order despite the
ug - At the first-order valence transitio (=42 K) the Yb  reqyced transition temperatUflt is not year clear whether

valence is reduced to approximately 2&s estimated by the transition temperature can be suppressed all the way to
x-ray-absorption and lattice constant measuremgnisth a T=0 or whether theP-T phase diagram ends in a lower

consequent increase in lattice volume of 0.5% and a reducc'ritical point as is the case for some variantsyefr Cel?
tion in magnetic susceptibility and spin-disorder scattefing. However, many of these previous studies suffered from

High-resolution neutron powder-di i i i : o
g P er-diffraction studies Comclrmsample uncertainty. The reported transition temperature for

that the first-order transition is an isostructural one, with i
YbInCu, retaining itsC15b structure at all temperaturés. Ybln(_:_u4 varies from 40-60 K, and many of the observe_d
transitions have been less than steplike, even at ambient

The physics here mimic the-a transition in elemental CE ' o
However, because the valence transition occurs at lower tenfr€ssure and field. Thus, when the transition is broadened or
perature and at ambient pressure and there is no interveningvered in temperature, it is hard to separate the intrinsic
phase(e.g., B-Ce), YbInCuy, is a “cleaner” system experi- © fect from extrinsic ones, making the identification of the
mentally. The physical origin of the transition is genera”ytransition temperature and the order of the transition more
taken to be the strong volume dependence of the Kond#ifficult. Recently, we have established a protocol for syn-
temperature as explained, for example, by the Kondo voluméhesizing single crystals of YbinGuwhich yields sharper
collapse model:'? Recently, however, Freericks and Zlatic transitions than previously reportedr (=42+1 K, with
have suggested that a Falicov-Kimball model, in which onlytransition widths<1 K),®’ and we have demonstrated a cor-
a fraction of Yb sites are active, may be more appropfiate. relation between disorder and transition temperature that
Because of the strong volume dependence of the valenciggests that our flux-grown single crystals are of the highest
transition (as evidenced by the lattice constant and bulkquality.8
modulus anomalies associated with the transitforas well Here we report resistance measurements as a function of
as its rather low critical temperature, applied pressure angressure, temperature, and magnetic field in pure and doped
external magnetic fields promise to shed valuable light on therbInCu, using our high-quality single crystals. A sharp and
details of the physics of YbInCu In fact, much work has hysteretic transition is observed as a function of applied
already been done in this regdrd’*~'” Measurements of magnetic field, and from these data we generate a magnetic
magnetization and forced magnetostriction provide compelfield-temperature phase diagram for YbInCiéor stoichio-
ling evidence that the observed field-induced transition ignetric samples under applied pressure and for Y-, Lu-, and
precisely the same valence transition as observed as a fundg-doped samples which still possess a first-order valence
tion of temperature at ambient field* An increase in Yb transition, similar phase diagrams have also been generated.
valence, as deduced from the measured effective magnetiy properly scaling these results, we can collapse the data
moment per Yb and from the measured change in samplento a single curve of the form[H,/H, (T=0)]?
volume, of approximately the same magnitude as the de+[T,/T,(H=0)]?=1, whereH,=H,(T) and T,=T,(H)
crease in valence discussed above is observed. are the critical field and critical temperature, respectively, for
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. ibil ‘ FIG. 2. Resistance as a function of applied field at various fixed
FIG. 1. Magnetic susceptibility versus temperature for represent’_emperatures for YbInGuunder an applied pressure of 6 kbar.

tative samples used in this study. Note the sharp drop in suscepti; 4 sweeps were performed at 5, 10, 12, 14, 16, 18, 20, 22, 24, 26,
bility at the valence transition. The lines are guides to the eye, an% 28, 29, and 30 Kin order of decreasing transition figldAt a

the §ma|| ‘_Jp‘“T”s at lowest temperature for some samples are eﬁ'lven temperature, data for both increasing and decreasing field
trinsic Curie tals. sweeps are shown. The valence transition occurs at higher field for
positive field sweeps.

the valence transition, demonstrating the existence of a law

of corresponding states for the first-order transition and sugtemperature range of interest (2<KI<50 K 22 We esti-

gesting that the effect of magnetic field is simply to supplymate the absolute uncertainty in reported pressure values to

Zeeman energy to the transition. Finally, we speculate as tBe 0.5 kbar.

the origin of this simple magnetic-field coupling and relate it In Fig. 2 we show plots of resistance as a function of

to the much stronger effect of applied physical pressure. Magnetic field for both positive and negative field sweeps at
Single crystals of stoichiometric and doped YbInCu varlous.ﬁxed temperatures for a sample qf YquCImder__

were grown from InCu fluxes as previously descriB@bp- 2" applied pressure of 6 kbar. A clear field-induced transition

ing YbInCu, with Y or Lu drives the valence transition to from 3 I_?\r/]v_-res]:;sta}[r!ce sta’{et tota ftlrl]gh-r:efl_start;ce ong IS tﬁb-
lower temperature, an apparent dilution effect. Substitutin erved. This efiect 1S consistent with what 1S observed in the

Ag for In leads to an increase in valence transition tempera_emperature-dependent resistivity at ambient field and pres-

ture. at least for small Ad concentrations. At hiah A Con_sure and is associated with a reduction of spin-disorder scat-
' 9 ' 9n Ag tering in the low-temperature, low-field stdt&@he transition

centration typica}I mixed—valencg behavior is.rec_:overed. ccurs at higher fields for increasing-field sweeps as com-
crossover from flrst—qrder to_ continuous pehawor is ob'serve ared to decreasing-field sweeps. The width of the hysteresis
for both Yb- and In-site doping, suggesting that there is both,creases with increasing temperature. Although the origin of
an upper and lower critical point in the phase diagram. Thepjs effect is not clear, it may be due to thermal fluctuation
detailed ~composition-temperature _phase diagram  Offfects associated with the proximity of the ambient field
YbInCy, has been discussed elsewhef@All of the mea-  transition. As compared to the size of the steplike change in
surements reported here were made with single crystals thaésistance, all other magnetoresistive effects are small. How-
displayed sharp and hysteretic resistive transitions at ambieedver, the resistance at high field does appear to have an ap-
pressure in the earth’s field. In Fig. 1 we show the low-fieldpreciable temperature dependence in the high-resistance
static susceptibilityy(T) at ambient pressure for representa- Yb3* state, as evidenced by the steady drofR{i =30 T)

tive single crystals used in this study. for decreasing temperature.

TheR(H,T) measurements were made using the standard Similar data for R(H,T) have been obtained for
four-probe ac technique in the 30 T resistive magnets at th¥bInCu, under ambient and applied pressi#4 and 10
National High Magnetic Field LaboratorfyNHMFL).2*  kbar, in addition to the 6-kbar data shown in Fig, @s well
These magnets provide dc fields that are uniform to 0.05%s for Ag-, Lu-, and Y-doped samples. The ambient-field
over a 1 cmdiameter spherical volume. Care was taken todependence of the valence transition temperature with pres-
ensure accurate temperature calibration at high fields, as wegkre is_qualitatively consistent with previously published
as to rule out field-sweep rate-dependent effects. Typicavork>*°~*"These data and their implications for the thermo-
field sweeps were performed at a rate of 5 T/min, and temdynamics of the first-order valence transition will be dis-
perature stability was better than 0.1 K over the course of gussed elsewheré.
complete 12-min scan. The pressure measurements were per-From data such as in Fig. 2, one can identifyHyh and
formed in hydrostatic Be-Cu clamps. The effective pressur@n H_ (the critical field for positive and negative field
at low temperature was measured using a lead manometeweeps, respectively, taken as the point of maximum deriva-
and was assumed to be independent of temperature over thige) for a given sample at fixed pressure and temperature.
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FIG. 3. Hy" (open symbolsandH, (filled symbols as a func-
tion of temperature, extracted from the data of Fig. 2. See text fo
details. The inset shows the linear relationship betwdeh (for
clarity, only the theH,* data are plottedand T2,
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FIG. 4. H,(T)/H,(T=0) versusT,(H)/T,(H=0) for a variety
of samples. TheH,,T,) data for a given sample can be collapsed
to a universal curve by proper scaling. The data for Yblp@u6.0
kbar were taken with a different crystal than all of the other
YbInCu, data which were obtained with the same crystal.

These data are shown in Fig. 3. We have verified, by peraffects, rather than coherence-induced effects, are implicated
forming temperature sweeps at fixed field, that for a givemss the microscopic mechanism underlying the transition.

sample and,,T,) data point does not depend on whether
field or temperature is being swept. ¥¥and other¥*'°have

The relationship between thermal energy and Zeeman en-
ergy can be examined by comparing,(T=0) and

also measured magnetization as a function of applied field (H=0) for a given sample. In particular, by equating
and from such data obtain quantitatively similar phase diakgT,=augH,, we finda=1.8=0.1 for each of the samples

grams.
The data in Fig. 3 reveal that théd(,T,) data points
satisfy an elliptic equatiof? By plotting the data a$-|5 VS

in Fig. 4. Thus, not only is there a single energy scale for the
valence transition but also the relative strength of magnetic-
field coupling to the transition is independent of doping or

Tf a linear fit can be obtained and from these fitsphysical pressure within our resolution. Naively, one might

H,(T=0) andT,(H=0) can be extracte@inset, Fig. 3. As

expecta to correspond to the ¢ value” of the ion or exci-

would be expected, the fitteB,(H=0) values agree quan- tation to which the field is coupled. Howevey=1.8 corre-
titatively with those determined by zero-field resistance measponds to neither the ubiquitogs=2 of S=1/2 excitations
surements. Additionally, although the magnetic field re-or theg=8/7 expected fod=7/2 Yb3*. The existence of a
quired to induce the valence transition for fixed temperaturesubic crystal field breaks the eightfold degeneracy of the

less than 20 K in stoichiometric YbInGuunder ambient

J=7/2 ground state. However, tigevalues calculated for the

pressure is greater than presently available dc fields, we haJg ground state of YbInCyin the high-temperature statas
performed measurements in pulsed magnetic fields of up tdetermined by inelastic neutron-scattering measurerfrents
50 T at temperatures as low as 1.7 K. The observed value @fre in no better agreement with our d&t&urthermore, in-
H,(T=1.7 K)=33 T (data not shownis consistent with the ~elastic neutron-scattering measurem&ftd suggest that a

extrapolated valug¢H,(T=0)=34 T] for pure YbInCy, at
ambient pressure.

If the (H,,T,) data are scaled by thel ,(T=0) and
T,(H=0) for a given sample, all of the data from each of
the samples discussed above can be made to collapse ont@.a; tor details.
single universal curve which is well described by

crystal-field description of the low-temperature state of
YbInCu, is inappropriate.

TABLE I. H,(T=0) andT,(H=0) extracted from magnetore-
sistance measurements for each of the samples shown in Fig. 4. See

[H,(T)/H,(T=0)]?+[T,(H)/T,(H=0)]>=1. These data sample

are shown in Fig. 4—for clarity, onl{, ™ values(i.e., data
for positive field sweepsare shown. The extracted values of YPInCu,
H,(T=0) andT,(H=0) for each of these samples is given YbInCu,, 2.4 kbar
in Table 1. Although the precise physical description of this YbInCuy, 5.9 kbar
phase transition is unclear, a scaling relationship betweebbInCu,, 6.0 kbar
thermal and Zeeman energy is apparent which is independelbinCu,, 10 kbar
of physical pressure or doping and points to a single energyblng gAgo.1:Cls
scale governing this first-order valence transition. This alsorbg g,d-Ug g7dNCu,
suggests the existence of a law of corresponding states asstb4Y ,,InCu,
ciated with the first-order transiticif. Furthermore, because YbggsY godNCu,

Hy(T=0) Ty(H=0)
34.3 41.1
28.4 36.6
24.3 30.5
24.4 29.2
18.8 231
53.3 70.0
19.0 22.7
151 17.8
25.7 31.7

the scaling relationship does not vary with doping, single ion
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The Kondo volume collapse modékuggests that the va- Finally, it is interesting to note that the combined thermal
lence transition iny-a Ce occurs at a temperature near theand Zeeman energy of the valence transition in stoichio-
Kondo temperature. This also appears to be true imetric YbInCu, at ambient pressuré.5 me\) does corre-
YbInCu, (T,=42 K and the high-temperature Kondo spond remarkably well to the amount of energy associated
temperaturéis 20 K for stoichiometric YbInCy at ambient  with the volume expansionE=1/2BV(AV/V)?, where
pressure in the earth’s magnetic fieldf this identification  B=110 GP& AV/V=0.5%, andv=(7.15 A3 per unit cell,
were to remain true as a function of field, our data sugges§jves 3.1 meV. Thus, a fixed energy independent of tempera-
that Ty a H?; however, we are unaware of theoretical calcu-yre, magnetic field, or applied pressure seems to be associ-
lations that predict such a field dependence Tf.*"  ated with the first-order valence transition. Further work re-
An  empirical  expression of the form Tx(H)  mains to identify the underlying microscopic mechanism that
=Tk(H=0){1+[ug/ksTk(H=0)]?}"" has been proposed gives rise to such interesting yet simple physics.
for the related compound YbAgG® This expression pre-
dicts an elliptical relationship betweér, andH, the same We thank J. M. Lawrence, E. Miranda, G. B. Martins, J.
functional form as our result fof ,(H), but it implies, con- ~W. Allen, and P. Schlottmann for valuable discussions. The
sistent with experimerff that Ty increases with field NHMFL is supported by the NSF and the state of Florida
whereas if one assumes thBf=T,, our data suggest that through cooperative agreement No. DMR-9016241. Work at
Ty decreases with field. Further theoretical study is required.os Alamos was performed under the auspices of the U.S.
to establish the possible origins of this functional depen-Department of Energy. C.D.1., J.L.S., and Z.F. also gratefully
dence and to understand how the sign of the coupling mighacknowledge support from the NSF through Grant No.

vary from compound to compound. DMR-9501529.
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