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Pressure-dependent electrical resistivity o0RCo, compounds(R= rare earth)
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Studies of the electrical resistivify were carried out under applied hydrostatic pressures up to 20 kbar and
in the temperature range from 1.5 K to room temperature. The pressure dependence of the magnetic-ordering
temperatures and the suppression of spin fluctuations in the paramagnetic temperature regime have been
deduced from the variation of characteristic features(ifi, P). Grineisen parameters of the magnetic-ordering
temperatureT ¢ and the spin-fluctuation temperatufg: have been obtained and discussed with respect to a
pressure-induced destabilization of the itinerdnsubsystem. Finally, as the measurements are performed
under hydrostatic conditions, a possible change in the character of the magnetic phase transition from first
towards second order has been investigdi68163-1828)02405-9

. INTRODUCTION and the transport properties at the Curie temperafifet’
In particular, the large discontinuities in the electrical resis-
The cubicRCo, compounds have attracted much attentiontivity at T of the aboveRCo, compounds were attributed to
due to some peculiar phenomena related to the metamagoth the occurrence of IEM and the suppression of spin fluc-
netism of the Co sublattice. Whéhis nonmagneticR=Y, tuations in the itinerant subsystem in the magnetically or-
Lu, and Sg the compound is an exchange-enhanced paradered state below.° For the remainindRCo, compounds
magnet exhibiting metamagnetic behavior in externally apthe magnetic transition is of second order for both magnetic
plied fields larger than about 70 (&t least for YCg and  subsystems except for Tm§:uA/hererCd°<HC and only the
LuCo).2 This can be explained in terms of Landau theory,Tm subsystem orders beloVg~4 K.18

yielding the conditions for the appearance of itinerant elec- Based on ars-d model, where coexistence of the local-
tron metamagnetisiEM) as proposed by Wohlfarth and jzed moments of th& atoms and the itinerant electrons of
Rhodes’ large and negative values of the derivative of theCo atoms is assumed, Blod al. explained the first-order
density of states at the Fermi energy, a situation, e.g., acconphase transition in ErGopHoCa,, and DyCg within Landau
plished for YCg as shown by various band-structure theory!® The change towards a second-order phase transition
calculationg'™® Furthermore, these compounds exhibit spin-for TbCo, and GdCg is attributed to the change in sign of
fluctuation properties such as enhanced values of the Pauhe Landau coefficier(T) at about 250 K, a value close to
susceptibility yo and the Sommerfeld valug. Measure- TX,, of YCo,. This model was extended later by Inoue and
ments of the susceptibilityy up to 1000 K show broad Shimizu, who provided conditions under which the nature of
maxima at temperatures @f ., of about 300 K followed by the magnetic phase transitions will alter on substitution or
a Curie-Weiss behavior at considerably higher temperafuresyith pressuré®?! Aithough both NdCg and PrCeg order at
a behavior consistent with Moriya's theory of spin temperatures well beloWg, the transitions observed are of
fluctuations® In the electrical resistivitp>AT? at low tem-  second order. This is ascribed either to the crystal field
peratures with an enhanced coefficiéntind a tendency to- influencé® or to a volume effect? with a critical lattice
wards saturation is observed at temperatures above abot@nstant ofa.=7.27 A, above which the Co moment be-
100 K2 This behavior is in accordance with thebiy'> comes more localized due to the larger unit cell volume.
which also yields a proportionality between the coefficiant Another approach to account for the influence of pressure
and the spin-fluctuation temperatuFes via T 1/JA. Tz on the itinerant subsystem has been given by Yamati,
is here that temperature above which the influence of spiho included the influence of spin fluctuations into Landau
fluctuations with a characteristic enerlgyT sz becomes less theory. Within this theory field-induced IEM takes place
important. only below a certain temperatui®, which like Ty of the

In thoseRCo, compounds, wher® bears a permanent above model is related Y,,. In the scope of this model for
magnetic moment, induced cobalt moments of abeuyt &re  the magneticRCo, compounds the magnetic transition
observed in the ordered stdfeAs the transition is of first driven by R is of first order forTc<T, whereas it is of
order for ErCe, HoCaq,, and DyCag it is assumed that this is second order whe>T,. In the case thaily>Tc this
due to the metamagnetic behavior of the Co sublattice whicimodel also predicts a change from a first-order phase transi-
experience an exchange fieldS? from rare-earth spins tion towards a second-order oneTsdecreases rapidly with
which exceeds the critical field for IEM{c, atTc. Ameta-  pressure. The same kind of behavior also follows from the
magnetic behavior was, e.g., confirmed by polarized neutropredicted increase dfi with pressure; i.e.H(P) may be-
experiments*!® pronounced anomalies in the temperaturecome larger tharh-lfccj’ and the Co subsystem may stay non-
dependences of the magnetization, the thermal expansiomagnetic when th&® subsystem orders magnetically. In the
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case of YCg the calculated pressure dependence of the criti- e TmCo, ' l -,'-c ' s
cal field H; for IEM yields a critical pressur®,. of about 150 Fo ErCo | |V el ey
10-50 kbar, depending on the chosen set of parantters. : g‘y’go": l

The ability to exhibit IEM depends sensitively on the Co A

susceptibility y4 which is easily affected by substitution as 100
demonstrated, e.g., in the case of Y(CQAIl,), (Refs. 25—

27) and by pressure. The latter was shown by the measure-

ment of the pressure-dependent susceptibility of Y&o40 50
K where Voironet al. deducedlnyy/dnV=14 for the vol-

-_—
ume dependence of,.2% The pressure dependence & g
measured for some of th®Co, compounds by Bloch g o
et al,?° Voiron and Bloch®® and Brouha and Buschdin 3

the early 1970s revealed enhanced values of the respective o 150
Gruneisen paramet@TC (QTC=—aInTC/aInV). Based on

the s-d model whereT ¢ is given by 100

2
TCZNR3M_|(BBG[u7RR+\72RdXd(TC)]1 )
whereNg is the number oR atoms in the unit volumeG
the de Gennes facto/zrg and Jrq are the respective ex-
change interactions, ang(T¢) the susceptibility of the itin-
erantd band atT., Voiron and Bloch attributed the large
values OfQTc to the pronounced pressure responsg of°

The pror:jouncedl n(;)nlllneﬁlr prﬁssure depend(re]ncé'hcot)]; FIG. 1. Temperature-dependent resistivi§T) of RCo, com-
ErCo, and HoCg led Bloch to the assumption that the char- pounds foR= Tm, Er, Ho, Dy, and Ta) andR= Sm, Nd, Pr, Y,

acter of the mqgnetic transition will change from a first-order; ;54 Sc(b) ErCo,. The inset showd ¢ and Teg of TMCo.
phase transistion towards a second-order one at about 20
kbar (see Inoue and Shimiz). o _

In this paper we report on temperature-dependent resistiivity was measured on bare shaped samples in the ranges 1.5
ity measurements performed on all tiR€o, compounds K <T<300 K andP<20 kbar by means of the common
(with the exception of GdGO under hydrostatic pressures four-probe dc technique. Hydrostatic pressure was generated
up to 20 kbar. These measurements allowed us to study botty a liquid pressure cell, using a 1:4 ethanol-methanol mix-
the pressure dependence of the onset of magnetic order afigte as the pressure-transmitting medium.
the influence of pressure on spin fluctuations, particularly in
the paramagnetic temperature regime. In both cases we will
give Grineisen parameters of the respective characteristic IIl. EXPERIMENTAL RESULTS
temperaturesTc and Tge. Then, as the measurements are L
performed under hydrostatic conditions, they provide infor-__1he temperature-dependent resitivip(T) of all the
mation about a possible change in the character of the magfC0 compounds studied is given in Figsial and 1b) at
netic phase transition from first towards second order. AAmbient pressure. The data are in good agreement with those
change in the nature of the phase transition can be assum_é%Ported earlier in Refs. 9, 17, 33, and 34. Note that here and

to take place at least for Er@whererC(? is closest taH, .32 N most of the othe_r figl_Jres_ presented only a fractior_1 of the
measured data points is given for the sake of clarity. The

first-order transitions in ErGo HoCg, and DyCg can
clearly be deduced from steplike anomalies{(T). For all
Polycrystalline samples ¢&Co, were melted in an induc- the other compounds the kinks invs T at T are typically
tion furnace under a protective argon atmosphere. A ratio ofor second-order phase transitiofsee the respective arrows
1:1.93 has been chosen to avoid the presence of magneiit Fig. 1). All the magnetic-ordering temperatures deduced
RCo,. Subsequently a heat treatment at 650—800 °C depen@re in good agreement with those obtained by specific heat or
ing on the rare earth during 14 days and under argon atmac-susceptibility measurements. In case of T;GtoCo,,
sphere has been applied. and NdCg a second anomaly ip(T) below T indicates a
The phase purity of the samples was proved from Debyespin reorientation alsg. The hysteretic behavior observed
Scherrer photographs and x-ray diffracti@rK ,) measure- is, €.g., shown for TmCo2 in the inset of Fig(al The
ments. The lattice constants obtained are found to be in googfrong saturation tendency which characterizes ph&
agreement with those reported in literature. Additionally, thecurves aboveTc is a peculiar behavior of th&Co, com-
samples have been checked by ac and dc susceptibility @ounds not present in the isostructural, compounds with
well as specific heat measurements. Considerable amounts & Al, Fe, or Ni and is attributed to the presence of spin
foreign phasefless than 5%were only detected for some of fluctuations'°
the NdCg and ThCg samples. The temperature-dependent resistivity curyed) of
The temperature- and pressure-dependent electrical resi¥Co,, LuCo,, and ScCe¢are included in Fig. (b). The over-

Il. EXPERIMENTAL DETAILS
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account the electron-phonon interactionBE and the scat-

FIG. 2.[p(T)-po] vs T? of YCo,, LuCo,, and ScCefor various  tering of the conduction electrons with the spin fluctuations
values of pressure. The insets shaws P. asAT? yields reasonable agreement. Results of least squares

fits for the coefficien®A are shown in the insets of Fig. 2 for

all temperature dependence of these three compounds rearious values of pressur€lhe coefficient8 was not found
sembles the behavior of well-known spin-fluctuation systemgo be affected substantially by pressure.
such as UAJ or UPt.1% The low-temperature regime is char- At ambient pressure values dk= 14, 7.8, and 1.7
acterized by a2 behavior, valid over an extended tempera-nQ cm/K? are deduced for YGo LuCo,, and ScCpg, re-
ture range. The pronounced curvaturepius T are typical ~ Spectively. These values become reduced by pressure by
for spin-fluctuation systems having moderate value¥gf  about 20—-30 % for maximum pressure applied which in turn

For all the RCo, compounds the application of hydro- indicates an increase dOfgg with pressure asl g~ 1/VA.
static pressur® results in a reduction of the absolute value Note that the range of validity increases with pressure and
of resistivity in the whole temperature range studied. Whileholds up to 20-30 K in the case of Y&oThe pressure
the shape op(T) remains not affected by pressure consid-response ofA is most pronounced for YGowhich has the
erable influence is observed for temperatures close to thiargest value at ambient pressure and decreases in the same
magnetic-ordering temperatures or in the low-temperature rgnanner as the absolute value Afis smaller in the case of
gime of the enhanced paramagne®Co, compounds. LuCo, and subsequently for ScgoThe absolute value of
Therefore, the(T,P) curves presented in the following sec- the total resistivity is strongly reduced in the low-
tions will cover only limited temperature ranges in order totemperature regime while it stay nearly constant at elevated
show the pressure dependence of the spin-fluctuation profemperatures.
erties and the magnetic-ordering temperatures in more detail.

B. RCo, (R= magnetic rare earth)

A.YCoy, LuCo;, and ScCq Figure 3 shows the temperature- and pressure-dependent
Figure 2 depicts the low-temperature behavior of theresistivity p(T,P) of TmCo, and ErCg for temperatures
pressure-dependent resistivigyT,P) of YCo,, LuCo,, and  near the magnetic-ordering points. As a hysteretic behavior
ScCq plottet as(p(T) — po) Vs T2. For all three compounds in p(T,P) at Tgris observed in the case of Tmgdoth the
an almostT? behavior holds inp(T) up to maximum pres- cooling and the heating curvésolid and open symbolsre
sures. A more accurate description of these data taking intshown. Note that only a few vs T curves measured at
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vs P. vs P.

various pressures are given. The insets sfigw and also
Tgr in the case of TmCQ as function of applied pressure;
the respective values obtained from the cooling and the he
ing curves are given by triangleg\(up andV down). The

applied pressure affects both the ordering temperatures ar%Be latter also a slight upturn ip(T) on cooling just above

the absolute value of the resistivity in the paramagnetic tem. ¢ €Volves for highest applied pressures. As in the case of
perature range. For TmGa fairly linear pressure depen- ErCo, the transition afl - for both compounds seems to be

dence ofTc and Tsg With dT¢/9P=—0.04(4) K/kbar and still of first order even for maxim_um applied pressure. The
dTsp/9P=—0.03(8) K/kbar, respectively, is fourfdee the ~Pressure dependence of the spin-reorientation temperature
insets of Fig. 8)]. The pressure-dependent variation of theTsr 0f HoCo, which is indicated by a small steplike
respective ordering temperatures has been deduced frogfiomaly at 16 K, will be discussed beldgee Fig. 7.
characteristic points ip/dT vs T. We note that pressure  Figure 5 displays(T,P) of TbCo, and SmCe. The de-
influencesp(T,P) of ErCa, in a rather wide temperature duced ratios of the initial pressure dependence$ofield
range. AboveT., p(T) decreases considerably. Further-values of —2.8 K/kbar and—2.4 K/kbar for ThCg and
more, the enhancement in resistivity for temperatures jusbmCg, respectively. Although the temperature-dependent
aboveT, which is ascribed to the combined interaction of resistivity and ordering temperatures of both compounds are
magnetic correlations within thB sublattice and spin fluc- close to each other, the pressure-dependent variatidg &
tuations in the itinerantl band, becomes more pronounced obviously different. WhileT vs P of ThCo, shows a clear
as pressure increases. For thig./dP=—0.8 K/kbar is de- curvature in the pressure dependence of the ordering tem-
duced. For higher pressures a deviation from linearity is obperature only a weak deviation from linearity is deduced for
served[see the inset of Fig.(B) and Fig. 11, Sec. VB  SmCag.
According to Bloch this change in slope should indicate a Because of the high ordering temperature of GgCo
change in the order of the magnetic phase transition. How¢T-= 395 K), no measurements have been performed on this
ever, from our data we could not find a clear hint for acompound in this study. However, values 6R2.45 K/kbar
change of the first-order transitions towards second order orend —2.7 K/kbar are reported forgTc/dP in the
for ErCo,. literature?®-3

Figure 4 depicts the temperature-dependent resistivity at The pressure- and temperature-dependent resistivity of the
various external pressures for the other tR€o, com- remaining two RCo, compounds, NdCo and PrCg, is
pounds which also exhibit a first-order transitionTat. For ~ shown in Fig. 6. The transitions remain of second-order type
both compoundd - strongly decreases with pressure, with under applied pressure. The initial rates for the pressure-
dTcldP=—1.4 Kl/kbar anddTc/9P=—2.1 K/kbar for the dependent variation offc are —1.1 K/kbar and—0.53
initial slope for HoCg and DyCag, respectively. In the para- K/kbar for NdCg and PrCe, respectively. The pressure-

magnetic temperature range the response of resistivity to
aE)_ressure is less pronounced in the case of DyfBan com-
pared to ErCg or HoCq, (see also Fig. 11, Sec. IV)BFor
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GdCaqg, a somewhat smaller Gneisen parameter than for the

other compounds is reported. This might be either due to

sample quality or to a more stable Co subsystem at elevated

temperatures. The latter can be seen in the context that
rT3§dC02 orders magnetically at temperatures well abdyg,,

the temperature above whigi{T) of YCo, exhibits a Curie-

dependent variation of -, which is depicted in the insets of
Fig. 6, shows, as in the case of SmCan almost linear
slope.

The pressure dependence of the spin-reorientation te
peratureT gz of NdCo, and HoCg is shown in Fig. 7. Note
that the differentp(T,P) curves of HoCe at various pres-

. . ) Weiss law.
sures are shifted against each other—H@S w0 em. TsriS Some discrepancies #T¢/dP, and consequently ifdt ,
indicated by a more or less clear steplike anomaly s T. c

Different signs are observed for the initial pressure depen@r€ observed between our values and those given by Refs. 28
dence ofTer, namely,dTer/dP=+0.21 K/kbar and-0.14 and 29 Whlch are put in brackets in Table I. Especially in the
K/kbar for HoCo and NdCag, respectively. As in the case of ¢@Se€ of certain heaygCo, compounds we deduce a pressure
the respectiveT. vs P dependence some curvature is ob-dependence which is almost 2 times larger. But the recent
served inTgg vs P for HoCo, in contrast to the linear be- Measurements offc at 10 kbar on Dy(Cp.,Al,), and
havior obtained for NdCo Th(Co,_,Aly)» comp_ognds by Leont'eet aI... nicely fit to
Table | summarizes the ordering temperatures derive@U" data. For an additional test, the CIausms-CIgpeyron rela-
from 9p/dT vs T and their initial pressure dependence,!on has been employed for Ergand HoCg, which both
which have been deduced from a linear fit to the data at lowhoW 2 first-order phase transition B¢. The values em-
pressures. Data oif ./dP put in brackets are those given in Ployed forAV-andAS, the change in volume and entropy at
the literature. The observed ordering temperatures are ifc: Nave been taken from measurements on our samples as
good agreement with those obtained by specific heat med@' @s possible or from data given in the literattité?~**The
surements performed on the same samples. The values f§@lues thus deduced yiefl c/9P= —0.8K/kbar and—1.4
the different Grameisen parameterQTC and Qs were de- to —1.6 K/kbar for ErCg and HoCg, respectively. In the

. case of DyCe no test could be performed due the lack of
duced fr'om the actual' d.a}(axcep.t for GdC@) by ;ﬂ?%&he reliable values forAS. However, we want to note that re-
appropriate compressibilitys or, if available, 1.

While for most of theRCo, compounds values fdd;_ of cently Kamard et al*® reporteddTc/dP = —_2.1 K/kbar of

i c DyCo, as deduced from thermal expansion measurements
about—11 to —13 have been evaluated an increase up tQuhich are in good agreement with our data. Therefore, we
Q-+ ~—27 is found for ErCe whereH¢g is assumed to be pelieve that our results are quite reasonable. The differences
close to the critical fieldH., indicating that the Co sub- to the older results may be related to some extent to advances

system is easily destabilized by pressure. Note that foin sample preparation.
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TABLE I. The magnetic-ordering temperatures of tR€o, compounds as deduced from resistivity
measurements. The initial slope of the pressure dependence of the magnetic-ordering tempeeatdrihe
spin-reorientation temperatufigsg is deduced from a linear fit to the first data points. Data put in brackets
denote those given in the literature. The @eisen parameteﬁTC andQTSR are deduced using the values for

the compressibility«g given in the literature.

2909

Te TclaP Qr, Tsr dTspl IP (N
(K) (K/kbar) (K) (K/kbar)
Pr 39 —0.53[ - 0.75 —12.4[ - 159
Nd 99 -1.1[- 0.8 —10.8[ — 97 41 -0.14 -3.2
Sm 203 —2.4 -11.3
Gd 395 [—2.452 —2.7] [-62—6.9]
Tb 232 -2.8[-1.131.67 —11.9[-527.2]
Dy 135 -2.1[-0.82 —2.19 —15.6[ — 67
Ho 78 —1.4[—0.65] 19.2[ - 9% 16 +0.21 +14.1
Er 32 —-0.8[— 0.4 27[—-15
Tm 3.8 —0.044) -12.9 345  —0.038) -12.2

8Reference 29.
bReference 31.
‘Reference 43.

IV. DISCUSSION mentioned that within this model scaling pfT) for differ-
ent values of pressure can only occur for small values. of
In order to account for the pressure dependence of the
In the discussion of the physical properties of the magcharacteristic temperatufies: one may look for the pressure
netic RCo, compounds their paramagnetic behavior is com-variation of the coefficienf. Employing a Graeisen param-
monly approximated by YGo The electronic structure af  eter forA given by
electrons inRCo, is considered to be very similar to that of
YCo, and consequently the temperature dependence of o alnl/\/ﬂ_  dInTge
x4(T) of RCo, is assumed to be similar to that of YCY AT ainv T gV
The occurrence of exchange-enhanced paramagnetism in . .
these compounds is referred to the particular position of théeve%s a value of),=17 for YCo,. Agcordmg to Wire
Fermi energy in the density of states curve. In case of th tal:™ the pressure dependence ¢(T) is also related to
RCo, compounds it is assumed that the Fermi energys sk (dInx/dnV=—dnTse/9InV) and can thus be compared

P to Q1 , which was proved to be valid for the spin-fluctuation
near to a steep decrease of a narrow band of hybridized 3 A i
and 5 states, thus giving rise to the presence of spin flucSomMPounds UAl and TiBe,. In the case of of YCpthe
sure dependence of the susceptibility reveals

tuations. The effect of pressure is a broadening of this nar®'s . o 28
row band, resulting in a decrease of spin fluctuations. ThereZNXa/dnV=14, in reasonable agreement with,.* For
fore, an analysis of the pressure- and temperature-dependerfC0 and ScCe values of 3,=11.8 and 13.7, respec-
resistivity in thoseRCo, compounds wher® is nonmag- tively, are found.(For the latter,x+ was assumed to be the
netic (R= Y, Lu, and S¢ allows us to account for the pres- Same as that of ﬂ%? , ,
sure response of the itineradtelectron subsystem of the !N the literatur€®* T is also assumed to be proportional
RCo, compounds. to thg inflection poinfT;,s in p vs T, leading to the following
As shown in Fig. 2 the application of pressure leads to 4&/ation:
decrease in the absolute value of the resistivity and the co- aInT sInT
efficient A. Both observations indicate that spin-fluctuations Q= — —— = —_SF 3)
are suppressed by pressure, a finding which is consistent dinv dinv
with an expected reduction of the electron density of states ajowever, Eq.(3) is valid only if spin fluctuations dominate
€=¢€r as thed band becomes broader with pressure. Notey(T), i.e., whenp,(T) can be neglectefthis seems to be
that at ambient pressure the coefficiénalso decreases from valid since, e.g.,p(300 K)=~30 w cm for isostructural
YCo, via LuCo, to ScCg which is consistent with the VYNi, or YAI, where no spin fluctuations are present while
shrinking unit cell volume along this series. p(300 K)~150 Q) cm for theRCo, compound$’® Here
In a description in terms of a model given by Cogblin we assume that the Matthiessen rule is applicable. Employ-
et al1?the spin fluctuation contribution to the total resistivity ing Eq.(3) andT,=52 K, 56 K, and 64 K for YCg, LuCo,,
is a function of the Stoner enhancement fackband the  and ScCe, respectively, the following values are obtained:
parametel§=k,:clk,:d, which gives the size difference of the (. =6.6, 10.5, and 3.9 {T;/dP=+0.33, +0.47, and
Fermi surfaces for the conduction and the narrow fluctuatingt-0.24 K/kbay, respectively. Note that only in the case of
band. The change in resistivity observed can be ascribed touCo,, 5~ Qs While there is a considerable difference for
the pressure dependence of both parameters. It should liee other compounds. However, referring to Waeal*®

A. YCo,, LuCo,, and ScCg

@
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TABLE Il. The pressure-dependent characteristics of the exchange-enhanced paranR@ogtiom-
pounds.A and T, as well as the respective Greisen parameters are deduced from pressure- and
temperature-dependent resistivity measurements. Values for the Stoner enhancemest thetasuscepti-
bility xo, measured at =4.2 K, the Sommerfeld coefficient, and the lattice parametarare taken from the

literature.
A Qa Tt Qi S Xo 04 a
(nQ cm/K?) (K) (emu/mo) (mJ/mol K?) A)
YCo, 14.2 17 52 6.6 9% 1.8x107%° 307 7.22
LuCo, 7.8 11.8 56 105 8% 1.2x107%° 26.6" 7.1
ScCo 1.8 13.7 64 39 63 1.1x103° 18.4 6.93°¢

3Reference 48.
bReference 49.
°For 7 the same value as that of YEhas been employed.

who have shown tha ,~, for UAI, and UP} we iden- lated to a change of the Stoner enhancement f&&t@ther
tify O, with Qg in the further discussion. than to an anticipated broadening of tthdand. These find-

Table Il summarizes the pressure-dependent characteri$lgs point to a weak influence of the unknown phonon con-
tics of the exchange-enhanced paramagn®&@o, com- tribution in this limited pressure range. This leaves the puz-
pounds. Values for the Stoner enhancement fa@ttine sus- ~ 2ling question of why the Gneisen parameters deduced in
ceptibility x,, the Sommerfeld coefficieng, and the lattice  different ways differ substantially for YGoand ScCe
parametera are taken from the literature. Note that the co-Whereas good agreer’r)gnt was found for Ly®ach as in the
efficientA and T, seem to vary witl8 and that all gathered C€ase of UA} or YMn,. ™" _ _
data change with volume. Employing both the valuestof Here we want to mention that there is also a clear differ-
and of y all three compounds can be included in the®nce between YGoand LuCgq on doping, e.g., with Al:

Kadowaki-Woods plot as they nearly obey the relation While the maximumT ¢ observed for Y(Co,Al) is of about
27 K it reaches a value of about 145 K at nearly the same Al

Aly2=1x10"5 ©Q cm(mol KImJ)?2. (4)  concentration in the case of Lu(Co,A>>! Furthermore,
) ) ) ) ] the difference in volume between Y&and LuCg corre-
This proportionality which, e.g., holds for UAlor UPg is  gnonds to an applied pressure of roughly 40-50 kbar. Ac-
valid for a wide class of strongly correlated electron systtMgording to the calculations given by Yama8isor the pres-
where the ra'goA/yz is equally enhanced compared 10 syre dependence for the occurrence of IEM at this pressure
simple metals’ _ either no metamagnetism should be observed in Lu@o
Figure 8 depicts the temperature- and pressure—depende&tﬂy at considerably higher fields tham,=72 T, a value
resistivity p(T,P) of YCo;,, LuCo,, and ScCg divided by hich is almost the same as that of Y.0d4.= 68 T). How-
Tin(P). For each compound a scaling behavior is obviouslyeyer hased on the same arguments it is understandable why
obtained which holds over the whole temperature rangenq metamagnetism for fields up to 120 T is reported for

Such a scaling was alsg observed for Yahd YMn, for - gecq as in this case the difference in volume relative to
pressures up to 20 kb&t*’In Cogblin’s model scaling takes YCo, amounts to about 100 kbar.

only place for small values @f. Due to the fact that scaling
holds up to maximum applied pressure, it can be assumed _
that ¢ does not vary much with pressure. Therefore the main B. RCo, (R= magnetic rare earth)

response of resistivity to pressure seems to be primarily re- The magnetic behavior of thRCo, depends sensitively
on the itinerand subsystem and the internal field generated

150 by the rare earth. In the case of magn&i@ ferrimagnetic
coupling among both magnetic subsystems is observed for
120 the heavyRCo, compounds whereas it is ferromagnetic for
fg the light ones. Long-range magnetic order is induced in the
S 90 iinerant d subsystem by the localize® moments’® The
%_ magnetic-ordering temperatures of tREo, compounds are
Z_ 60 found to be enhanced compared to those of the isostructural
RNi, or RAI, compounds where only tHe sublattice exhib-
30 L its magnetic behavior. However, the fact thatof the heavy
RCo, roughly scales with the de Gennes factor, which also
o holds for theRAI, or RNi, compounds, indicates that mag-

netic order is mainly driven by thR sublattice. This differs

from the isomorphoufFe, compounds where magnetic or-

der is governed by the itinerant subsystem as indicated by
FIG. 8. Temperature- and pressure-dependent resistigiyT) the ferromagnetic order observed for YFend LuFeg with

of YCo,, LuCo,, and ScCg divided by T (P). ordering temperatures well above 5004¢°
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In the discussion of the pressure- and temperature- 40 . .
dependent resistivity of thRCo, compounds wher® is a
magnetic rare earth the validity of the Matthiessen rule is
assumed. At high temperatures, i.e., well ab®¥e pmad T)
consists of two spin-dependent contributions. One is due to
scattering of the conduction electrons by spin fluctuations, as
in, e.g., LuCg, and the other one is due to scattering pro-
cesses on the localized 4nhoments, usually denoted ag,g.
However, the straightforward application of the Matthiessen
rule is lacking for several reasons: No appropriate reference
for the phonon contributiom,(T) is available andii) no
model exists up to how which can be used to account prop- 60 F A
erly for the contribution due to scattering on spin fluctuations b)
which are enhanced by correlation effects due to the pres-
ence of a matrix of local moments. The latter leads to a
pronounced increase in resistivity for temperatures just
above T.. However, if one assumes that the high-
temperature part op(T) of, e.g., LuCog reflects both the
phonon contribution and the spin-fluctuation contribution to
the resistivity, not enhanced by short-range correlations, a
reasonable estimation gfyq can be given for the heavy
RCo, compounds? This in turn provides a possibility to
account for that certain magnetic contribution g, T) 0 50 100 150
which is thought to be caused by an enhancement of spin
fluctuations due to magnetic correlations within fResub- T (K)

lattice. Following Ref. 52 we define an excess resistivity g 9. Temperature-dependent resistivlty(T) of (&) ErCo,
Ap(T) by and(b) HoCo; for various values of pressure.

Ap(T)={p(T) = potrco,~{P(T) ~ po}Luco,- (5 o

pressuré” Therefore pressure will bring ErGeloser to the
At high temperatures a common feature of all the(T) metamagnetic transition. Consequently, the moment on the
curves thus evaluated for tHRCo, compounds is an almost Co sites belowT thus decreases progressively with pres-
logarithmic decrease in temperatdfe? At T the spin-  sure. As for the other heav§Co, compounds their deduced
fluctuation scattering becomes suppressed when a momenteffective exchange fields are much higher thdnand the
induced on the Co sites due to the presence of an effectiviafluence of pressure on the stability of the Co moments is
field. The latter is caused by the appearance of a moleculdess pronounced. The different behavior observed for light
field due to the spontaneous alignment of Bhéns. There- RCo, compounds might be related to the assumption that
fore, spin fluctuations are quenched beld@w and, apart due to the larger unit cell the more localized Co moment is
from band-structure effects, the resistivity is reduced andnore stable against pressure.

Ap (uQcem)
8

(o} 1 bar
[ ] 2.8 kbar
a] 5.5 kbar
a
A
A

8.9 kbar (-
11.8 kbar
15.8 kbar

-3
o
T

N
o
T
I

Ap (UQcm)

(=]
T
)

HoCo,

)
S
T

may become even lower than that obtained for LuCidhis Of certain interest is also the evolution afp(T,P) just
in turn leads to the negative values ®H(T) below Tc oc-  aboveT.. With increasing pressure the observed cusp at the
casionally observetf.>2 magnetic transition point becomes more enhanced for ErCo

In order to trace the effect of pressure on the temperatureand HoCg than for DyCg. Here we want to mention that
dependent resistivity we have applied this procedure to oualso, e.g., for Er_,Y,Co, a strong increase in resistivity on
measured data, wheg®(T) of LuCo, at ambient pressure cooling towardsT occurs wherx=x., the critical concen-
only has been taken as a reference. Figure 9 depictsation for the breakdown of long-range magnetic order.
Ap(T,P) of ErCo, and HoCg. While in the case of HoOGo  Neutron diffraction measurements show that ordering of the
the height in the jump in resistivity 8l does not change d subsystem and subsequently long-range order oRtbeb-
considerably with pressure the same discontinuity becomesystem vanish for higher concentrations of*¥A more de-
progressively smaller in the case of ERCd&or maximum tailed study confirmed the presence of both long-range and
applied pressure the discontinuity is only about 60% of thashort-range magnetic order above the ordering temperature
at ambient pressure. For comparison #(T,P) curves of  for compounds withx~x..>* The rise in spin fluctuations
PrCg and NdCg, both of which also order below 100 K, when approaching the IEM may serve as a source for short-
are shown toosee Fig. 1D The latter two also show no range correlations. In the present case, i.e., for applied pres-
essential change in the jump in resistivityTat. The same sure, a closely related situation occurs. Therefore we con-
holds also for other compounds ordering at higher temperaelude that at the maximum applied pressure EriS8alose to
tures not displayed here. the critical pressure necessary to transform the type of mag-

The extraordinary behavior of thAp(T,P) curves of netic phase transition towards second order. For pressures
ErCo, may be related to the fact that for this compound theabove P, one may consider the case of TmCwhere no
evaluated value oH{? is closest toH.. As given in the stable Co moment is present as shown by thermal expansion
theoretical considerations by YamaHa(P) increases with measurement®. For this compoundH{?~60 T and there-



2912 R. HAUSER, E. BAUER, AND E. GRATZ 57

T )
a) o ioxbar
X ar| _|
90 O 7.0kbar
" 100kb
_ & 140 kbar e
g A 16.7 kbar ‘6
60
a &~
E! &
a = 08 © TmCo, \\
< 30 &Q ® ErCo, \\
0 HoCo, §U\
m DyCo, \i\
.7 F|a ThbCo a -1
0 0 " 2 ~0
] 1 1
20 | b) -
_—
g | Ml T T ’
8} ol 00 4fheo Tl
=) @ 1.4
~ (o] bar 1.2
é]:. ®  3.1kbar [
o 50kbar = 0 ]
] 8.2 kbar ~ 0.8
20+ & 112kbar| 1 &% ol 1 1
NdC02 A 14.4 kbar "0 4 8 12 16
, . 0.7 , P (kbar) | , .
0 50 100 150 "o 4 8 12 16
T (K) P (kbar)
FIG. 10. Temperature-dependent resistiity(T) of () PrCo FIG. 11. Pressure dependence of the magnetic ordering tempera-
and (b) NdCo, for various values of pressure. ture T for (a) heavy andb) light RCo, compounds normalized to

) _ambient pressure. Data for GdCare taken from Ref. 31. The inset
fore only theR subsystem orders magnetically as the condi-shows the pressure dependence of the spin-reorientation tempera-
tion for IEM is not fulfilled atT.. Here, the gradual smear- ture Tqy.

ing out of the cusplike resistivity anomaly arouiig with

pressure can be understood as a consequence of the SUpPresssiyity measurements up to 60 kbar performed on ErCo
sion .of enhanced spin fluctuations above the magnet'cl’ndicating a nonmagnetid subsystem above about 20
ord_lt_ar:mg pomt('see Fig. 3. . . kbar®® Note here also the values fét, for IEM in YCo,

e normalized pressure variation of the magnetic Ordergiven by Yamada which range from about 10 to 50 kbar.

ing tempgraturch is given 'in Fig. 11. An almost linear The Grineisen parametef3_of most of theRCo, com-
behavior is obvious for the lighRCo,, GdCg, and TmCg ds R= Pr. Nd. Sm. Tb c qT found
where either a stable or no itinerant Co moment is presen ounds K= Pr, Nd, Sm, Tb, and Tinare found to range

On the other hand, pronounced curvaturesTivs P are fom —11 t.0_13 (see Table)l These values are larger than
observed for the reFr)naining compounds Wtr?ich are mosth0se obtained for th&Al, (Qr ~+4) (Ref. 60 and the
prominent in the case of HoGand ErCg. The change from RFe, compounds Q1 _~+1) (Ref. 61 and may be related

a linear pressure dependenceTgf, as observed for PrGp  to the pressure response of the less stable itinerant sub-
to a clear curvature for the healRCo, and back to linearity system. Apparently, the itinerant subsystem is less stable as
in the case of TmCpmay reflect the destabilization of the chtf is closer toH. which can be clearly traced when pro-
itinerant subsystem. This assumption is in agreement with aeeding from DyCeg to ErCg, where a maximum value of
fairly linear slope of T vs P observed forRAI,,*® where  —27 is observed. Note that an enhanced r@isen param-
only a local moment is present, Y(€gAl,),>" with an  eter is also obtained for TmGavhere no induced moment
itinerant moment only, oRFe,,® where the magnetic behav- on the Co sites is deduced, but where thelectron sub-

ior is governed by the itinerant subsystem. On the other sideystem is close to IEM.

the pronounced pressure dependence of the magnetic- Starting from the directly measured value for
ordering temperatures of tiRMn, compounds is due to the Jlny,/dinV=14 and estimates fafry and Jrg proposed by
destabilization of the itinerant subsystéﬁwThgre_fore, itis  Bloch and Lemairé* Voiron et al?® calculated(;  within
likely to attribute the nonlinear pressure variationTf of ¢
some of theRCo, compounds primarily to the pressure re-
sponse of the itinerard subsystem.

the s-d model[see Eq.(1)] for several of theRCo, com-
pounds. We want to remind that this model was successfully

As the Co moment becomes progressively supressed mployed to calculatd¢ of the heavyRCo, compounds
; : ffom experimentally deduced values for the exchange inter-
can be assumed that once again a linear pressure dependeg(éﬁons andy4Tc.2°%3 For both GdCg and ThCg they ob-
of T¢ will be observed for pressures high enough, i.e., fortainedﬂca'czd—g.l in good agreement with their experimen-
pressures higher thd?, . Here we want to mention the fairly Tc : _ _ _
linear slope ofT¢ vs P reported for ErCe HoCo,, and talvaluestdy =—6 and—5, respectively. In this calculation
DyCo, for pressures above 20-40 kii&ef. 30 and recent the pressure dependence @fr and Jrq Was neglected, the
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latter by virtue of the resulsT/dP=0 for GdNi,.?° Jaa- curves observed abovig are related to the presence of both
kola, Parviainen, and Penttjlaowever, could show that this short-range and long-range correlations close to the
may not be generalized and deduced nonzero values fenagnetic-ordering temperature. The pressure response of the
dINJra/ JINV and din T/ dInV.%% Therefore, when employ- itinerant subsystem primarily explains the peculiar resistivity
ing these estimates and taking the more recent datddgr  curves observed, in particular, when ttiesubsystem is al-
jRR! and)(d(TC) of Ballou et a|.63 and Dubenkaet a|.64 we most destabilized by pressure.

recalculated the Gneisen parameters for the heaRfo, The pressure dependence of the magnetic-ordering tem-
compounds. In the case of Gdg@%lc: —5.9)and TmC9®  peratures of the magnetiRCo, compounds reflects well the
(Q%Zic: —10) we obtain good agreement with the experi-destabilization of the itinerant Co subsystem. In the case of

mental data reported in Table I. However, for TgGge SOme of the heaviRCo, a nonlinear variation off ¢ with
estimateQ%i'% —6.2, only half of the experimental value Pressureis observed when the effective field acting on the Co

_ _ subsystem is close to the critical field for metamagnetism.

QTC ii In the case of DyGo HoCo, .and ErCg we ob This is in contrast t&R= Pr, Nd, Sm, and Tm wherg; vs P
tain Q7 "= —5,~4.2, and—4.2, respectively. However, due 5 nore or less linear in the pressure range up to 20 kbar.
to the first-order type of the magnetic phase transition, thespeviations may occur for higher values of pressures when
data can only serve as rough estimates. Here one should nqfg: itinerant subsystem becomes destabilized. Thus the lin-
that Inoue and ShimiZi made an attempt to take the influ- earity observed goes along either with stable itinerant mo-
ence of the first-order transition into account, but this mOdehwents(Iight RCo,, GdCa) or a disordered Co subsystem
is not easy to handle due to a large number of unknowqTmco,).
parameters. o _ In case of thos®Co, compounds wherR= Y, Lu, or Sc

_ Besides the possible influence of a first-order phase tranyq gifferent Grineisen parametei®, and Q,; have been
sition on the pressure dependenceTef estimates o)t eyaluated to get information on the pressure dependence of
within the s-d model appear only to be valid for Gdg€and the spin-fluctuation properties in these exchange-enhanced
TmCo,. However, we want to remind the reader that within paramagnets. Values obtained are of the order of 10. How-
this model the measureg(T) curve of YCg serves as a ever, only in the case of LuGare both parameters close to
measure for the Co susceptibility of the magn&{o, com-  each other and onlf2, was taken as a measure fﬁrTSF.

pounds and its pressure dependence. Note that from neutreRge Giineisen parameters fof were deduced with a
measurements performed on ThCand HoCg a more en-  maximum value of)_=—27 for ErCq where the itinerant

hancedd susceptibility aff  was obtaine® when compared . . .
to that of YCq. It is likely that alsodlnyy(To)/aInV wil d subsystem is closest to instability. The large value8 ¢f

behave different for the variol®Co, compounds, especially aré reasonably explained in terms of thel model for
whenH,(P) approaches{S?. Therefore, the difference ob- TmC_oz and GdCg, where the Co subsystem is either stable
served between the calculated and experimentih@sen ©F disordered. In the case of the other he&go, com-
parameters may be, at least partly, related to uncertainities founds especially when a first-order phase transition takes

the pressure dependence of the itinerant subsystem. TH&ACE @n analysis can be only of a qualitative nature. How-
above assumptions are in line with an easily destabilited ever, the large values observed appear to be connected with a

subsystem of ErGo thus resulting in a large Gneisen pronounced pressure dependence gfradually increasing
pararmeter. when Hﬁj’ approache#$l., consistent with the instability of

the Co subsystem against pressure.

No clear evidence for a change of the first-order phase
transition towards a second-order one could be observed, but
The measurement of the pressure-dependent resistivity @it least for ErCe the itinerantd subsystem appears to be
the RCo, compounds provides essential information aboutalmost destabilized at 15 kbar as inferred from the tempera-

the pressure response of an itinerant subsystem. Both thare dependence of the resistivity, the nonlinéas(P)
spin-fluctuation properties in the paramagnetic temperatureurve, and the large Gneisen parameter. This behavior is
region and the magnetic-ordering temperatures are found timund to be consistent with predictions on the pressure de-
be strongly affected by pressure. The extraordinay,P) pendence of the itineramt subsystem by Yamada.
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