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The order and other properties of the magnetic phase transitions in the rareRadbb@lt Laves phases
RCo, have been studied f&®=Gd, Tb, Dy, Ho, Er, Sm, Nd, and Pr by measuring the temperature dependence
of the magnetic hyperfine interaction of the nuclear prédb€d on the cubicR sites using the perturbed
angular correlation technique. Both for heavy and lighttonstituents the transitions change from second
order (Gd, Tb, Sm to first order (Dy, Ho, Er, Nd, Py at order temperatures of 150—-200 K. For heavy
R constituents, the order deduced from the hyperfine interaction is in agreement with previous investigations.
The observation of first order transitions in NdCand PrCg, however, is unexpected. In earlier studies the
transitions in these compounds are usually classified as second order transitions. Both in the heavy and the light
RCo, the discontinuous jump of the hyperfine interaction at the first order transitions increases with decreas-
ing order temperature. This trend implies that the Co magnetization at the transition increases with decreasing
T which can be related to the temperature dependence of the coefficientMf'tteem of the free energy in
the Wohlfarth-Rhodes-Shimizu theory of itinerant electron magnetism. All compounds investigated presented a
spread of the order temperature ofL—2 K which results in a coexistence of the paramagnetic and the
magnetically ordered phase near the transition and causes a critical increase of the relative linewidth of the
hyperfine frequency diverging a¥<(1—T/T¢)® with e=—1.0(1).
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[. INTRODUCTION The interest in thé&kCo, series stems from the exchange-
driven metamagnetism of these compounds. The possibility
The magnetic hyperfine fiel,; at the nuclei of diamag- of metamagnetism, i.e., the transition from a paramagnetic to
netic probe atoms in magnetically ordered metals and inter@ highly magnetized state of an itinerant electron system in-
metallic compounds is caused by the Fermi-contact term igluced by a strong external magnetic field, was first pointed
the magnetic nucleus-electron interaction and reflects theut by Wohlfarth and Rhodésin this phenomenological
spin polarization of thes-conduction electrons. Measure- theory the magnetic state of an itinerant electron system in a
ments of the magnetic hyperfine field by NMR,” Mibauer magnetic field is discussed in terms of a Landau expansion

spectroscopy, perturbed angular correlatioi®AC), and  Of the free energy in powers of the magnetizatdn
other hyperfine spectroscopic techniques are therefore a use- L L L
ful source of information on the magnetic properties of me-
tallic systems, in particular on the exchange interactions re-F (M)= Eal(T)M2+ Za3(T)M4+ €a5(T)M6- - —M-B.
sponsible for the magnetic order. (1)

In this paper we report a systematic investigation of the
temperature dependence of the magnetic hyperfine field athe expansion coefficient (T) depend on the density of
the diamagnetic probé!Cd in the rare earthR)-cobalt statesN(E) and its derivatives near the Fermi enefgy.®’
Laves phase®RCo, (R=Gd, Th, Dy, Ho, Er, Sm, Nd, Pr Their temperature dependence comes from Stoner excita-
which was carried out with the PAC technique. This work istions and from spin fluctuatiofist higher temperatures.
the extension of a previous PAC study of the low- It was soon realized that the band structure of Y
temperature saturation values of the magnetic hyperfine fiel@o,—with the sameC15 lattice adRCo,—probably satisfied
of 'Cd in the entireRCo, series: the requirements of a peak in the density of st&t¢g) and

Intermetallic compoundsRM, of rare earth and a large second derivative ®(E) below the Fermi energy
3d-transition elements\l) have since long attracted consid- for a metamagnetic transitioh:> The experimental observa-
erable interest because of their complex magnetic propertiggon of such a transition in YGQ however, had to wait al-
caused by the coexistence and interaction of the itinerannhost three decades until the production of external magnetic
3d-electrons of the transition elements and the highly localfields of the order of 100 T became possibieEarlier ex-
ized 4f electrons of the rare earths. Among tRgM,, the  perimental support for the concept of itinerant electron meta-
Laves phasefCo, have received particular attention and magnetism came from the observation of spontaneous mag-
their properties are extensively investigated since about 1968etic order of the d-electron system in the related
(for recent reviews see Gratz and Markosyabuc and RCo, compounds. The substitution of nonmagnetic Y by
Brommer® and Gignoux and Schmfit magnetic rare earth atoms leads w-&f intersublattice ex-
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change and the corresponding molecular fieR},, tion to the magnetic hyperfine field at the diamagnetic probe
=\gMg, Where M is theR sublattice magnetization and **'Cd inRCo, comes from the Co sublattice. The measure-
\iq the 3d-4f coupling constant may take the role of an ment of the temperature dependence of the hyperfine inter-
external field* The molecular field increases with decreas-action therefore provides a possibility to study the tempera-
ing temperature and increasind 4pin S and at ErC¢(S  ture induced changes of the Co magnetization and the order
=3/2) it becomes sufficiently strofyto drive the Co sub- of its magnetic phase transition. Compared to measurements
system aff -~ 34 K from the paramagnetic to the ferrimag- of magnetization, thermal expansion, resistivity, and other
netic state. integral techniques, PAC measurements of hyperfine fields
One particularly interesting aspect of the magnetic prophave—where applicable—some advantages: PAC requires no
erties of theRCo; is the fact that for compounds with heavy external fields, it allows the easy identification of foreign
rare earth constituents the order of the transitions from th?)hases by their different hyperfine field and—as will be
paramagnetic to the ferrimagnetic state is correlated to thgnown below—is highly sensitive to inhomogeneities of the
order temperatur& .. With decreasindlc, the transitions magnetic properties of a given sample.
change—at a border line of about 200 K—from second 10 A second aim of this work was the study of the static
first order: The compounds with the heavy rare earth CONgyitica| exponents of the magnetic hyperfine field of the
stituentsR=Gd, Tb (Tc~392 K and 231 K, respectively g of RCo,. Hohenemseet al?° have shown that PAC

E)(()hlbétr sgrcq]ié%rd%rstrir;]sétlzgsg Trsg’str:a(c):?i?/ e)vl\;'i[:]sl?gr%}ér and Mdbauer spectroscopy are useful tools for the investi-
traﬁsitions((:F OT’s),. ’ ’ P gation of the static and dynamical critical behavior of mag-
This change of order has been shown by Blattal,® netically ordergd systems_,. Up to now, such measurements
Shimizu™1® and Inoue and Shimi2é™® to be related to the H2Ve been carried out mainly in the puré Siagnets Fe, Co,
sign of theM* term in Eq.(1). Metamagnetic FOT’s in a and Nl_andlln ?ome disordered ferromagnetic alloys and
paramagnetic compounda{>0,as>0) require a;<O0, magnetic oxide$! To our knowledge, PAC has_not yet been
while a;>0 results in SOT’s. According to Bloctt al® the used to ;tudy the 9r|t|cal behavior of. chemlcglly_ordered
band structure of YCp leads to a temperature dependencemagnet'c intermetallics and a systematic investigation of the

of the a5 coefficient of approximately critical exponents in RCo, as a function of the
R constituents therefore appeared of interest. However, our
az(T)=az(0)[1—(T/Ty)?];a3(0)<0. 2) attempts to measure the magnetic hyperfine field asymptoti-

cally close to the order temperature were strongly hindered

Assuming thatRCo, has the same band structuilg, thus by a critical increase of the PAC linewidth ne@g. The
constitutes the boundary between first ord€e<To) and  same effect has been observed in practically all PAC inves-
second orderTc>T),) transitions in theRCo, series. From tigations of magnetic hyperfine fields in chemically ordered
the temperature dependence of the paramagnetic susceptititermetallic compounds reported up to nt#?° For a dis-
ity of YCo, Bloch et al® estimatedTy~250 K while Inoue  cussion of the possible mechanisms responsible for this criti-
and Shimizd® arrived—on the basis of the order in cal line broadening, precise experimental data are required.
DyCo, and Gd_,Y,Co,—at a SOT-FOT boundary tem- In our measurements particular emphasis was therefore given
perature ofT 3=~ 150 K. to the changes of the PAC spectra in a small temperature

The phase transitions d®Co, with the light rare earth interval aroundT.
elementsR=Sm, Nd, and Pr are usually quoted to be of Paramagnetic RCo, crystallize in the cubic C15
second order. The transition temperature of Sm@T:  (MgCuw,) lattice structure withR and Co forming two sub-
~206 K and a SOT is still compatible with the theory of lattices with one equivalent site each. The magnetic order of
Inoue and Shimizd® The transition temperatures of NdCo the heavy and light RCo, is ferrimagnetic and
(Tc=97.9 K) and PrCe¢ (T-=39.9 K), however, are much ferromagnetié, respectively, which—via Hund's rule—
smaller than even the lower estimate of the SOT-FOT boundimplies that the 4 and the 3l spins are antiparallel. The site
ary temperature of ,~150 K. The theory of Bloctet al®  occupied by a PAC probe in a cubdB, Laves phase can be
and Inoue and Shimi2fiis therefore considered to apply to identified from the PAC spectra in the paramagnetic phase
the heavyRCo, only. Crystal field effecfsand the volume because theé sites have cubic, th8 sites noncubic point
dependence of the expansion coefficients of the free etfergysymmetry, respectively. FoF> T., PAC probes o sites
have been invoked as possible explanations for the differtherefore feel—ideally—no interactioriin reality, slight
ences between heavy and ligRCo,. There are, however, structural or chemical imperfections may lead to weak quad-
only few detailed experimental studies of the phase transirupole perturbationsand the relaxation caused by paramag-
tions in the lightRCo, and in our view these data leave netic spin fluctuations is usually too slow to be detected
some doubt as to the classification of the transitions ofyithin the PAC time window of*'Cd (for a discussion
NdCo, and PrCg as SOT's. see Ref. 2D For probes orA sites one therefore expects a

The investigation of the phase transitions R€o,, in practically unperturbed angular correlation. Probes Bn
particular those of NdGoand PrCg, by PAC measure- sites, however, are subject to a strong axially symmetric
ments of the temperature dependence of the magnetic hypestectric-field gradient and the PAC spectrum shows the char-
fine field at a suitable probe nucleus therefore appeared @fcteristic quadrupole modulation. This symmetry difference
interest. It has been shown in Ref. 1 that the main contribuhas been used to establish that the prdb#n/*'Cd in
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RCo, occupies the rare-earth sitayhile, e.g., inRAI, the  tion Hamiltonian. The number of terms in E@) depends on
same probe resides on the Al sife. the spinl of the intermediate state. In the present paper we
are dealing with the perturbation by pure magnetic interac-
tion with Larmor frequencywy=2mvy=gunBnhi/ft (g
represents the nuclegrfactor, uy the nuclear magneton

A. Sample preparation and equipment In this case the perturbation factor can be expressed in an
1 _analytical form

Il. EXPERIMENTAL DETAILS

The PAC measurements were carried out with the 17
245 keV cascade of*'Cd which is populated by the elec-
tron capture decay of the 2disotope *in. The samples Goy(t)=1/5+2/5 >, cognwyt). (4
were produced by arc melting of the metallic components in n=12
the stoichiometric ratio in an argon atmosphere. After charf the ensemble of the probe nuclei is subject to a distribution
acterization by x-ray diffraction the samples were doped withather than a unique hyperfine interaction, the nuclear spins
the PAC prob&in/'*'Cd by diffusion (800°C, 12 hof  4f the ensemble no longer precess all with the same fre-
carrier-freé*lin into the host lattices. PAC measurementsquency and an attenuation of the oscillation amplitudes re-
were carried out with a standard four-detector Baltup in gyits, which is the stronger the broader the distribution. The

the temperature range 10KT<400 K. Temperaturesl  effect of a Lorentzian distribution of relative widihon the
<290 K were obtained with a closed-cycle He refrigerator.angular correlation can be approximated by

The samplegdiameter< 1 mm) were inserted into a small

Al sample-holder filled with cryogenic grease for good ther-

mal contact. The sample holder was attached to the cold G22(t):SkO+; SknCoSNwyt)expl—dnwyt).  (5)
finger and thermally shielded by a Cu tube with thin Al win-

dows. The temperature was measured both at the cold fing&requently, several fractions of nuclei subject to different
and at the tip of the sample holder with two Si diodsspa- hyperfine interactions are found in the same sample. The
rated by about 30 minA temperature gradient was not de- effective perturbation factor is then given by

tected within the absolute accuracy of the diodes of 1 K. The

%emperatures were recorded (_jurlng the measurements with a Gkk(t)=2 f,GL (). 6)
requency of 0.20 Hz. The widttFWHM) of the resulting i

temperature distribution was found to A& ~0.1 K. For the
case of GdCg¢ temperature§>290 K were produced with
an especially designed PAC furn&twith a temperature sta-

fi (with 2;f;=1) is the relative intensity of thih fraction.

bility AT=<0.1 K. For the high temperature measurements Ill. MEASUREMENTS AND RESULTS
the samples were encapsulated into small quartz tubes. Closey RCo, (R=Gd, Tb, Sm)—compounds with second-order
to the respective Curie points temperatures were changed in transitions

steps as small as 0.25 K. To check for hysteresis effects, in ) _
some cases two series of measurements were performed, firstFigure 1 shows a series of PAC spectra "ofCd: Th

heating, then cooling the compound in steps across the ord&® between 10 and 240 K to illustrate the typical evolution
temperature. of the PAC spectra with temperature observed for com-

pounds with a SOTT=231.4 K for TbCg, see below At
10 K the spectrum shows the periodic modulation of the
anisotropy typical for a perturbation by a pure magnetic in-
The angular correlation of two successiveays of ay-y  teraction[see Eq.(5)] with the precession amplitudes de-
cascade, expressed by angular correlation coefficientsreasing only weakly with increasing time. The relative
Ak (k=2,4) may be modulated in time by hyperfine inter- width of the Lorentzian distribution required to account for
actions in the intermediate state of the cascade. For polycryshe weak attenuation i§<0.01. The precession frequency
talline samples this modulation can be described by the per,, decreases with increasing temperature, but the attenua-
turbation factor Gy, (t) which depends on the multipole tion of the oscillation amplitudes is not affected by tempera-
order, the symmetry and time dependence of the interactioture. Up toT/T-=0.97 the spectra are well reproduced with
and on the spin of the intermediate stéfter details see, e.g., a single fraction, i.e., all PAC probes are subject to practi-

B. Data analysis

Frauenfelder and Steffé. cally the same hyperfine field.
For static hyperfine interactions the perturbation factor At aboutT/T-~0.97, however, the attenuation starts to
can be written as a sum of oscillatory terms increase dramatically and within 2—3 K the oscillations are

completely wiped outsee the spectra at 228.5 and 231.1 K,
respectively, in Fig. L The period of the slowest precession
Gkk(t)szO“LEn: SknCOS wyt). (3) witr? some still vigible amp?litude is at most 5 times larger
than the precession period at 10(arked by a dotted line
The frequenciesy, are the transition frequencies betweenin Fig. 1). The attenuation thus restricts the frequeliayd
the hyperfine levels into which a nuclear state is split by theemperaturg range in whichv,, can be determined accu-
hyperfine interaction. These frequencies and the amplitudasitely to v (T)=0.2v\,(0). After the disappearance of the
Skn have to be determined by diagonalization of the interacimagnetic oscillations, the PAC pattern consists of an initial,
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temperature: While at a given temperatiire T some frac-

10K tion of the ensemble of PAC nucléh the following termed

LD(\l

<:g 01 i : 4 as “magnetic fraction) is still perturbed by an—-

" oo w 1 \,‘J\ﬁ AWMW\ increasingly broadened—magnetic hyperfine interaction, the

P 21 i( rest is already in a paramagnetic environment and therefore
011 unperturbed (“paramagnetic fractionj. The spectra in
\/\/\f\/\/\/\‘/\/\”/\w/\w Fig. 1 clearly indicate that with increasing temperature the

0.01¥3 ' ‘ paramagnetic fraction grows at the expense of the magnetic
014 ¢ 227K fraction.

L The analysis of the measured spectraTof->0.97 was
therefore based on the assumption of two fractions of PAC
probes, one with relative intensify,,, describing probes in
the paramagnetic phase, the other one with interi$ify,,)
describing probes in the ferrimagnetic phase. The perturba-
tion factor in the paramagnetic phaseG55{t)~1.

Two possible mechanisms have to be considered when
discussing the attenuation of the oscillations of PAC pattern
and the corresponding perturbation factor in the ferrimag-
netic phase: One is a distribution of the static interaction and
the corresponding hyperfine frequencies, the other one a per-
turbation by a time-dependent interaction. In the case of
weak attenuations these two possibilities are difficult to dis-
tinguish. For strong attenuations, however, the mechanism
responsible can be recognized from the anisotropy at large
delay times. Strong attenuations by dynamic hyperfine inter-
actions occur whemws7=~1, where w; characterizes the
strength of the fluctuating interaction andits correlation
time2%%In this case the anisotropy is completely destroyed
at large delay times. Strong attenuations by broad distribu-
tions of static interactions, however, lead to a finite anisot-
ropy (“hard-core value,” see Ref. 2&t large delay times. In
the present case we never observed a complete destruction of
: the anisotropy, the attenuation always tended towards the
0ol ¢ “hard-core value.” From this we can conclude that the at-

0 30 100 150 200 250 tenuation of the'*!Cd:TbCq PAC spectra close td¢ is

t (ns) caused by a static distribution of the magnetic hyperfine field
rather than a dynamic interaction. In the analysis we have

FIG. 1. PAC spectra of''Cd in ThCg at 10 K and close to the assumed that the static hyperfine field distribution has
SOT atT.=231.4 K. The dotted vertical line marks the precessionLorentzian form[see Eq.(5)].
period at 10 K. The relevant parameters, i.e., the magnetic frequeRcy

the relative widthé of the Lorentzian distribution and the
relatively rapid decrease towards a small constant anisotropgaramagnetic fraction were determined by fitting E@®,
(“hard-core value,” see Ref. 28at large delay times. Upon (6) to the measured spectra. These fits are given by the solid
further increase of temperature, the level of constant anisotines in Fig. 1. Clearly, the changes of the PAC spectra with
ropy increases, the initial decrease becomes smaller and fiemperature are very well reproduced by the assumption of a
nally (see the spectrum at 240 K in Fig) @ne observes a coexistence of ferrimagnetic and paramagnetic Th@othe
practically unperturbed angular correlation which—astransition region(Note: The assumption of a Gaussian field
pointed out in the Introduction—is th&Cd PAC signature distribution results in considerably poorer fits
of the paramagnetic phase RCCo,. The relative widthé of the frequency distribution derived

With increasing temperature the PAC spectrum thudy these fits(see Fig. 2 increases critically as one ap-
changes from the periodic modulation of the ferrimagneticproaches the Curie temperature frol<Tc. A fit of the
phase to the constant anisotropy of the paramagnetic phagelation 5<(1—T/Tc)® to these data results in an exponent
As one approaches the order temperaffigefrom T<T., of e=—1.0(1) (solid line in Fig. 3. For comparison Fig. 2
the magnetic oscillations of the ferrimagnetic phase are inalso shows the temperature dependence of the relative
creasingly damped, at the same time the level of constardinewidth for a FOT, in the case of DyGo
anisotropy at large delay times—reflecting the paramagnetic The spectra of the other twCo, with SOT's show
phase—increases. This evolution of the PAC spectra witlgualitatively the same features as those of Th(®oth in
temperature implies the coexistence of the ferrimagnetic anGdCq, (see Fig. 3and SmCe¢ the low-temperature spectra
the paramagnetic phase in a small interval around the orderonsist of a periodic, very weakly damped oscillatiof (
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FIG. 2. The relative widths of the distribution of the magnetic FIG. 4. The temperature dependence of the magnetic interaction

interaction frequency of!'Cd close to the SOT of ThGo(full  frequencyr,, of ***Cd onR sites of the SOT compounds GdGo

symbolg and the FOT of DyCp (open squargs The solid line  TbCo,, and SmCg, compared to the predictions of the free-

represents a fit of the relatiofec(1—T/T¢)® with e=—1.0(1) to  electron Stoner theorydotted ling and the molecular-field theory

the data of TbhCa (solid line) for GdACg and SmCe. The molecular-field curve of
ThCo, has been omitted for the sake of clarity.

=<0.01). AtT/T¢>0.97 the spectra of both compound show

a critical increase of the relative linewidthand close tof. ~ lower frequency limit of»(T)=0.1v(0), while in the

the coexistence of the magnetically ordered and the paramagase of TbCg and SmCg one hasyy(T)=0.2 v(0).

netic phase. GdGodiffers from the other two SOT com- The parameters), extracted from the spectra of Gdgo

pounds with respect to the lower limit to which the tempera-TbCo, and SmCe are collected in Fig. 4. The parametérs

ture dependence of, can be followed accurately. In the andf,,, will be described in Sec. IV A.

case of GdCse the period of the slowest precession with

some still visible amplitude is about 10 times larger than the g RCo, (R=Dy,

. . . . Ho, Er, Nd, Pr)—compounds with first-
precession period at 10 {§ee Fig. 3 This corresponds to a

order transitions

It is well established that the phase transitions from the

RDS 10K paramagnetic to the ferrimagnetic phase RCo, with
<g: 0.14 3 ~ R=Dy, Ho, Er are of first order. To illustrate the typical
) VWMWM evolution of the PAC spectra across a FOT, we show in Fig.
0.0 114 5 spectra of!''Cd:DyCgq, at different temperatures. As in
o1l 340K the case of the SOT's, af<T. (Tc=137.6 K for Dy
f Co, see Sec. IV A one observes the periodic modulation
0.0 |\ : Y W characteristic for the ferrimagnetic phase and &{T ;. the—
o1l 369 K almost—unperturbed angular correlation of the paramagnetic
: A phase. In the transition regioh~ T the spectrum consists
0.0 \ W of a superposition of an oscillatory component and an unper-

turbed component which indicates—as in the case of the

014 : : . .
: 3871,( SOT's—the coexistence of the ferrimagnetic and the para-
001\ ; magnetic phase in a small temperature interval and as at

014 300 K SOT'’s, the paramagnetic fraction increases continuously

: ) with temperature at the expense of the ferrimagnetic compo-
0.01{ W A nent. In two features, however, the spectra at FOT’s differ
0N 391K considerably from those at SOT(sompare Fig. 1 and Fig.

; TN 5): (i) The magnetic interaction frequency varies only
8:? : 395K slightly with temperature. Close 6., the precession period

; Wl remains almost constant up to the total disappearance of the

ferrimagnetic componentii) The ferrimagnetic fraction de-
creases with increasing temperature, but contrary to the com-
plete attenuation of the oscillation amplitudes in SOT com-
pounds, the oscillations in DyGoremain visible as long as
FIG. 3. PAC spectra of''Cd in GdCg at 10 K and close to the the spectrum contains a ferrimagnetic component. This im-
SOT atT=392.0 K. The dotted vertical line marks the precessionplies, and is illustrated in Fig. 2, that in FOT compounds the
period at 10 K. line broadening close td@: is much weaker than in SOT

0 50 100 150 200 250
t(ms)
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10K

0.1

o1l i 95K

- A22G22(t)
- Azszz(t)

0 S0 100 150 200 250
t (ns)
FIG. 6. PAC spectra of*)Cd in NdCg at 10 K and close to the

FOT atT-=97.9(1) K. The dotted vertical line marks the preces-
sion period at 10 K.

0 50 100 150 200 250

t (ns) <, o 10K
FIG. 5. PAC spectra of*'Cd in DyCg, at 10 K and close to the LDS :
FOT atT:=137.6(1) K. The dotted vertical line marks the preces- <F 0.0 \f\f\/\/\'\/\f\/\(‘\/\w\i
sion period at 10 K. 0.1 38K
P i
compounds. The continuous slight increase of the relative 0.0 MNMW
linewidth & to temperature§ —T->0 is a marked differ- 0.1 : 39K
ence to the critical trend of(T) at a SOT and may serve as ]
an identification mark for FOT’s. 0.0 \AA”NWMWM
The spectra of HoCoand ErCg show qualitatively the 0.1 : 3975 K
same features of a FOT as those of DyCAgain, one ob-
serves the coexistence of the ferrimagnetic and the paramag- 0.0 {¥¥:
netic phase close td-. The magnetic interaction frequen- 014 4025K
cies vary even less with temperature than in the case of \"VMWWMMW
DyCo, and the oscillation amplitudes are practically non- 8-(]’ §
attenuated up to the complete disappearance of the ferrimag- TR 41K
netic component. The range of phase coexistence is of the 0.0 MWWWM
same order of 2-3 K, the relative linewidth is practically 014 43K
constant in the transition region. :
The phase transition in Prgaand NdCg are frequently 00{ |
quoted in the literature to be of second order. In Figs. 6 and 0 50 100 150 200 250

7 we show the!’Cd PAC spectra observed in these com-
pounds. Clearly, the spectra of both compounds show the
characteristic features of a FOT: Ag is approached from FIG. 7. PAC spectra ot*'Cd in PrCg at 10 K and close to the

lower temperatures, the unperturbg@ramagneticcompo-  FOT atT.=39.9(1) K. The dotted vertical line marks the preces-
nent grows at the expense of the oscillatéfigrromagnetic  sion period at 10 K.

t (ns)
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FIG. 8. The temperature dependence of the magnetic interaction
frequency vy (T) of '!Cd on R sites of the FOT compounds
RCo, (R=Dy, Ho, Er, Nd, P). The inset shows an enlargement of
the low-temperature variation ofy in HoCo, and NdCag.

L 0.0

T
-
(=3

relative line width &

component, but—as in DyGe-the magnetic frequency re-
mains practically constant and the oscillation amplitudes are
only weakly attenuated up to the complete disappearance of
the ferromagnetic phase.

The temperature dependencies of the magnetic interaction :
frequency of all FOT compounds are collected in Fig. 8. The p i ; y
paramagnetic fractions and the relative linewidths extracted
from the spectra oRCo, (R=Dy, Nd, P are shown in Fig.

9 as a function of temperature. Figure 9 also contains the i 9. The temperature dependence of the paramagnetic frac-
paramagnetic fractions dRCo, with SOT's (R=Gd, Th,  tion at the SOT'SGd, Tb, Sm and the FOT'SNd, Dy, Py (solid
Sm). squares, left-hand scalef RCo, and of the relative linewidth in

No pronounced hysteresis was detected at the FOT'S ahe magnetic phase at the FOT compourtaisen triangles, right-
RCo,. The shift in the temperature variation of the paramag-hand scalg The solid and dotted lines represent fits of Ej.to the
netic fraction between heating and cooling across the transiata of the paramagnetic fraction for asymmetric and symmetric
tion was lower than 0.5 K in all cases. Lorentz distributions of the order temperature, respectively.

T-T, (K)

IV. DISCUSSION inhomogeneity of the sample leading to a spread in the Curie
temperature appears to be the most plausible explanation for
A. Phase coexistence and critical line broadening near the the superposition of a magnetically ordered and a paramag-
order temperature netic component in the PAC spectra close to the order tem-
The coexistence of the magnetically ordered and the pard2erature.
magnetic phase is not an inherent property of a SOT. The It is nota priori clear which form one should assume for
observation of such a coexistence at all first-and second T¢ distributionl(T¢;T¢) (with T¢ as most frequent order
order transitions oRCo, (Fig. 9) therefore suggests thatitis temperature Depending on the underlying mechanism, both
a consequence either of the experimental conditions or of symmetric or an asymmetric distributibfiT - ; T¢) is con-
some sample property. The two obvious possibilities are aceivable. The main features of thle- distribution can be
instability of the sample temperatuieduring the measure- inferred from the resulting temperature dependence of the
ment and/or a sample inhomogeneity producing a spread iparamagnetic fraction
the order temperaturé:. Both would lead to the observa-
tion of a superposition of a magnetic and a paramagnetic T
fraction in the PAC spectra close to the order temperature. fpara(T):f I(T&;Te)dTe. (7)
The region of coexistenc&T caused by an instability of 0
the sample temperature is of the same order as the Wigth
of the temperature distributiodk T~I"g. In our experiments In most compounds the evolution &f,{T) towards satura-
we have carefully monitored the sample temperature and esion (f,,:=1) is clearly much slower than the initial increase
tablished that"s=<0.1 K which cannot account for the ob- (see Fig. 9. This implies an asymmetrid distribution
served region of coexistenckeT of several Kelvin. As we with I(Tc—ATc)<I(Tc+ATe). For the numerical analysis
can also exclude a temperature gradient across the sample, ainthe measured trends 6f,{T) shown in Fig. 9 we have
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TABLE I. The parameter§c, I'_, I'r of an asymmetric Lor- | (T(;T.) characterized by’ and T¢, one obtains for a

entz distribution of the order temperatureR€o, compounds, de-  SOT with »,(T) given by Eq.(8) and constant sample tem-
rived by a fit of Eq.(7) to the temperature dependence of the Para-peratureT:

magnetic fractions in Fig. 94" /2 andI'z/2 are the linewidths left

and right, respectively, of the most frequent order temperakyre (I‘C/Z)2

[(vy;T)= U2 5
Compounds  To(K) TU(K)  Tr(K)  To(K) {Te=TI1=vu(T) wm(0) 1"} +(T'c/2) ©
GdCo, 392.02) 0.8515) 0.92) 0.92)

Because of the critical temperature dependence of the fre-

ThCo, 231.41) 0.305) 2.24) 1.42) quency the resulting frequency distributidr{vy,;T) is
DyCo, 137.61) 0.505) 292 1.71) asymmetric withl (v—Av)>1(v+Av), even for a symmet-
HoCo, 78.21) 0.611) ric T distribution, and the asymmetry increases as the
ErCo, 34.1(1) 0.51) sample temperatur€ approaches the order temperatiice.
SmCo 206.41) 0.21) 3.1(5) 1.7(3) For reduced temperatures (1—T/T¢)>T's/T¢, the asym-
NdCo, 97.91) 0.21) 3.84) 2002 metric | (v, ;T) of Eq. (9) can be approximated by a sym-
PrCo 39.91) 0.51) 2.13) 132 metric distribution. In this case, the linewidth contribution of
the T distribution| (T’;T¢) at constant is given by
therefore assumed an asymmetric LorentZigndistribution Bl T A1
with different linewidthsT' /2,T'+/2 left and right of T, Avu(T.Te)=mm(0) Z7 =5 (1 77 (10
respectively.

The parameterd¢, I'|, I'r, andTc=(I +Tg)/2 ob-  The relation shows that in the case of a SOT and stable

tained by least-squares fits of E@) to the dataf o { T) in temperaturd a Lorentzian distribution of the Curie tempera-
Fig. 9 are collected in Table I. These fits are represented bipre leads to a critical increase of the linewidth of the fre-
the solid lines. The dotted lines show the temperature deperiuency distribution with an exponent ¢18) (close to the
dence of the paramagnetic fraction expected for symmetrigansitionT/Tc~1). _
LorentzianT distributions. Clearly, the measured trends of ~ Thus, on a logarithmic scale, one expects the relative
foad T) suggest asymmetric rather than symmetriclinewidth &(T,Tc)=Avy (T, Tc)/vm(T,Tc) to be a linear
Tc distributions, except the case of GdCo function of the reduced temperature with slop&, indepen-
The critical line broadening nedr in SOT compounds is  dent of the value of the static critical exponegit
another indication of a spread of the order temperature in r
RCo,. The critical behavior of the static magnetic hyperfine In 5(T,TC)~In(,8—C) —In
field By and the corresponding magnetic hyperfine fre- Tc
quency vy close to a SOT with transition temperature
Tc can be expressed by the power f8w

8
1 o) (12)
If an asymmetricT distribution withI"| #I'g is assumed,
I'c in the above relations has to be replacedIy=(I",
+I'g)/2.
vm(T)=~vim(0)(1-T/Te)P. (8) The effect of a distribution of the sample temperature
I(T';T) for a fixed Curie temperatufB; can be treated in an
Assuming that the critical exponert can be treated as a analogous way. For a symmetric distributioGT’;T) of
constant for the system under consideration, the discussidrorentzian shape, characterized by and the most frequent
of the width of the frequency distributioA»y,(T) has to  temperaturdl, one obtain the same relation as Etfl) with
consider three possible contributions: a distribution of thel'g instead ofl ..
saturation valuery(0), an instability of the sample tempera-  In Fig. 10 we have plotted the relative linewidshof the
ture T during the measurement and a distribution of the ordemagnetic fraction of the SOT compounds GdCabCo,,
temperatureTc. The absolute linewidth contribution due and SmCe, as a function of the reduced temperattie(1
to a distribution of the saturation value given by —T/T.) on a logarithmic scale. The paramef&s is taken
[dvm(T)/dvm(0)]Avy(0)=(1—T/Tc)PAvy(0) decreases from the temperature dependence of the paramagnetic frac-
towards toT ¢, the corresponding contribution to the relative tions of these compounds in Fig.(See also Table)!
linewidth 6=Awy /vy is temperature independent and can In all cases one observes, in good agreement with the
therefore not explain the critical increase of the linewidthpredictions of the above relations, straight lines with slopes
near Tc. Only distributions of the sample temperature close to —1. The values of the slopes and the off-sets
I(T";T) with width T's and of the Curie temperature In(8I'/T.) obtained by a fit of Is=a+bIn(1—T/T) [see Eq.
[(T';Tc) with width I'c need to be considered. (11)] to the data in Fig. 10 are collected in Table 1.
The distributionl(v,) of the magnetic hyperfine fre- The contribution tg3T'/ T caused by the instability of the
quency resulting from a distribution of the sample temperasample temperature—estimated fronfs<0.1 K, T
ture or aT¢ distribution can be calculated if analytical forms ~250 K, and 8~0.32 to be BI's/Tc~1.3x10 *—is at
of the temperature antlc dependence of the magnetic fre- least one order of magnitude smaller than the experimental
quency and of thd ¢ distribution| (T¢;T¢) are given. As-  values of BT/ Tc~1-3x 102 derived from the experimen-
suming, for example, a symmetric Lorentzian distributiontal data in Fig. 10 so that the critical increase of the relative
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fitted with the perturbation factor for a symmetric frequency

11 aaco, distribution[Eq. (5)]. It was found that for the conditions of
our experiment [c/T¢=<0.01f=1—T/T>10 %) the out-
0.1 1 ' put parameters of the analysiE{, 8 and the slopé of the
relation Ins=a+bIn(1-T/Ts)) may differ as much as 10
0.01 ' percent from the assumed input parameters of the

T¢ distribution.

The pronounced difference in the temperature dependence
of the relative linewidthé(T) between first- and second-
order transitions with approximately the same width of the
v B el Tc distribution is easily understood: At FOT'’s, the magnetic
0.01 . frequency decreases—if at all—only slightly with tempera-
1 smco ture, in contrast to the critical decreaseqf at SOT'’s. A

: distribution of the order temperature of a FOT therefore pro-
0.1 4 duces only a slight variation of the frequency and the result-
ing frequency distribution remains narrow, evenTat T .
This correlation between the temperature dependence of the

0.1 4

relative line width

0.01 ; frequency and the linewidth is nicely illustrated in Fig. 8 and
0.1 0.01 1E-3 9. The variation ofyy, atthe FOT of NdCg is considerably
Q-T/T,) stronger than in the case of Dygand PrCe (Fig. 8 and

consequently the increase of the linewidth of NdGQwear
Tc is more pronounceFig. 9).

In summary, the critical behavior of the linewidth of SOT
compounds and the coexistence of the magnetic and the non-
magnetic phase both in SOT and FOT compounds near
¢ can be consistently explained by the assumption of a
istribution of the order temperature of about 1-2 K. While
the linewidth only provides information on the total width of
the T distribution, the temperature dependence of the para-
magnetic fraction also allows some insight into its form. In
the present case the data suggest an asymmetric distribution

FIG. 10. Logarithmic plot of the relative width of the distri-
bution of magnetic interaction frequencies 8fCd near the SOT’s
of GdCg ThCo,, and SmCe¢ vs the reduced temperature (1
—T/T¢). ThCo-l, Il refers to two different samples of ThGo

linewidth towards the order temperature can be understoo-lg-
almost entirely as the result of . distribution.

The widthsI'¢ of the T distributions derived from the
temperature dependence of the paramagnetic fraCliable
I) and from the critical line broadening ne@g (Table II),
respectively, agree fairly well within the experimental errors. ith I, <T"
In this context it should be noted that the determination of " .. - ~' R-

the linewidth from the PAC spectra involves an approxima- Critical line broadening nedrc has previously been ob-
L . P : PP served in Md@bauer studies of concentrated disordered
tion: The analysis is based on the assumption of a symmet”&lloys“v” and in PAC measurements of dilute alldyand

frequency distributionlEq. (5)] while in reality the frequency has been interpreted in terms of a distribution of the ex-

gqlzttrrlitc):u_l'flon dilsstr?g\gggisa%z?;\52%%5?3’ e?/\ﬁﬂa];gr t;grton_change coupling, caused by the topological and the chemical
¢ ' gisorder present in disordered allo¥s.

sequences of this approximation by simulating theoretica The mechanism producing an asymmeTic distribution

spectraGtzhzeor(t)zE,,Ml (vm)Gaaft, v) with the asymmetric ;, chemically ordered intermetallic compound is presently
frequency distributionl (vy) [Eq. (9)] resulting from a not clear. The identification of the sample parameters which
Tc distribution(symmetric or asymmetrjdor given sets of  determine the widtH ¢ of this distribution will require fur-
parameterd’c,8,Tc,T. These simulated spectra were thenther systematic studies. The valueldf in nominally equal
samples was found to differ up to a factor of 2(sge, e.g.,
TABLE II. The parameters of the critical increase of the relative ThCo,-I, Il in Fig. 10 and Table Il. Annealing a sample up
linewidth § at SOT’s ofRCo, compounds caused by a Lorentzian tg one week at 1000 K did not result in a reductionlgf.
distribu_tion of the order temperature, characterizedT@yand a  The order temperature d®Co, is known to be extremely
total width I'c.. The off-seta=In(8l'c/Tc) and the slopéo were  gepgitive to the addition of small amounts of nonmagnetic
determined by a fit of the relation B=a+bIn(1-T/T) [see Eq. impurities such as AP but as high purity materials have
(11)] to the data in Fig. 10. The static critical expongitwas oo sed for the samples of this studyT @ distribution
gﬁrigt;dlfersngft?g(g:ta in Fig. 11. TbEb I, refers to two differ- caused by an inhomogeneous impurity concentration appears
P rather improbable. The concentration of the radioactive dop-

ants is of the order of I®® and should have no effect. Site
Compound Slopé Offseta A Te(k) disorder caused b atoms onB sites possibly plays a role.
GdCg —1.074) -6.91) 0.332) 1.2(3) There is some indication that iRCo, the R atoms may
ThCo,-I -1.034) -6.6(2) 0.31(2) 1.03) partly occupy the Co sitésvhich could rise to local fluctua-
TbCo-llI —1.036) -6.02) 2.1(6) tions of the exchange interactions.
SmCo —0.954) —-5.82) 0.31(2) 1.93) The effect described here is not a particularity of the

Laves phase®Co,. A similar pronounced increase of the
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PAC linewidth close tol - has been observed in practically
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111

€Cd:GdCo,

all investigations of magnetic hyperfine fields in chemically
ordered intermetallic compounds reported up to now. The
PAC spectra of'’Cd inR, In (Refs. 22,23 of'®'Ta in RFe,
(Ref. 24, and of *¥'Ta in ZrFe (Ref. 29 all show an ex-
treme attenuation—in most cases even the total
destruction—of the magnetic precession pattern in the mag-
netic phase near the order temperature.

v,, (MHz)
3
7
g

10 4

"Cd:TbCo,
° o\

111Cd:SmCo2

OOOO

v,, (MHz)
2

B. Temperature dependence of thet''Cd magnetic hyperfine
frequency and the order of the phase transitions
of RCo,

The temperature dependence of the magnetic hyperfine
frequency of'**Cd—more exactly, of the center frequency
of the frequency distribution—in the SOT compounds Gd
Co,, TbCaq, and SmCpg is presented in Fig. 4. The critical
increase of the linewidth nedfr. leads to a lower limit to
which this frequency may be determinéske Sec. Ill A. In
the case of ThCpand SmCeg one hasyy(T)=0.2 v (0)
which corresponds to a lower limit of the reduced tempera-
ture oft=(1—T/Tc)=5x10"3. The frequency limit in the
case of GdCg is a factor of 2 lowef v (T)=0.1 v (0)]
because the absolute widily of the T distribution is com- .
parable in the three compounds, the order temperature of G%I “¥Cd in the SOT compounds GdGdTbCo,, and SmCavs the

. reduced temperature (AT/T¢).
Co, however, is a factor of 2 larger. As a consequence,
I'c/Te (GACq)~1/2A': /T (ThCo,; SmCq) so that the
magnetic oscillations in GdGosurvive to a smaller reduced the increase of the linewidth near the order temperature. In
temperaturet=(1—T/Tc)=103. In spite of the limited Fig. 11 the magnetic frequency is plotted vs the reduced
range of observation there is no doubt that in GgObCo,, temperature on a logarithmic scale. The Curie temperature
and SmCe the transitions are of second order. T¢ has been taken from the temperature dependence of the

Several effects have to be taken into account in a discugaramagnetic fraction. In the range<80 ?=t=10"2 the
sion of the temperature dependence of the magnetization arsthta are well described by if,<gInt. The values of the
the hyperfine field of an itinerant electron system. In additioncorresponding critical exponet are listed in Table Il. Be-
to the Stoner excitations of spin flipping, spin wave excita-cause of the restricted range of the reduced temperature,
tions contribute at low temperatures and spin fluctuations arBowever, one is far from observing the asymptotic behavior
considered important at high temperatures. Furthermorand a detailed discussion of thegevalues in terms of the
crystal field effects may play a role, especially in compoundgheories of static critical phenomena is not very meaningful.
with rare-earth constituent§.In hyperfine field measure- The temperature dependence of the magnetic frequency of
ments the substitution of a magnetic constituent by a non**!Cd inRCo, with R=Dy, Ho, Er, Nd, and Pr is shown in
magnetic probe atom reduces the local magnetization clogeig. 8. The inset shows the low-temperature variation of
to the probe and the temperature dependence of the hyperfing, of *'Cd in HoCg and NdCg on an enlarged scale.
field may therefore differ slightly from that of the host The drop in frequency of about 1.5% at 15-20 K in Ho
magnetizatiori’ A theory accounting for all these effects has Co, and 4.5% at~40 K in NdCgq, reflects the well known
not yet been established. In Fig. 4 we therefore compare thgpin reorientation in these compourids?
experimental trend of,(T) to simple models, representing For RCo, with R=Dy, Ho, Er, Nd, and Pr the magnetic
two extreme situations: The full lines correspond to the prehyperfine interaction vanishes discontinuously at the order
diction of the molecular field model for localized spins, the temperature, the transitions are clearly of first order. For the
dotted lines correspond to the free-electron Stoner modeheavy rare-earth constituerf&=Dy, Ho, Er this result is in
Clearly, the Stoner model is much closer to the experimentahgreement with previous investigations. Sharp changes of the
data, especially in the case of GdCdhis is consistent with magnetization and the resistivity, anomalies of the elastic
the conclusions drawn from the variation of the saturatiorparameters, peaks in the specific heat,Rldauer measure-
value v,(0) across the heaviRCo, series which—as dis- ments of the®'Fe magnetic hyperfine field, etc., provide
cussed in detail in Ref. 1—shows that the by far dominanunambiguous evidence for FOT'S in DygoHoCo, and
contribution to the'Cd hyperfine field comes from the ErCa,.
itinerant electrons of thd subsystem. Our observation of FOT's in NdGoand PrCeg, however,

One of the initial aims of this study, the determination ofis unexpected because the transitions of these light
the static critical exponents of the hyperfine field at theRCo, compounds are usually classified in the literature as
SOT's of RCo,, could only be partially realized because of SOT’s.

10 4

Pog

v, (MHz)
L
[
a
o]

10 4

05 01 001  1E3
(-TT,)

FIG. 11. Logarithmic plot of the magnetic interaction frequency
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There are, however, only few detailed experimental stud- TABLE lIl. Saturation value of the magnetic interaction fre-
ies of the phase transitions in the ligR€o, and inspection quencyry(0) of **'Cd in RCo, (R=Dy, Ho, Er, Nd and Prand
of these data shows that the experimental evidence in favdfequency jumpry (Tc) at the FOT. Frequencies are in MHz.
of SOT’s in NdCg@ and PrCeg is not unambiguous. First

measurements of the spontaneous magnetization of nearly &F Te &) »m(0) vm(Te)
RCo, have been reported by Ross and Crargiéhe tem-  pyco, 137.6 42.72 29.5
perature dependence of the magnetization observed in thigoCo, 78.2 41.22 37.3
study at the transitions of NdGoand PrCg¢ is much steeper ErCo, 34.1 40.20 39.3
than at the SOT’s of GdGp ThCo,, and SmCe¢ and is  NdCo, 97.9 37.30 21.0
quite similar to that of the heaviRCo, (R=Dy, Ho, Ep PrCo 39.9 29.44 26.3

which have FOT's.

The classification of the transitions in NdCand Pr
Co, as SOT can be traced back in most cases to Givord and The change of order in the heaWCo, has been ex-
Shaf! and Pourariaff and their citation in the paper by plained by Blochet al® by the temperature dependence of
Bloch et al. (Ref. 6. Givord and Shalt reported that the theas coefficient in Eq(1) which becomes negative below a
abrupt increase of the magnetization at some critical fiel¢haracteristic temperatufig [Eq. (2)]. The observation of a
occurring in heavyRCo, with FOT’s (R=Dy, Ho, En was  change of order between Sm&®.=206.4 K) and Nd
missing in the case of NdGo(as in ThCg where the tran- C0(Tc=97.9 K) implies a similar temperature dependence
sition is of second ordgmwhich is frequently taken as evi- Of the a; coefficient in the light and the heawyCo, with
dence for a SOT in NdGo Neither the neutron diffraction @bout the same value df, for both series.

measurements by Hendy and F&eor the early studies of A FOT can be characterized by the discontinuous jump of
the magnetoelastic properties by Lee and Pouritiane N order parameter, in the present case the magnetic hyper-
conclusive with respect to the order the transitions in Ndﬁne interaction, at the order temperature. In Table Ill we
Co, and PrCo. _have collected the absolutg valueg(Tc) of the frequency
The onset of magnetic order RCo, is accompanied by jump atTc and the saturation valu’es?M(O) (extrapo_lated
from 9 K) of the RCo, compounds with FOT’s. In Fig. 12

anisotropic distortions of the cubi€15 unit cell*® For the the frequency discontinuityy, (Tc)/ vy (0) normalized to
light RCo, the data presently available are again not conCluye |6y temperature saturation value is shown as a function
sive. In the case of SmGoone observes the continuous iN- o the order temperature for the heavy and lift€o,. In
crease of the distortion with decreasing temperature typicg) groups the absolute valuesgf(T¢) and the normal-
for a SOT. For NdCg and PrCe, however, the x-ray dif- ized frequency discontinuityy(Tc)/vy(0) increase with
fraction data do not exclude the possibility of a discontinu-gecreasing Curie temperature. The dotted line in Fig. 12 rep-
ous jump of the distortion at the order temperattire. resents the estimate of Inoue and ShirfftZar the FOT-SOT

The transport properties d®Co, have been studied in boundary temperatufg,~ 150 K. As discussed in Ref. 1 the
great detaif®~*®The increase of the resistivity with tempera- variation of the saturation valuery,(0) with the
ture at the transitions of NdGoand PrCg is not as discon- R constituent shows that the magnetic hyperfine interaction
tinuous as at the FOT’s of DyGpHoCo,, and ErCe, butit  of Cd in RCo, is mainly determined by the Co moment.
appears to be much faster than R€o, (R =Gd, Th, Sm  In the case of the FOT compoun&Co, (R=Dy, Ho, Er,
with SOT'’s.

The magnetic hyperfine field of’Fe in NdCg and Ho
Co, has been investigated as a function of temperature by
MoRbauer spectroscop§The transition region has not been
studied in great detail, but in both cases the hyperfine field
drops from a value close to saturation to zero within a few
Kelvin. 0.5 - N
Duc et al*° have studied the magnetization and resistivity
of (Nd, Dy)Co, and (Pr,Dy)Co, compounds. It is interest-
ing to note that the magnetization curve of NgGs very
close to the temperature dependence of the magnetic hyper- 0.0 Sm Tb
fine interaction reported in the present paper: As temperature
is increased towards the transition, the magnetization first
decreases continuously t650% of the saturation value and

then drops discontinuously, as at the FOT of DyCo o FIG. 12. The discontinuous jump of the magnetic hyperfine fre-

In summary, in our view the observation of FOT's in guencyw,,(Tc) of 11Cd at the FOT’s 0RCo,, normalized to the
NdCo, and PrCe presented here is not irreconcilable with saturation valuesy,(0), as afunction of the order temperatu®.
previous experimental investigations. Seen in the light of oufor the heavy(Dy, Er, Ho) and the lightNd, Pp R-constituents. The
results, several of the earlier data in fact support the classdotted line represents the FOT-SOT boundary estimated by Inoue
fication of the transitions of NdGoand PrCg as FOT's. and Shimizd® for the series of heaviRCo,.

Ho

VT, 0)

T, &)
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Nd, Pp the contribution of the # sublattice is less than 20%. V. SUMMARY
The frequencyvy (Tc) therefore reflects in a good approxi-
mation the jump of the Co magnetization at the transition
point and the variation oy (T¢c) in Table Il and Fig. 12
then implies that the Co moment induced by tHerdolecu-
lar field at T increases with decreasing order temperature.
For a discussion of this trend, we describe the magneti
state of thed band in a magnetic fiel@ by the phenomeno-
logical Landau expansion of the free enefgge Eq(1)]. A
first order transition requires that the free energy has tw
minima, separated by a maximum, oneMt=0, the other
one atM =M ,# 0 Such a situation is givefsee Sec.)lwhen
a,(Tc)>0, a3(Tc)<0 andas(Tc)>0. The corresponding
magnetization curve, which can be deduced fr&fM)
=0F/6M, is S shaped and a first order transition to the

highly magnetized state occurs at some critical figid=0 if dependence of the coefficient of tM* term of the Landau

the quantitya1a5/a§ is in the range 9/2@a1a5/a§<3/16. expansion of the free enerdfqgs. (1), (2)]. The change of

In RCo, the transition is driven by thed4f exchange in- order between SMG6T<=206.4K) and NdCe(Tc
teractlonl and occurs—as explained by Cyrgt and_ 97.9 K) implies a similar temperature dependence of the
Layagné —at the temperature where the two equations deég coefficient in the light and the heaBCo, with the about
scribing -the_ mutual depenc_]ence of the Co andthe same value of the characteristic temperaiyyéor both

R magnetizationd!; andMp, at different temperatures have series

a self-consistent solution. . , . o .
o . o . The discontinuous jump of the hyperfine interaction at the
Thed-band magnetization at the critical field in the highly o orqer transition which mainly reflects the discontinuity

n}at%netizeg state ?fgg bet:n' expressed by Shifhiaiterms of the Co moment increases with decreasing order tempera-
of the Landau coetlicients; - ture both in light and heaviRCo,. This trend can be related

The order of the magnetic phase transition®ibo, has
been investigated by perturbed angular correlation measure-
ments of the temperature dependence of the magnetic hyper-
fine interaction of the probe nucled$'Cd on cubicR sites.

The order of the transitions depends on the order temperature
‘rc of the compounds. Both for heavy and light

R constituents the transitions change from second di@ey

Th, Sm to first order(Dy, Ho, Er, Nd, Py at order tempera-
Qures of 150-200 K. For heavig constituents, the order
deduced from the hyperfine interaction is in agreement with
previous investigations. Earlier studies of NgCand Pr
Co,, however, classified the transitions in these compounds
as second order transitions. The change of order in heavy
RCo, has been related by Blookt al® to the temperature

3 20 to the increase of the magnitude a§(T) with decreasing
M%:_ﬁ 1 1__% (129 T<To. The differences between light and heavy
10as 9 a2 RCo, suggest a smaller magnitude af(0) in the light

Equation (12) relates the increase of the frequency jumpRCXfI

(Te) with decreasingTc (see Table lll and Fig. 12t0 . compounds investigated presented a spread of the or-

- er temperature of-1-2 K which results in a coexistence
the t?mpera“%re dependencg of the Landau coefficients. TQ)‘? the magnetic and the nonmagnetic phase near the transi-
coefficientas is usually considered to be constdmssum-

. . tion and causes a critical increase of the relative linewidth of
ing that forRCo, the Coe.fﬂC'emal has thg same tempera- o hyperfine frequency diverging @s(1—T/Tc)® with an
ture dependence as the inverse susceptibility of )y (Ref. exponent ofe = —1.0(1).

2) and thata;(T) can be described by the Bloch relatildy.

(2)] with T;=150 K, the variations ofa; and a§ in the
square root term of Eq12) practically cancel. The tempera-
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