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Abgract: The magnetic hypefine fidds (MHF), quoted from magnetic hyperfine interactions (MHI)
measured on the *°Ce probe-isotope immersed in rare-earths/cobalt intermetallic compounds [(RE)Coy]
udng time-differential perturbed angular correlation (TDPAC) technique, are presented. An excellent
correation is observed between these MHF and the evolved equilibrium temperatures a which those
MHI were measured on the different compounds. A therma induced magnetic resonance effect when
KT, » gmy B, isused to explain the results,
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1. Introduction

The C15 Laves phases (RE)M2 (RE= rare earth, M= 3d trandtion metads Fe, Co, Ni) intermetalic
compounds have been wel sudied, from both experimenta and theoretica points of view, in terms of
their hyperfine interaction properties (nuclear eectric quadrupole and nuclear magnetic dipole). It has
been shown that their magnetic properties are determined by the coexistence and interaction of the
magnetic moments of the highly locdized dectrons of the RE-atoms and of the itinerant 3d eectrons of
the trangtion metas [1-3]. In the case of the set of (RE)Co, compounds, the role that the eectronic
configuration of the isotope-probes used for time-differential perturbed angular correlation (TDPAC)
measurements on the magnetic hyperfine interactions (MHI) was reviewed [1]. The purpose of this
communicetion is to present, besdes quoted magnetic hyperfine fidds (MHF) obtained from TDPAC
experiments on (RE)Co, compounds (RE= Pr, Nd, Sm, Gd, Th, Dy, Ho, Er, Tm) doped with the **°Ce
probe-isotope, evidence for therma induced magnetic resonance. The detals of the experimentd
arrangement and measurements are given below in order to smplify the understanding of the context in
which the results were obtained.

2. Experimental Details

The TDPAC measurements were carried out with the 328 keV-486 keV g-g cascade of the T 1,= 40 hs
isotope 1*°Ce populated in the b-decay of **°La [*°La(n,g)**°La3#4® *°Ce]. Samples of (RE)Co, were
doped by arc-mdting of the metdlic reegents with £ 0.5 a.% of radioactive La-metd, in an argon
aimosphere. The neasuring systems were standard 4detector set-ups equipped with BaF, scintillators. A
detailed description of the theory and the TDPAC technique can be found in [4]. There was no specific
control to ensure that al samples had the same size. Hence differet sizes were used. With a
characterization purpose, dl the compounds were measured at room temperature (RT). The spectra (with
the exception of TmCo,’'s which showed a smal eectric quadrupole interaction) displayed no
interaction as inferred from the practicaly congtant anisotropy vadues in large time-dday intervas. This
is dso evidence that 1*°Ce was stting on the cubic RE site of (RE)Co,. The samples were cooled in
closed-cycle He refrigerators where good therma contact was established between the sample and the
support cooling head. The temperatures were measured by thermo-couples attached to the samples
containers. The only exception was TmCo,, which was measured in a liquid-He cryodtat as far as in this
case the magnetic T is known to be lower than the minimum temperature, of about 10 K, which can be
reached by the above cited He-refrigerators. The cryogenic systems were dlowed to evolve fredy to
some find equilibrium temperature, T,,; but in one of the systems (see Table I) the lowest temperatures
reached were controlled in order to avoid temperature fluctuations. These lowest reached temperatures
tended to be different for the different compounds. Initidly we attributed such differences to some kind
of a deficdency in the cryogenic sysems which prevented the attanment of their desgn minimum
temperatures. We now believethat T, isstrongly influenced by the sample characteristics.

3. Results and Discussion

Fig. 1 shows some of the measured spectra at the lowest temperatures, for (RE)Co,, usng TDPAC. The
results of the fits are given in terms of the magnetic frequency obtained by:

nm,B
UM — gN hN hf (1)
gy : Landé g-factor for the nucleus, m,: nuclear Bohr magneton number; h: Planck congtant. The
MHF derived from these data have been submitted for a Conference presentation [5]. Table | displays
the results of the intend MHF B, (T,) quoted from the measurements peformed a the find

equilibrium temperatures reached for each of the compound. Fig. 2 displays the variation of the interna
MHF as a function of the “de Gennes factor” (g-1)J, where both g and J arethe Landé g -factor and

the total angular momentum quantum number for the RE aom respectively. Table | has been congtructed
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in terms of increesng aomic number of the RE aom. The MHF B, (T,) increases from PrCo, and
reaches amaximum for GdCo, and then gradually drops there &fter.
Perhaps what adso appears obvious in Table | and Fig. 2 is the apparent correlation between the quoted
MHF, B, (T,),and T, for different compounds, which can easly be assumed as a coincidence. Fig. 3
shows a plot of B, (T,) versus T, , which shows clearly a strong correlaion between the data points.
The best-fit draight linesto the two sets of dataare dso shown in Fig. 3 and have the form

Bhf (Tm) = Bn + A]Tm (2)
where n=1, 2 (Set 1, Set 2). The best-fit parameters for B, and A, are given in Table II. The
correlation between B, (T,,) and T, for both sets of data is rather good. Good fits to the experimental
data are obtained. We bdieve tha these results are unlikely to be fortuitous and offer a possble
explanation in terms of athermal induced resonant effect. We dso notethat A » 2A,.
It has been mentioned before [6] tha when the orbitd magnetic moment is not completely quenched,
pin-orbit coupling can split the ground state degeneracy into a multiplet of states not far gpart in energy
compared to therma energy (KT). We suspect that multiplet splitting by the locd magnetic fidd
introduces sublevels with energy difference comparable to KT . The presence of RE aoms in (RE)Co,
compounds aso ensures the existence of strong spin-orbit coupling. The energy shifts between adjacent
low-lying multiplet States can be expressed as

DE =ngm, B, (T.) €)
where g is the orbitd g-factor, m, =9.27400899" 10> J T'! is the Bohr magneton and n=1, 2
(corresponding to excitetions to first and second excited States). By (T,,) is the effective locd fidd

experienced by the affected electrons assumed to be

Bt (Tr) =By (Ton) - B, 4)
where B, is a condant. It is plausble to assume that in ferromagnetic (RE)Co, compounds where there
are both locdized moments & RE dStes and itinerant dectrons from the Co, the fidd esewhere might not
differ very much from the fidd a the RE dte. At most measuring temperatures the internd field will not
vay vey much with dight temperature changes. Hence ngm, B, (T,,) will dmost be congtant except

for ErCoy, which has a Curie point of 30 K [1].

As the sample is being cooled dowly, we can expect a ggnificant proportion of thermd radiation with
energy coming close to that of DE in equaion (3). When the therma energy matches the megnetic
energy Splitting, resonant absorption of themd radiation by some dectrons in low lying dates will
occur and the system can reach equilibrium at that temperaure if the rate of cooling is not that large.
Under these conditions we can expect

ngrnB Beff (Tm) » kTm (5)
where k =1.3806503" 10" JK ™! isthe Boltzmann constant. Combining equations (4) and (5) we get
KT,
By (T) =B, + ©6)
ngm,
Clearly aplotof B, (T,,) versus T, should be agraight linewith dope,
Yope= K _ 14887 1y (7
ngm ng

to four decimd places. This is dealy in reasonable agreement forg »1 with the dopes of
A =14620.06 TK!and A =0.711£0.007 T K'! obtained earlier in Fig. 3. This result appears to
show that excitations of eectrons between orbitd L -multiplet states (for which g, »1). Equation (7)
clearly, shows why we must expect the dopes of the plotsin Fig. 3to beasobserved ( A » 2A,).
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The TDPAC measurements provide accurate vaues of the MHF. In the present results we attribute
dightly more eror in ataining the equilibrium temperature T, thenin B, (T,,) . For Set 1 (Sm, Gd, Tb,
Dy, Ho, and Tm based compounds), the equilibrium temperatures observed are associated with
excitations of eectrons from the ground date to the fird excited state (n=1). Other equilibrium
temperatures, corresponding to higher energy trandtions can be expected at higher temperature. For Set
2 (Pr, Nd and Er based compounds), the equilibrium temperatures are associated with trangtions from
ground dtate to the second excited states (nN=2): lower temperatures (below our present limit)
corresponding to excitation to the first excited states can be expected. Hence in principd a series of
equilibrium temperature traps

_ nngB Beff (Tmn)

mn k

where n=1, 2, 3, ... can be found.
The gpproach to the equilibrium temperature a which the TDPAC measurements were performed have
been shown in the current work to depend on the RE atom. However, other effects such as sample size,
heat retention, radioactive isotope probe atoms and ete of cooling may aso play a role. The approach to
the equilibrium temperature T, will to a large extent depend on the efficiency of the cooling sysem. We

adso expect asocisted small oscillations in temperature variation as T,, IS approached because of the
onset of repeated excitation and de-excitation processes.

(8)

4. Conclusion

We have deduced the corrdation between the hyperfine fidds in the (RE)Co, compounds with ther
equilibrium temperature in TDPAC messurement. The onset of therma induced magnetic resonance
appears to provide an adequate explanation of the observed correlation between By, (T,) and T,,. If the

rate of cooling and de-excitations from higher energy levd nmeiches the rate of excitations into higher
energy level from the ground date, a state of therma equilibrium can be reached. We dso note that it
would be quite easy to bypass the resonant condition especidly with more efficient cooling sysems. The
two cryogenic systems used in the present study are wel configured to observe the thermd induce
effects asociated with multiplet splitting by the locd maegnetic fidd in the intermetdlic (RE)Co;
compounds.
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Tablel Magnetic Hypefine Feds B, (T,) of (RE)Co, compounds measured at

temperature T . The data is present in the order of increasing atomic number or total number 4f
and 5d dectrons for the RE atoms.

f+d T, B, (T,)

RE (g-1J (Electrons) (K) 0
Pr -0.8 3 11.5* 8.12
Nd -1.6 4 15.0 10.34
Sm -1.786 6 10.0* 15.53
Gd 35 8 15.0* 22.63
Tb 3 9 13.6 21.03
Dy 25 10 12.0* 18.97
Ho 2 11 10.0* 16.29
Er 1.5 12 20.3 14.38
Tm 1 13 4.2 6.99

*The lowest temperatures reached were controlled in order to avoid temperature fluctuations (Hyperfine Interactions

Group of IPEN/CNEN, SP/Brazil).

Tablell Parameters corresponding to the best fit draight lines in Fig. 3 corresponding to
Set 1 (RE = Sm, Gd, Th, Dy, Ho, Tm) and Set 2 (RE = Pr, Nd, Er) plotsfor (RE)Co, compounds.
B, A,
Set M (TKY ¢
1 1.2+0.6 1.46+0.06 0.995

2 - 0.07+0.6 0.711+ 0.007 0.999
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Figure 1
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TDPAC Measured Spectra on *°Ce(RE)Co, Compounds a Equilibrium Lowest

Temperatures (see Table | for the sources of data)
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Figure2 Magnetic Hyperfine Fidds B, (T,,) of (RE)Co, Compounds Plotted as Function of the

“de Gennesfactor” (g-1)J.
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Figure3 Magnetic Hyperfine Fidds B, (T,) of (RE)Co, Compounds Plotted as Function of the

Equilibrium Temperature of Messurement T .



