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EVIDENCE FOR 4{-INSTABILITY OF DILUTE TERBIUM IN THORIUM”*
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"Centro Atomico Bariloche, 8400 Banloche, Argentina

*II Physikalisches Insttut der Unwersitat zu Koln, 5000 Cologne 41, Fed Rep Germany
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We have measured the specific heat of dilute Th,_,Tb, alloys (0 44 < x <2 15 a/o), which nises linearly between 0 4
and 0 9 K with a slope of AC/T =~ 450 mJ/K?molTb followed by a Schottky anomaly with a maximum near 3 8 K The
high temperature AyT product was found to be 4% lower than that of Tb** The resistivity shows no mmmimum at low
temperatures Discussion 1s made n terms of non-integral valence of Tb

1. Introduction

The superconducting transition temperature
T. of Th with Tb impurities was reported to be a
linear function of the Tb concentration x down
to Tox)/Teo=01 (Teo=137K 18 the T, of
pure Th) [1] This linear dependence as well as
C(T) measurements on some of these alloys
around T =~ T, [2] show that the ThTb dilute
alloy system fits mnto the socalled moderate
coupling regime [3] This moderate coupling
regime indicates a significant metallic instability
of the 4f shell of the Tb impurities

Although they have been searched for, so far
4f shell instabilities have not been found for Tb
in metals Therefore 1n order to better charac-
terize this unexpected behavior of Tb in Th, we
have measured the low temperature specific heat
C(T) at 04K < T <6K of some ThTb alloys
with x =044, 082, 102, 15a/o and the tem-
perature dependence of the susceptibility at
005K<T<1200K of the x=102 and
2 15a/o samples The resistivity was measured
for an alloy with x=102afo at 005K < T <
300K

# This work was partially supported by the KfK-CNEA
cooperation program and by Deutsche Forschungs-
gemetnschaft through SFB 125

+ Alexander von Humboldt fellow

2. Experimental and results

The alloys were obtained by arc melting the
proper amount of components (Th-99 99% and
Tb-99 9% pure) under an argon atmosphere
The C vs T measurements were performed 1n a
sem-achabatic calormmeter using the heat pulse
technique with a germanium resistor as ther-
mometer The magnetic susceptibility data were
obtained by a Faraday magnetometer using a
“He-bath-cryostat 1n the temperature range from
1 6 to 300 K, a dilution refrigerator with SQUID
equipment between 0050 and 42K and a
molybdenum wire furnace for temperatures
above 300 K

In fig 1 we show the C(T) measurements
after subtracting the matrix contribution and
after normalizing to the mole of Tb, 1e AC=
(Canoy — Crn)/x The near independence of this
contributton from the Tb concentration 1s evi-
dence for a single impurity effect In particular
the weak concentration dependence of the tem-
perature of the maximum (a shift from 3 3K to
only 38K between x=044 and 1 5a/o)
excludes the possibility of a simple spin-glass
ordering effect as e g observed in ThGd alloys
(4]

There are two characteristic features of the
Tb contribution to the specific heat A clear
maximum between 35 and 3 8K and an ap-
proximately hnear term below 09K The
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Fig 1 Temperature dependence of the spectfic heat incre-
ment AC = (Cyyoy— Crpn)/x of ThTb alloys (A) 044, (X)
082,(+)102,(0) 1 5a/o

coefficient of this hinear term 1s y=AC/T =
450 mJ/K’molTb+ 5% Such a large value 1s
charactenistic of a heavy fermion system The
entropy of the Tb impurities 1s shown in fig 2, 1t
15 obtamned by assuming that the linear specific
heat coefficient observed between 0 4 and 0 9 K
holds down to T =0 At the highest temperature
of our specific heat measurement (7 = 6 K) the
entropy 1s near S = R In 2, only two states per
Tb atom are thermally excited at 6 K

In fig 3 we show the inverse susceptibility
mcrement of the Tb impurnties for x =1 02 and
2 15 a/o between 0 05 and 20 K The increment
1s defined as (xanoy — xmn)/x The first thing to
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Fig 2 The entropy per mole Tb as function of temperature

ax™ (mole Thb/emu)
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Fig 3 Inverse susceptibility as function of temperature of
Ih, Tb, with x =00102 and 0 0215 respectively Dashed
lines are guides to the eyes for Curie-Weiss behavior

note 1s the near independence of concentration
of this quantity Concentration dependence 1s
only visible at the lowest temperatures where the
susceptibility of the 1% alloy shows the super-
conducting transition at 0 48 K, while the 2%
alloy 18 beyond the critical concentration
Secondly between 1 and 5 K the increment gives
a Curie-Weiss temperature between —3 5 and
-5 K, which indicates a nonmagnetic ground-
state of the alloy with a condensation energy of
about 4 K Thirdly the effective moment 1n this
temperature region 1s 10 4ug whereas between
10 and 20K 1t 15 9 6 ug Both moments are close
to the full effective moment of trivalent Tb
(9 72up) The fourth feature to note 1s the max-
mum of y(T) seen in the 2% alloy at 0 26 K

Fig 4 shows (AxT) (T) between 4 and 1200 K
for the two alloys with x =102 and 2 15 Also
shown are these quantities for the stable 3 and 4
valent Tb 10ns assuming no CEF effects and no
magnetic order While xT of Tb** (4f7) 15 a
constant, yT for Tb>*(4f%) decreases shghtly
with increasing temperature due to the J=35
multiplet at 2932 K above the J =6 Hund’s rule
groundstate The measured curve approaches
the 1deal Tb** value above room-temperature
but does not qute reach 1t The average
defficiency 1s 4% 1n the 1% alloy The absolute
error of this measurement due to the error of the
mpurity concentration 1s 03% of x, the sys-



J G Sereni et al | Af-instability of dilute terbium in thonium 599

13 -
— /_Tbs'
g et — |
= N R ARG - 2
° SRS
—~ 11
£
~ Thy,Tb,
< Dx
* x = 00102 ()
£ 0 0215 ()
°

9
- *
* E —~Te

¥

>
T

> B

0 200 400 600 800 1000 1200
T (K)

Fig 4 [(xaoy — Xrv)/x]T as function of temperature for the
Th,_,Tb, alloys with x =0 0102 and 0 0215 Solid lines xT
calculated for Tb**(4f%) and Tb**(4f7), respectively

tematic error of the magnetic measurement 1s
+3% at 1200K and +1 5% at 300K

3. Discussion

The near concentration independence of the
low temperature susceptibility with the charac-
teristic temperature of about —4 K 1s clear evi-
dence for a nonmagnetic groundstate of the Tb
mpurities 1n Th On the other hand the increase
of the AxyT product from near zero to values
comparable to the Curie constant of trivalent Tb
above 30 K indicates that the normal effective
moment of Tb** develops very quickly, 1 e that
CEF splittings are small Finally the persistent
defficiency of the measured Curie constant
above 300 K compared with that of the trivalent
Tb may be taken as evidence for slightly frac-
tional valence of about 3 09

The nonmagnetic groundstate may be due to
simple CEF sphtting (singlet Iy or I, CEF
groundstate 1n trivalent Tb) or i1t may be due to
demagnetization of a magnetic groundstate (like
I's) caused by a 4f instabiity The low tem-
perature specific heat makes a clear decision
here The existence of a very large hnear
spectfic heat coefficient observed between 0 4
and 09K 1s inconsistent with a trivalent Tb
atom 1n a nonmagnetic singlet groundstate, with
a singlet CEF groundstate and other magnetic

CEF states a few kelvin above, the specific heat
would have to decrease exponentially with tem-
perature below the Schottky like maximum The
low temperature specific heat and the high tem-
perature susceptibility therefore both speak
clearly for a 4f instability

The next question 1s whether the maximum of
the specific heat anomaly can be assigned to a
quast Schottky anomaly due to CEF splittings 1n
the configurationally unstable Tb impurity The
low lying CEF levels responsible for this
anomaly should carry nearly the full moment of
Tb** because of the large effective moment at
He temperature This can only be achieved by
mvolving a triplet I's state near or at the
groundstate It 1s possible to obtain a maximum
of the specific heat anomaly a la Schottky at
about 3 8 K with a singlet groundstate and with
a triplet I's state about 10 K above However the
calculated specific heat maximum turns out to be
far too large, at 6 K the entropy would then be
nearly R In3 Since the demagnetization 1s due
to 4f instability one may also consider a triplet
I's CEF groundstate with an excited singlet
about 10K above The I's groundstate would
then be demagnetized 1n the usual way by the
mstability, at a charactenistic temperature of
order 3-5K as indicated by the paramagnetic
Curie-Weiss temperature However this possi-
bility 1s also excluded by the specific heat data,
becasuse 1n that case the entropy at the specific
heat maximum would have to be larger than
RIn3 In other words the measured specific
heat anomaly 1s far too low for a triplet magnetic
state 1n, or sufficiently close to the groundstate
to explain the susceptibility simultaneously in a
temperature 1ndependent CEF scheme Cal-
culations with temperature dependent CEF
sphttings and temperature dependent charac-
teristic temperatures are 1n progress
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