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Nuclear Schottky effect in thulium
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The nuclear contribution to the specific heat of thulium has been investigated in the temperature
range 0.02M.6 K and in the presence of a magnetic field. The data can be well fitted to
C =y T+aT +C&, where the first two terms represent the electronic and the lattice contribution, re-
spectively, and C& is the nuclear specific heat. Using a two-level Schottky model for Cz, a ground-state
energy splitting of 8.2X 10 eV and a degeneracy ratio of 1.28 were calculated. Consistent with the es-
timated very large effective magnetic field (565 T), an external magnetic field up to 14 T was found to
have no significant effect on C&.

Below 1 K, the specific heat of thulium and other rare
earths presents a large anomaly due to the magnetic
hyperfine interaction between the unpaired 4f electrons
and the magnetic moment of the nucleus. In the presence
of the unfilled 4f orbitals a strong magnetic field is gen-
erated at the nucleus. This field produces the splitting of
the nuclear spin states. While at high temperature the
distribution of these states is uniform with a random
orientation of the nuclear spins, at low temperature the
lower energy spin states is preferred. The change in en-
tropy associated to the change in population of these lev-
els leads to a peak in the specific heat C. The overall C vs
temperature T curve has the typical shape of a Schottky
curve with a peak situated in the temperature range cor-
responding to the splitting energy gap.

Previous specific heat measurements performed on
various rare-earth metals showed an increase in the
specific heat below 1 K, which was attributed to a
Schottky effect associated to the hyperfine splitting. '

However, in most cases the Schottky peak occurs at such
a low temperature that only the high-temperature side of
the anomaly in the C( T) curve was observed.

The splitting energy gap, which is of fundamental in-
terest, cannot be obtained from the high-temperature
data only since the high-temperature dependence of the
nuclear specific heat behaves as C& =aT, where a de-
pends on both the energy gap and the degeneracy of the
energy levels. On the other hand, the analysis of the full
curve, including its maximum, allows the independent
determination of both the energy gap and the degeneracy
ratio.

We report here a measurement of the specific heat of
thulium metal in the temperature range 0.02 —0.6 K. We
show that the data can be expressed as
C =y T +aT +C&, where the first two terms represent,
respectively, the electronic and the lattice specific heat.
We also show that a good fit for C~ may be obtained us-

ing a two-level classical Schottky model. ' Values for the
splitting energy gap, the effective magnetic field, and the
degeneracy ratio are also obtained.

The measurements were performed in a He/ He dilu-
tion refrigerator, using a relaxation time method. ' The

As a heater, we used a 120-0 strain gauge purchased
from Tokyo Sokki Kenkyujo Co. The addenda heat
capacity, was determined in a previous experiment, and
represents less than 0.1% of the sample heat capacity at
any temperature.

The heater and the temperature sensor were attached
to the opposite sides of the sample with a very small
amount of GE 7032 low-temperature varnish. The elec-
trical contacts to the heater and the thermometer, which
also serve as mechanical support, were realized using 60-
pm NbTi wires. A 60-pm copper wire was added in or-
der to increase the thermal link between the sample and
the copper cold finger.

Data were obtained from the analysis of T vs time dur-
ing the relaxation period, resulting from the application
of a heat pulse which increased the initial sample temper-
ature by = 10%. In that case, the error due to the finite
size of the temperature step is kept below 0.2%, much
less than the error due to the thermometry ( =2%).

The experimental specific heat data are presented in
Fig. 1 together with higher-temperature data obtained by
Lounasmaa. ' A good agreement is found between
Lounasmaa's results and ours in the temperature range
where overlap exists.

The solid curve presented in Fig. 1 corresponds to the
best fit of the data to

C =y T+aT +C~ . (2)

For C&, we used a two-level Schottky model according

thulium was purchased from Goodfellow Company
(Cambridge, England) under the form of a 0.1-mm thick
foil of 99.9% purity. From this foil we cut a sample of
2.4 mg. We have used such a small sample mass in order
to reduce the internal relaxation time (i.e., the diffusivity
of the sample). We used a Ru02 resistor as temperature
sensor. The sensor was previously calibrated at zero
magnetic field (B) and up to B=14 T. For the calibra-
tion a good fit has been obtained using the following rela-
tion:

3

lnT = g A„(lnR)" .
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the two-level Schottky model clearly indicates the ab-
sence of a quadrupolar effect which would strongly affect
the shape of the Schottky curve. Indeed, since there are
only two energy levels (i =+—,

' and i = —
—,') for thulium,

no quadrupole interactions are expected, ' which is in
agreement with our observation. It is also clear that, in
the temperature range investigated, no sign of a second-
order effect, due to the inhuence of next neighboring
atoms, is observed.

Within the experimental error of a few percent, no
effect of an external magnetic field on the specific heat
was observed. In the framework of the hyperfine splitting
theory, one defines an effective magnetic field:

g0 / gi ——1.2816

'6I
B,~=

p
(4)
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FIG. 1. Temperature dependence of the specific heat of Tm
metal. The fit represents the sum of the three contributions to
the specific heat: electronic, lattice, and nuclear specific heat,
respectively.

where R=8.314 J/molK is the molar gas constant, 5 is
the splitting energy gap, k is the Boltzmann constant, and
g0, g &

represent the degeneracies of the two levels. '

Fitting the data with Eqs. (2) and (3), we obtain
y=22X10 J/molK, a=2X10 J/molK, a degen-
eracy ratio go /g, = 1.28, and an energy separation
5=8.2X10 eV or 5/k=0. 095 K. The splitting energy
is in good agreement with Mossbauer experiment results
that give 5=9.04X 10 eV. '

The remarkably good agreement between the data and

to the fact that the stable thulium isotope Tm' has only
two nuclear energy levels i =+—,

' and i = —
—,
' in the

ground state. In that case, the nuclear Schottky specific
heat is given by

'2

&+ &3+& 5 go exp(5/kT)C=yT+aT +R
kT g, [1+(go/g, )exp(5/kT) ]

(3)

where p=0. 229@& is the nuclear magnetic moment of
thulium, p& is the nuclear magneton, and for thulium
I =

—,'. ' ' This field induces the splitting of the nuclear
energy levels, and an external magnetic field is expected
to interact with the nucleus and change the splitting ener-
gy. If the external magnetic field is large enough com-
pared to B,~ the nuclear Schottky specific heat is
affected, as recently demonstrated in Co-based granular
solids. ' In our case, B,&=565 T and the specific heat
remains unchanged up to B=14 T.

In the present work, we reported a low-temperature
specific heat measurement of thulium metal. A large
anomaly is observed in the specific heat behavior with a
peak around 0.04 K. This anomaly is attributed to a nu-
clear Schottky effect produced by the splitting of the nu-
clear ground state in the presence of a very important
eFective magnetic field (B,&=565 T) produced by the un-
paired 4f electrons. The splitting energy is estimated to
be 8.2X10 eV and the degeneracy ratio to be 1.28. A
good agreement is found with previous higher-
temperature specific-heat data and Mossbauer experi-
ments, and with statistical-mechanics theory. No
significant effect of the external magnetic field has been
observed in the range 0—14 T, consistent with the very
large effective field of thulium.

This work was supported by the program "Action de
Recherche Concertee" sponsored by D.G.E.S.R. de la
Communaute Frangaise de Belgique. L.P. is a Research
Associate at the National Fund for Scientific Research
(Belgium). V.B. thanks National Fund for Scientific
Research (Belgium) for financial support.

'Author to whom all correspondence should be addressed.
iO. V. Lounasmaa, Phys. Rev. 134, A1620 (1964).
O. V. Lounasmaa and R. A. Guenther, Phys. Rev. 126, 1357

(1962).
O. V. Lounasmaa and P. R. Roach, Phys. Rev. 128, 622 (1962).

40. V. Lounasmaa, Phys. Rev. 128, 1136 (1962).
50. V. Lounasmaa, Phys. Rev. 129, 2460 (1963).
O. V. Lounasmaa, Phys. Rev. 133, A219 (1964).

7O. V. Lounasmaa, Phys. Rev. 133, A211 (1964); 133, A502
(1964).

H. Van Kempen, A. R. Miedema, and W. J. Huiskamp, Physi-
ca 30, 229 (1964).

A. C. Anderson, B.Holmstrom, M. Krusius, and G. R. Pickett,
Phys. Rev. 183, 546 (1969).
A. M. Stewart and S. J. Collocott, J. Phys. Condens. Matter 1,
677 (1969).



51 BRIEF REPORTS 1303

R. W. Hill, J. Cosier, and D. A. Hukin, J. Phys. F 14, 1267
(1984).

~2E. S. Gopal, in Specific Heat at Low Temperatures, edited by
K. Mendelssohn and K. D. Timmerhaus (Heywood, London,
1966), p. 102.

R. Bachmann, F. J. di Salvo, T. H. Geballe, R. L. Greene, R.
E. Howard, C. N. King, H. C. Kirsch, K. N. Lee., R. E.
Schwall, H. U. Thomas, and R. B.Zubeck, Rev. Sci. Instrum.
43, 205 (1972); R. L. Fagaly and R. G. Bohn, ibid. 48, 1502
(1977);G. R. Stewart, ibid. 54, 1 (1983).

M. Kalvius, P. Kienle, H. Eicher, W. Wiedemann, and C.
Schuler, Z. Phys. 172, 231 (1963).
A. J. Freeman and R. E. Watson, in Magnetism, edited by G.
T. Rado and H. Suhl (Academic, New York, 1965), Vol. II A,
Chap. 4, p. 186.

~ P. Bleaney, J. Appl. Phys. 34, 1024 (1963).
L. Piraux, M. Cassart, E. Grivei, M. Kinany-Alaoui, V. Bayot,
J. S. Jiang, J. Q. Xiao, and C. L. Chien, J. Magn. Magn.
Mater. 136, 221 (1994).


