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Critical Behavior of Susceptibility at the Nuclear Ordering Transition in PrCu 6
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The nuclear susceptibility and magnetization of a Van Vleck paramagnet PrCu6 have been measured
through the nuclear ordering transition. At zero magnetic field, the susceptibility shows a critica
behavior at the transition temperature of 2 mK. This critical behavior shrinks and disappears as t
applied magnetic field is increased. It is found that this behavior of the susceptibility is consistent wi
the electrical resistivity anomaly near the transition in its frequency and magnetic field dependenc
The magnetization in magnetic fields shows a ferromagnetic increase at the transition, which coincid
with the resistivity decrease in the ordered state. [S0031-9007(98)08321-5]

PACS numbers: 75.40.Cx, 72.15.Eb, 75.30.Kz
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Nuclear magnetic moments are about 1/1000 the m
nitude of the electronic moments so the electronic mag
tude of the interaction between nuclear spins is roughly
orders less than that of electron spins. Hence the expec
nuclear magnetic ordering temperatures for pure met
are low, ranging frommK to pK, and demagnetization of
nuclear spins themselves is necessary to reach their
clear ordering temperatures. In these cases, the nuc
spin system is not in equilibrium with the electron sp
system which remains at a higher temperature. In the p
two decades, nuclear magnetic ordering for pure met
has been studied progressively based on the concep
spin temperature [1], and some new spin structures, qu
different from those of the electron spin systems, we
found [2].

There is another candidate for the nuclear magneti
of metals, the Van Vleck paramagnets, whose electro
ground state is a singlet in a crystal field. In Va
Vleck paramagnets, nuclear spins couple strongly w
electron spins through the hyperfine interaction [3] a
order in the mK region due to an enhanced nucle
magnetic moment. Van Vleck paramagnets are, therefo
good candidates with which investigations of the nucle
magnetic ordering in thermal equilibrium to electron sp
system can be carried out. Additionally the ordere
state far below the transition temperature can be stud
using a simple one stage copper nuclear demagnetiza
apparatus. The typical Van Vleck paramagnets are
compounds. We can study both nuclear ferromagn
and antiferromagnets in these Pr compounds by chang
atomic species bound to Pr atoms and the anisotro
effect by selecting crystal structures. Moreover, we c
investigate the nuclear ordering transition not only b
measuring physical properties of nuclear spins (such
PrNi5, PrCu6, PrIn3, PrBe13) [4–9] but also by examining
electronic properties [10–12].

In this Letter we have measured frequency-depend
nuclear susceptibility and static magnetization as a fun
0031-9007y99y82(6)y1297(4)$15.00
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tion of temperature and magnetic field through the n
clear ordering temperature and made a comparison w
our former electrical resistivity measurement, where
sistivity shows an anomalous behavior near the transit
and decreases in the ordered state [11].

We prepared a single crystal of PrCu6 grown by the
Czochralski pulling method with a tungsten crucible in
helium atmosphere [13] and cut into a rectangular sha
of 1.2 3 2.8 3 24 mm, which corresponds to thea 3

b 3 c axis directions, respectively. The sample PrC6
crystallizes in the orthorhombic CeCu6 type at room
temperature and changes to the monoclinic structure
low temperature [13]. In this crystalline field, nine folde
degenerate states of a Pr12 ion are split into nine singlet
states. The residual resistivity ratio of this sample w
63, comparable to that of our former electrical resistivi
measurement. Our sample contains less than 50 p
of magnetic impurities, and we could not observe a
obvious impurity effect in either the susceptibility or th
magnetization measurements below 100 mK. Thec axis
of the sample was aligned parallel to the applied magne
field: the same field orientation as our previous resistiv
measurement. Magnetic fields were supplied by a sad
magnet immersed in the liquid helium bath and trapp
in a niobium superconducting cylinder by heating it up
its superconducting transition temperature. The trapp
fields were calibrated by a Hall sensor [14] located in t
cylinder.

Contact between the sample and the thermal l
connected to the copper nuclear demagnetization st
was established by press contact with screws. We use
rf-SQUID magnetometer in the conventional way with
bridge for susceptibility and magnetization measuremen
Using a heater wound on the soft-solder line shield
the flux transformer, we can heat the superconduct
flux transformer lead up to the normal state without a
interference with the measurement even at the low
temperatures. Since the current sometimes exceeds
© 1999 The American Physical Society 1297
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dynamic range of our SQUID magnetometer when t
magnetic field was trapped or the magnetization gre
so large, this heater plays an important role of reduci
the current running through the superconducting fl
transformer lead.

A 3He melting curve thermometer was located at t
same thermal link. We used the Greywall scale [1
above the antiferromagnetic ordering temperature of so
3He and Osheroff’s data [16] below that temperatur
During cooling steps, we measured both susceptibil
and magnetization. In the magnetization measureme
we have to subtract the background which is altered
the changes in the demagnetization field of the copper
clear stage. We can estimate experimentally the amo
of magnetic flux by doing the demagnetization at high
temperatures, where the temperature dependence of
magnetization is small. We can also clearly distingui
between the magnetization and the effect of the demag
tization by the behavior of the SQUID output. The relax
tion time of the magnetization after demagnetization w
much longer, several hours at 5 mK and a few days b
low the ordering temperature, than the field sweep rate
the demagnetization. The measured values of the mag
tization have been checked by warming with a heater, n
by sweeping the demagnetization field. In spite of seve
flux jumps and drift that appeared sometimes while liqu
helium was added to the cryostat, the reproducibility
our magnetization measurement was within62% for dif-
ferent runs.

We have measured susceptibility,x  x 0 2 ix 00, at
different frequencies in various magnetic fields. Belo
100 mK, both real and imaginary parts of the susceptib
ity show sharp peaks at the nuclear ordering temperat
of about 2 mK. Figure 1(a) shows the temperature d
pendence of the real component of the nuclear s
ceptibility x 0 at zero magnetic field. Here, we hav
subtracted the contribution of both Van Vleck and Pau
paramagnetic contributions and the signal caused by
mismatch of the astatic pair coils by using a temperatu
independent value above 40 mK as a background. T
subtracted values, depending on the frequency, are ab
20% of the maximum values at the transition. The pe
height of the susceptibility at the transition decreases w
increasing frequency from 100 to 1000 radys, as expected
in the region ofvt , 1, from the following equation:

x 0  x0ys1 1 v2t2d, x 00  x0vtys1 1 v2t2d ,

(1)

where we used the Debye assumption for the Casim
du Pré equations [17]. Here,x0, t, andv are the static
susceptibility, the spin-relaxation time, and the angu
frequency of the alternating current passing through t
primary coil, respectively. In Fig. 1(b), we show th
inverse of the temperature-dependent susceptibility
100 radys. Above 5 mK, the susceptibility shows Curie
1298
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FIG. 1. (a) Susceptibility at various frequencies as a fun
tion of temperature obtained at zero magnetic field bel
12 mK. The nuclear magnetic ordering occurs at 2.18 m
(b) The inverse of the temperature-dependent susceptibilit
the frequency of 100 radys. The line shows Curie-Weiss be
havior. (c) Spin-relaxation time calculated from Eqs. (1)
temperature.

Weiss behavior, and the obtained Weiss temperatur
quite close to zero. Below 5 mK, the susceptibili
increases ferromagnetically above the Curie-Weiss cu
The susceptibility decreases rapidly below the transit
temperature as usually seen in the ferromagnetic st
where the internal field becomes large.

To compare this result with our former impedance me
surement at different frequencies, we use the follow
equations of the impedanceZ:

Z  slySdr 1 ivsL 1 Md ,

 s1ySdr 1 L0´vsx 00 1 ix 0d 1 ivsL0 1 Md , (2)

where v, r, l, and S are an angular frequency o
the measurement, the resistivity, the length between
voltage terminals, and the cross-sectional area of
sample, respectively [10,18]. The first term represe
the dc component of the resistance and the third term
frequency dependent but temperature independent, w
M is the mutual inductance between the voltage a
current leads. This frequency-dependent term has b
subtracted in our analysis as a background using a hig
temperature value. The second term shows the freque
dependent loss component and the response compo
due to the susceptibility. Here we used the relation for
self-inductance,L  L0s1 1 ´xd, whereL0 is the empty
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(the
inductance, and́ is a geometrical factor of the sample
Note that this term has both frequency and temperatu
dependence and should be compared with the result
the susceptibility measurements. We showvx 00 as a
function of temperature and the result of resistivity i
Fig. 2 and the inset. These sharp peaks of susceptibi
near the transition correspond to the resistance anom
at the transition [11]. The peak height increases wi
increasing frequency, but the frequency dependence of
susceptibility is a bit stronger than that of the resistance

To investigate the critical behavior near the transitio
we first have to determine the transition temperatureTc.
In the susceptibility and magnetization measurements
is difficult to fix the transition temperature, because th
real component of the susceptibility reaches its max
mum value at lower temperature than does the imagina
component with no sharp change in the magnetizatio
We therefore estimate the transition temperature using
thermal relaxation time of the magnetization. The rela
ation timet is given by the relationt0  RC, whereC
represents the sample heat capacity, andR is the boundary
resistance between the thermal link and the sample. A
suming temperature-proportional boundary resistance
low temperatures, the longest thermal relaxation time c
responds to the heat capacity maximum, that is, the tra
sition. The obtained transition temperature is 2.18 mK
zero magnetic field, and it coincides with the rapid grow
point of the magnetization and the maximum point of th
real component of the susceptibility. It is found that th
spin-relaxation time obtained from the susceptibility da
by using the relationt  x 00yx 0v, which is derived from

FIG. 2. Frequency dependence of the temperature-depend
vx 00 at 0 mT. The zeros for the three upper data ha
been shifted upwards by 12, 8, and 4 units, respective
These behaviors are quite similar to that of the resistance (
inset) [11].
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Eqs. (1), becomes long near the transition (critical slo
ing down) as seen in Fig. 1(c).

To compare this susceptibility result with the resistivit
result in magnetic fields, we have measured the imagin
part of the susceptibility by changing the applied magne
field. The result obtained is shown in Fig. 3. The pea
height at the transition decreases with increasing field a
disappears above 4 mT. This result is also consistent w
the field dependence of the resistance (inset of Fig.
near the transition. The peak height at the transitio
which might depend on the sweep rate passing throu
the transition, shows much stronger field dependence t
that of the resistance. Subtracting the resistivity anom
(the peaks) near the transition, the dc component of
resistance [the first term in Eqs. (2)], which decreas
in the ordered state, is obtained. We can attribute t
resistivity decrease to ferromagnetic spin alignment
discussed below.

The magnetization as a function of temperature
several external magnetic fields is shown in Fig. 4(a
The magnetization increases a bit at the transition
0 mT. When we increase the applied magnetic field up
2 mT, the magnetization increases rapidly at the transit
and saturates at a certain value as the temperatur
lowered. This saturation value stays constant up
20 mT. The saturation magnetization increases aga
when we increase the magnetic field to 40 mT. This res

FIG. 3. Magnetic field dependence ofx 00 at 1000 radys. The
zeros for the four lower data have been shifted downwards
20.2, 20.4, 20.6, and 20.8 units, respectively. This result
is comparable to the field dependence of the resistance
inset) [11].
1299
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FIG. 4. Field dependence of the magnetization as a functi
of temperature. At 0 mT, a small increase of the magnetizati
can be seen. This result suggests the possibility of t
ferromagnetic domain structure (see text). Rapid increase
the magnetization at the transition was observed at 2 and 4 m
which suggests the ferromagnetic ordering. The roundin
effect by the applied magnetic field is seen at 20 and 40 m
(b) Points are the data of1 2 fMyMsT  0dg2, which are
comparable with the resistivity (see inset of Fig. 3).

is consistent with that obtained above 2 mK by Babcoc
et al. [7] and suggests ferromagnetic spin alignment.

Next we compare the magnetization with the resistivit
r measured in the previous work [11]. When th
scattering of conduction electrons is due to the localize
moments Si located at sitei, r is expressed by the
correlation functionkdSistddSjl, wheredSi  Si 2 kSil.
In enhanced nuclear magnets,Si is replaced by the
nuclear spinIi [12,19]. Near the critical temperature
the correlation length diverges and the time dependen
shows critical slowing down so that in ferromagneti
transition kdIistddIjl turns proportional tokI2l 2 kIl2,
where I is the sum ofIi over sitesi. Namely, r is
proportional to kM2l 2 kMl2 [20]. Substituting kM2l
with MsT  0d2, we plot 1 2 fMyMs0dg2 againstT in
Fig. 4(b). Comparing this figure with the inset of Fig. 3
we find that the relationr ~ 1 2 fMyMs0dg2 roughly
holds.

We have observed magnetic hysteresis phenomena
the magnetization process in the ordered state, wh
supports the existence of a ferromagnetic domain structu
at 0 mT. This magnetic domain structure can also expla
why the electrical resistivity decreases even at 0 mT. T
detail of the magnetization process in the ordered sta
1300
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along both the easy (b) and the hard (c) axes as a function
of the magnetic field will be published elsewhere.

In summary, we have measured the susceptibility a
magnetization of PrCu6 through the nuclear ordering
transition. The observed behavior of the susceptibil
and the magnetization near the transition temperat
agrees with that of the electrical resistivity in its frequenc
and field dependence.
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