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Critical Behavior of Susceptibility at the Nuclear Ordering Transition in PrCu ¢

K. Akashi,* K. Kawabatd, A. Matsubara, O. Ishikawa, T. Hata, H. Ishii, and T. Kodama
Graduate School of Science, Osaka City University, Sumiyoshi-ku, Osaka 558-8585, Japan

A. Koyanagi, R. Settai, and YOnuki

Graduate School of Science, Osaka University, Toyonaka-shi, Osaka 560-0043, Japan
(Received 31 July 1998

The nuclear susceptibility and magnetization of a Van Vleck paramagnet Re®e been measured
through the nuclear ordering transition. At zero magnetic field, the susceptibility shows a critical
behavior at the transition temperature of 2 mK. This critical behavior shrinks and disappears as the
applied magnetic field is increased. It is found that this behavior of the susceptibility is consistent with
the electrical resistivity anomaly near the transition in its frequency and magnetic field dependence.
The magnetization in magnetic fields shows a ferromagnetic increase at the transition, which coincides
with the resistivity decrease in the ordered state. [S0031-9007(98)08321-5]

PACS numbers: 75.40.Cx, 72.15.Eb, 75.30.Kz

Nuclear magnetic moments are about 1/1000 the magion of temperature and magnetic field through the nu-
nitude of the electronic moments so the electronic magnielear ordering temperature and made a comparison with
tude of the interaction between nuclear spins is roughly ®ur former electrical resistivity measurement, where re-
orders less than that of electron spins. Hence the expectaistivity shows an anomalous behavior near the transition
nuclear magnetic ordering temperatures for pure metaland decreases in the ordered state [11].
are low, ranging fromuK to pK, and demagnetization of  We prepared a single crystal of PrCgrown by the
nuclear spins themselves is necessary to reach their n@Gzochralski pulling method with a tungsten crucible in a
clear ordering temperatures. In these cases, the nucleaelium atmosphere [13] and cut into a rectangular shape
spin system is not in equilibrium with the electron spinof 1.2 X 2.8 X 24 mm, which corresponds to the X
system which remains at a higher temperature. Inthe past X ¢ axis directions, respectively. The sample PyCu
two decades, nuclear magnetic ordering for pure metalsrystallizes in the orthorhombic Ceguype at room
has been studied progressively based on the concept tdmperature and changes to the monoclinic structure at
spin temperature [1], and some new spin structures, quitew temperature [13]. In this crystalline field, nine folded
different from those of the electron spin systems, werglegenerate states of a*Prion are split into nine singlet
found [2]. states. The residual resistivity ratio of this sample was

There is another candidate for the nuclear magnetisr3, comparable to that of our former electrical resistivity
of metals, the Van Vleck paramagnets, whose electronimeasurement. Our sample contains less than 50 ppm
ground state is a singlet in a crystal field. In Vanof magnetic impurities, and we could not observe any
Vleck paramagnets, nuclear spins couple strongly wittobvious impurity effect in either the susceptibility or the
electron spins through the hyperfine interaction [3] andnagnetization measurements below 100 mK. Tlexis
order in the mK region due to an enhanced nucleapof the sample was aligned parallel to the applied magnetic
magnetic moment. Van Vleck paramagnets are, therefordield: the same field orientation as our previous resistivity
good candidates with which investigations of the nucleameasurement. Magnetic fields were supplied by a saddle
magnetic ordering in thermal equilibrium to electron spinmagnet immersed in the liquid helium bath and trapped
system can be carried out. Additionally the orderedin a niobium superconducting cylinder by heating it up to
state far below the transition temperature can be studiedls superconducting transition temperature. The trapped
using a simple one stage copper nuclear demagnetizatidields were calibrated by a Hall sensor [14] located in the
apparatus. The typical Van Vleck paramagnets are Peylinder.
compounds. We can study both nuclear ferromagnets Contact between the sample and the thermal link
and antiferromagnets in these Pr compounds by changingpnnected to the copper nuclear demagnetization stage
atomic species bound to Pr atoms and the anisotropwas established by press contact with screws. We used an
effect by selecting crystal structures. Moreover, we canf-SQUID magnetometer in the conventional way with a
investigate the nuclear ordering transition not only bybridge for susceptibility and magnetization measurements.
measuring physical properties of nuclear spins (such agdsing a heater wound on the soft-solder line shield for
PrNis, PrCuw, Priny, PrBas) [4—9] but also by examining the flux transformer, we can heat the superconducting
electronic properties [10-12]. flux transformer lead up to the normal state without any

In this Letter we have measured frequency-dependeribterference with the measurement even at the lowest
nuclear susceptibility and static magnetization as a functemperatures. Since the current sometimes exceeds the
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dynamic range of our SQUID magnetometer when the p— e —
magnetic field was trapped or the magnetization grew f (a) B=0m ]
so large, this heater plays an important role of reducing 15F ]
the current running through the superconducting flux 5 f e 100rads |
transformer lead. & 1L - o 200 rad/s |1

A 3He melting curve thermometer was located at the w | ’ ¢ 1388rad/3

- a rad/s

same thermal link. We used the Greywall scale [15] 05 ., .
above the antiferromagnetic ordering temperature of solid  C ]
*He and Osheroff's data [16] below that temperature. 0l aat) ® omiamaim wn ot ]
During cooling steps, we measured both susceptibility e WA AR AR
and magnetization. In the magnetization measurement, 3 8r PR
we have to subtract the background which is altered by S 60r o 'IOOmd/S 1
the changes in the demagnetization field of the copper nu- R P
clear stage. We can estimate experimentally the amount = 20p .t ]
of magnetic flux by doing the demagnetization at higher e ' bt
temperatures, where the temperature dependence of the 60_&&)' ' ' ' T
magnetization is small. We can also clearly distinguish T |
between the magnetization and the effect of the demagne- g |
tization by the behavior of the SQUID output. The relaxa- © o0 ° -
tion time of the magnetization after demagnetization was f e 100 rad/s
much longer, several hours at 5 mK and a few days be- 0o 2"' e T
low the ordering temperature, than the field sweep rate of T (mK)

the demagnetization. The measured values of the Magngis ;. (a) Susceptibility at various frequencies as a func-

tization have been checked by warming with a heater, NQfon " of temperature obtained at zero magnetic field below
by sweeping the demagnetization field. In spite of several2 mK. The nuclear magnetic ordering occurs at 2.18 mK.
flux jumps and drift that appeared sometimes while liquid(b) The inverse of the temperature-dependent susceptibility at
helium was added to the cryostat, the reproducibility inthe frequency of 100 rgd. The line shows Curie-Weiss be-
our magnetization measurement was withia% for dif- thaV|or. (c) Spin-relaxation time calculated from Egs. (1) vs
ferent runs. emperature.

We have measured susceptibility, = y' — ix”, at ) ) ) ) )
different frequencies in various magnetic fields. Below\V€iss behavior, and the obtained Weiss temperature is
100 mK, both real and imaginary parts of the susceptibiluite close to zero. Below 5 mK, the susceptibility
ity show sharp peaks at the nuclear ordering temperatut@creases ferromagnetically above the Curie-Weiss curve.
of about 2 mK. Figure 1(a) shows the temperature deJhe susceptibility decreases rapidly below the transition
pendence of the real component of the nuclear sudémperature as usually seen in the ferromagnetic state,
ceptibility x' at zero magnetic field. Here, we have Where the internal field becomes large.
subtracted the contribution of both Van Vleck and Pauli T0 compare this result with our former impedance mea-
paramagnetic contributions and the signal caused by th@rement at different frequencies, we use the following
mismatch of the astatic pair coils by using a temperature€guations of the impedance
independent value above _40 mK as a background. The _ (1/S)p + iw(L + M),
subtracted values, depending on the frequency, are about
20% of the maximum values at the transition. The peak = (1/S)p + Losw(x" + ix') + iw(Ly + M), (2)
height of the susceptibility at the transition decreases with
increasing frequency from 100 to 1000 yadas expected where w, p, I, and § are an angular frequency of
in the region ofw  ~ 1, from the following equation: the measurement, the resistivity, the length between the

, - voltage terminal_s, and the cross-sgctional area of the
X" = xoot/(1 + 0°77), sample, respectively [10,18]. The first term represents

(1) the dc component of the resistance and the third term is
frequency dependent but temperature independent, where
where we used the Debye assumption for the Casimird is the mutual inductance between the voltage and
du Pré equations [17]. Heray, 7, andw are the static current leads. This frequency-dependent term has been
susceptibility, the spin-relaxation time, and the angulaisubtracted in our analysis as a background using a higher
frequency of the alternating current passing through théemperature value. The second term shows the frequency-
primary coil, respectively. In Fig. 1(b), we show the dependent loss component and the response component
inverse of the temperature-dependent susceptibility adue to the susceptibility. Here we used the relation for the
100 rad's. Above 5 mK, the susceptibility shows Curie- self-inductancel. = Lo(1 + eyx), whereL, is the empty

xX'= xo/(1 + 0?1,

1298



VOLUME 82, NUMBER 6 PHYSICAL REVIEW LETTERS 8 EBRUARY 1999

inductance, and is a geometrical factor of the sample. Egs. (1), becomes long near the transition (critical slow-
Note that this term has both frequency and temperaturing down) as seen in Fig. 1(c).
dependence and should be compared with the result of To compare this susceptibility result with the resistivity
the susceptibility measurements. We shaw’” as a result in magnetic fields, we have measured the imaginary
function of temperature and the result of resistivity inpart of the susceptibility by changing the applied magnetic
Fig. 2 and the inset. These sharp peaks of susceptibilitiield. The result obtained is shown in Fig. 3. The peak
near the transition correspond to the resistance anomaheight at the transition decreases with increasing field and
at the transition [11]. The peak height increases withdisappears above 4 mT. This result is also consistent with
increasing frequency, but the frequency dependence of thtee field dependence of the resistance (inset of Fig. 3)
susceptibility is a bit stronger than that of the resistance. near the transition. The peak height at the transition,
To investigate the critical behavior near the transitionwhich might depend on the sweep rate passing through
we first have to determine the transition temperaffire  the transition, shows much stronger field dependence than
In the susceptibility and magnetization measurements, that of the resistance. Subtracting the resistivity anomaly
is difficult to fix the transition temperature, because the(the peaks) near the transition, the dc component of the
real component of the susceptibility reaches its maxitesistance [the first term in Egs. (2)], which decreases
mum value at lower temperature than does the imaginarin the ordered state, is obtained. We can attribute this
component with no sharp change in the magnetizatiorresistivity decrease to ferromagnetic spin alignment as
We therefore estimate the transition temperature using thdiscussed below.
thermal relaxation time of the magnetization. The relax- The magnetization as a function of temperature at
ation time 7 is given by the relationr’ = RC, whereC  several external magnetic fields is shown in Fig. 4(a).
represents the sample heat capacity, Rnslthe boundary The magnetization increases a bit at the transition at
resistance between the thermal link and the sample. A9 mT. When we increase the applied magnetic field up to
suming temperature-proportional boundary resistance & mT, the magnetization increases rapidly at the transition
low temperatures, the longest thermal relaxation time corand saturates at a certain value as the temperature is
responds to the heat capacity maximum, that is, the trarlewered. This saturation value stays constant up to
sition. The obtained transition temperature is 2.18 mK a0 mT. The saturation magnetization increases again,
zero magnetic field, and it coincides with the rapid growthwhen we increase the magnetic field to 40 mT. This result
point of the magnetization and the maximum point of the

real component of the susceptibility. It is found that the Il
spin-relaxation time obtained from the susceptibility data A A
by using the relatiomr = x”/x'w, which is derived from 08} ok A omT I-
[ o i 1]
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FIG. 2. Frequency dependence of the temperature-dependeRlG. 3. Magnetic field dependence pf at 1000 rads. The
wy” at 0 mT. The zeros for the three upper data havezeros for the four lower data have been shifted downwards by
been shifted upwards by 12, 8, and 4 units, respectively—0.2, —0.4, —0.6, and —0.8 units, respectively. This result
These behaviors are quite similar to that of the resistance (sée comparable to the field dependence of the resistance (the
inset) [11]. inset) [11].
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800 along both the easy] and the hardd) axes as a function
00k 7 (a) ] of the magnetic field will be published elsewhere.
600'_'*'5 1 In summary, we have measured the susceptibility and
L, ¢ OmT magnetization of PrCu through the nuclear ordering
5 0 .’ e I transition. The observed behavior of the susceptibility
S 400 N o« 20mT| 1 and the magnetization near the transition temperature
R 'y v _40mT]| ] agrees with that of the electrical resistivity in its frequency
- . v 1 and field dependence.
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