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Spatially Inhomogeneous Development of Antiferromagnetism in URu2Si2:
Evidence from 29Si NMR under Pressure
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From 29Si NMR study, we present evidence for spatially inhomogeneous development of antiferro-
magnetic (AF) ordering below To � 17.5 K in URu2Si2. In the pressure range between 3.0 and 8.3 kbar,
we have observed the 29Si NMR lines arising from the AF region as well as the previously observed
29Si NMR line which correspond to the nonmagnetic region in the sample. The AF volume fraction is
enhanced by applied pressure, whereas the magnitude of internal field at the Si site remains constant
(910 Oe) up to 8.3 kbar. In the AF region, the ordered moment is about an order of magnitude larger
than 0.03 mB�U.
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The heavy-fermion compound URu2Si2 exhibits two
successive phase transitions at 17.5 and 1.4 K. The tran-
sition at 1.4 K is recognized as an onset of unconventional
superconductivity [1]. On the other hand, the phase tran-
sition at To � 17.5 K still remains mysterious for more
than one decade. This phase transition at To is clearly dis-
cerned in the temperature �T� dependence of macroscopic
quantities [1–3]. Remarkably, the T dependence of spe-
cific heat shows a clear l-type anomaly at To . Associa-
ted with this phase transition, the energy gap opens over
part of the Fermi surface, is reflected by an exponential T
dependence of specific heat, electrical resistivity, and nu-
clear spin-lattice relaxation rate �T21

1 � below To [1,2,4,5].
Below To , the development of a simple type-I antiferro-
magnetic (AF) ordering with 5 f magnetic moments along
c axis has been revealed by the neutron diffraction (ND)
[6]. The observed magnetic Bragg peak intensities are ex-
tremely weak, which has been interpreted as originating
from a “tiny staggered moment” of only 0.03mB�U. How-
ever, this “tiny staggered moment” is hard to reconcile with
large macroscopic anomalies observed at To . To explain
this unusual phase transition at To, several scenarios have
been proposed. Some theoretical approaches are based on
the idea that macroscopic anomalies do not directly come
from the AF transition, but rather from a transition associa-
ted with hidden order parameter [7–11]. Several papers
have dealt with the possibility of the quadrupolar moments
of U 5f electrons for the hidden order parameter [9–11].
However, no experimental evidence for quadrupolar order-
ing has been obtained up to now. In addition to a hid-
den order parameter hypothesis, there are other approaches
that tiny staggered moments with highly reduced g values
solely drive the phase transition at To [12–14].

Recently, the ND experiment performed under pressure
up to 28 kbar has revealed that the staggered moment �m�
is strongly enhanced by applying pressure; the magnitude
of m increases linearly up to 0.25mB�U at 10 kbar and
-1 0031-9007�01�87(8)�087203(4)$15.00
then shows a tendency to be saturated at 13 kbar [15]. At
critical pressure (PC � 15 kbar), the value of m jumps to
0.4mB�U indicating an occurrence of the pressure-induced
phase transition. The T dependence of m, m�T� changes its
character at PC ; m�T� is almost proportional to

p
T 2 To

below PC , whereas m�T � above PC is similar to that of
3D Ising model. In spite of a remarkable enhancement
of m, the application of pressure has little effect on a
macroscopic anomaly and causes only a slight increase in
the value of To [16–18].

Interestingly, the muon spin resonance (mSR) results
give two conflicting pictures with respect to the AF order-
ing in URu2Si2. Most of the mSR results have shown that
the AF ordering with a tiny staggered moment develops
homogeneously below To throughout the sample [19,20].
On the other hand, one mSR result has shown an inhomo-
geneous picture; below To, the zero-field mSR spectrum
has a two-component structure which is well described by
a sum of the signals arising from nonmagnetic and mag-
netic regions [21]. This mSR result suggests that the AF
ordering develops at the most 10% of the sample at ambi-
ent pressure.

In order to identify the nature of unconventional AF or-
dering in URu2Si2, we performed 29Si NMR experiments
under pressure up to 8.3 kbar. The previous 29Si NMR per-
formed at ambient pressure could not detect any evidence
for the AF ordering in URu2Si2 [4]. In this paper, we show
definite evidence for coexistence of the AF region and the
paramagnetic (PM)—region below To in URu2Si2.

The NMR measurements were carried out by the
conventional spin-echo technique with a phase-coherent
pulsed spectrometer. The detail of the sample preparation
was given in a previous paper [15]. The measurements at
ambient pressure were performed on a cylindrical single
crystal of about 2 mm in diameter and 10 mm in length.
As for the measurements in pressure, a polycrystalline
sample, which was crushed into powder, was used. The
© 2001 The American Physical Society 087203-1
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powder sample was mixed with a small amount of Sn
powder, of which superconducting transition was used for
the determination of applied pressure. Subsequently, the
sample mixed with Sn was embedded in staycast and then
oriented under the Hex; the microcrystals in a powder
sample of URu2Si2 are easily oriented with the c axis
parallel to the direction of the Hex owing to the large
anisotropy of susceptibility. Using this sample, we could
measure the 29Si NMR spectra for Hex � c-axis as well
as Hex k c-axis. The pressure was generated by a standard
Cu-Be pressure cell with a 1:1 mixture of Flourinert 70
and 77 as a transmitting medium. To estimate pressure
distribution �DP�P� in the prepared sample, we monitored
T width of superconducting transition of Sn powder cast in
staycast by means of ac susceptibility measurement. The
evaluated DP�P is less than 5% even at P � 8.3 kbar,
indicating that the inhomogeneity of pressure is negligibly
small.

The 29Si NMR spectra were measured under pressure up
to 8.3 kbar by sweeping the frequency at Hex � 4.3 T. As
for 29Si NMR, no quadrupolar effect is expected because
of the nuclear spin I � 1�2 of 29Si. Figure 1 presents
the T evolution of the 29Si NMR spectrum at 8.3 kbar for
Hex k c axis. As seen in Fig. 1, the single resonance line
was observed at high T , whereas the additional resonance
lines, which are symmetric with respect to the main reso-
nance line, appeared below To. Note that there is no
splitting of the resonance line for Hex � c axis. This fact
indicates that the main resonance line and the two addi-
tional resonance lines correspond to the Si sites in which
the internal field �Hin� is either zero or nonzero (i.e., paral-
lel to the c axis), respectively. Therefore, the present 29Si
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FIG. 1. T evolution of 29Si NMR spectrum for Hex k c axis
at 8.3 kbar.
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NMR result is consistent with the type-I AF spin struc-
ture previously determined by ND measurement [6]. Up
to now, this AF ordering has been believed to develop uni-
formly throughout the sample at low T . On the other hand,
the 29Si NMR spectra show the resonance line arising from
the PM region remains unambiguously below To and co-
exists with the resonance lines arising from the AF region.
This gives direct evidence for the coexistence of the AF
and the PM regions in the sample. As is clearly seen from
Fig. 1, upon cooling, the main resonance line decreases
drastically while the intensities of the additional resonance
lines (i.e., the Hin-split resonance lines) increase, suggest-
ing the AF region increases in volume. To quantify the
development of volume fraction of the AF region, we mea-
sured the T variations of integrated intensities of the reso-
nance lines arising from the AF region as well as the PM
region at several pressures. As for the signal intensity, we
performed the correction for spin-echo decay rate �T21

2 � in
the spin-echo method. Taking into consideration the Curie
law of nuclear spin susceptibility, the values of the product
of the spectral intensity and T �I 3 T� are plotted against
T in Fig. 2(a). The I 3 T for the PM region, which is
proportional to the PM volume fraction, significantly de-
creases below To with decreasing T , while the I 3 T for
the AF region increases. These results obviously indicate
that the AF region increases in volume at the expense of the
PM region on cooling below To . At the T much lower than
To, the PM region still remains in the sample. Figure 2(b)
shows the T variation of Hin deduced from the Hin-split
resonance lines at 8.3 kbar. The Hin increases rapidly just
below To, and then keeps almost constant at low T. It
should be noted that we could not determine the magni-
tude of Hin around To because of an extremely weak signal
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intensity arising from the AF region. At 6 K, the magni-
tude of Hin is obtained to be 915 Oe. We obtained the
29Si NMR spectra between 3.0 and 8.3 kbar, which indi-
cates that the Hin remains constant (Hin � 910 6 10 Oe)
in this pressure range.

With comparing the results of the present 29Si NMR and
the previous ND, we now discuss the pressure effect on
the AF ordering in URu2Si2. In Fig. 3, the Hin at Si-site
in the AF region and the AF volume fraction taken at 6 K
are plotted against pressure. The AF volume fractions (de-
noted by ≤ in Fig. 3) were determined by comparing the
integrated intensities of the 29Si NMR resonance lines aris-
ing from the PM regions and the AF regions. Besides this
plotting, Fig. 3 also shows the pressure variation of the
AF volume fraction (denoted by ±) estimated from the re-
duction in I 3 T for the 29Si NMR arising from the PM
region as compared to the value just above To . The values
obtained by the two ways are almost the same, which con-
firms that we observed all the NMR signals arising from
the Si site in the sample. For comparison, the pressure vari-
ation of integrated intensity of the (100) magnetic Bragg
reflection �IB� at 6 K is also displayed in the figure [15]. In
general, the IB is simply expressed by IB ~

VD

V0
m2, where

VD and V0 are the volumes of the domain and the sample,
respectively. This expression means IB depends on the AF
volume fraction (i.e., VD

V0
) as well as m. The 29Si NMR

results indicate that the AF volume fraction increases with
increasing pressure, whereas m is constant up to 8.3 kbar.
Hence, an enhancement of IB by pressure is attributed to
an increase in the AF volume fraction, not to an increase
in the magnitude of m. When m is constant, the AF vol-
ume fraction is in proportion to IB. As seen in the figure,
the AF volume fractions obtained from the 29Si NMR and
the ND have almost the same pressure dependence up to
8.3 kbar. Assuming a homogeneous AF ordering through-
out the sample, the ND result shows that the magnitude of
m increases linearly up to 0.25mB�U at 10 kbar and then
tends to be saturated. Using the AF volume fractions ob-
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tained by the 29Si NMR, the correct ordered moment is
estimated to be about 0.3mB�U below PC. However, the
jump in the pressure dependence of IB at PC is difficult
to explain only by the increase in the AF volume fraction,
suggesting the discontinuous increase in magnitude of m

at PC. With reference to the growth of m upon cooling, IB

is reported to exhibit the weak T dependence below PC ,
whereas the Hin at Si site increases very rapidly just below
To. Therefore, the unconventional T dependence of IB ev-
idently originates not from an unusually slow saturation of
m, but from an increase in the AF volume fraction upon
cooling. The quite similar T dependence of m, as obtained
in this study, has been found by a mSR experiment on a
single crystalline URu2Si2 at ambient pressure [21].

Next turning to the ND result at ambient pressure, it
is clear from the present 29Si NMR results that the small
IB comes not from the extremely small m but from the
reduced AF region in the sample. Actually, at ambient
pressure, the I 3 T for the PM region is constant within
the experimental uncertainty of about 10%. Because of
the extremely small AF region, we have not directly ob-
served the 29Si NMR signal arising from the AF region for
Hex k c-axis below 3.0 kbar. Thus, using the single crys-
talline sample, we measured preciously the 29Si NMR reso-
nance line arising from the PM region at 5.4 T to obtain
indirect information on the AF order at ambient pressure.
In Fig. 4 are shown the T dependences of the full-width
at half-maximum (FWHM) of the observed resonance line
for Hex k c axis and Hex � c axis. As seen in the figure,
the value of FWHM slightly increases below To indicat-
ing the appearance of additional Hin at Si site in the PM
region. However, the increase in FWHM below To is ex-
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tremely small (about 2 Oe). This result indirectly shows
an existence of the AF region in the sample. Since the
Hin appears along the c axis at Si site in the AF region,
the observed resonance line for Hex � c axis is composed
of the signals arising from the AF region as well as the
PM region below To . In contrast, the observed resonance
line for Hex k c axis is arising only from the PM region.
Hence, the staggered moments in the AF tiny regions,
which are distributed in a fairly uniform manner through-
out the sample, must produce an inhomogeneous Hin at Si
site in the PM region in order to give the observed broad-
ening of the line. This result is associated with the finite
correlation length of AF ordering observed by ND at am-
bient pressure [6,15].

Finally, let us discuss the origin of the phase transition
at To. The present 29Si NMR result indicates that the or-
dered moment is about an order of magnitude larger than
0.03mB�U in the AF region, which is inconsistent with
the theoretical approach simply based on the “tiny stag-
gered moments” with highly reduced g values. The inset
of Fig. 4 shows the T dependence of T21

1 measured by
using the main resonance line at 5.8 and 8.3 kbar. In the
figure, the reported T1 data at ambient pressure are also
plotted [4]. As seen in the figure, T21

1 decreases drasti-
cally below To , which indicates that the energy gap opens
partially on the Fermi surface associated with the phase
transition at To . Furthermore, the T dependence of T21

1
is almost pressure independent up to 8.3 kbar. Here, it
should be emphasized that all the T21

1 data in the fig-
ure were selectively measured by the 29Si NMR signal
arising from the PM region. Hence, it is obvious that
a drastic decrease in T21

1 below To is not ascribed only
to the AF ordering of which the volume fraction is ex-
tremely small at ambient pressure. This indicates the ex-
istence of a phase transition associated with the hidden
order parameter in the PM region. At ambient pressure,
the macroscopic anomalies observed at To must originate
predominantly from the transition associated with a hidden
order parameter. The present 29Si NMR results show that
the AF region increases in volume at the expense of the
PM region, in which a hidden order parameter develops,
as pressure is increased. Consequently, these two types of
order compete with each other for volume fraction below
To . As one of the possibilities for the hidden order parame-
ters, there are some models based on quadrupolar ordering.
In models with a doublet G5 ground state of the 5f2 con-
figuration, the quadrupolar orderings and dipolar orderings
intrinsically compete with each other owing to the incom-
mutability of these operators [10,11,22]. The quadrupo-
lar-ordering model qualitatively explains the present NMR
087203-4
results, although the mechanism by which the magnetic
ground state is determined still remains unclear.

In conclusion, the 29Si NMR performed in pressure up
to 8.3 kbar has revealed a coexistence of the AF and PM
regions below To in URu2Si2. The AF region increases in
volume at the expense of the PM region on cooling. The
AF volume fraction is enhanced by pressure, whereas the
magnitude of m is constant up to 8.3 kbar. Our 29Si NMR
results indicate that the weakness of the AF Bragg peak at
ambient pressure originates not from the extremely small
magnitude of m, but from the smallness of the AF region
in the sample. In the AF region, the ordered moment is
about an order of magnitude larger than 0.03mB�U.
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