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Very high field 2°Si-NMR measurements using a fully 2 Si-enriched URu,Si, single crystal were carried
out in order to microscopically investigate the “hidden order” (HO) state and adjacent magnetic phases in
the high field limit. At the lowest measured temperature of 0.4 K, a clear anomaly reflecting a Fermi surface
instability near 22 T inside the HO state is detected by the 2°Si shift, 2K .. Moreover, a strong enhancement
of K, develops near a critical field H, = 35.6 T, and the °Si-NMR signal disappears suddenly at H.,
indicating the total suppression of the HO state. Nevertheless, a weak and shifted 2°Si-NMR signal
reappears for fields higher than H. at 4.2 K, providing evidence for a magnetic structure within the

magnetic phase caused by the Ising-type anisotropy of the uranium ordered moments.

DOI: 10.1103/PhysRevLett.112.236401

The so-called “hidden-order” (HO) state, which emerges
in the URu,Si, heavy-fermion superconductor below a zero
field phase transition at 7o = 17.5 K, has posed a long-
standing mystery, particularly because of the inconclusive
nature of its order parameter [1].

URu,Si, crystallizes in the tetragonal ThCr,Si,-type
structure—one of the most common in heavy fermion
compounds. Very recently, the fourfold rotational symmetry
of this structure was suggested to be broken mesoscopically
in the ¢ plane within the HO phase [2]. Nonetheless, nuclear
magnetic resonance (NMR) spectral analysis [3] revealed
that the twofold anisotropy is much smaller than previously
estimated from magnetic susceptibility measurements on a
tiny single crystal. Moreover, hydrostatic pressure of about
1 GPa transforms the HO state into a simple antiferromag-
netic (AFM) phase with propagation vector @, = (1,0,0)
and magnetic moment of 0.4 ug/U [4]. Two well-split
NMR lines are observed in this commensurate (C-) AFM
phase confirming this propagation wave vector, whereas
only a single NMR line is seen in the HO phase [5].

Another very effective tuning parameter in this com-
pound is magnetic field. The HO phase can be monoton-
ically suppressed to 77— 0 at a critical magnetic field
H.=35.6 T, above which new phases labeled as II, III,
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and V appear, as shown in Fig. 1 [6,7]. This phase diagram
was determined mainly by resistivity and Hall effect
measurements. Recent thermal-expansion and magneto-
striction experiments also confirm the phase boundaries
between HO-II, II-I1I, and IlI-paramagnetic (PM) phases
above 2 K [8].

Shubnikov—de Haas (SdH) experiments reveal an
anomaly in the Hall resistivity at H* ~22 T within the
HO phase, which is accompanied by the emergence of a
new Fermi surface above H* [9]. On the other hand, pulsed
field magnetization measurements are not sensitive to this
anomaly at H* and the lowest temperature data suggest that
the system undergoes a first order metamagnetic phase
transition at about 35 T [10,11]. Despite intense exper-
imental efforts, microscopic investigations of URu,Si, are
lacking at high magnetic fields because of inherent exper-
imental challenge. In order to unveil the intriguing mag-
netic anomaly at H* and the nature of the novel phases
emerging in the high field limit, we have performed ultra
high magnetic field °Si-NMR experiments using a fully
2Si-enriched URu,Si, single crystal. In this Letter, we
present evidence for an antiferromagnetic structure in the
magnetic phase II caused by Ising-like local moments near
H,, which suddenly emerges from the itinerant HO state.

© 2014 American Physical Society
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FIG. 1 (color online). H-T phase diagram for URu,Si, for H||c
[6,8,9]. The horizontal dotted arrow indicates experimental
procedure (A) where the magnetic field was varied at constant
400 mK while carrying out the high field NMR measurements. The
vertical dotted arrow indicates procedure (B) where the 2?Si-NMR
signal was obtained varying the temperature near H, = 35.6 T.
The open stars represent H* and H . detected microscopically by
NMR at 0.4 K. The solid stars represent both the NMR signal
observed in the PM state and in phase II of URu,Si,.

The NMR experiments were carried out using 30 T
resistive (Bitter) and 45 T hybrid magnets at the National
High Magnetic Field Laboratory in Tallahassee, Florida.
The single crystals were enriched with 99.8% of the >Si
isotope (nuclear spin I =1/2 and gyromagnetic ratio
yn/2n = 8.4578 MHz/T). The residual resistivity ratio
of the sample was over 100, ensuring good crystallographic
quality and no distribution of 7. A single crystal with
dimensions 1 x 1.5 x 2 mm?® was used. The pulse lengths
and repetition time of RF pulses were chosen to be as short
as possible because of the long relaxation time on the order
of minutes at 400 mK [12]. The resulting nuclear mag-
netization was tipped less than ~5° from the fully recovered
one. As illustrated by the dotted arrows in Fig. 1, the
29Si-NMR signal was obtained following two experimental
procedures: (A) the local frequency (v;) was swept step-
wise under various fixed magnetic fields at a constant
temperature of 7 = 400 mK, and (B) the external magnetic
field was swept around 35.6 T at a constant v; for both
T=9 K and 4.2 K.

We begin with NMR data obtained following
procedure (A). The *’Si-NMR spectrum in the HO phase
displays a single peak, as shown in Fig. 2(a), and there is
only a slight change of shift at 22 T. On the other hand, the
29Si-NMR spectrum suddenly disappears at H, = 35.6 T,
as shown in Figs. 2(b) and 2(c), with the value of H, is
reproduced approximately either by sweeping field up or
down. This is in contrast to expectations for a a second
order transition, where the NMR spectrum should track the
expected monotonic change in the shift. It is worth
mentioning that there is no signature of critical slowing
down that could increase the nuclear relaxation rates at this
boundary. Therefore, these NMR data demonstrate that
the HO phase does vanish microscopically at H, and the
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FIG. 2 (color online).  (a) >°Si NMR spectra of URu,Si, at 0.4 K
under several external magnetic fields along the ¢ axis near
H* =22 T. (b) and (c) show the spectra near H, = 35.6 T,

which were taken sweeping the applied magnetic field up to 40 T
and down from it, respectively.

adjacent magnetic phase II emerges immediately above H,
with a very narrow field hysteresis.

As will be discussed, the >°Si-NMR spectrum shifts and
spreads out with a very peculiar shape in magnetic phase II
at 4.2 K. This is the lowest temperature at which phase II
was studied because the field range of phase II narrows
appreciably at lower temperatures, giving way to the
emergence of phases Il and V, as shown in Fig. 1. The
proximity of these phases creates strong fluctuations which
in turn produce a wipe out effect of the 2°Si NMR spectrum
at very low temperatures.

Figure 3(a) shows the 2°Si shift, 2K, at 400 mK plotted
against the applied magnetic field. The Knight shift K is
formally defined as K = (Hy — Hy)/Hs With Hy =
27v1 [yn and H, is the resonant field. In general, K is
proportional to the spin-component of the static suscep-
tibility yyin via the hyperfine coupling constant Ay, i.e.,
K(T,H) = Apx(T,H). Although no spectral splitting
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FIG. 3 (color online). (a) External magnetic field dependence of
the NMR shift at 0.4 K along the ¢ axis in URu,Si,. The bold
curve is a guide to the eye. The inset shows K-M/H plot. The
magnetization data [11] in a pulsed field at 1.3 K are taken.
(b) Total DOS (outer curves) for H = 0 calculated by a first

principle FLAPW scheme. (c) Schematic picture of the total DOS
for H ~ H*.
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and/or broadening of the >°Si-NMR signal in the HO phase
was observed, a small hump appears in 2K, around H* ~
22 T (see Fig. 3). 2K, increases rather strongly as the
magnetic field is further increased towards H. = 35.6 T.
The K versus y plot presented in the inset of Fig. 3(a)
should show scaling of ?°K . with the field dependence of
the total susceptibility y = M/H, which is calculated from
magnetization data in a pulsed field at 1.3 K (Ref. [11]).
The temperature dependence of 2K . and y in the PM state
below ~4 K is so gradual that the variation of y between 1.3
and 0.4 K may be neglected. Indeed, despite the difference
of temperatures in both experiments, K, is linearly
proportional to M/H below ~35 T, as shown in the inset
of Fig. 3(a). As seen in this inset, the value of K, obtained
at4.2 K in the field induced PM state at 40.37 T scales with
the former linear behavior as suggested by the dashed line.
A deviation from this behavior is seen only above ~35 T
near H ., which may be due to a slight change in the value of
H. between 0.4 and 1.3 K. Thus, the hyperfine coupling
constant Af; shows no significant change either in the HO
phase or in the high-field PM state even at ~40 T. One may
estimate Aj = 3.4 kOe/ug from the slope of the dashed line
in the inset of Fig. 3, which is consistent with the reported
value of 3.3-3.6 kOe/up obtained by 2°Si-NMR measure-
ments in the PM state [12,13]. This is also in agreement
with the conclusion from recent low-field °Si-NMR mea-
surements [3,13] that there is no ordered moment. From a
magnetic point of view, the HO phase can thus be viewed as a
Pauli-PM-like state.

29K also is a fine measure of the density of states (DOS)
at the Fermi surface, i.e., K « y = Ag*u3 D(ER), where 1 is
an enhancement factor dependent on the effective elec-
tronic mass, ¢g* is an effective g-factor, and D(E) is the
total DOS at the Fermi level. In the HO state, SdH
experiments conclude that g* of quasi particles is highly
anisotropic, i.e., Ising-like with ¢g* being nearly zero when
Hl||a [14,15]. Figure 3(b) shows the total DOS for H = 0
that is calculated by a first principle full-potential linearized
augmented plane wave (FLAPW) scheme. Indeed, several
band calculations for the PM state predict a total DOS
where the Fermi level falls in a sharp minimum, and that the
multiple Fermi surfaces are mainly composed of the total
angular momentum j = 5/2 multiplet, with the j =7/2
multiplet located more than ~1 eV from Ef due to the local
crystalline electric field and the strong spin-orbit interaction
[16,17]. When magnetic field is applied along the ¢ axis,
the Kramers degeneracies of f-states are lifted by the
Zeeman effect, and the total DOS splits, as schematically
illustrated in Fig. 3(c). We roughly estimate the peak-to-
peak energy between peaks in DOS by a Zeeman energy
g jugH.~0.02 eV, which is one order of magnitude
smaller than ~0.17 eV in the PM band calculation [17];
such a difference would come from band renormalization in
the HO state. Thus, the j = 5/2 states just near Ey produce
an instability of the HO state at H., and the magnetic

moment from j, = £5/2 orbitals arises from an Ising-type
anisotropy along the ¢ axis.

In the following, we present the first observation of high
field °Si-NMR spectrum in phase IT of URu,Si,. In order to
carry out these experiments, we have opted for the exper-
imental procedure illustrated by the vertical dotted arrow (B)
in Fig. 1. The reason for this choice is that the >*Si-NMR
signal shifts abruptly when URu,Si, undergoes a first order
metamagnetic transition at H., right at the edge of the HO
state [10,11]. So, field-swept NMR measurements were
performed at constant frequency v;, = 300.97 MHz as the
temperature was lowered from 9 K down to 4.2 K: a
temperature where phase II covers the widest field range.
The ?°Si-NMR spectra evolves smoothly across the tran-
sition at Ty = 6 K between the PM state and phase II,
indicating its second order character. As shown in Fig. 4(a),
the 2°Si-NMR signal changes remarkably from a single line
in the PM state to a widely-spread spectrum within phase II.
The latter is a characteristic spectral shape with a centered
narrow peak and widely-spread shoulders with finite signal
intensity on each side. The central line is considerably
shifted to higher fields (lower K values) when compared
to the PM resonance position. This behavior indicates the
emergence of AFM order in phase II.

Supposing that a long-ranged C-AFM order of Ising-
type magnetic moments occurs with a propagation vector
0, = (1,0,0) under pressure, two well-separated NMR
lines split by an internal field should be observed [5]. If the
AFM order of XY-type moments occurs with @, =
(1/2,1/2,0) as observed in isostructural CePd,Si,, the
Si-NMR spectrum would show only a single line since the
internal field cancels out at the Si sites [18]. Even if it was
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FIG. 4 (color online). (a) Field-swept 2’Si-NMR spectra at a
constant frequency v = 300.97 MHz in the PM state at 9 K and
in the phase II at 4.2 K. The shift 2K values are indicated by
arrows. Local magnetic environments for the Si sites and the
histogram of the internal fields created at the Si sites are also
shown to the external field (H,,) for (b) IC-SDW and spiral AFM
order and, (¢) an (11])-AFM arrangement of Ising spins. The
solid blue line (bold) drawn in (a) represents a simulation of the
29Si-NMR spectrum at 4.2 K for the structure shown in (c).
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Ising-like, only a small splitting would occur. In the rather
complicated case of CeRh,Si, [18,19] with 4q structure,
which has Q,, = (1/2,1/2,0) and Q,_ = (-1/2,1/2,0)
with @3 = (1/2,1/2,1/2)-modulation [20], the 2*Si-NMR
spectrum splits into two separated pairs due to the two
internal fields +H2 and +HE. Now, if incommen-
surate (IC-) AFM order with any IC-Q;c is assumed to
be realized, the NMR spectrum should display a “double-
horn” shape, as illustrated in Fig. 4(b). Here, it should be
noted that the“double-horn” pattern is unconstrained
depending on whether the magnetic moments are ordered
as an itinerant spin-density-wave (SDW) or a spiral order of
local moments. In any case, the transferred internal field
Hi, (i) at the i-th Si site should oscillate as « cos(2zQcr;),
resulting in the “double-horn” histogram of H;, shown in
Fig. 4(b). Thus, none of these cases can explain the
characteristic spectral shape in the phase II of URu,Si,,
suggesting a necessity of new constraint.

An important hint comes from recent neutron diffraction
studies of the expanded phase II of 4% Rh-doped URu,Si,
under pulsed magnetic field [21]. An up- up- down (11)
ferrimagnetic structure characterized by the C-AFM vector
0 = (2/3,0,0), with magnetic moments parallel to the ¢
axis, has been suggested. The substitution of Ru by Rh
atoms expands the area of phase II in the T-H phase
diagram of U(Ru;_,Rh,),Si,, although the HO state is
completely quenched at 4% Rh-doping [7]. Therefore,
accepting this result as a local constraint, we assume that
the U spins in phase II of the pure URu,Si, are ordered
as Ising-like chains along the ag-axis with equal spin
magnitude, as shown in Fig. 4(c).

Without any lack of generality, one can consider magnetic
order within a simple unit cell, where only the hyperfine
coupling of the four nearest-neighbor (NN) U will contribute
to each Si site. Figure 4(c) illustrates this situation. The local
U-AFM structures can be sorted into three distinct local
order patterns: (i) all four spins-up, (ii) all four spins-down,
and (iii) two spins-up, two spins-down. In cases (i) and (ii), a
finite ¢ component of H,;, from the U sites, H!L‘;, can be
transferred to the Si site, whereas no projected H,,, along the
¢ direction is expected for case (iii), although a nonzero in-
plane component Héf may exist. By applying this AFM
model, the spectral shape histogram should display one
centered line and two satellites, as shown in Fig. 4(c). If the
next nearest neighbor (NNN) hyperfine couplings are also
taken into account, a small splitting of the central resonance
should be observed. Our results show no-splitting of the
central peak, what may indicate that the NNN hyperfine
contribution is negligible. [22]

A convolution of the histogram of Fig. 4(c) with
inhomogeneous line broadening allows a reasonable fit
to the high field 2?Si-NMR spectrum at 4.2 K within
phase II of URu,Si,, as shown in Fig. 4(a). The inhomo-
geneous linewidth of the peaks observed in the 2°Si-NMR
spectrum is proportional to the distribution of the local

magnetic shift >’k ., a direct consequence of an internal field
distribution at the Si sites. The central resonance corresponds
to the H if component at the Si sites and displays a narrow
linewidth, whereas the satellite peaks are broader because of

the large contribution of Hlllf[ component. In addition, a
distribution of @ due to closeness to the Ty; phase boundary,
together with possible formation of domain structures from
0 =1(2/3,0,0) or (0,2/3,0) AFM arrangements, could be
plausible explanations for introducing an extra distribution in
the histogram shown in Fig. 4(c). This scenario would be a
natural consequence of the strong Ising anisotropy of y.
According to Ref. [12], the hyperfine coupling constant for
29Si should be isotropic in URu,Si,: K, is less than 0.1%.
Indeed, we also found a nearly temperature- and field-
independent K, = 0 down to 400 mK and up to ~40 T for
our enriched URu,Si, single crystal. The interval 2H
between split shoulders is ~0.4 T. By using the hyperfine
coupling constant Af; = 3.4 kOe/up from the PM and HO
phases, we estimate an ordered moment of ~0.6 ug/U. This
value is in perfect agreement with the magnitude of the
ordered moment determined by neutron diffraction mea-
surements [21]. Thus, the observed high field 2°Si-NMR
spectrum within phase II of URu,Si, is consistent with the
experimental data obtained in the expanded phase II of Rh-
doped URu,Si,. High field >’Si NMR experiments also
might shed new light on the nature of this expanded phase II
with slight substitution of Rh for Ru in URu,Si, [21] at
temperatures and magnetic fields where the HO state is
completely quenched.

In summary, >°Si-NMR measurements up to 40 T are
reported, for the first time, for a 2°Si enriched URu,Si, high
quality single crystal. From a microscopic point of view, the
HO state ends at H. = 35.6 T (at 0.4 K) after undergoing a
first order transition with very narrow hysteretic behavior.
2K, in the HO phase is a fine measure of the bulk static
susceptibility, which finds a subtle DOS anomaly around
H* ~22 T and an increase of DOS near H, indicating a
double peak structure in the total DOS of the HO state. Thus,
the ?°K . data reveal a nonmagnetic itinerant nature remain-
ing in the HO state until fields very near H.. On the other
hand, an unusual 2°Si NMR spectrum is observed in the
magnetic phase II right above the HO state. This NMR
spectrum can be understood by AFM ordering of Ising
moments along the a axis. These NMR experiments suggest
that potential theories of the HO state in URu,Si, should be
seriously reviewed, in particular, accounting for the striking
stability between the nonmagnetic HO phase and localized
Ising moments in the adjacent phase II.
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