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Antiferromagnetic patches and hidden order in URu,Si, by impurity doping
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We report the use of impurities to probe the hidden order parameter of the strongly correlated metal URu,Si,
below the transition temperature 7,~ 17.5 K. The nature of this order parameter has eluded researchers for
more than two decades but is accompanied by the development of a partial gap in the single-particle density of
states that can be detected through measurements of the electronic specific heat and nuclear-spin-lattice relax-
ation rate. We find that impurities in the hidden order phase give rise to local patches of antiferromagnetism.
An analysis of the coupling between the antiferromagnetism and the hidden order reveals that the former is not
a competing order parameter but rather a parasitic effect of the latter.
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The heavy fermion URu,Si, has received considerable at-
tention because it undergoes a phase transition to a state
which is poorly understood. The strong interactions between
the U 5f electrons and the delocalized conduction electrons
give rise to an enhanced Sommerfeld coefficient 7y
=180 mJ/mol K2 and two phase transitions at low tempera-
ture: the hidden order (HO) transition at T,~ 17.5 K gaps
approximately 70% of the Fermi-surface area and a super-
conducting transition at 7.~ 1.4 K emerges from the re-
maining charge carriers.!”> The large entropy associated with
the HO phase transition is suggestive of spin-density wave
order, yet direct spin probes have shown no evidence of in-
trinsic magnetic order in pure crystals. Although the HO
phase of URu,Si, is not itself magnetic, this phase is closely
related to antiferromagnetism (AF) of the U electron spins.
Early neutron-scattering and muon spin rotation (uSR) stud-
ies reported a tiny ordered magnetic moment of 0.03 /U in
pure URu,Si,, which led to the concept of small moment
antiferromagnetism.>* However, later uSR and nuclear-
magnetic-resonance (NMR) measurements tell a quite differ-
ent story.>> They reveal an inhomogeneous coexistence be-
tween small regions of antiferromagnetic order and hidden
order in pure URu,Si,, with a relative fraction that tends
toward bulk AF under pressure.?3 Substituting Rh for Ru in
URu,Si, leads to a suppression of the long-range hidden or-
der and recent neutron-scattering studies revealed large mo-
ment AF coexisting with the hidden order for large Rh
concentrations.®

In order to investigate the microscopic effects of the Rh
dopants on the HO phase and to characterize the emergent
AF order in U(Ru,_,Rh,),Si,, we have measured the *’Si
NMR spectrum as a function of temperature and Rh concen-
tration. Figure 1 shows a series of such spectra. The reso-
nance frequency of the *’Si (nuclear spin /= %) is given by
f=vH,(1+K), where v is the gyromagnetic ratio of the *Si,
H, is the applied external field (7.42 T), and K is the Knight
shift arising from the hyperfine coupling between the nuclear
and electron spins in the solid. Aside from a slight suppres-
sion of K connected with the opening of the gap, we observe
no visible change in the spectrum at the HO transition, 7, in
agreement with previous studies.” At lower temperatures we
find that two satellite peaks emerge on either side of the
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central resonance below a temperature which we define as
T, shown in Figs. 1 and 2. These satellites arise because of
the presence of a static internal hyperfine field, Hy;, associ-
ated with commensurate AF order with moments pointing
along (001), assuming the hyperfine field interaction is iso-
tropic. The nuclei resonate in the local field Hy+H,;, where
Hyy=Auy, mo is the ordered U spin moment and A is the
hyperfine coupling. We find that A is unchanged from the
pure compound (3.6 kOe/up) (Ref. 7) and can therefore di-
rectly measure the AF order parameter, M(T,x)~ uo(T,x),
shown in Fig. 2.

The spectra in Fig. 1 reveal an inhomogeneous mixture of
antiferromagnetic (satellite peaks) and hidden order (central
peak) regions below Ty, characteristic of phase separation.
We see no zero-field specific-heat anomaly or critical slow-
ing of TEI at 7.42 T around Ty, suggesting that this transition
is not a new thermodynamic phase but rather a crossover to
an inhomogeneous coexistence.® The volume fraction of AF
domains, shown in Fig. 3, varies with both temperature and
doping. The AF fraction saturates at low temperature at a
maximum of roughly 70% at x=0.025. These observations
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FIG. 1. (Color online) *Si spectra in U(Ru,_,Rh,),Si, as a
function of x, panel (a), and temperature 7, panel (b). The spectra
were obtained by summing the Fourier transforms of Hahn echoes
over several frequencies in a fixed external field along the ¢ direc-
tion. They were normalized to the height of the central peak at each
doping or temperature value.

©2010 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.81.132404

BRIEF REPORTS

25 ‘ 05

20

—03

T (K)

(dn) onf

| |
0
0 0.01 0.02 0.03 0.04 0.05

Rh concentration x

FIG. 2. (Color online) Transition temperature T (at Hy=0 T,
black square; left axis), Ty (at Hy=7.42 T, red circle; left axis) and
moment g, (at Hy=7.42 T, blue triangles; right axis) in
U(Ru;_,Rh,),Si,. The open triangle at x=0 corresponds to the value
of the ordered moment that emerges under pressure in nominally
pure URu,Si, (Ref. 2). T, was determined by the specific-heat
anomaly while Ty was determined by the appearance of the AF
peaks as seen in the spectra (Fig. 1) and the AF fraction (Fig. 3).
The lines are the calculated Ty(x) (solid black) and uo(x) (dashed
blue) using the Ginzburg-Landau model described in the text and
are renormalized by the critical concentration x, (Ref. 9). Inset:
specific heat over temperature, C/7, in zero field vs T and for
different x. There is no sign of a bulk phase transition at 7.

suggest that the AF domains nucleate around the Rh dopants,
forming patches with a radius &,r on the order of two to
three lattice spacings at zero temperature. The satellites in
the spectrum arise from nuclei within these patches of AF
order, whereas the central resonance arises from nuclei out-
side. The percolation limit is reached at x=x,., where the AF
patches overlap.

A priori these results imply that the AF order character-
ized by the order parameter M, competes with the hidden
order, characterized by an order parameter W. Much like in
the vortex cores of the cuprates, a competing AF order pa-
rameter can emerge in spatial regions, where the dominant
superconducting order parameter is suppressed locally.!%!!
Microscopically the impurities can create local strains that
may stabilize M in the vicinity of the Rh.'?> However, if this
were the case, then uy(0,x) should increase with doping and
long-range AF order would develop above the percolation
threshold at x,.!3 For example, a competing order parameter
is stabilized in Cd doped CeColns, where AF droplets are
nucleated at Cd dopants and long-range order develops when
they overlap.'* However, in U(Ru,_,Rh,),Si, detailed mea-
surements of the specific heat in zero field as a function of
both temperature and doping (see inset of Fig. 2) show no
evidence of a second phase transition associated with long-
range AF order, either within the HO phase or outside the
phase when 7,,=0. Furthermore, as seen in Figs. 1 and 2, the
AF order parameter, M(0,x)~ ug(x)Z, vanishes before
W (0,x) does. In fact, we find that M(0,x) scales approxi-
mately with T(x) (Fig. 2), suggesting that the AF order is
controlled by the hidden order and never exists on its own as
true long-range order but rather as a parasitic effect within
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FIG. 3. (Color online) Panel (a): the spectral weight of the AF
(filled symbols) and paramagnetic (PM) (open symbols) signals vs
T for different dopings at field 7.42 T. The PM volume fractions are
defined as the relative intensities (areas) of the central lines in Fig.
1. Intensities were corrected for the Boltzmann factor and normal-
ized to the high-T values. The AF fractions are relative to the areas
of the central PM peaks in the spectra, respectively. Inset: the non-
monotonic behavior of the AF fraction versus doping at 4 K. Filled
squares are the measured AF fractions while empty squares are the
indirect results of the lost fractions of the PM peaks. The solid line
is the calculated fraction, equal to the AF magnetization density
normalized by the maximum value of M. Panel (b): within GL
theory calculated (Ref. 9) HO order parameter W (dashed) and AF
order parameter M (solid) vs distance from the Rh impurity for
system sizes L/§=20,10,4,2 at temperature T=T7(/4. The corre-
sponding AF fractions are marked by open diamonds in the inset of
panel (a).

the HO phase. It is possible that there are in fact two com-
peting effects with Rh doping: (i) local strains that stabilize
M and (ii) modifications to the electronic structure from the
excess carriers introduced by Rh that destabilize both M and
¥ simultaneously. In the latter case, there is no reason for
M(x) and W(0,x) to have the same behavior and the simul-
taneous disappearance of both order parameters implies an
unlikely coincidence, which we discard.

Recently, Elgazzar'> suggested that the HO is a dynamic
phenomenon where the Fermi surface is partially gapped to a
commensurate AF state that becomes static under pressure.
Hence Rh dopants may serve to pin the local fluctuations of
M, giving rise to local static patches. However, it is not clear
why M (x) should track T,(x) and the HO is completely sup-
pressed when the local patches overlap. It is possible that the
Rh doping simultaneously pins the fluctuations and destabi-
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lizes the HO via modifications of the electronic structure. As
argued above, though, this scenario requires an unlikely co-
incidence. It also is unclear why the pinning would take
place only within a few lattice spacings of the dopant even
though the HO is a long-range phenomenon. Finally, we note
that there is little difference in the temperature dependence
of the spin-lattice relaxation rate measured in the regions of
the bulk (central peak) versus the AF droplets (satellites),
suggesting the absence of either a dynamic phenomenon or
competing order parameter.

In fact, the observed correlation between the AF ordered
moment and the HO gap suggest that the AF patches are an
epiphenomenon that is a direct consequence of the local sup-
pression of the hidden order in the vicinity of the dopants.
We propose that the AF order is coupled to the spatial de-
rivatives of W(r). To interpret the results we use the
Ginzburg-Landau (GL) (Ref. 16) free-energy functional of
the combined system that can be written as F[WV,M]=Fyq
+FAF+FC9 with FHo[\I,]ZCl](T—To)\IIZ'i'%b]\Pél"'K]|V‘I’|2
+VOO)W2, FAr[Ml=ay M+ 35 M[*+ [ (VM )2+ (VM)
+(VM,)?], with GL coefficients a;,a,,b;,b,>0, and impu-
rity potential V. The coupling term is F[¥,M]
=g, VM| + g, M|’ VP[> +g;]M-VW¥|2. The consequences
of the first coupling term g, have been discussed before!’
while terms g, and g3 give rise to nucleation of inhomoge-
neous AF order around the impurity site, where the hidden
order is suppressed, see Fig. 3(b). A large potential V leads to
the suppression of W at the impurity site. Since there is no
experimental evidence for long-range AF order in the un-
doped system at zero pressure (a,,g;=0 as well as b,,b,
>0), the only way to stabilize a local solution of M(r)
around an impurity is by demanding that g,,g5;<<0. We can
make significant progress by studying a one-dimensional toy
model. This will lead to qualitative results only but elucidate
the underlying physics. Therefore, we consider only the cou-
pling term g; and choose M=(0,0,M) along the applied
magnetic field. The effect produced by a g, term would be
similar to that of g5 and will be neglected. From our analysis
it follows that if the hidden order is locally suppressed at the
Rh dopants, then AF order naturally emerges in regions near
Rh atoms, see Fig. 3(b). The length scale for the recovery of
the hidden order, the coherence length &(7), will then deter-
mine the spatial extent of the AF patches and the percolation
threshold then corresponds to a suppression of the long-
range hidden order. As the hidden order W is gradually sup-
pressed by Rh dopants the transition temperature 7}, dimin-
ishes, as does the induced (or parasitic) AF order M. If we
treat M as small perturbation to W, because it vanishes in the
bulk, then we can derive an analytic expression for the maxi-
mum value M, at the impurity site. It agrees qualitatively
with the numerical solution and decreases according to
My(T)*>~[27"g5|&(T)~>W(T)*-2a,]/b,, where the uniform
solution of the unperturbed hidden order is Wy(7)%*=
—a,(T)/b,. This explains why the AF order vanishes before
the hidden order with increased doping, a trend that is clearly
visible in the data in Figs. 2 and 3, where the AF fraction first
increases for small x and then decreases sharply as AF do-
mains overlap and M, is reduced. This observation is consis-
tent with neutron-scattering data seeing no magnetic order
outside the HO phase.°
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FIG. 4. (Color online) (7,7)~! vs T for doping concentration x.
Same notation as in Fig. 3(a), except for x=0 (cyan square) and
x=0.03 (black circle). Solid (open) symbols correspond to the PM
central peaks (AF satellites). The solid and dotted lines are guides
to the eye. The colored arrows indicate Ty(x) determined by specific
heat. Inset: (7,7)""? at T=4 K versus AT0=78—T0, where Tg is the
bare transition temperature, revealing the increase in N(0) as the
HO gap is filled by impurity states. The dotted line indicates the
value of (T,T)~"? above T,

In order to characterize the low-energy density of states
(DOS) associated with these localized states near the Rh im-
purities, we have measured the nuclear-spin-lattice relaxation
rate, 77!, as a function of temperature and doping both
within and outside of the AF patches. As seen in Fig. 4,
(T,T)~' ~ N(0)? is suppressed below T, because of the devel-
opment of the partial gap in the DOS N(0) at the Fermi
surface. With increasing doping, (7,7)~! increases monotoni-
cally within the HO phase. This behavior is similar to the
effect of impurities in unconventional superconductors, sug-
gesting that the Rh impurities induce extra states at low
energies.'®!? In this case, we expect (T,7)'(x)~N?(0,x)
~ (AT,)*(x), consistent with our observations (inset, Fig. 4).
Indeed, (7,7)7! is faster at the AF satellites in the spectrum
(as is the spin-spin relaxation time Tgl), suggesting an excess
local DOS within the droplets.

In the case of URu,Si, there are multiple bands and one
anticipates two distinct scenarios for the gap to fill up. The
first corresponds to a gap in the low-energy states for all
bands in which case the impurity doping would fill up the
DOS for all the bands. A second possibility is that some of
the states remain gapless below 7|, while others develop a
full gap. In this case, the impurity induces intragap states in
the HO gap and essentially does not affect the DOS of the
ungapped states. We speculate the latter to be realized for
URu,Si,. This behavior is also consistent with a subsequent
superconducting transition observed at lower temperatures.
To test this scenario one needs to observe the DOS in
URu,Si, as a function of Rh doping in tunneling experi-
ments, such as scanning tunneling or point-contact spectros-
copy.

By locally probing the hidden order state of
U(Ru;_,Rh,),Si, with NMR in the presence of Rh dopants
we have been able to demonstrate that antiferromagnetic or-
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der emerges locally near the impurity sites. The induced an-
tiferromagnetic order is an epiphenomenon and depends on
the strength of the dominant hidden order. We proposed a
minimal Ginzburg-Landau functional of coupled hidden and
antiferromagnetic order and found that the induced antiferro-
magnetic order M will vanish before the dominant hidden
order.

The fact that the AF is manifest only through the spatial
gradients of the hidden order rules out theories of orbital AF
and helicity order.”*?! Rather, the hidden order appears to
involve compensated spin polarizations on multiple sites
such as the triple-spin correlator scenario or an unconven-
tional multiband spin-density wave.?>?? Similar effects are
well known in the study of the NMR hyperfine field at the
oxygen sites in the doped high-temperature superconducting
cuprates: Zn or Ni impurities substituted at the Cu sites lo-
cally perturb the staggered AF order of the Cu 3d spins, giv-
ing rise to finite hyperfine fields at the O sites.>* In the ab-
sence of impurities, the hyperfine field at the O site vanishes
by symmetry. In U(Ru,_,Rh,),Si,, gradients of the HO pa-
rameter may lead to noncancellation of the net spin per U
site, giving rise to the static M, that we observe. Our results
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are consistent with induced magnetism M being commensu-
rate with the lattice while the hidden order W is very likely
incommensurate, as was argued by Wiebe et al.>> We point
out that this discussion implies that Rh doping induces the
conversion of HO to a commensurate AF state within each
droplet. If indeed the HO state represents an incommensurate
charge-density wave (CDW), as argued in Ref. 23, then one
would expect that impurities induce spin-dependent scatter-
ing that converts CDW order into magnetic excitations and
in addition modifies the momentum of the density wave to
make it commensurate. Thus it remains a fascinating theo-
retical and experimental puzzles to explain the sudden con-
version of incommensurate hidden order into commensurate
antiferromagnetic order in the presence of disorder and pos-
sibly pressure.
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