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Since the 1985 discovery of the phase transition at 7o = 17.5 K in the heavy-fermion metal
URu,Si,, neither symmetry change in the crystal structure nor magnetic ordering have been
observed, which makes this ‘“hidden order” enigmatic. Some high-field experiments have
suggested electronic nematicity which breaks fourfold rotational symmetry, but direct evi-
dence has been lacking for its ground state at zero magnetic field. Here we report on the ob-
servation of lattice symmetry breaking from the fourfold tetragonal to twofold orthorhombic
structure by high-resolution synchrotron X-ray diffraction measurements at zero field, which
pins down the space symmetry of the order. Small orthorhombic symmetry-breaking distor-
tion sets in at 7Ty with a jump, uncovering the weakly first-order nature of the hidden-order
transition. This distortion is observed only in ultrapure sample, implying a highly unusual

coupling nature between the electronic nematicity and underlying lattice.

Interacting electrons in solids can generate a rich variety of phase transitions. The most
essential step for elucidating the nature of a phase transition is to identify which symmetries are
broken in the ordered phase. In the heavy-fermion metal URu,Si, =, tremendous efforts have
been made to understand the properties of the hidden-order phase transition at 7110 = 17.5 K, but
its nature has been a long-standing mystery *. Recently, magnetic torque °, cyclotron resonance
67 and nuclear magnetic resonance (NMR) ® measurements have suggested the occurrence of
rotational symmetry breaking below 7yo, which points to an electronic nematic order with in-

plane anisotropy elongated along the [110] direction. These measurements, however, have been

carried out under in-plane magnetic fields and hence we cannot rule out the possibility that the



observed symmetry breaking is induced by external magnetic field. Direct determination of the
crystal symmetry in the absence of field is therefore absolutely requisite to obtain the conclusive

evidence of the rotational symmetry breaking in the hidden ordered phase.

Owing to the electromagnetic interaction of conduction electrons with ions of the lattice,
when the electrons in a metal undergo the transition to a state which breaks one of space sym-
metries of the crystal, the same symmetry breaking of the underlying lattice is expected to occur.
Generally the symmetry of the low-temperature ordered phase should be lower than but belong
to a subgroup of the symmetry above the transition temperature. In the high-temperature disor-
dered phase, URu,Si; has a body-centred tetragonal crystal structure (Figs. 1a,c) belonging to the
I4/mmm symmetry group (No. 139 in the international tables for crystallography), which has 15
maximal non-isomorphic subgroups. Among them, the fourfold rotational symmetry is broken for
two subgroups F'mmm (No. 69, Figs. 1b,d) and Immm (No.71), which are both orthorhombic
but the ab-plane primitive vector direction is rotated 45° with respect to each other. These motivate
us to study (hh0)T Bragg diffraction peaks at zero field that are most sensitive to the F'mmm-type
orthorhombicity (Figs. 1e,f), which is compatible with the putative in-plane anisotropy elongated

along the [110] directions.

We use two crystals with different purities evaluated by residual resistivity ratios RRR; one
is a crystal with RRR ~ 10 which is a typical value for crystals used in the previous studies * and

the other is a new-generation ultraclean crystal with RRR ~ 670 ®°. Here we checked crystalline



quality by X-ray at room temperature and selected ones with the sharpest Bragg peaks (Supple-
mentary Fig. S1a), which ensures minimal strain effects inside the sample. Synchrotron X-ray at
SPring-8 was used to analyze the crystal structure in the hidden-order phase of these crystals (see
Supplementary Information). In order to achieve a very high resolution, we focus on a high-angle
Bragg peak (880)t at which our resolution is as good as ~ 3 x 107° (Supplementary Fig. S1b).
Moreover, to obtain bulk information, we tune the synchrotron X-ray energy at ~ 17.15keV just
below a uranium absorption edge, where X-ray attenuation length is more than 30 pm (Supple-

mentary Fig. Slc).

Results

In Fig. 2a, we show the temperature dependence of the (880)r Bragg intensity as a function of the
scattering vector g, which is measured by the 26/ mode corresponding to scans along the radial
direction from the origin in the reciprocal space. At high temperatures above 7o, in both crystals
we have a single peak with a narrow width. From the full width at half maximum, the distribution
of lattice constant is estimated as da/a ~ 1.3 x 10~%, which is more than a factor of 3 smaller

than that in the previous studies '

, indicating very high crystalline quality of our samples. Upon
entering the hidden-order phase below 710, the data for RRR ~ 10 sample shows no significant
change in its shape, but for much cleaner sample with RRR ~ 670 the single peak above Tyo

suddenly changes to a broadened shape with clear splitting. At low temperatures the split peaks

can be reasonably fitted to two Gaussian peaks with the widths comparable to the high-temperature



data above Ty (Fig. 2b), from which the orthorhombicity

ap —bo  sinfy, —sin 6,

)

" ao+bo  sinby +sinb,
is estimated, where 26; and 26, are the two peak angles. The change in the lattice constant a for
RRR ~ 10 sample is consistent with the previous high-resolution Larmor diffraction measure-
ments of (400)r Bragg peak for a similar RRR ~ 10 sample '° at ambient pressure (Fig. 2c). In
sharp contrast, our new data on the ultraclean sample clearly shows a splitting into two different
lattice constants ag and bg below Ty, evidencing the transition to the orthorhombic state. We note
that these lattice constants do not track the data for the antiferromagnetic phase under pressure '
and rather show an opposite trend that the averaged constant increases just below Tyo. This indi-
cates that our splitting cannot be explained by some inclusion of impurity or strain-induced phase
having antiferromagnetism. We will discuss the implications of the crystal-purity dependence later,

and now we focus on the data of the ultraclean sample.

The temperature dependence of the orthorhombicity ¢ is demonstrated in Fig.2d. The or-
thorhombicity sets in just below Tyo, indicating that the lattice symmetry change is clearly as-
sociated with the hidden-order transition. Remarkably, unlike the continuous change expected in
the order parameter at a second-order phase transition, §(7") shows a sudden jump at 7. This
strongly suggests that the transition at 7110, which has been believed to be of second order, has a
first-order nature. The fact that the latent heat has not been reported ' indicates that the first-
order nature is very weak; at Tyo the discontinuity of the order parameter that characterises the
low-temperature phase may be too small to be detected thermodynamically. These results lead us
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to conclude that the hidden order transition is a weakly first-order phase transition accompanied
by lattice symmetry breaking from fourfold tetragonal to twofold orthorhombic structure. The
present result is consistent with the 2°Si NMR width measured under in-plane magnetic fields 13,
which shows very similar temperature dependence with a clear jump at Txo (Fig. 2d). It has been
suggested in a recent theory that the hyperfine fields at the Si site for an antiferroic £~ -type order,
which has an in-plane twofold anisotropy, can lead to the NMR broadening below the transition
14

. Thus this naturally implies a close correspondence between the orthorhombicity and NMR

broadening as found in experiments.

To verify that the peak split originates from the lattice symmetry change to the F'mmm-type
orthorhombic structure, we performed two-dimensional (2D) [hk0] scans near the (880)r Bragg
peak (Fig.3). At 10K below T30, the data reveals a twin-peak structure (Fig.3a) in contrast to
the single peak above Ty (Fig. 3b). Here the integrated intensities above and below the transition
are identical within experimental error, demonstrating that the twin peaks originate from the split-
ting of the (880) Bragg peak. The elongated deformation along [hh0] direction is due to worse
resolution along this line as well as finite mosaicness inevitably present in the crystal. It should
be stressed that the peak split along [hh0] direction found below Tyo (Fig. 3d) , which cannot be
accounted for by the mosaicness, definitely indicates the appearance of two distinct lattice-plane
spacings inside the crystal (reflecting the domain formation). We also find that along [hh0] direc-
tion, although the peak does not show a clear split, it exhibits finite broadening below Ty (Fig. 3e).

This indicates that the split occurs on two directions in the [hk0] plane, indicating that the single



Bragg peak above Ty split into four peaks in the hidden-order phase. To show the consistency
with the split into four peaks expected in the orthorhombic F'mmm-type structure !> !¢ (Fig. 1f),
we shift the high-temperature data at 19 K to four directions as sketched in the inset of Fig. 3c and
add the four shifted data with the same weight. The calculated result shown in Fig. 3c is remark-
ably consistent with the measured data at 10 K (Fig. 3a). The line cuts of this result also reproduce
the salient features of the 10-K data (Figs. 3d,e), namely the clear split along [h20] and broadened
peak along [hh0]. The amount of the shifts in the calculation corresponds to the orthorhombicity
d = 6.2 x 107°, which is quantitatively consistent with the 20/6 scan data in Fig.2. These re-
sults provide direct evidence that the lattice symmetry is lowered from the tetragonal /4/mmm
to orthorhombic F'mmm-type with the formation of four domains, and that the fourfold rotational

symmetry is broken at the hidden-order transition.

Disucssion

The in-plane electronic anisotropy elongated along the [110] direction reported in the in-plane
field rotation experiments > is fully compatible with this F'mmm-type symmetry. It should be
emphasized that the present results are obtained at zero field, demonstrating that such electronic
nematicity is not field induced. The formation of micro-domains evident from the multi-peak
structure is also consistent with the above reports. We note that the intensity ratio of the two
peaks is temperature dependent (Fig. 2a) with the integrated intensity unchanged (Figs. 3a,b). This

suggests that the domain size and the position of domain walls change with temperature in the very



clean crystal. This opens the possibility of ‘detwinning’ by an external force, which may be related
to the recent report that the thermal expansion anomaly at Ty increases rapidly with application

of extremely small in-plane uniaxial pressure 7.

The present results clarify the space symmetry of the hidden-order phase, which breaks four-
fold rotational symmetry. This, along with the first-order nature revealed in this study, places very
tight constraints on the genuine hidden order parameter. Among the allowed irreducible representa-
tions for the hidden order (four non-degenerate Ay, A,, By, Bs, and one degenerate £/ symmetries),
the orthorhombic F'mmm-type space group symmetry pins down that the hidden order belongs to
the E-type, more specifically F(n,,n,) with 74,7, = £1, in which the sign of 7,7, determines

18

the nematic direction of the domain '°. This establishes a solid base for the recently proposed

nematic/hastatic order with in-plane anisotropy 41823,

The magnitude of orthorhombicity ¢ is of the order of 10~°, which is two orders of magni-
tude smaller than that of similar structural transitions from tetragonal /4 /mmm to orthorhombic
Fmmm phase in isomorphic BaFe,As,-based iron-pnictide superconductors !®24. This smallness
of the lattice change implies that the hidden-order transition is driven by an electronic ordering, and
small but finite electron-lattice coupling gives rise to the lattice distortion. It should be noted that
several experiments on the electronic structure provide strong evidence of the band folding over
the wave vector Q@ = (001) 72>, Such an antiferroic ordering is expected to couple weakly

to the “ferroic” (Q = 0) orthorhombic distortion. We also note that the elastic constants, which



are also Q = 0 quantities, exhibit only small changes at Tio ?°, and it has been pointed out that
these are consistent with several different symmetries including the F(1, 1)-type state '8, which is

compatible with our results.

Another remarkable finding is that the symmetry-breaking orthorhombic lattice distortion
is quite sensitive to disorder (Fig.2a). The fact that even the low-RRR samples exhibit clear
signatures of the transition in the specific heat measurements ' indicates that the @ = (001)
band folding is a robust feature against disorder. However, the transition temperature 7Ty shows
a discernible decrease with lowering RRR °, which implies that impurities can perturb the hidden
order. Such unusual impurity effects may be related to the rotational degree of freedom of the
nematic direction inside the ab plane in the degenerate E-type orders. Indeed the choice of the
[110] direction can be made by the spin-orbit coupling, which creates small energy differences for
different in-plane directions. Then impurities can induce disorder in the nematic direction, which
may prevent the long-range lattice distortion through nontrivial different-@) coupling between the
antiferroic order and underlying lattice. We also note that similar high sensitivity to disorder has
been found in the electronic nematic phase in SrsRu;O; where the nematic anisotropy is found
only in very clean samples **. Thus the impurity effects of nematic orders in strongly correlated

electron systems appear to be an intriguing issue that deserves further investigations.



Methods

High-quality single crystals of URu2Sis were grown by the Czochralski method in a tetra-arc furnace under
argon gas atmosphere and subsequently purified by using the solid state electro-transport method under ul-
trahigh vacuum ?. We used single crystals from two different batches, and the transport measurements in the

crystals in these batches indicate that the residual resistivity ratios are RRR ~ 10 and ~ 670 respectively.

The crystal structure analysis was performed by the synchrotron X-ray at SPring-8 (BL02B1). The
sample was cut or crushed into small pieces and the crystalline quality of more than ~ 30 samples was
checked at room temperature by using an imaging plate (IP). We have selected crystals with the sharpest
Bragg spots at high angles for each batch. The selected best ultraclean crystal with RRR ~ 670 used in
this study has dimensions of ~ 70 x 50 x 30 um?3. Typical Bragg peak profiles for (880) of this sample
at room temperature are shown in Fig. S1a and its inset, which are taken by the four-circle diffractometer
at 17.15keV and by the IP at 18.8 keV, respectively. We find no tails of the peak in any direction in the IP
image, and similarly circular intensity profiles were obtained for four equivalent Bragg peaks (+8, +8, 0),

which indicates that no significant strain is present in this crystal.

The temperature of the sample is controlled by a cryocooler equipped in the four-circle diffractometer.
To expose a large portion of the crystal to the X-ray beam, we placed the sample on a fine silver wire (with

a diameter of ~ 50 pm) attached to the cold head. The X-ray beam size is larger than the sample size.

1. Palstra, T. T. M. et al. Superconducting and magnetic transitions in the heavy-fermion system

URusSiy. Phys. Rev. Lett. 55, 2727-2730 (1985).

10



. Maple, M. B. et al. Partially gapped fermi surface in the heavy-electron superconductor

URu,Sisy. Phys. Rev. Lett. 56, 185—188 (1986).

. Schlabitz, W. et al. Superconductivity and magnetic order in a strongly interacting fermi-

system - URuySis. Z. Phys. B 62, 171-177 (1986).

. Mydosh, J. A. & Oppeneer, P. M. Colloquium: Hidden order, superconductivity, and mag-

netism: The unsolved case of URu,Si,. Rev. Mod. Phys. 83, 1301-1322 (2011).

. Okazaki, R. ef al. Rotational symmetry breaking in the hidden-order phase of URu,Sis. Sci-

ence 331, 439-442 (2011).

. Tonegawa, S. et al. Cyclotron resonance in the hidden-order phase of URu,Sis. Phys. Rev.

Lett. 109, 036401 (2012).

. Tonegawa, S. et al. Cyclotron resonance study of quasiparticle mass and scattering rate in the

hidden-order and superconducting phases of URu,Sis. arXiv:1310.3431 (2013).

. Kambe, S. et al. NMR study of in-plane twofold ordering in URu,Sis. Phys. Rev. Lett. 110,

246406 (2013).

. Matsuda, T. D. et al. Details of sample dependence and transport properties of URu,Sis. J.

Phys. Soc. Jpn. 80, 114710 (2011).

11



10.

1.

12.

13.

14.

15.

16.

17.

Niklowitz, P. G. et al. Parasitic small-moment antiferromagnetism and nonlinear coupling of
hidden order and antiferromagnetism in URu»Si, observed by Larmor diffraction. Phys. Rev.

Lett. 104, 106406 (2010).

Bourdarot, F. et al. Magnetic properties of URu5Si; under uniaxial stress by neutron scattering.

Phys. Rev. B 84, 184430 (2011).

Kernavanois, N. et al. Investigation of the crystal structure of URu,Siy by high-resolution

X-ray diffraction. Physica B 259, 648-649 (1999).

Takagi, S., Ishihara, S., Yokoyama, M. & Amitsuka, H. Symmetry of the hidden order in

URu,Si, from nuclear magnetic resonance studies. J. Phys. Soc. Jpn. 81, 114710 (2012).

Hanzawa, K. Crystalline electric field effects and hidden order in URu,Sis. J. Phys. Soc. Jpn.

81, 114713 (2012).

Schmid, H. ef al. Polarized light and X-ray precession study of the ferroelastic domains of

YBayCu307_5. Z. Phys. B 72, 305-322 (1988).

Tanatar, M. A. et al. Direct imaging of the structural domains in the iron pnictides AFe;Asy

(A = Ca, Sr, Ba). Phys. Rev. B'79, 180508 (2009).

Kambe, S. ef al. Thermal expansion under uniaxial pressure in URu,Sis. Phys. Rev. B 87,

115123 (2013).

12



18.

19.

20.

21.

22.

23.

24.

25.

Thalmeier, P. & Takimoto, T. Signatures of hidden-order symmetry in torque oscillations,
elastic constant anomalies, and field-induced moments in URusSiy. Phys. Rev. B 83, 165110

(2011).

Ikeda, H. ef al. Emergent rank-5 nematic order in URu,Si,. Nature Physics 8, 528-533 (2012).

Chandra, P., Coleman, P. & Flint, R. Hastatic order in the heavy-fermion compound URu;Sis.

Nature 493, 621-626 (2013).

Fujimoto, S. Spin nematic state as a candidate of the hidden order phase of URu,Si,. Phys.

Rev. Lett. 106, 196407 (2011).

Riseborough, P. S., Cogblin, B. & Magalhaes, S. G. Phase transition arising from the under-
screened anderson lattice model: A candidate concept for explaining hidden order in URu,Si,.

Phys. Rev. B 85, 165116 (2012).

Rau, J. G. & Kee, H.-Y. Hidden and antiferromagnetic order as a rank-5 superspin in URu,Sis.

Phys. Rev. B 85, 245112 (2012).

Kasahara, S. et al. Electronic nematicity above the structural and superconducting transition

in BaFey(Asy_,P,)s. Nature 486, 382-385 (2012).

Hassinger, E. ef al. Similarity of the Fermi surface in the hidden order state and in the antifer-

romagnetic state of URu,Sis. Phys. Rev. Lett. 105, 216409 (2010).

13



26.

27.

28.

29.

30.

Yoshida, R. et al. Signature of hidden order and evidence for periodicity modification in

URusSiy. Phys. Rev. B 82, 205108 (2010).

Boariu, F. et al. Momentum-resolved evolution of the kondo lattice into “ hidden order ” in

URu,Sisy. Phys. Rev. Lett. 110, 156404 (2013).

Meng, J.-Q. et al. Imaging the three-dimensional fermi-surface pairing near the hidden-order
transition in URu,Si, using angle-resolved photoemission spectroscopy. Phys. Rev. Lett. 111,

127002 (2013).

Kuwahara, K. et al. Lattice instability and elastic response in the heavy electron system

URu;Sis. J. Phys. Soc. Jpn. 66, 3251-3258 (1997).

Borzi, R. et al. Formation of a nematic fluid at high fields in Sr3RusO5. Science 315, 214-217

(2007).

Acknowledgements We thank fruitful discussion with A. V. Balatsky, P. Chandra, P. Coleman, R. Flint,

K. Ishida, S. Kambe, Y. Motome, M.-T. Suzuki, S. Takagi, P. Thalmeier, and M. Yokoyama. We especially

thank S. Kambe for providing us their NMR data which we compare with our results in Fig.2d. This

research was supported by KAKENHI from JSPS. The synchrotron radiation experiments were performed

at BLO2B1 of SPring-8 with the approval of the Japan Synchrotron Radiation Research Institute (JASRI)

(Proposals No. 2011B1897, 2012A1182, and 2012B1246).

Competing Interests The authors declare that they have no competing financial interests.

14



14/mmm (No. 139)

d e
b
ar
g h i °
° ° ° o op oo 28 o e
(hho),
(2h 00) (h ho)
°
° e ©w ¢ % %
° ° e o © ® = e, .°o
° ° © (5 ] L 53
o ° °
(h00), hd 8 & 80

Figure 1: Crystals structure of URu,Si; above and below the hidden-order transition. a, Body-
centred tetragonal I4/mmm structure above Tyo. b, Orthorhombic F'mmm structure revealed by the
present study in the hidden-order phase below Ti;o. Thin solid line indicates the unit cell. ¢-f, Schematic
U atom arrangements in the basal plane (c¢,d) and Bragg points in the [ = 0 plane for h, &k > 0 (e,f). For
the tetragonal 74/mmm the system has a single domain (c,e), whereas the orthorhombic F'mmm structure

forms four degenerate domains, which splits the Bragg (hh0) points into four (2h00)o points '>16 (d,f).
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Figure 2: Temperature dependence of the (830) Bragg peak in URu;Sis. a, Intensity I normalized
by the peak value I,,,,x as a function of scattering vector ¢ for two samples with different R RR values (blue
lines for RRR ~ 10, black (T > Tyo) and red (T' < Tyo) circles for RRR ~ 670). Each curve is shifted
vertically for clarity. b, The data at 9.5 K below Tyo (circles) can be fitted to a sum (solid line) of two
Gaussian functions with different lattice constants ap ~ 5.8290 A and by ~ 5.8281 A (dashed lines). c,
Temperature dependence of lattice constants Aa(T') = a(T) —a(25 K) (circles) compared with the previous
report at ambient pressure (hidden order phase) and at high pressure (antiferromagnetic phase) '°. Dashed
lines are guides for the eyes. d, The orthorhombicity 6 = (ao —bo)/(ao +bo) estimated from the two-peak
fitting as a function of temperature (red circles). The orthorhombicity estimated from the two-dimensional
mapping at 10K (see Fig. 3) is also plotted (red squares). The temperature dependence of the NMR line
width for in-plane field (S. Kambe, private communications) is plotted for comparison (blue triangles, right

axis). The dashed line marks the transition temperatth@ Tio = 17.5K.
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Figure 3: Two-dimensional mapping of the (880)1 Bragg peak. a, Data of [hk0] scan for 7.998 <

h,k < 8.002 at 10K below T10. b, Data taken for the same range at 19 K above T1;0. ¢, Calculated results

by using the 19-K data for the orthorhombic Frmmm structure with assumptions of § = 6.2 x 107> and

equal volumes of four domains. The inset illustrates the assumed four positions (closed circles) shifted from

the original tetragonal position (dashed circle), corresponding to the four domains in the orthorhombic phase

(Fig. 1f). The color bar indicates the intensity. d, Line cuts along the [hh0] direction at 10 (red circles) and

19K (blue circles), which are compared with the calculated one in ¢ (green line). The intensity I is averaged

over a constant width ~ 0.0035rlu along [hh0]. e, The same plot as in d but along the orthogonal [hh0]

direction. Here the average is taken along [hh0].
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