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The mystery of the hidden-order phase in the correlated-electron paramagnet 
URu2Si2 is still resisting after decades of experimental and theoretical efforts. To solve 
the problem, one strategy is to search for clues in the subtle competition between this 
state and neighboring magnetically-ordered states. It is now well-established that long-
range magnetic order can be stabilized in this metal under pressure 
(antiferromagnetism) or magnetic field applied along the easy magnetic axis c (spin-
density wave). However, the full boundaries of the hidden-order phase in the pressure-
magnetic field plane have not been determined so far. Here, we present a systematic 
investigation of URu2Si2 under combined high pressures and intense magnetic fields. 
The boundaries of the hidden-order, antiferromagnetic and spin-density-wave phases 
are mapped out, indicating a rich and complex three-dimensional phase diagram. We 
show that the field-induced spin-density-wave and hidden-order phases disappear in 
favor of antiferromagnetism at high pressure. Interestingly, a large number of phase 
boundaries are controlled by the field- and pressure-dependences of a single parameter. 
These results constitute new constraints for theories aiming to model the electronic 
correlations and the ordered phases in URu2Si2.  
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Intense research on correlated-electrons quantum materials is focused on the 

competition between ordered and disordered electronic states, their tuning via quantum phase 

transitions and their possible relationship with unconventional superconductivity 

[1],[2],[3],[4],[5],[6]. Amongst these systems, URu2Si2 occupies a very special place, due to 

the unique richness of its quantum electronic properties and the challenge to understand them 

[7]. After now more than 30 years and hundreds of experimental and theoretical papers, 

discussions and controversies are still going on about the nature of the so-called ‘hidden-

order’ (HO) phase, which is established below the temperature T0 = 17.5 K. Efforts have 

been devoted to elucidate its order parameter, but none was successful to determine it 

unambiguously so far. The transition at T0 is associated with strong physical responses, such 

as a large jump in the heat capacity [8], an enhancement and a sudden gapping of intersite 

magnetic fluctuations [9],[10], a boost of the carrier mobility and a modification of the Fermi 

surface [11],[12],[13],[14], and the opening of an electronic gap [15],[16]. While a small 

antiferromagnetic (AF) moment was observed below T0 by neutron diffraction [17], ambient-

pressure antiferromagnetism is now accepted to be an extrinsic property induced by crystal 

defects and distortions [18]. From Fermi surface studies under pressure, it has been proposed 

that the HO has the same periodicity of wavevector k0 = (0 0 1) than the AF phase stabilized 

under pressure [19]. The symmetry of the HO has also been considered: following torque 

[20] and diffraction [21] experiments, a nematic behavior in the HO phase has been 

proposed. However, this picture faces now a series of contradictory diffraction [22],[23], 

NMR [24], and thermodynamic [25] experiments and the question of the symmetry remains 

open. Beyond experiments, many theories were proposed to describe the HO within different 

approaches: localized, itinerant, or dual (localized/itinerant) f-electrons, multipolar order, 

nematicity, spin liquid, ‘hastatic’ order, etc. [26],[27],[28],[29],[30]. A difficulty is to 

evidence experimentally, in a direct and unambiguous manner, the order parameters 

proposed by these models.  

To reveal the physics of the hidden order, an alternative route is to study how it can 

be destabilized by tuning external parameters [5]. In the HO state, gapped low-energy 

magnetic fluctuations peaked at the wavevectors k0 and k1 = (0.6 0 0) [9],[10] can be seen as 

precursors of long-range magnetic ordering with the same wavevectors and indicate nearby 
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quantum phase transitions. In heavy-fermion paramagnets, such intersite magnetic 

fluctuations often indicate the proximity of a magnetically-ordered phase. For instance, in the 

textbook CeRu2Si2 case quantum magnetic fluctuations with wavevector k1 = (0.31 0 0) can 

be transformed into long-range magnetic order with the same wavevector by La-doping [31]. 

As well as doping, pressure and magnetic field are ideal tools to tune the electronic 

interactions. In URu2Si2, hydrostatic pressure [32],[33],[34] (but also uniaxial strain [35], and 

doping with Rh or Fe [36],[37]) leads to a phase transition from the HO phase towards an AF 

state, with the wavevector k0 and the moments aligned along the c-axis of the tetragonal 

crystal. At ambient pressure, under a magnetic field from 35 to 39 T applied along c, the 

hidden order is replaced by a spin-density wave (SDW), where the magnetic moments are 

ordered with the wavevector k1 and aligned along c [38],[39]. Remarkably, experiments 

under combined magnetic field and pressure, in the limited ranges 16 T / 2 GPa [40], and 45 

T / 1 GPa [41], showed that a magnetic field applied to the pressure-induced AF phase 

induces a return into the HO phase [40], and that the SDW phase shrinks and moves to 

higher fields under pressure [41]. The relative stability of these different types of order is 

clearly complex, and a full description of how URu2Si2 evolves under combined pressure and 

magnetic field is needed.  

Here, we benefited from the recent development of a specifically designed anvil-type 

cell for pulsed magnetic fields [42],[43] to extract the three-dimensional (3D) magnetic field 

– pressure – temperature phase diagram of URu2Si2. Its magnetoresistivity was measured in 

magnetic fields up to 60 T combined with pressures up to 4 GPa. We find a rich and complex 

phase diagram indicating a subtle competition between the electronic interactions. The main 

features are the disappearance of the field-induced SDW phase and a squeezing out of the 

HO phase under high pressure. We emphasize that many of the boundaries of the 3D phase 

diagram are controlled by the field- and pressure-dependences of a single parameter 

characterizing the electronic correlations. 

Results 

Zero-field phase diagram 
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Before tackling the question of the high-field properties of URu2Si2 under pressure, 

we recall in Figure 1(a) its zero-field (p,T) phase diagram (from data in Refs. [32],[44] and 

data shown in Figure S1, Supplementary Materials). The hidden-order and superconducting 

(SC) phases develop at ambient pressure below the temperatures T0 = 17.5 K and TSC = 1.5 

K, respectively. Superconductivity is suppressed at the critical pressure pc = 0.5 GPa, where 

a transition from the hidden order to long-range antiferromagnetism, delimited by the Néel 

temperature TN, is observed. The upper temperature scale Tχ
max > TN,T0, at which a broad 

maximum in the magnetic susceptibility χ for H || c is observed, indicates a crossover to a 

correlated paramagnetic (CPM) regime characterized by strong magnetic correlations. For p 

> pc, T0 slowly increases while TN rises steeply under pressure, and a sequence AF → HO → 
CPM can be induced by increasing temperature. T0 and TN merge at the critical point (p* = 

1.3 GPa, T* = 18 K), which separates the HO, AF, and CPM phases in the (p,T) phase 

diagram. For p > p*, the hidden order has vanished and a direct sequence AF → CPM can be 

induced by increasing temperature. The fact that T0, TN, and Tχ
max all increase under pressure 

indicates that their associated energy scales are continuously enhanced. 

Ambient-pressure high-field phase diagram 

At ambient pressure a magnetic field leads to the destruction of the hidden order. The 

HO phase is replaced by a SDW phase preceding a polarized paramagnetic (PPM) regime, 

whose boundary can be defined through a crossover at the onset of a large magnetization M > 

1.4 µB/U (see Ref. [45]). The ambient pressure high-field phase diagram of URu2Si2 is shown 

in Figures 1(c) and 4(a). The SDW phase is delimited by sharp step-like increases at µ0H1 = 

35 T and µ0H3 = 39 T (in rising fields) in the magnetization, which are the signatures of first-

order metamagnetic transitions [45]. Inside the SDW phase, another first-order transition at 

µ0H2 = 37 T (in rising fields) is presumably related with a subtle change in the magnetic 

structure [38]. These boundaries are also visible in the resistivity ρ and its field-derivative 

∂ρ/∂H [see Figures 2 and 3(a)]. At higher temperatures, a broad maximum in the resistivity 

is ascribed to the metamagnetic field Hm [45],[46]. The field Hm and the temperature Tχ
max, at 
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which the magnetic susceptibility also presents a broad maximum, delimit a CPM regime 

[38] similar to that of other heavy-fermion paramagnets (see review in Ref. [5]). The 

boundary of the CPM regime is not visible from ∂M/∂H versus H plots at temperatures T < 

Tχ
max, where a broad maximum at H∂M/∂H

max > Hm delimits the high-field polarized regime. 

When the temperature is lowered, H∂M/∂H
max and Hm converge before the SDW phase 

develops [47]. Interestingly, the suppression of the ‘high-temperature’ correlated 

paramagnetism precedes that of the hidden order, indicating that the CPM regime is a 

precursor of the HO phase [45]. 

High-field phase boundaries under pressure 

We describe here the low-temperature properties of URu2Si2 under combined 

pressure and magnetic field H || c. Figures 1(b-c) show the two-dimensional (2D) low-

temperature (p,H) and the 3D (p,H,T) phase diagrams built here, from a large set of 

resistivity data presented in Figures 2 and 3(a), completed by data from Refs. 

[32],[40],[44],[48]. In particular, we detail how a magnetic field leads to the destabilization 

of the HO, SDW and AF ground states in favor of the PPM regime. 

SDW phase boundaries: The upper boundary H3 of the SDW phase is visible under 

pressures up to 1 GPa. However, no signature of H1 can be found in our high-pressure data, 

possibly due to a stronger signal at the HO phase boundary H0. No trace of H1, H2 or H3 is 

seen for p ≥ 2 GPa, indicating that pressure rapidly suppresses the field-induced SDW phase.  

HO phase boundary: Under pressures p = 0.6 and 1 GPa, the field-destabilization of 

the HO phase precedes the SDW phase, and no sharp anomaly identifies H0 which we have 

placed at a kink in ∂ρ/∂H. For 2 ≤ p < 2.9 GPa, the transition at H0 directly occurs between 

the HO and the PPM phases and the shape of the resistivity curve has changed. H0 again is 

defined at a kink in ∂ρ/∂H. As summarized in Figure 1(b), at low temperature H0 increases 

almost linearly with p, reaching 47 T at p = 2.9 GPa.  
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AF phase boundary: At the highest pressures p = 3.6 and 3.9 GPa of this study, a 

sharp step-like anomaly in ∂ρ/∂H indicates a transition of different nature than at the lower 

pressures. Knowing that antiferromagnetism is stabilized under pressure, we assign this 

anomaly to the AF boundary. The AF critical field (defined at the mid of the step in ∂ρ/∂H) 

equals µ0Hc = 48 T at p = 3.6 and 3.9 GPa. A difficulty comes from the non-observation in 

our resistivity data of the AF→HO transition at Hc in the pressure range pc ≤ p < 3.6 GPa. 

This transition at Hc was observed by neutron diffraction and dilatometry on stoichiometric 

URu2Si2 under pressure [33],[34],[48] and in the electrical resistivity of Fe-doped samples, 

for which a small orbital contribution, related to a high number of impurities, probably 

allowed the observation of an anomaly [49]. Interestingly, the extrapolation of the low-

pressure Hc line (from [48]) ends at a critical point (p** ≃ 3.25 GPa, µ0H** ≃ 48 T) where 

the low-pressure H0 line transforms into the high-pressure Hc line. The low-temperature 

(p,H) phase diagram shown in Figure 1 (b) indicates that the field-induced HO phase has 

vanished beyond the critical point, i.e., under pressures p > p**. 

High-temperature effects 

Figure 3 presents our resistivity data measured as function of magnetic field for a 

large collection of temperatures and pressures. Figure 4 shows isobar (H,T) phase diagrams 

constructed from our resistivity data at pressures p from 1 bar to 3.9 GPa (with 

complementary data from Refs. [40],[48]). The main features are described below. Both HO 

and AF critical fields H0 and Hc decrease with increasing temperature and vanish at the 

temperatures T0 and TN, respectively. At all pressures, a broad maximum in ρ(H) observed at 

high temperatures is identified as the signature of the pseudo-metamagnetic field Hm. Hm 

corresponds to a crossover between the low-field CPM regime and a high-field paramagnetic 

state. For p ≤ 1 GPa, when the temperature is decreased Hm ends on top of the low-

temperature SDW dome, and the strong anomalies in ρ at H1, H2, and H3 mask that at Hm. 

The extrapolated low-temperature pseudo-metamagnetic field µ0Hm(T→0) = 36.5 T lies 

within the SDW dome. For 2.1 ≤ p ≤ 2.9 GPa, when T is reduced, Hm ends on top of the H0 
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line, and the anomaly at H0 hides that at Hm too. In this pressure range, we find an 

extrapolated value µ0Hm(T→0) ≈ H0. For p ≥ 3.6 GPa, Hm is clearly decoupled from Hc, but 

we lose again its trace at low temperatures, due to the high-field tail of the anomaly at Hc. 

Interestingly, µ0Hm(T→0) increases almost linearly under pressure, from 36.5 T at ambient 

pressure to 51.5 T at p = 3.9 GPa. We further find that the CPM regime, restricted to non-

zero temperatures for p < p**, extends down to the lowest temperatures in a narrow field 

window Hc < H < Hm(T→0) for p > p** [see Figure 1(b)].  This decoupling of Hc and Hm 

indicates the nearby quantum antiferromagnetic instability, as already observed in heavy-

fermion antiferromagnets [50],[51]. 

Orbital contribution to the resistivity 

URu2Si2 being a compensated metal, its low-temperature high-field resistivity (in 

high-quality single crystals, as those investigated here) is controlled by the cyclotron motion 

of the carriers. For an isotropic Fermi surface, such orbital contribution to the resistivity is 

expected to diverge as H2 in the high-field limit ωcτ ≫ 1, where ωc is the cyclotron 

frequency and τ is the relaxation time. Deviations from this behavior are observed in 

URu2Si2 under a magnetic field H || c. At ambient pressure, the destruction of the hidden 

order at high temperature or in a high magnetic field is accompanied by a reduction of the 

carrier mobility and the orbital contribution to ρ(H) vanishes [39],[41],[45],[52]. Fermi 

surface reconstructions inside the HO phase [53],[54],[55],[56],[57] make this orbital 

contribution continuously suppressed over a field-range of width ≃ 5 T, leading to a broad 

and pronounced maximum of ρ at Hρ
max,LT < H0.  

Figure 2 shows that the maximum in ρ is progressively weakened under pressures p ≤ 

3.6 GPa, and then almost suppressed at p = 3.9 GPa. At p = 3.9 GPa, the maximum in ρ is 

replaced by a broad plateau in ρ.  This change of behavior is emphasized in a plot of ∂ρ/∂H 

versus H, where a minimum at H∂ρ/∂H
min for p ≤ 3.6 GPa is replaced a continuous decrease of 
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∂ρ/∂H at p = 3.9 GPa. The fact that the maximum at Hρ
max,LT survives at p = 3.6 GPa, where 

the field-induced hidden order is squeezed out, indicates that a strong orbital contribution, 

and possible associated Fermi surface reconstructions, are present in the AF phase. However, 

we cannot fully exclude an alternative picture where this maximum would be a signature of 

the HO phase, indicating then a possible coexistence of the AF and HO phases under 

combined fields and pressures. 

Discussion 

Importance of a single parameter δ 

A striking feature of the 3D phase diagram of URu2Si2 is the high number of 

competing electronic states: two magnetically-ordered phases (antiferromagnetism and spin-

density wave) and two magnetic regimes (correlated and polarized paramagnetisms), in 

addition to the HO and SC phases. Beyond this apparent complexity, we observe simple 

general trends: the fall of the main energy scales under magnetic field and their increase 

under pressure. As shown in Figure 5 (a), a plot of the magnetic-field-variation of Tχ
max and 

T0 normalized by their zero-field values at ambient pressure shows that both quantities 

decrease and are almost proportional under magnetic field. Similarly, Figure 5 (b) presents a 

plot of the pressure variation of normalized values of Tχ
max, T0, TN (for p > p*), H0, and Hm, 

which indicates that they all increase and are quasi-proportional under pressure. 

The quasi-proportionality between these different energy scales is confirmed by the 

plot of their ratios presented in Figure 6. Figure 6(a) shows that the ratio Tχ
max / T0 is almost 

invariant under magnetic field and pressure. This plot indicates that the variations of the 

higher temperature scale Tχ
max drive those of T0, and thus that the fall or stabilization of the 

CPM regime drives that of the HO phase. As shown in Figure 6(a), the ratio RCPM = Tχ
max / 

(µ0Hm) of the CPM regime boundaries is also invariant under pressure. Its value is close to 

the almost universal ratio RCPM = Tχ
max / (µ0Hm) ≃ 1 K/T observed for a large number of 

heavy-fermion paramagnets and indicates a conventional behavior [5]. Similarly to RCPM 



10 

introduced for the CPM regime, we define the characteristic ratio RHO = T0 / (µ0H0) for the 

HO phase. Figure 6(c) shows that RHO is constant under pressure, confirming that T0 and H0 

increase in a proportional manner.  For p > p*, the proportionality of TN with Tχ
max, H0, and 

Hm is shown i) by the constant value of Tχ
max / TN, which reaches a value ≃ 3.5 similar to that 

of Tχ
max / T0 for p < p* [Figure 6(b)], and ii) by the constant values of TN / (µ0H0) and TN / 

(µ0Hm) for p > p* and p > p**, respectively, both reaching the same value ≃ 0.5 K/T than 

RHO = T0 / (µ0H0) for p < p* [Figure 6(c)].  

Their proportionality indicate that the pressure and magnetic field- variations of Tχ
max, 

T0, TN (for p > p*), H0, and Hm are controlled by those of a unique parameter, which we label 

δ. We discuss below what this parameter δ could be. In most of heavy-fermion paramagnets, 

the magnetic susceptibility χ (in a field applied along the easy magnetic axis) nearly saturates 

at temperatures smaller below Tχ
max and a Fermi liquid description is made within a first 

approximation. A naïve picture is to identify Tχ
max as the Fermi liquid temperature TF ∝ 

1/m* of the heavy-fermion regime with an effective mass m*. In such description, one 

parameter is controlling a large set of low temperature properties, as the heat capacity Cp and 

the magnetic susceptibility which verify Cp/T ∝ χ ∝ m*. From the relationship RCPM = Tχ
max 

/ (µ0Hm) ≃ 1 K/T evidenced for a large set of heavy-fermion paramagnets [5], it comes out 

that m* ∝ 1 / Tχ
max ∝ 1 / Hm. In addition, Tχ

max and Hm are almost proportional to the 

quasielastic line width Γ of intersite magnetic fluctuations in several heavy-fermion 

paramagnets, including URu2Si2 [5]. Thereafter, the effective mass m* in URu2Si2 may be 

controlled by the magnetic fluctuations with wavevector k1 which develop in the CPM 

regime [9],[10]. Within this Fermi-liquid picture, the parameter δ driving the proportionality 

between the multiple phase boundaries in URu2Si2 could be the effective mass m*. Of 

course, beyond this simple approach a more subtle description and several parameters are 

needed to describe all properties of the phase diagram. 
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All boundaries of the 3D phase diagram of URu2Si2 are not fully controlled by the 

parameter δ. A single energy scale is not sufficient to explain why the hidden order is 

replaced by antiferromagnetism under pressure, and the situation concerning the AF phase 

for p < p* is complex. As shown in Figure 6 (b), the strong variation of Tχ
max / TN for p < p* 

shows that Tχ
max and TN are not proportional. Figure 6(d) further indicates that the ratio RAF 

≃ TN / (µ0Hc) characteristic of the AF boundaries varies strongly under pressure. It decreases 

with p for p < p*, passes thought a minimum, and finally slightly increases for p ≳ p*. This 

implies that several parameters are needed to relate the pressure-variations of TN and Hc. 

Similar conclusion was found for a large number of heavy-fermion antiferromagnets [5],[50]. 

At ambient pressure, the temperature-dependent Grüneisen parameters reported in Ref. [58] 

also indicate that the parameter δ is not sufficient to describe all properties of URu2Si2. 

However, a surprise here is to find that the HO boundaries T0 and H0, but also the AF 

Néel temperature TN for p > p*, are proportional to Tχ
max and Hm, and that their pressure- and 

magnetic-field- variations are driven by those of the same parameter δ.  This, together with 

the fact that TN for p > p* is a high-pressure prolongation of T0 (see Figure 1), indicates that 

the antiferromagnetic and hidden orders have some common magnetic nature. Indeed, long-

range order in the AF phase and gapped excitations in the HO phase have been observed with 

the same magnetic wavevector k0 [33],[34],[59]. An interplay between the magnetic and 

Fermi surface properties was also emphasized by the similar Fermi surfaces observed in the 

two states, for which a simple tetragonal symmetry has been proposed [19],[60].  

New constraints for a microscopic description 

Two models proposed a description of the field-induced reentrance of the hidden 

order in URu2Si2 under pressure: i) a phenomenological Landau-Ginzburg theory based on 

LDA+DMFT calculation, where the hidden order was identified as a hexadecapole with 

periodicity k0, [27], and a spin-liquid model based on correlations with wavevector k0 [28]. 

A question is whether these models, as well as other propositions for the HO phase 

[26],[29],[30], could be adjusted to describe the full 3D phase diagram of URu2Si2. Although 
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the purpose of discriminating the different existing theories is beyond the scope of this paper, 

the phase diagram reported here imposes new constraints. We detail below these constraints. 

The main results of our work are the observed suppressions of the field-induced SDW 

state under moderate pressure and of the field-induced HO state under high pressure. A 

critical point at (p** ≃ 3.25 GPa, µ0H** ≃ 48 T) can be defined at the crossing of the H0 

line observed for p < p** and the decoupled Hc and Hm lines observed for p > p**. This point 

(p**,H**) lies just on the linear extrapolation of the low pressure Hc transition and separates 

four states: the AF and HO phases and the CPM and PPM regimes. Recent studies on Fe-

doped URu2Si2 reported a similar phase diagram, with a strengthening of antiferromagnetism 

with increased doping and a field-induced reentrance of the hidden order [37],[49],[61]. A 

theory aiming to describe the hidden order in URu2Si2 would need to reproduce the various 

features in its 3D phase diagram, i.e., the way the HO phase competes with other ordered 

(AF, SDW) phases or paramagnetic (CPM, PPM) regimes. 

Although URu2Si2 has a rich and complex 3D electronic phase diagram, we have seen 

that many of its boundaries (Tχ
max, T0, Hm, H0, and TN for p > p*) vary proportionally and are 

controlled by the pressure- or magnetic-field variation of a unique parameter δ. We have 

discussed that, within a Fermi liquid description of the CPM regime, the effective mass m*, 

possibly controlled by magnetic fluctuations with wavevector k1 [9],[10], could be a 

realization of δ. However, the magnetic fluctuations are strongly modified in the HO phase, 

and a single parameter is not sufficient to describe the gapped excitations reported at the two 

wavevectors k0 and k1 [10],[40],[59]. The relative roles played by the correlations with the 

wavevector k1 in the CPM regime, as well as the sharp and inelastic fluctuations with the 

wavevectors k0 and k1 in the HO phase, might be clarified. How do they contribute to the 

mass enhancement? How these correlations evolve and drive the phase boundaries under 

pressure and magnetic field? 

For such purpose, a description of the Fermi surface and its evolution under 

combined pressures and magnetic fields is important. From Shubnikov-de-Haas experiments, 

a cascade of Fermi surface reconstructions under magnetic field was reported 
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[39],[41],[52],[53],[54],[55], while no Fermi-surface reconstruction was observed under 

pressure at low field [19]. Fermi-surface-driven changes of RKKY magnetic exchange 

interactions Jex(k) may lead to the appearance of long-range magnetic order, either 

antiferromagnetism with wavevector k0 or spin-density wave with wavevector k1, under 

pressure and magnetic field, respectively. Within this picture, pressure-enhanced exchange 

Jex(k0) would result in antiferromagnetic order with wavevector k0, while magnetic-field-

enhanced exchange Jex(k1) would lead to a spin-density wave with wavevector k1. These 

magnetic orders could be accompanied by Fermi surface nestings with their respective 

wavevectors k0 and k1. The gapped magnetic excitations with the wavevectors k0 and k1 

reported at ambient pressure and zero-field [9],[10] could be related to inelastic nestings with 

the same wavevectors of the electronic band. To our knowledge, the origin of the RKKY 

interactions Jex(k0) and Jex(k1) was not modeled so far. Understanding how these exchange 

parameters and the related magnetic excitations evolve under pressure and magnetic field 

would allow identifying the parameter δ and describing the 3D phase diagram reported here. 

This could constitute a decisive step in the search for a consensus about the nature of the 

hidden order. 

Methods 

URu2Si2 single crystals measured here were grown by the Czochralski technique in a 

tetra-arc furnace. Their electrical resistivity (contacts along a) of samples #A and #B has 

been measured under magnetic fields up to 58 T applied along c combined with pressures up 

to 3.9 GPa and temperatures down to 1.5 K. The residual resistivity ratio RRR = ρx,x(300 K)/ 

ρx,x(2 K), defined at zero field by the ratio of the resistivities at 300 K and 2 K, i.e., just above 

the superconducting temperature, was equal to ≃ 110 for both samples #A and #B, indicating 

their high quality. Resistivity was measured using the four-contact technique, with an 

excitation current of 10 mA at a frequency of ≃ 50-70 kHz. A Bridgman-type pressure cell 

specially designed for the pulsed fields has been used. To avoid significant heating by eddy 

currents, ceramic anvils and a pyrophilit gasket were used in the cell, whose body is made of 

MP35N. The data presented here correspond to the rise of the field pulses, where maximal 
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heating is estimated, for 58-T pulses, to be less that 0.1 K at temperatures T ≤ 4.2 K, close to 

1-1.5 K at temperatures from 5 K to 20 K, and negligible at higher temperatures. For lower-

field pulses, the heating effects are reduced. We note that, in addition to heating effects by 

eddy-current generated in the body of the cell, small deviations from an isothermal limit due 

to magnetocaloric cooling effect cannot be excluded. Magnetocaloric effects can be observed 

in large samples of several-mm dimensions under pulsed magnetic fields, for which an 

adiabatic limit allows the sample temperature to change. Here, thin samples of thickness of 

typically 50 µm were measured and long-duration pulse-fields (rise of 55 ms, total duration > 

300 ms) were used, which constitute favorable conditions for a quasi-isothermal limit. 

Pressure was estimated by measuring the resistance of a lead gage simultaneously to the 

resistance of the URu2Si2 sample. More information about the pressure cell setup can be 

found in two technical papers [42],[43]. Complementary resistivity measurements have been 

made on a third sample (sample #C, RRR = 60) under pressures up to 4 GPa in steady fields 

up to 14 T using a Physical Properties Measurements System from Quantum Design. 
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Figure 1. Electronic phase diagram of URu2Si2 under pressure and magnetic field H || c. 
(a) Temperature – pressure phase diagram at zero field, (b) magnetic field – pressure phase 

diagram in the limit T → 0, (c) temperature - pressure - magnetic field phase diagram. PM, 

CPM, and PPM are the high-temperature, the low-temperature correlated, and the high-field 

polarized paramagnetic regimes, respectively, HO and SC the hidden-order and 

superconducting phases, respectively, AF the antiferromagnetic state, and SDW the spin-

density wave state. In addition to data from this work, data from Refs. 

[32],[40],[44],[45],[48] (data points from these works and their references are indicated in 

the Figure) were used to construct these phase diagrams. 
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Figure 2. Low-temperature resistivity ρ and its derivative ∂ρ/∂H of URu2Si2 versus 

magnetic field H || c at different pressures. (a) ρ versus H and (b) ∂ρ/∂H versus H at 

different pressures p from 1 bar to 3.9 GPa, at T = 2.2 K.  
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Figure 3. Resistivity ρ of URu2Si2 versus magnetic field H || c at different temperatures 

and pressures. ρ versus H at temperatures T from 2.2 to 65 K, at the pressures p = (a) 1 bar, 

(b) 1GPa, (c) 2.1 GPa, (d) 2.9 GPa, (e) 3.6 GPa, and (f) 3.9 GPa. The insets present high-

temperatures data while the main graphs present low-temperature data. 

 



18 

 

Figure 4. Magnetic field-temperature phase diagrams of URu2Si2 under pressure and 
magnetic field H || c. Magnetic phase diagrams obtained at the pressures p = (a) 1 bar, (b) 

1GPa, (c) 2.1 GPa, (d) 2.9 GPa, (e) 3.6 GPa, and (f) 3.9 GPa.. PM, CPM, and PPM are the 

high-temperature, the low-temperature correlated, and the high-field polarized paramagnetic 

regimes, respectively, HO and SC the hidden-order and superconducting phases, 

respectively, AF the antiferromagnetic state, and SDW the spin-density wave state. In 

addition to data from this work, data from Refs. [32],[40],[44],[48] were used to construct 

these phase diagrams. 
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Figure 5. Field- and pressure-variations of normalized characteristic temperatures and 

magnetic fields. (a) Plot of normalized values of Tχ
max and T0 versus H, (b) plot of 

normalized values of Tχ
max , T0, TN, H0, and Hm versus p. 
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Figure 6. Field- and pressure-variations of characteristic temperature and magnetic-

field ratios. Plots of (a) Tχ
max / T0 versus H and p, (b) Tχ

max / TN  versus p, (c) RCPM = Tχ
max / 

(µ0Hm), RHO = T0 / (µ0H0), TN / (µ0H0), and TN / (µ0Hm) versus p, (d) RAF ≃ TN / (µ0Hc) versus 

p. Tχ
max is the temperature at which the magnetic susceptibility is maximal. Hm is the 

metamagnetic field. T0 and H0 are the boundaries of the hidden-order phase. TN and Hc are the 

boundaries of the antiferromagnetic phase. 
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Figure S1 shows ρ and ∂ρ/∂T versus T data on sample #C at zero field and different 

pressures up to 4 GPa. The critical temperatures T0 and TN are extracted for p < p* and p > 

p*, respectively, at a sharp minimum of ∂ρ/∂T. 

Figures S2, S3(a,b,d,e), S4(a,b,d,e), S5(a,b,d,e), and S6(a,b) present ρ and ∂ρ/∂H 

versus H data measured for two samples (samples #A and #B) for a large set of pressures p 

from 1 bar to 3.9 GPa and temperatures T from 2.2 K to 65 K. These data were used to 

extract the phase diagrams shown in Figures S3(c,f), S4(c,f), S5(c,f), and S6(c).We note that, 

for sample #A, the measurements at ambient pressure were done using different electric 

contacts than the measurements under pressure. Below we describe how the different 

boundaries have been extracted.  

At ambient pressure, we identify the low-temperature boundary H0 of the HO phase 

at a sharp maximum in ∂ρ/∂H preceding the anomalies at H1, H2, and H3 [see Figures S2(a-

b) and S3(a-b)]. At the lowest temperatures investigated here, this maximum is decoupled 

from the minimum in ∂ρ/∂H at H1. It subsists up to T = 6 K, where the anomaly at H1 has 

vanished. We note that, due to higher noise, this low-temperature decoupling of H0 and H1 

was not observed in our previous resistivity studies [45],[52]. Figure S3 (c) shows that the 

SDW phase is a well-defined dome separated from the hidden-order phase, in agreement 

with a proposition made in Ref. [63]. At temperatures T ≥ 10 K, the anomaly at H0 turns into 

a minimum in ∂ρ/∂H, which is observed up to the temperature T0 = 17.5 K, above which the 

hidden-order phase is destroyed.  

At p = 1 GPa, the HO and AF boundaries are decoupled and anomalies in ∂ρ/∂H at T 

≤ 17 K are observed at H0: by continuity with the ambient pressure data, we identify H0 at a 

kink in ∂ρ/∂H at low-temperatures, which is replaced by a sharp minimum in ∂ρ/∂H at 

higher temperatures. At p = 3.6 and 3.9 GPa, the ground state is AF, there is no HO phase at 

zero-field, and anomalies in ∂ρ/∂H at T ≤ 21 and 24 K, respectively, are associated with Hc: 
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we identify Hc at the mid-step in ∂ρ/∂H at low-temperatures, which is replaced by a sharp 

minimum in ∂ρ/∂H at higher temperatures. At the intermediate pressures p = 2.1 and 2.9 

GPa, a field-induced decoupling of the HO boundary H0 and the AF boundary Hc is expected 

from previous experiments [40]. However, at temperatures T ≥ 10 K both transitions at H0 

and Hc induce a sharp and negative peak in ∂ρ/∂H and we cannot distinguish them (for this 

reason the characteristic fields of these anomalies are denoted by H0,c in Figure S2). As 

shown in Figure S3, anomalies are observed at H0, H2 and H3, but not at H1, in the resistivity 

of sample #B at p = 0.6 GPa. A signature of the upper boundary H3 of the SDW phase is 

observed at p = 1 GPa, and no indication for a spin-density wave phase is found for p ≥ 2.1 

GPa. Since we could not observe the antiferromagnetism-to-HO boundary Hc under pressures 

p < px, Hc data from Ref. [40] were used to construct the phase diagrams. As well, to offer a 

complete phase diagram, the superconducting boundary from Ref. [48] was added to Figure 

S3(c). 

At the onset of the high-field PPM phase, the HO and AF critical fields H0 and Hc 

were identified in our low-temperature resistivity data. However, we could not observe the 

low-temperature AF→HO boundary Hc nor differentiate the H0 and Hc lines at high 

temperature and the Hc versus T lines plotted in Figures 4(b-d) were taken from Ref. [40] 

(thermal expansion).  

Figures S2(b,d) highlight that the appearance of a step in ∂ρ/∂(µ0H) at Hc almost 

coincides with the disappearance of the broad anomalies at Hρ
max,LT and H∂ρ/∂H

min, a 

coexistence of all these anomalies being observed at p = 3.6 GPa. The crossover field 

Hρ
max,LT increases with p, and the associated maximal value of ρ decreases and is observed up 

to p = 3.6 GPa, before being replaced by a broad plateau at p = 3.9 GPa. This is accompanied 

by the disappearance of a broad minimum in ∂ρ/∂(µ0H) at the field H∂ρ/∂H min, where the 

slope in ρ(H) is minimal. 
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Figure S7 shows that the field scales H0, Hm(T→0), Hρ
max,LT and H∂ρ/∂H

min increase in 

a similar linear manner under pressure, suggesting their close relationship. 

Figure S8 shows low-temperature ρ versus H data at ambient pressure from different 

samples: sample #A studied here, samples #1 and #2 from Refs. [45],[52], sample #R from 

Ref. [49] and sample #L from Ref. [62]. While the resistivity is almost sample-independent 

in fields H > H1, a strong sample-dependence in fields H < H1 is attributed to strong orbital 

contribution to the resistivity inside the HO phase, due to a large carrier mobility. A fall of ρ 

observed for all samples in fields µ0H > µ0Hρ
max,LT = 29 T is attributed to a Fermi surface 

reconstruction inside the HO phase. A kink is observed at a lower field of ≃ 25 T in sample 

#1 at T = 100 mK (and at ≃ 24 T at T = 1.4 K), ≃ 28 T in sample #2 at T = 100 mK (but not 

at T = 1.4 K) [45],[52], ≃ 25 T in sample #R at T = 380 mK [49], but neither in sample #A 

measured here at 1.5 K nor in sample #L [62]. Such kink was initially reported by Shishido et 

al. and was interpreted as the signature of a Fermi surface reconstruction [53]. The large 

enhancement of the high-field resistivity is induced by an orbital motion of the conduction 

electron, and is directly related to the sample quality. Indeed, large residual-resistivity-ratio 

sample generally have a higher crystal quality and a higher orbital contribution to the 

resistivity. The reasons why different - or no - kinks are observed in the different samples are 

not understood yet. They could result from different electrical contact directions. 

Alternatively, these kinks could result from the quenching of the non-intrinsic AF moment 

reported at ambient pressure [17],[18], due to internal sample distortions and 

inhomogeneities. Further high-pressure and high-field studies on different samples of 

different qualities are needed to understand the kink observed in some samples at ambient 

pressure, but also to determine a criterion at the AF→HO boundary Hc for pressures p > pc. 
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Figure S1. Zero-field resistivity ρ and its derivative ∂ρ/∂T versus temperature at 

different pressures of URu2Si2 (sample #C). 
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Figure S2. Low-temperature resistivity ρ and its derivative ∂ρ/∂H versus magnetic field 

H || c of URu2Si2 at different pressures.  (a) ρ versus H and (b) ∂ρ/∂H versus H of sample 

#A at different pressures p from 1 bar to 3.9 GPa, at T = 2.2 K. (c) ρ versus H and (d) ∂ρ/∂H 

versus H of sample #B at different pressures p from 1 to 2.65 GPa, at T = 1.5 K.   
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Figure S3. Resistivity ρ and its derivative ∂ρ/∂H versus magnetic field, and the 

resulting temperature-magnetic field phase diagrams of URu2Si2 (sample #A) at the 
pressures p = 1 bar and 1 GPa, in a magnetic field H || c. In addition to data from this 

work, data from Refs. [40],[48] were used to construct these phase diagrams. 
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Figure S4. Resistivity ρ and its derivative ∂ρ/∂H versus magnetic field, and the 

resulting temperature-magnetic field phase diagrams of URu2Si2 (sample #A) at the 
pressures p = 2.1 and 2.9 GPa, in a magnetic field H || c. In addition to data from this 

work, data extrapolated from Ref. [40] were used to construct these phase diagrams. 
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Figure S5. Resistivity ρ and its derivative ∂ρ/∂H versus magnetic field, and the 

resulting temperature-magnetic field phase diagrams of URu2Si2 (sample #A) at the 
pressures p = 3.6 and 3.9 GPa, in a magnetic field H || c. 
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Figure S6. Resistivity ρ, its derivative ∂ρ/∂H versus magnetic field, and the resulting 

temperature-magnetic field phase diagrams of URu2Si2 (sample #B) at p = 0.6 GPa, in a 
magnetic field H || c. 
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Figure S7. Pressure dependence of selected characteristic fields. 

 

         

Figure S8. Resistivity ρ versus magnetic field of different samples of URu2Si2 at low-
temperature and in a magnetic field H || c. In addition to data from this work, this graph 
includes data from Refs. [45],[49],[52], [62]. 


