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We review current attempts to characterize the underlying nature of the hidden order j&ibJRuwide
variety of experiments point to the existence of two order parameters: a large primary order parameter of
unknown character which co-exists with secondary antiferromagnetic order. Current theories can be divided
into two groups determined by whether or not the primary order parameter breaks time-reversal symmetry. We
propose a series of experiments designed to test the time-reversal nature of the underlying primary order in
URuW,Si, and to characterize its local single-ion physics.

The nature of the hidden order parameter in YRypis a  this ionic ground state can be split Hpoth magnetic and
long-standing mystery in heavy fermion physfcat 17.5 K strain fields. These two sets of observations motivate us to
this material undergoes a second-order phase transition charopose further experiments designed to distinguish between
acterized by sharp features in bulk properties including spevarious characterizations of the hidden order.
cific heat? linea*® and nonlined® susceptibilities, thermal Many competing theories have been proposed for the pri-
expansiorf, and resistivity’ The accompanying gap in the mary hidden order in URiSi,. The emphasis of these theo-
magnetic excitation spectrufi,also indicated by the expo- retical proposals has been on the microscopic order param-
nential dependence of the specific heat below the transitioster. Broadly speaking, these theories divide into two distinct
ACyxe 4T, suggests the formation of an itinerant spin- categories. In the first set, from here onwards designated as
density wave at this temperature. However, the size of théA), the primary order parametéreakstime-reversal sym-
observed staggered mom&htm,=0.03ug) cannotaccount metry; proposals include spin-density waves in higher angu-
for the bulk properties, e.g., the entropy loss and the size dar momentum channefs, three-spin ordet! valence
the gap which develops at the transition. This mismatch beadmixtures® and antiferromagnetic states with strongly
tween the tiny ordered moment and the large entropy of conrenormalizedg factors!®?° By contrast the primary order
densation indicates the presence of a primary order paranparameter in categor{B) is invariant under time-reversal
eter whose nature remains to be characterized. symmetry, and staggered quadrupolar ofieand Jahn-

Two sets of recent developments provide impetus for aleller distortiond®> are examples in this classification
renewed discussion of this material. In particular high-fieldscheme. Unfortunately, experiment has been unable to
measurements have emphasized the distinction between tbhkearly distinguish between these different microscopic pro-
hidden primary and the secondary magnetic order paranposals.
eters. Though measurements of the high-field resisténce, In this paper, we should like to turn the debate in a more
thermal expansiolt and specific hedtindicate that the pri- phenomenological direction. We argue that as a necessary
mary order parameter is destroyed by a field of 40 T,prelude to the development of a theory for the microscopic
neutron-scattering results suggest that the magnetic orderder parameter in URSi,, we need to ask two key ques-
may disappear at a much lower field strentjtldn a sepa- tions:
rate front, measurements of the specific heat, susceptibility, (i) Does the primary order parameter break time-reversal
and thermal expansion®® on dilute U in Th;_,U,Ru,Si,  symmetry?
have provided insight into the uranium single-ion physics of (i) What single-ion physics governs the low-energy be-
this family of materials. Both of these quantities display ahavior in stoichiometric URsSi,?
logarithmic dependence on temperature that is suppressed by At present neither question has been definitively an-
a magnetic field, features suggesting the presence of a noswered, and to this end we propose a set of experiments
Kramers,I's magneticdoublet. Unlike a Kramer’s doublet, designed to address these issues.
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The ideal framework for our phenomenological discus- a 12
sion about the order parameter is Landau-Ginzburg theory. lﬂo(h,t):{ﬁ(t—hz)} (7)
In this context, the distinction between theories in categories
(A) and (B) lies in the allowed couplings between the pri- is the equilibrium value of the primary order parameter, and
mary and the secondary order parameters. Let us denote the
primary and secondary order parameters/tgndm, respec- Foe— Ui h D)= —
tively. Quite generally the Landau-Ginzburg free energy 1=~ Bio(h.)= 48
must contain three terms:

a2

(t=h?)? ®

is the equilibrium free energy.
Fl,m]=F[ ]+ F[m]+F[p,m]. (1) If we ignore the coupling to the secondary order param-

eter, then by reading off the various derivatives with respect
A number of experiments suggest that the hidden order io temperature and field, we are able to deduce that
staggered.Uniform order parameters tend to couple directly
to macroscopic properties, e.g., the uniform magnetization
and thus cannot be easily hidden. For simplicity, we assume
that the primaryhidden and secondary order parameters are
commensurate; in this case, the free energy must satisfy

cv)_ 19#F 1 ;
T T2 otz 2127

dy) 1 &Fp 1
Flg,m]=F[—¢,—m]. 2 dT __Hch &t&hz__Hché”
Since antiferromagnetism seems to develop simultaneously
with the hidden order, it is natural to consider coupling terms A 1 0*F, 6 ; ©
of the form X3=—— —=—{,
H? oh*  H?
FO(p,m)=gamy. (3 where y3=—9*F,/dH* is the nonlinear susceptibility and

As magnetization breaks time reversal symmetry, and is o btain the relationship

}ve have denoted= o/ 8. From these three results, we can
odd parity under time reversal, such a term is only permitte

if ¢ is also odd under time reversal, and thus also breaks dy| 12
time-reversal symmetry. Such terms can only occur in mod- A(?" AX3=3[A(d—T” . (10
els of type(A) where ¢ breakstime-reversal symmetry. In

theories of type(B) where ¢ is even under time-reversal This result is in good accord with the measured anomalies in
invariance the simplest coupling consistent with both time-this materiaf* This agreement indicates that the phase tran-
reversal symmetry and translational invariance takes thgition is well described by mean-field theory, though it does
form not reveal any specifics about the nature of the hidden order.
As an aside, we note that if the transition were associated

FE g m) =gem?y? @ wi i in-densi | |
c ' B . with a conventional spin-density wave, this expression

: would become
Note that terms of the forrm?y andmy? are ruled out if the

hidden order is secondary and is invariant under time- C

reversal symmetr§® These two types of coupling, Eqe) A(?V)AX3=3(mé), (11
and(4), lead to very different predictions for th¢— T phase

diagram. wheremy is the staggered moment; this relation is cleaudy

In order to understand these distinctions, let us write thfbbeye& in URW,Si, where the anomalies in the specific heat
separate free energies for the secondary and primary ordghq the nonlinear susceptibility are large angt=0.03u5.
parameters. For both categories of theory, the primary free | et us now consider the way in which theories of type
energy takes the form and (B) differ. In type (A) theories, the quartic terms if,

may be neglected, and it is sufficient to take
Filg]=— aty?+ Byt + ahy?, 5

(A) _ 2 4

wheret=(T.—T)/T, is the reduced temperature, measuring FziIml=alhym™+0(m?, (12)
the deviation from the transition temperaturg of the pri-  wherea(h) is positive. Now since a magnetic field always
mary order parameter arit=H/H_ is the ratio between the raises the energy of an antiferromagnet, we may write
external magnetic field and the measured critical field at zero

temperature I .=40T). Translational invariance is enough a(h)=a[1+ 6h?]. (13

to rule out a linear coupling betwedrand ¢ in both catego- , i
ries of theory. This form of the free energy is broadly con- 1NiS means that_at reduced fields above the sdale
sistent with many of the observed phenomenon. We can re= 115 (H~Hc/\8), the energy of the induced order pa-

write 7 in the form rameter 7" =a(h)m? is dominated by its coupling to the
external magnetic field. Furthermore in these theories in cat-
Fil =Bl %= y5(h,t)]?+Fq, (6)  egory(A) wherey breaks time-reversal symmetry, the linear

coupling between the primary and secondary order param-
where eters means that the primary order parameter always induces
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a staggered magnetic moment. If we assugpeis small, 1.0
then by minimizing#= F,+ ]—"2+]-"§, we obtain m/m0 08
9a AN

m= ml/fo(h,t)- (14 06}
The small magnitude of the magnetic order parameter in sce- 0.4
nario (A) arises naturally from the assumed small magnitude
of g5. From the high-field experiment$;4it is known that 021}
the field dependence of at low temperatures is more rapid '
than that of the primary order parameter. Using Efj8) and 02 04 06 08 T0
(14), atT=0, HH,

[1_h2]1/2 Lo F=
m[h]=my———, 15 TN
= mo e o mm, N ®
o8f N\ Tl /
AN
where my=—(ga/2a) Ja/28. We see that the staggered W/,
magnetization is then a product of a Lorentzian times the 0.6 ..
field dependence of the hidden order parameteFor small
fields 0.4 .
1 2 02
m=mg 1-> nl | (16)
04 0.6 0.8 1.0
where
H/H,
_ 1 (17) FIG. 1. Field dependence of the primary order parameter and the
o A+28 staggered magnetization in scenari@dg and (B). When the pri-

. ) mary order parameter breaks time-reversal symmetry, the staggered
hp, sets the magnitude of the field scale where the secondagyagnetic order remains finite so long as the primary order is

order vanishes, based on a low-field extrapolation of thgresent, leading to a point of inflection in the magnetization versus
magnetization. Since the magnetization is always finite fokield.
#0, scenario(A) necessarily implies that there will be a

point of inflection in the field dependence of the staggeredy;qer parameter in clag®); all known systems wittcon-

magnetization around the field valu¢,~Hchy,; at field  tinyous double quadrupolar-magnetic transitions have a

strengths greater that,,, the energy of the secondary order separation in the two temperature scdfed the primary

is dominated by its coupling to the external magnetic field,yhase transition of URSI, had beendiscontinuous(e.g.,

but the secondary order is prevented from going to zero Dyjrst-ordej then this requirementT(,~T,) could have been

its coupling to the hidden primary order. In Fig. 1 we show aye|axed, and indeed there is such an example of a first-order

typical curve form(h)/mo. The absence/presence of a point g adrupolar-magnetic transiti®hin U,Rh;Sis. However,

of inflection inm(h) is a key experimental test for scenario fig|q-dependent measurements in URk clearly indicate

(A). i i - that the primary order parameter grows continuously as the

Let us now turn to scenari(B). In this case, it is neces- temperature is reduced, ruling out this first-order

sary to assume that the system is close to an antiferromagissgipility 1114

netic instability, so that A second aspect of scenariB) concerns the size of the
staggered magnetization. In order to account for the small

FP+FP=—aTp-T)m*+bm'+gegm?)”. (18 oot the staggered moment, we require that

We can rewrite this in the form

FP+FB®=—a(T [¢]-T)m?+bm’, (19 mo= Z—Tbm (20)
where T, [¢]=Tn,—(gg/a)y?. Clearly at temperatures
close toT, where ¢ is small the renormalization of, is  is naturally small. A microscopic theory would have to ac-
negligible, so that the coupling between the two order pacount for the magnitude of this parameter. In scen@icthe
rameters can be effectively neglected. Within scen@Bp field-dependence of the secondary order parameter is then
the coupling between the order parameters does not contrilentirely independent of the primary order parameter.
ute towards linking the two transitions and they are therefore In Fig. 2 we contrast the phase diagrams expected in the
truly independent as displayed in Figlbl Experimentally two different scenariogA) and(B). The qualitative distinc-
the transition temperatures,, and T, associated with the tion is quite striking and immediately suggests a “tie-
development of the primary and secondary order parametetseaking” experiment. If the underlying order parameter is
are roughly comparabfé;** as discussed below. We note indeed of typg(A), then high-field neutron-scattering experi-
that staggered quadrupolar order is an example of a primamnents should observe a marked inflection in the field depen-
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H system, it would lead to a magnetic two-channel Kondo lat-

c (A) tice. This immediately suggests three distinguishing experi-
ments:

(i) A definitive test of the proposal by Amitsuka and
H co-worker$>8for dilute U concentrations has not yet been
performed. Theory predicts that if the ground state is that of
E S a two-channel Kondo model, then at finite magnetic fields
&&3:\\:\ the logarthmic divergence af=C,(T)/T will be cutoff by a
Schottky anomaly with an associated entropys & 2. This
fractional entropy is distinctive of the two-channel Kondo
model and heuristically arises from the partial quenching of
the fermionic degrees of freedom in the system. The degen-
eracy of the proposed non-Kramers doublet should also be
lifted with application of a uniaxial strain; again the signa-
tory entropy associated with the two-channel Kondo model
should be observed.

(i) The crystal-field schemes proposed by Amitsugta
al.’® and by Santini and Amoreftiare for the dilute and the
: dense limits, respectively. Qualitatively they are very differ-

T ent; more specifically the lowest lying state is a doublet in
¢ the scheme of Amitsukat al!® whereas it is a singlet in the

FIG. 2. The contrasting phase diagrams for scenagsand ~ Other proposed scenariblf indeed there is such a dramatic
(B). In (A), where the primary order parameter has broken time-Shifting of the crystal-field levels as a function of uranium
reversal symmetry, the staggered magnetic order remains finite sbensity it should lead to observable nonlinearities in the lat-
long as the primary order is present. The cross-hatched area refetige parameters, deviations from Vegart's law and dramatic
to wherem(h,t) has a region of inflectiofsee Fig. 1 In (B), there  changes in the nonlinear susceptibilfty* as a function of
is a sharp _phgse transition at a finite field afhgand T, match up  ranium doping. By contrast if the lattice parameters grow
only by coincidence. monotonically with doping levels, we can conclude that the

single-ion physics of the dilute system and the lattice are
dence of the staggered magnetization; this should occur longualitatively similar.
before the upper critical fieldH{~40T) of the primary order (iii) If the underlying physics of the dense system in-
parameter is reached. volves a non-Kramer’'s magnetic doublet, then we expect that

For the sake of completeness, we note that there are ugr uniaxial strain and magnetic field will split this doublet in
resolved issues regarding the eXperimental determination Cﬁrecise|y the same way, up to a scale constant that can be
Tm. More specifically elastic neutron-scattering intensity geduced from the dilute limit. In this situation, the phase
persists for several degrees abdye=17.5 K, thus making  gjagram as a function of uniaxial strain will lodgd#tenticalto
it very difficult to extract a precise onset temperatlig  the phase diagram as a function of field. This is the definitive

associatel<:127 with the ~development of the staggeredgs; of whether a non-Kramer's magnetic doublet underpins
moment}?” This additional intensity could be ascribed to the physics of the dense lattice.

sample quality, instrumental resolution, or possibly to quasi- Summarizing the discussion so far, we have presented

elastic contributions to the Bragg peak_. Cur_rent e.xp.erimentaéome simple experimental probes of time-reversal violation
results suggest thalt, and T, are not identical within ex- and the local single-ion physics that, if observed, will sub-

perimental accuracy. If it can be shown conclusively that . . . :
T.>T, this would rule out type (A) theories wherem is stanuqlly advaqce our basic understanding of the underlying
induced byy. By contrast this possibility could be accom- ordgr in URySk. We shc.)uld.now look ahead to the con-
modated within typeB) scenarios, since here the two tran- straints that. our dlscus_smn imposes on any future micro-
sitions are essentially independent. We note that i in-  SCOPIC theories in URiSi,. Such theories must provide:
commensurate we expect the transitions associated with the (1) A description of the local single-ion physics that is
two order parameters to occur at different temperatures. ~ Consistent with the heavy fermion behavior.

We now turn to the second part of our discussion and (i) A description of how the hidden order emerges from
consider the nature of the single ion physics. Any micro-the local ion physics. Clearly, the character of the theory
scopic theory is critically dependent on this physics. For exdepends critically on an experimental test of whether the
ample, Santini and Amoretti have proposed that the key primary order breaks time-reversal symmetry.
physics of URYSI, is governed by the mixing of two non- It is important to remember in this discussion that
degenerate singlet ground states leading to a staggered quaRu,Si, is a heavy fermion compound, both before and after
drupolar ground state. On the other hand, Amitsekal®  the hidden order develops. In the low-temperature phase, the
suggest that a different ground state is relevant to dilute corsize ofC,,/T~65 mJ mol 1 K~! puts this material into the
centrations of uranium in ThRB&i,, involving a magnetic category of intermediate heavy fermion behavior. The super-
non-Kramers doublet of a type considered by Cox andconducting transition at 1.7 K also has a large specific-heat
Makivic.?® Were such a ground state to survive to the dens@nomaly characteristic of heavy fermion superconductivity.

T
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The dramatic contrast with ThR8i,, which is a normal, At present the only scenario which addresses how the
low-mass metal, serves to emphasize that it is the locahidden order might emerge from the local ion physics is the
f-electron physics of the uranium atom which drives the un-quadrupolar theory of Santini and Amoréttione that is of
usual properties in URi,. The large values ofy derive  type(B). However if the single-ion physics of the uranium in
from the quenching of the local ionic degrees of freedom.URu,Si, is described by a nondegenerate singlet state which
Any microscopic theory of the hidden order in Uf8lb must  mixes with higher-lying singlets to produce a quadrupole, it
respect these essential observations. _ _is very difficult to see how this picture can provide the nec-
For example, let us suppose that the local-ion physicgssary degrees of freedom for the heavy electron behavior
suggested by Koga and Shifigor dilute U in ThRUSL,  pelow the transition without the addition of local spin
persists to stoichiometric URSBI,, involving a magnetic oy citations® The formation of the heavy fermion state at

non-Kramers doublet. Such a state has the capacity 0 Przneratureg>17.5 K remains to be addressed by this ap-
vide the required low-lying degrees of freedom for heavy

fermion behavior, but now we must address the second pOirﬁr()liC(r;]énclusion we have contrasted two classes of theor
above. One of the interesting questions here is how the tvvof- the hidd d in URiSH and h d _y
channel physics of the single ion might play a role in the or the hidden orderin Ril, and have propose measure
hidden order. In the dense lattice, there is the possibility ofnents designed to tesﬁ't) whether the order brefa\ks'tlme—
constructive interference between the Kondo effect in thd€versal symmetry andi) whether the local physics is de-
two channels that hypothetically couple to each uranium ionScriPed by @ non-Kramers magnetic doublet. The results of
This has the potential to produce composite orbital order thaf’€S€ experiments would considerably further our under-
breaks time-reversal symmetry and thus is of tyag such  Standing of this fascinating heavy-fermion superconductor.

order parameters that combine aspects of the Kondo effect rasearch for N. Shah. P. Coleman. and J. A. Mydosh at
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