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Recent experiments on URSsi, show that the low-pressure hidden order is nonmagnetic but it breaks time
reversal invariance. Restricting our attention to local order parameter§?adhglls, we find that the best
candidate for hidden order is staggered order of e'mﬁerr T,yz0ctupoles. Group theoretical arguments for the
effect of symmetry-lowering perturbatioismagnetic field, mechanical stregsedict behavior in good overall
agreement with observations. We illustrate our general arguments on the example of a five-state crystal field
model which differs in several details from models discussed in the literature. The general appearance of the
mean field phase diagram agrees with the experimental results. In particular, we fif@ Htatero magnetic
field, there is a first-order phase boundary between octupolar order and large-moment antiferromagnetism with
increasing hydrostatic pressuf®) arbitrarily weak uniaxial pressure induces staggered magnetic moments in
the octupolar phase; ard) a new phase with different symmetry appears at large magnetic fields.
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I. INTRODUCTION static phenomenon, and it is an intrinsic feature of the
The nature of the so-called “hidden order” of tfie< T, T<Ty phase. Since the ordering of small moments could not
~17 K phase of UR4Si, has long been debatddTaking account for the large thermal anomalies at the 17 K transi-
strictly on-site local order parameters only**U- 52 shells 10N, it was assumed that the staggered dipole momeata
can carry magnetic dipole, electric quadrupole, magnetic ocié¢ondary order parameter, being induced by the primary
tupole, and even higher multipole order parameters. The fuff*dering of an unidentified full-amplitude order parameger
local symmetry is described =D, ® G, whereDy, is the the hidden order This would require that antiferromag-

; PTS netism has the same symmetry as the hidden order,.e.,
tetragonal point group and;={E,T} is the two-element should break time reversal invariance and share the spatial

group generated by the time reversal opefaforThe clas-  character ofm under the symmetry classification according
sification of the 12 most obviodidocal order parameters is g the tetragonal point grothD,,. With these assumptions,
given in Table |. Being expressed as Stevens equivalents, ghe |andau free energy functional would contain a term
order parameters are even under space inversion. The notamw generatingn# 0 whenever the primany # 0. This is a
tion *g” and “u” in Table | refers to their parity under time - qcanarig which we are going to discard, for the reasons given

reversal. ;
. below, and further in Sec. Il.
About 30 years of work on one of the most intensely stud- The intimate connection between hidden order and micro-

ied f-electron systems has not brought clarification: the order : L
is still “hidden.}{l As we are going ?0 describe, theoretical magnetism looked always somewhat suspicious because the

progress has long been held up by the ambiguity of experi\—’ariability (0.017-0.09us O_f the an_tiferrom_agnetic moment_
mental findings on apparently heterogeneous samples. How@S 00 large to be associated with nominally good-quality
ever, crucial recent experimeisallow to infer what the ~Samples, and because the onset of micromagnetism did not
equilibrium properties of ideal samples of UfSi, would ~ €Xactly coincide withT,. Susceptibility and NMR under
be. pressure give an insight: though the sample-averaged sublat-
From the earliest neutron scattering experimérte is-  tice magnetization grows with pressure, it seems to arise
sue has been complicated by the observation of apparefiom the increase in the number of magnetic sites, not from
f-electron micromagnetism. Ascribing the magnetic mo-changing the magnetic moment at a given it€his points
ments to the bulk of the sample, the observations indicatetp the possibility that the apparent micromagnetism is an
two-sublatticeQ=(0,0, 1 antiferromagnetism of U Bshell  attribute of heterogeneous samples and should be understood
moments 0f0(0.01ug) directed along the tetragonal fourfold @S ordinary antiferromagnetism of a smét1%) volume
axisz in the low-T (T<T,) phase. Though the nominal value fraction in samples which for some reason always include a
of the ordered momemh was two orders of magnitude lower MiNOrity phaset® _ _ _
than the paramagnetic moment, this seemed to conform to 1N€ argument was clinched by high-pressuf&R experi-
the general idea that micromagnetism is the canonical beha€nts: hidden order is nonmagnetic, and antiferromagnetism
ior of f-electron systems on the borderline between the nor®f at 1€astO(0.1ug) ionic moments appears at a first-order
magnetic (heavy fermiop Kondo state and Ruderman- transition atp,~0.6 GPa(Ref. 6. There are two thermody-
Kittel-Kasuya—Yosida magnetisfnAccording to this view, hamic phases, a nonmagnetic phase with+#0 and
URWSi, might have been put in the same class as;wet (M=0 and the antiferromagnetic phase witm #0 and
CeAl,.10 (»=0. At ambient pressure, the magnetfm) + 0) phase is
Many previous ideas about URSi, were based on the slightly less stable than the phase with hidden otfietow-
assumption that antiferromagnetism with micromoments is @ver, large-amplitude antiferromagnetism is stabilized at hy-
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TABLE I. Symmetry classification of the local order parameters  Regarding the absence of magnetism as an established
(Ref. 4 for B=0 [Dyy, notations(Ref. 2, overline means symme- fact, we can also excludg, (magnetic moments perpendicu-

trization (Ref. 9]. lar to the tetragonat axis). The remaining choices for the
order parametey are quadrupolaB, 4, B,g, Or Ey), octupo-
Sym(g) Operator Syn{u) Operator lar (By, or By,), hexadecapoléA,,), or triakontadipolgA;,,)

(see Table )l Quadrupole and hexadecapole moments are

2_12
Pag % A SIpldd= ) time reversal invariant while octupoles and triakontadipoles
Pog Idy(F=J,) Aou b change sign under time reversal.
Big 03 Bu, Tayz=ddyd; An important recent experiment allows to decide the time
Bag Oyy=ddy Bau 7f=Jz(J§-J§) reversal character of the hidden order. Yokoyashal.” car-
Eq {042, Oyt Ey {39y} ried out magnetic neutron scattering measurement in the

presence of uniaxial stress applied to a single crystal sample
either along, or perpendicular to, the tetragonal axis. Stress
drostatic pressuresp>0.6 GPa following a first-order oll(001) does not produce significant change in magnetic
nonmagnetic-to-magnetic transition. In a range of low hydro-moments. However, for stress (001) the staggered mo-
static pressures, the nature of the low-temperature phase reent increases approximately linearly, reachin@.25ug at
mains the same as in ambient conditiogs#0 andm=0.  ¢=0.4 GPa. In contrast to hydrostatic pressure, no threshold
The situation is, of course, different if we apply fields which value is needed to induce a magnetic moment; it appears as
lower the symmetry of the system: magnetic fi@dor  soon as the stressis finite.
uniaxial stressr. Mechanical stress is time reversal invariant, thus it can
In the following sections, we discuss the effect of uniaxialproduce magnetic moments only from an underlying state
stress, and of magnetic field, on the ordered phases afhich itself breaks time reversal invariance. This limits the
URW,Si,. We will deduce that the low-pressure zero-field choice of hidden order t8,,, or B,, (octupolay, or A, (tria-
order must be staggered octupolar order of eitgror B,,  kontadipoles We emphasize that the choice of octupolar
octupoles (Sec. ). The overall appearance of the order is essentially different from the previously assumed
temperature-magnetic field phase diagram will be explaineduadrupolar ordéf-1° which does not break time reversal
(Sec. Il). Finally, the general arguments will be illustrated invariance. Additional evidence in favor of the time reversal
by the results obtained from a new crystal field mogg#c. invariance breaking character af comes from NMR
V). measurement¥.
We will show that the properties of URSi, can be de-
scribed well with the assumption of octupolar order. This
II. OCTUPOLAR ORDER would make URWSIi, the third well-argued case of primary
) ) ) . octupolar order in arf-electron systenfthe first two cases
In this section, we argue that thg experimental ewdenc%eing NpG (Ref. 21) and Ce_La,Bg (Ref. 22]. Within the
presented in Refs. 6 and 7 unambiguously shows that thgmits of our argument, eitheB,, or By, would reproduce the
“hidden order” of URyS}, is alternating octupolar order pasic effect of stress-induced large-amplitude antiferromag-
with Q=(0,0, 1. Here we restrict our attention to the strictly netism. On the other hand, we rule oAy, triakontadipoles
local (on-site order parametet listed in Table I. Two-site 35 order parameters.
quadrupole-spin and three-site spin-spin _correlators could First, we consider stress applied in ttE00) direction.
appear in the same symmetry class as on-site octupdles; (100 lowers the symmetry to orthorombi®,,, (see Ap-
present argument does not differentiate these cases. pendix. UnderD,,, AlS"— B andBEY— BO™ so the order

. Let us recgll the hydrqstatic pressure-temperature phaﬁf‘arametergf andJ, become mixedTable IV). A state with
diagram obtained from high-pressuiSR experiments[a spontaneous? octupolar order carries, magnetic dipole
phase diagram of the same shape results from our mean fieloments as weh? accounting for the observatiofs.
theory, see Fig.@)]. Hidden ordexy) # 0 is the attribute of An alternative way to derive this is by inspecting the rel-
the low-pressure, low-temperature ph@se-py, T<To(P)].  evant terms of the Landau potential for the undistorted te-
Though all samples show some micromagnetism, it can bgagonal phaséhe operators in the equations below have the
Safely concluded that this is an extrinsic effect, and in &neaning given in Table)l ChoosingBZu octupolar order
perfeCt Sample hidden order should be nonmagnetic. Antiferparameter’ consider the mixed third-order invariant
romagnetism of at lead(0.1ug) ionic moments appears at )

a first-order transition ap,~0.6 GPa. Atp< p, the hidden T(Agu ® B1g ® By) = €,3,(0) TH(Q)O5(- Q)

order onset tempergﬁtur'a)(p) and atp>p, the Neel tem- + 6,1 (QTE(- Q)0X0). (1)
peratureTy(p) are critical temperatures for the hidden order-

to-paramagnetic and the antiferromagnetic-to-paramagnetic Generally,c, #0 andc, # 0. For our present purpose, the
transitions, respectively; these meet the first-order phassecond term matters. A uniform stres$(100) induces uni-
boundary at a bicritical point. It follows thah and ¢ are of ~ form (q=0) og quadrupole densif§ which couples the stag-
different symmetry, and the Landau free energy cannot congered(q=Q) B,, octupole order parameter to tiJé dipole

tain a termmy. The symmetry ofy must be in any case density withq=-Q, i.e., the same spatial modulation. Neu-
different fromA,,[Q=(0,0,D]. tron scattering shows that stress-induced antiferromagnetism
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TABLE Il. Symmetry classification of the lowest rank local or-
s - T=0 14 der parameters fdB|z (notations as foC4vz).
Symmetr Basis operators
Y| Yy p
6 - 5 A 1,
<T:;> A, I(FZ-3D), 3,3,3,(32-F2)
By 03, T
4] 0.57 B> Oxyr I(yz
E {JXvJy}v {Oxz:oyz}
<] 2 >
2 .
> We have to emphasize, though, that assuming a homoge-
neous system we have an explanation either for the effect at
o \ oll(100) (with 7% octupolar orderor for oll(110) (with 7y,

20 octupolar ordex, but not for both. Under tetragonal symme-

try, 7% and7,,, belong to different irreps, and therefore these
FIG. 1. Stress-induced magnetic moment in the octupolar phas@rders cannot coexist. At the level of our present argument,

based on the crystal field model described in Sec. IV. Thick linethe problem cannot be resolved. We believe that it is not

(M, staggered magnetization; thin ling?) octupolar moment, as merely a difficulty with our model but it points to a genuine

a function of the uniaxial pressurel (100 (o in arbitrary units. feature of URySI,. We speculate that th& and Ty, orders

are sufficiently near in energy, and so samples tend to con-

has the same simple two-sublattice structure with tain domains of both. R ——
=(0,0,1) that was previously ascribed to micromagnetism, We note that the, triakontadipoleJ,J,J,(J—J)) (see
thus the periodicity of the hidden octupolar order must be thdable ) would not give rise to stress-induced magnetism and
same. is therefore not a suitable choice as order parameter.

The actual stress dependence of antiferromagnetic polar- It is worth pointing out that our present scenario offers an
ization depends on microscopic details. Figure 1 illustrate§Xplanation why micromagnetism is always present. This
the general behavior for a crystal field model which we demay seem paradoxical since if it were connected with a mi-
scribe in detail later. nority phase only, it would be reasonable to expect that some

Stress applied along the axis inducesog which trans-  Preparation techniq_ues give single-phase samples, i.e_., com-
forms according to the identity representatidq,; thus it ~ Pletely nonmagnetic ones. However, we ascribe antiferro-
does not appear in the invariants and is not predicted to inagnetism also to the polarization of the primary octupolar
duce magnetism. This is in qualitative accordance with thhase in a stress field. It can be assumed that the environ-
observation that forr|(001) the induced moments are an Ment of impurities and crystal defects always contains re-
order of magnitude smaller than fotl (100). We believe that 9i0ns with the local stress oriented perpendicularly to the
the fact that these moments are not exactly zero is due t@tragona! main axis; thus there is always some local antifer-
nonideality of the sample, as micromagnetism itself js. ~ "omagnetism.

The situation is less clear on varying the direction of
stress in theo 1 (001) plane. Experiments find that the . MAGNETIC FIELD
stress-induced antiferromagnetic moment is essentially the
same forall(110 as for oll(100).” Taken in itself, stress-
induced antiferromagnetism would be as easy to understa
for oll(110 as it was foroll(100). Namely, the invariant
expansion of the Landau potential contains also

9

There have been extensive studies of the effect of an ex-
ternal magnetic field on the phase diagram of WHiy2>26
e system is relatively insensitive to fields applied in the
x-y plane, while fieldsBllz have substantial effect: hidden
order can be suppressed completely vBth,=34.7 T. The
phase boundary in tH&-T plane is a critical line; thus hidden
Z(Agu ® Byg ® Byy) order(or its suitable modificationbreaks a symmetry also at
- —0)+ _ B # 0. At somewhat higher fields, an ordered phase appears
€I 0 TyA Q0= Q)+ €T Q) Tyl = Q)Ox(0). in the field rangeB,, ,=35.8 T<B<B3=38.8 T. One pos-
) sibility is that it is the reentrance of thB<B ; hidden
order; however, we are going to argue that the high-field
all(110 induces uniformO,, quadrupolar polarization. As- order has different symmetry than the low-field order.
suming that the hiddeKoctupolaj order is 7,,{-Q), it is The difference between the previously suggested quadru-
coupled taJ,(Q), the same kind of antiferromagnetism as wepolar ordef” and our present suggestion of octupolar order,
found before. An alternative way to arrive at the same resulis sharp aB=0 (Ref. 27. However, aB# 0 magnetic field
is by observing thatr|l(110 lowers the symmetry to ortho- mixes order parameters which are of different parity under
rhombic, under whichr;,, and J, belong to the same irrep time reversal(Table ). The reason is that switching on a
(Appendix, Table IV. field BIIZ lowers the point group symmetry frof,, ® G; to
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6 mode). The gradual suppression of octupolar order under
] \ field applied in a high-symmetry direction is a well-known
gw phenomenon; a similar result was derived fdions in Ref.
1 29. In our calculation, the octupolar phase is suppressed at
47 ’ Ber1~34.7 T (Fig. 2.

Although we are not familiar with experimental results for
the combined effect of hydrostatic pressure and magnetic
field, it should follow from our scheme that a critical surface
is bounding the phase with staggerds;, octupolar-
TB+03 B,) ® quadrupolar order until at sufficiently high pressures, the

OnttIx " X L . !
] critical surface terminates by a bicritical line. The high-
0 ; . pressure low-field phase has alternatiygorder like in the
= B [T] 52 & zero-field case. Hydrostatic pressure does not change the
symmetry of the system, but it can change the numerical

FIG. 2. The high-field part of th&=0 phase diagram of the values of the coefficients in the expansion of the Landau free
multipolar mode[B in units of T(Tesla]. Vertical axis(7%) forthe ~ energy in terms of invariants. Therefore, generally speaking,
low-field phase andO,, for the high-field phase. The field- we expect continuity with the results found fpr1 atm up
induced mixing of the order parameters is shown within the shadeto a threshold value of the pressure where a first-order tran-
areas. The overall appearance of T8 (inset, T in units of K}  sition to a phase with different symmetry may take place.
phase diagram is very similafThe critical temperature of thE Let us return to the case &Iz field effects at ambient
phase is scaled up threefold. pressure. The story of the gradual suppression of Bhe

octupolar-quadrupolar phase is closed by itself; it might have
an eight-element group isomorphicut not identical to C,, happened that there is only one ordered phase, surrounded on
(Ref. 2. all sides by the disorderdd;) phase. However, as shown in

Switching on a fieldBllZ, geometrical symmetry is low- Table II, there are order parameters of differéas,B,,E)
ered fromDyj, to Cy4,. However, the relevant symmetry is not symmetries; it depends on microscopic details whether such
purely geometrical. Though taken in itself, reflection in theorders are induced by sufficiently high fields. If they are,
xzplanea, , is not a symmetry operatidiit changes the sign they cannot coexist witB,, so the corresponding domains in
of the field; combining it with time reversall gives the theB,T plane must be either disjoint from tifga, or, if they

Ssymmetry operatior&, . The same holds for all vertical are pressed against each other, separated by a first-order

mirror planes and’, | 7 axes; thus the full symmetry group phase boundary. Our Fig. 2 illustrates the former case, where

consists of eight unitary and eight non-unitary symmetryﬁ? ?spzss;rz\ﬁgz ?Zﬁdtﬂza%wﬁ?g?é-ldEr?;ireotr)?/egen-ra?%sv

operations: stretch of the disordered phase. We observe that this model
B)=Cu+T5. Con. 3 result bear§ a c_Iose reser_nblance to the phase dl_agra_m deter-
G(B2) =Can T, Can ) mined by high-field experimen#8:26We note that high-field
We may resort to a simpler description observing that transport experiments add more phase boundaries to those
5 . determined by static experimeritslowever, it is often found
G=Cy+T0,,C4 (4)  that transport anomalies delineate regions which, while

showing interesting differences in the dominant conduction
is an important subgroup @#(B,), and we can base a sym- mechanism, still belong to the same thermodynamic phase.
metry classification on it. The multiplication table Gfis the =~ Therefore, we take the view that the boundaries shown in
same as that of,,, and therefore the irreps can be given Fig. 2 are the most robust features of the phase diagram, and
similar labels. It is in this indirect sense that the symmetry inthe first step should be identifying the nature of these.
the presence of a fielBllz can be regarded &%, (a con- An interesting possibility to recover a phase diagram of
vention used in Ref. )5 The symmetry classification of the the same shape would be to identify the high-field phase as
local order parameters valid BI|Z is given in Table Il. The the “reentrance” of the low-fiel®, phase. This possibility
results make it explicit that the magnetic field mixes dipoleswas suggested in Ref. 1. However, our present model study
with quadrupoles, quadrupoles with certain octupoles, etc. does not predict reentrance.

In a field Bllz, there can exist ordered phases with four

different local symmetriesA,, B4, B,, gnd E. The zero-field IV. CRYSTAL FIELD MODEL
B,,-type 7% octupolar order evolves into thg,-type 77303
mixed octupolar-quadrupolar order. If the octupolar order is The previous arguments were based on a symmetry clas-
staggered, it mixes with similarly staggered quadrupolar orsification of the order parameters, and the conclusions are
der: this follows from the first line of Eq1).?® The character independent of the details of the microscopic models that
of the low-field phase is indicated in the ground-state phasellow the emergence of the ordered pha&esparticular,
diagram in Fig. 2(all numerical results are derived from a zero-field octupolar ordgrwhich we postulate. However,
crystal field model described in Sec. IV but the validity of many physical propertie§oremost the temperature depen-
our general arguments is not restricted to that particuladence of the susceptibility, but also the specific heare

054415-4



GROUP THEORY AND OCTUPOLAR ORDER IN URSi, PHYSICAL REVIEW B 71, 054415(2005

[
A1 +100

TABLE lll. Tetragonal crystal field states used in the model.

State Form Symmetry  Enerd¥]

It2) 1N2(/4)-|-4) Ay 100
|d,) al+3)-\1-a?| ¥ 1) E 51
Its) 112(2)-|-2) B, 45
[ty b(|4)+|-4)) + 1 - 2b2|0) Aq 0

e 50

A

Energy [K]

fitted with apparent success by making different assumptions '\nb'o
about the nature of the zero-field hidden ordeither qua-
drupolar order of ¥ shell$7-183%r nonconventional density . . .
waves?). Therefore, it is important to show that our work is 0 20 40 60
not in conflict with findings for which alternative explana-
tions had been suggested but offers fits to the results of stan- | ty>
dard measurements, which are at least comparable to, and in
some cases better than, previous results.

Here we assume that equilibrium phases other than the
superconducting phase can be described in terms of localized
f electrons, with stable f5 shells. We note that for many | tg>
other interesting-electron systemge.g., CeB and Pr-filled B
skutteruditesthe localized-electron description of multipolar T:
ordering works well, in spite of the fact that for certain
physical quantities, consideration of the itinerant aspects of | t1>
f-electron behavior is indispensable. (b)

It is generally agreed that the crystal field ground state is
a singlet, and that the salient feature of the level scheme is FIG: 3. In the low-field regime the minimum model consists of
three low-lying singlets. Three singlets are sufficient to ac{hree singlets(a) The field-dependence of the leve() Relevant
count for low-energy phenomena. It is found that further twoMuitipole matrix elements.
states have to be taken into account to get a satisfactory fit
for the susceptibility up to room temperature. We note thafTable I)). Consequently, we find a high-fiell phase where
the nature of the high-field ordered phase has not been di§dy,J,}-type transverse dipolar order is mixed with
cussed in previous crystal field theories. {0, Oy-type quadrupolar ordeisee Fig. 2

The backbone of our crystal field model is the inclusion of Commenting on differences between our crystal field
the same three singlets as in the works of Santini anéchemeTable Il where we us@=0.98 b=0.22 and previ-
co-workerst”18:30put in different ordefTable Ill, Fig. 3a)].  ously suggested ones, we note that unambiguous determina-
The ground state is thig;) singlet, andt,) an excited state tion is very difficult even if an intense experimental effort is
lying at A,=100 K. |t;) and |t,) are connected by a matrix undertaken, as in the recent case of Pr-filled skutterudites. By
element ofJ’, as observed by neutron inelastic scattefing. and large we agree with Nagano and Igar&3hiho argue
The lower-lying singlett,) is connected to the ground state that the crystal field potential of URS8I, is not known in
by an octupolar matrix element: this feature allows the exissufficient detail yet. We complied with constraints which ap-
tence of induced octupolar order as the strongest instabilitpear well founded, as, e.g., the neutron scattering evidence
of the systen{Fig. 3(b)]. We remark that while other level by Broholmet al.® but otherwise we adjusted the model to
schemes may also allow octupolar order if one assumes @et low-field octupolar order for which we found model-
stronger octupole-octupole interaction, our assumptiorindependent arguments. Level positions were adjusted to get
seems most economical. good overall agreement with observations but we did not

Finally, as in previous schemes, at least two further stateattempt to fine-tune the model, neither did we check for al-
are needed to fit magnetization data up to 300 K. We found iternative schemes with less straightforward parametrization.
useful to insert one of the doubletsl,)). This is an alterna- We use the mean field decoupled Hamiltonian
tive to models with five singlets:*°As we are going to see,
fits to standard macroscopic measurements are no worse in _ _
our scheme than in previous ones. However, our scheme hasHMF_ Asfta){ta] + Aglto)(to] + Az X [d,){da| — gueBY,
the advantage that it accounts for the high-field observations.
We show the field dependen¢®li2) of the crystal field lev- + Mook T TE = Nquad O20 Oz 5)
els in Fig. 4. The salient feature is the crossing of(thddly
field dependentsinglet ground state with one of the levels whereg=4/5, and theoctupolar mean field coupling con-
derived from the splitting of the doublet at a field strengthstant\, is meant to include the effective coordination num-
lying between the critical fieldB,, , andB,, 5. The crossing ber; similarly for the quadrupolar coupling constagy;aq
levels are connected by matrix elements Bfoperators We assume alternating octupolar order and unifathy,

Jz

a=+,—

054415-5



A. KISS AND P. FAZEKAS PHYSICAL REVIEW B71, 054415(2005

€2 301 T ; T
Al 100 | To® U n (P
I+ '
o
- Mg Ie> L 50 —
. \d-> = h i
tl> |o 10
0 20 40 60 1 I
(a) B[T] 0 ‘ —
0.1 0.2
| to> (a) P
100 A
| d+,- > 1
| ty>
Oyz ’ Ozx —
M
Joo Ty =
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(b) & \
FIG. 4. (a) The magnetic field dependence of the single-ion 1
levels in the extended five-state model used up to high valu&s of
andB. (b) Additional multipole matrix elements due to the addition
of the doublet state to the crystal field levels, which are relevant for 0 T T
the high-field phase. ®) 0.1 , 0.2 0.3

. S FIG. 5. (a) The pressure dependence of the critical temperature
order; the result would be the same if the high-field quadruof the octupolar and the dipolar antiferromagnetic phases

polar order is also alternating. We do not introduce indepenfT,(p) and Ty(p), respectively. The first-order boundary between

dent©3 or {Jx,Jy} couplings, nevertheleg€3) # 0 in theB,  the two ordered phases is an interpolation through the calculated

phase andJ,) # 0 in the E phase. points.(t_)) Mode_l _assumption about the pressure dependence of the
At B=0, the only nonvanishing octupolar matrix element¢'Ystal field splitings; andA,.

is C=(t,| T#|t,) ~8.8. Octupolar order is driven by the large

C: assuming\,,=0.336 K we get the critical temperature F = ao(T,p(T5? + Bo(T.p)TH* + am(T,p)(3p?

TO(qu) :.17.2 K for Tf-typg ar'Ltiferro-octupoIar order: Us- + B (T, P4+ -+ . (6)

ing a similar estimate, we find,P~0.2 K for NpO, which

orders at 25 K! The order-of-magnitude correspondence

between two documented cases of octupolar order shows thRlote that because of the tetragonal symmetry, the free energy

our present estimate of the octupolar coupling strength is nagxpansion does not contain the teﬁﬁf)(JQ. It follows that

unreasonable. the possible ordered phases can(hg (T?) #0 and(J,)=0
Equation(5) was solved for all temperatures and fieRls  or (B) (TA=0 and(J,) #0. This is in agreement with the

of familiar shape(Fig. 2, insel, which has its maximunTy  (B) is the high-pressure phase, and they are separated by a
=17.2K atB,=0, and drops to zero & ;=34.7 T. The first-order boundary.

transition remains second order throughout; we did not hit This canonical caséualitatively agreeing with the sche-
upon a tricritical point, though we are aware of no reason oimatic phase diagram shown in Ref. i6 illustrated in Fig.

why it should not have appeared. 5(a). It was derived from Eq(5) using anad hoc model
Similarly, the ground-state amplitude of the octupolar or-assumption about the pressure dependence of the crystal field
der is a monotonically decreasing functionBy (Fig. 2). splittings A; and A, [Fig. 5b)].** The shape of the phase

The restricted model with three singlefSig. 3 offers  boundaries, and in particular the slope of the first-order line,
two basic choices. In the absence of symmetry-loweringould be fine-tuned by adjusting the pressure dependence of
fields, the Landau expansion of the free energy in terms othe crystal field parameters, but the overall appearance of the
the order parameters is phase diagram: two critical lines meeting at a bicritical point,
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which is also the end-point of a first-order boundary, is ge-
neric.

The stress dependence of the induced antiferromagnetic
moment (Fig. 1) was determined in a similar calculation,
adding the term UO% to the Landau potential, and solving
the self-consistency equations fai,) and (7%). o in this
calculation has the character of uniaxial stress, but an addi-
tional set of experimental data would be needed to determine
its absolute scale.

Next, we consider the results of some standard low-field
measurements. This was not the primary purpose of our work
but rather serves as a check. The quadrupolar nmbdét
tained a reasonably good fit for the temperature dependence
of the linear and nonlinear susceptibility in a range of tem-
perature, and we have to prove that our model yields a com-
parably good description on a completely different micro- 0 20 40 60 80 100
scopic basis. (@) TI[K]

The octupolar transition shows up as a discontinuity of
the linear susceptibilityFig. 6). This character of thex,
anomaly is expected from general argumént§vhile the
low-temperature behavior, including the regime arolipds
satisfactorily described by the three-state mdééd. 3), fit-
ting the susceptibility up to room temperaturigig. 6(a)]
requires the five-state modétig. 4). One of the hallmarks
of the hidden-order transition of UBSi, is the strong jump
of the nonlinear susceptibility; (Ref. 39. The shape of the =
calculated anomalyFig. 7) corresponds rather well to the
experimental result.

Next we discuss the high-field behavior B> B, ;, and
interpret the disjoint high-field phase observed in
experiment®26as a mixed quadrupolar-dipolar phatee E
phase in Fig. 2 We exploit the field dependence of the ionic
levels in the five-level modelTable Ill, Fig. 4. The single-
ion levelst; andd_ would cross aBg,s=37.3 T. Sincedt;)

05 1

10 20

and|d_) are connected b operators including,, [see Fig. (b) T[K]
4(b)], a range of fields centered d,,siS certain to favor
{0, Oy quadrupolar order and simultaneoidg, J,} dipo- FIG. 6. Linear susceptibility per sitén ug/T) on extended

lar order. We chose a weak quadrupolar interacﬂqnad temperature scal@), and in the vicinity of the octupolar transition
=0.054 K in Eq.(5); this gives quadrupolar order between (b). The dashed line gives the single-ion result.

the critical fieldsB,,=35.8 T andB,,s=38.8 T. The ampli- electrons in this system certainly has itinerant aspects, or

FUde of quadrup(_)lar order is not sméfig. 2) but _the _order- perhaps UR4Si, is on the verge of a localized-to-itinerant
ing temperature is low~1 K) because the coupling is weak. ansition, arguing on the basis of a simple localized electron
TheE phase shows up as the steep part of the magnetizatiqfjoge| can lead to useful results. Namely, crystal field theory
curve in Fig. 8. FORgu,¢=0 we would have a jumplike meta-  conforms to a general symmetry classification of the equilib-
magnetic transition aB=B s rium phases, which is expected to apply to a wider range of
We are aware of an unsatisfactory feature of the calcumodels, including suitably defined Kondo lattice, or Ander-
lated magnetization curve. Though it is clear that our theoryson lattice, models. Our main interest lies in cross effects
involves three critical fieldsBy, ;, B¢, », andBg, 5, at the low-  such as the mixing of order parameters in the presence of
est of these the anomaly is so weak that it does not show ugxternal magnetic field, or mechanical stress. Our conclu-
on the scale of Fig. 8. We get a single-step metamagnetisions rely on symmetry reasoning, and only numerical details
transition distributed over the width of the high-field quadru-depend on the choice of the crystal field model which we use
polar phase. The overall height of the step is right, but we dao illustrate the general arguments.
not recover the three-step structure of the transition observed The identification of the low-pressure, low-temperature
by Sugiyamaet al3’ hidden order of UR4Si, is of basic interest. Starting from
the high-temperature tetragonal phase, a symmetry-breaking
transition can lead to an ordered phase with the following
choices for the local order parametdy;, and E, dipoles,
There have been many attempts to explain the nonsupeB,g, B,g, andEy quadrupolesB,, and By, octupoles, amy
conducting phases of UR8i,. Though the behavior of hexadecapole, and ak,, triakontadipolé€

V. DISCUSSION AND CONCLUSION
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therefore they do not mix. It follows that hydrostatic pressure
. cannot induce antiferromagnetism unless the pressure is high
enough to lead to a completely differetpurely dipolay
phase via a first-order phase transition. This was found in
’,."' Ref. 6. In contrast, uniaxial pressure perpendicular to the
- tetragonal main axis lowers the symmetry to orthorombic,
3 allowing the mixing of dipoles and octupoles.
3 / We postulated that the hidden order7i staggered octu-
polar order(Sec. I). Uniaxial pressurer((100) leads to the
appearance ad, dipolar order of the same periodicity. The
model works the same way if we postulalg,, staggered
octupole order, in which case a stresg110 givesJ, anti-
i ' ferromagnetism. Since the octupol@g and 7, belong to
30 different one-dimensional irreps of the tetragonal symmetry
(By, and By, respectively, in our theory a homogeneous
FIG. 7. The temperature dependence of the nonlinear suscept‘f’-yStem can show only one of the stress—.lnduced effects. We
bility x3 in the vicinity of the octupolar transition. The dashed line hypothesized that the observed near equivalence of the stress
is an interpolation through the calculated points. effect in (100 and (110 directions reflects the presence of
both kinds of order in a multidomain structure.

It was always clear that the primary order parameter of The same assumption abotf octupolar order explains
URW,Si, cannot be dipolar. The possibility of quadrupolar the behavior in applied magnetic fielBec. 11). A field
ordering has been extensively discussedligher multipoles ~ B1(001) mixes7% octupoles withO3 quadrupoles. Symmetry
have been mentioned in a general con#éx8but have not breaking is well defined in the presence of magnetic field,
been studied in detail. and the transition to hidden ordémow a mixed octupolar-

A recent uSR stud§ finds that the symmetry of hidden quadrupolar orderremains second order up to a critical field
order is different fromA,,(Q) which is the symmetry of the Bcr,1 WhereTy(B)—0.
high-pressure antiferromagnetic phagke same structure ~ We illustrated the symmetry arguments on the example of
was ascribed to the Supposed “micromagnetism” of ESEU a Crystal—field mode(SeC. |\0 The model has two versions:
which is now understood to be extrinsidhe present experi- low-energy phenomena can be described by using three low-
mental status is that the intrinsic low-pressure behavior ofying singlets, while for high energig®r fields, or tempera-
URW,Si, is purely nonmagnetic. Furthermore, a number oftures we need five state@he previous three singlets plus a
recent experiments prove that the hidden order breaks tim@oublel. The three singlets are the same as in Santini’s work,

reversal invariance, so it cannot be quadrupbféf8in par-  but their sequence was chosen to give an octupolar matrix
ticular, Yokoyamaet al’ found that uniaxial stressvhich is ~ €lement between the ground state and the first excited state.

time reversal invariantinduces large-amplitude antiferro- The presence of the doublet level is not essential at low fields
magnetism, which breaks time reversal invariance. It is cleafand low temperaturgsbut it splits in a magnetic field
that stress must have acted on a medium which itself waBlI(001, and for a range of high fields, even weak quadru-
noninvariant under time reversal: it must have been the ocpolar coupling can give quadrupolar order which competes
tupolar phasé? with the low-field octupolar order. We argued that the high-
We emphasize that stress-induced antiferromagnetisriield order observed between 35 T and 3&Refs. 25 and
arises only if the stress is uniaxial and perpendicular to th&®) is of quadrupolar nature, with a symmetry different from
(001) direction. For tetragonal symmetry, octupo(&, and  that of the low-field order.
B,,) and dipolegA,, andE,) are of different symmetry and To conclude, we presented arguments showing that octu-
polar order of eitheB,, or By, symmetry is the zero-field
hidden order of UR4SIi, at ambient conditions. We limited
the discussion to strictly on-site order parameters in a local-
ized electron model with stablg%valence. However, within
this restriction our scenario is compatible with the present
knowledge about the phase diagram in the temperature-
pressure-field space. The time reversal invariance breaking
nature of the order is manifest in the effect that uniaxial
pressure applied in certain directions can induce large-
amplitude antiferromagnetism.

TIK]

T=0

B {001}

Bl {100]
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APPENDIX: ORTHOROMBIC SYMMETRY 5
_ Ag 03 A Oy
Quadrupolar moments couple to external stress. For in- Big Oy HE Big 0%, HE
stance, applying stressl (100, O3 quadrupolar moments B o B )
. N . . 29 zx 29 yz zZX
are induced whilerl (110 inducesO,,. At the same time, o B I,
. . .. 39 yz 39 yz ZX
the application of uniaxial stress lowers the symmetry from
the tetragonaD,, to one of its subgroups, changing the sym- AL Teyz A 7
metry classification of all order parameters. This effect is By 78,3, By, Tyn
described below.
.. . . . BZU ‘]x BZu Jx+‘]y
When we apply uniaxial pressure in directi¢tn0), the _
3u Jx Bsu Jx Jy

previousCy, S;, Cj, ando, cease to be symmetry operations
and the residual symmetry is described by the gr@ayp.
The corresponding classification of the order parameters iy classification of the order parameters is shown in Table
given in Table IV. We observe that under the new symmetry|V/. Now the Ty, 0ctupolar moment mixes with thk dipolar
the 72 octupolar and thd, dipolar moments mix with each moment(if T2 1S staggered, so i3,).
other, and this means that if the system possesses spontane\When we apply uniaxial pressure along the tetragonal
ous staggered? octupolar order, applyingrl(100 stress  main axis(001), there is no symmetry reduction, the original
induces staggered, dipolar moments. D, symmetry classification of the order paramet@iable |
When the uniaxial pressure is applied(iri0 directions,  remains valid. Neither th&,,, nor the7? octupolar moments
it inducesO,, quadrupoles. NovC,, S,, C;, andoy have to  can inducel, magnetic moments, since they all correspond
be omitted from the symmetry group which is again g, to different irreducible representations of the,, point
point group, only comprising of different elements than ingroup. An analogous statement holds for the staggered mo-
the oll(100) case. For the present|(110) case, the symme- ments.
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