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Gap formation and magnetic ordering in URuU,Si, probed by high-field magnetoresistance
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We examine the phase diagram of the antiferromagnetic heavy-fermion superconductgBiiJRith
resistivity experiments in continuous magnetic fields up to 25 T. The phase transition that occurs in zero field
atTy=T,=17.5 K is accompanied by the formation of a tiny staggered magnetic momgrt@04 ug. The
resistivity anomaly afl, reflects the formation of an energy gap The resulting phase diagram clearly
distinguishes théo(H) phase boundary and earlier observed high-figlgH = 40 T) field-induced phase
transitions towards a large magnetic moment state. Surprisingly, the magnetic field dependenatets-
mined by previous neutron-scattering experiments, strongly differs from that @ind A, with estimated
critical fields of 14.5 T foru and= 40T for T andA. This observation suggests that there are two energy
scales relevant to the magnetic phase transition of J8Ru

I. INTRODUCTION To reconcile these large anomalies with the small ordered
moment, several scenarios have been put forth: the order
The heavy-fermion superconductor Uf8i, undergoes parameterfOP) could be of nonlocal natuté®® (e.g., qua-
two consecutive phase transitions in zero magnetic ’ﬁeld.drupo|a9, or involve multispin correlator¥* Polarized neu-
Magnetic susceptibilityand neutron diffractichestablished  tron experiments and a symmetry analfsishow that the
an antiferromagneticAF) character of the first transition at  Ar peaks observed in low fields can only arise from purely

Tn=175K, with a tiny ordered moment of 0.04/J  yinoiar order. Recent high-field neutron diffracttérruled
atom. T_he or(_jermg involves Is!ng-type spins coupled ferr_o-out the multispin correlator order parameters described by
magnetically in theab plane, with the planes stacked anti-

. y 7 .
parallel along thec axis of this tetragonal compound. The Barzykin and Gorkov” The type of quadrupolar ordering

spin-wave excitation spectrum displays a gap of 115 K, andliscussed by Santini and Amoréttis in conflict with the
the magnetic dynamics are qualitatively well described by £bservation of broken time reversal symmetry by polarized
singlet-singlet model. This phase transition manifests itself neutron scatterin§> However, single-site properties of ura-
in the electrical resistivityp(T), as a sharp increase B,  Mum in diluted (U,Th;_,)Ru,Si,; (0<x < 0.07) yield
and a subsequent exponential decrease to a Fermi-liifuid compelling evidence of a doublefs crystal-field split
behavior at the lowest temperatufeSuch behavior is asso- ground state of thef3 U ion,'® which has the correct anisot-
ciated with the opening of an energy gap over part of theopy and carries a quadrupole momedﬁ-(J§ or J,Jy+
Fermi surface, as evidenced in optical investigafioasd JyJ,). Its operators do not commute with the magnetic dipole
vacuum tunneling.The magnitude of this gap, 110 K in tun- J,, so that the two possible order parameters compete. In
neling, is similar to the magnetic gap found by neutron scatcase of ordering of the quadrupoles, the crystal-field level
tering, suggesting strong coupling between spin and chargglitting can change significantly. In particular, the level
degrees of freedorh.Hall-effect studies show a large de- splitting A e« itself must then be proportional to the quadru-
crease in available charge carriers belby due to the gap polar OP° consistent with experimenf.Recently, Barzykin
opening’ At 1.5 K, these carriers are recovered at the uppeknd Gor'kov also treated the phase transition in first approxi-
field-induced transition at 39.2(Tc, implying that this field  mation as being of structural nature, involving U ions in a
closes the gap. 5f2 configuration. The magnetic moment arises from a smalll
The second transition is into a superconducting state begdmixture of a half-integer spitsf! or 5f3) configuration,
low T, = 1.3K. The excellent superconducting propertiesand time reversal symmetry is broken due to the fluctuating
(highly sensitive to sample qualityof the single crystals yalence?* Our high-field experiments qualitatively support
used in this study have been discussed by Knetdch. such a scenario.
Here we concentrate on the phase transition at 17.5 K and its
behavior in high magnetic fieldS.The origin and nature of

this transition are still no_t _u_nderstood: although the ordered Il. RESISTIVITY IN HIGH MAGNETIC EIELDS

moment and the susceptibility anomalyTat are small, large

anomalies occur in specific héatresistivity? thermal The p(T) experiments were performed on two different
expansiort} and nonlinear susceptibilify:*® single crystals of URSI,, grown by the Czochralski tri-arc
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TABLE I. Residual resistivity, Fermi-liquid? coefficientA and
spin-wave gap parametek, derived from fits to Eq.(1), for
URuW,Si, with current parallel to the easy axis. The estimated
error in the gap value is 0.2 K.

HoH pPo A b Aflc Ala
(T) (ucm)  (QcmK?  (uQcecm/K)  (K) (K)
g 0 14.7 0.0777 19.7 512 727
e 4 15.0 0.0768 19.5 50.1 73.4
2 8 15.5 0.0760 18.6 48.4  73.9
a 12 16.9 0.0760 18.4 46.4 73.8
16 18.4 0.0697 21.0 427 729

tion, p(T) below 15K can be well described by the

expressiorf
T A
exp — ? , (1)

p(T)=po+AT?+bT| 1+2—

A

T (K)

applicable to an energy gap antiferromagnet with an addi-
FIG. 1. Resistivity of URySi, parallel to thea axis (upper  tional T2 term appropriate for Fermi-liquid behavior. In zero
pane} in fields of 0 (©), 16 (®), and 25 T(+) applied along.  fie|d, this spin-wave gap amounts to 72.7(B1.2 K), for
The lower p_)anel showg(T) parallel to thec axis in fields up to current parallel to the (c) axis. The data up to 16 T, taken
25 T_(from right to Ieft"“.oH.: 0,12, ;4’ 16,18, 21,23, and 23,7, 5 1 intervals, allow for a similar evaluation &. Given
applied alonge. The solid lines are fits to Edd). the number of fit parameters involved, a direct measurement
by neutron scattering would be preferable. The resulting co-
method. The older crystal No. (ineasured up to 16)Twas efficients are given in Table | for fields along both directions.
annealed at 900 °C for 7 days, the new crystal Ngm2a- Figure 1 further shows thg(T) anomaly for fields up to
sured to 25 Tat 950 °C for 9 days. Both were slowly cooled 25 T. ForH | p || a, T, shifts slowly downwards, at a rate of
to remove any residual stress. Earlier neutron experirithts —0.04 K/T. Within our accuracy, the energy gap is constant
were carried out on different, but similarly prepared crystalsfor uoH < 16 T. ForH || p | ¢ however, the minimum in
Unannealed crystals are known to show anomalous tempera{T), used to defind, shifts downwards significantly. The
ture dependence of the ordered magnetic morfremhich magnitude of the anomalyApHc, is constant for all fields.
was not observed in the crystals prepared the way describedhis suggests that the gap in the conduction band remains
above. Both crystals show the same behavior in the experfonstant, although this should be proven by Hall-effect, tun-
ments presented here. neling, or mfra_red _studu_es. 'I_'he magnetoresistivity at constant
We have measured the ac resistivity in constant magnetit UP 10 25 K is given in Fig. 2 adp = p(H)-p(0). The
fields, using a 18 T superconducting magnet at the Universit hase boundary determmgd in the constant field experiment
of Toronto in the temperature range from 0.3—30 K, and th s reproduced by the kink i p(H) for H | c.
hybrid 25 T magnet at the Nijmegen High Magnetic Field
Laboratory, from 5-25K. A small difference in absolute !ll. MAGNETIC PHASE DIAGRAM AND DISCUSSION

value ofp(T) andT calibration does not affect the following  preyious investigations were carried out in lower field or
discussion. As we shall demonstrate, the characteristic efyrge pulsed fields at constaft from 1.3—16 K. In fields

ergy for the ordered magnetic moment and the transitiolyound 40 T ¢, a three-step transition, nearly independent
temperature are not the same. Therefore, we will from novwss T, occurs to a magnetic state with large U moments of
on refer to the transition temperature ag (following ~ 1ug, as demonstrated by independent pulsed-field mag-
Miyako et al*?). netization and magnetoresistaft® on different samples.
The zero-fieldp(T) is in good agreement with previous We used these results to generate a more complete phase
work.? After an initial increase ofpja and a near-constant diagram, displayed in Fig. 3. The high-field magnetization
p|c upon cooling from 300 K, a large decrease below 70 Kprocess has been explained in terms of spin-reorientation
signals the formation of the coherent heavy-Fermi-liquidtransitions, using an Ising model with three exchange
ground state. This evolution is interrupted by a sharp inparameter$®
crease aly = 17.5 K for both directions, as shown in Fig. 1. = Where previous data in low fieldugH < 8 T) could be
The anomaly forpic, Ap = pmax—pmin = 16.2uQ cm, is  thought to directly relate to these high-field transitions, yield-
roughly twice as large as fqs, (Ap = 9.3} cm). Note  ing only one transition into an AF state, our data up to 25T
that the increasé p|. is comparable to the decrease at theshow that these phase boundaries belong to different
highest field-induced transitiéhat 39.2 T(at 1.5 K), again  phase transitions. This is most obvious Tat= 12 K. The
reflecting that the gap in the conduction band that opens atsistive transition decreases with fields parallet iccord-
17.5K (andH = 0) closes at that field. To first approxima- ing to
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FIG. 4. Reduced staggered magnetic mom@ef. 16 w/ug
(O) at 4.3 K, reduced energy gayA, (O, left axig), and transi-

-20 : * ' ' tion temperaturel, (@, right axi of URu,Si, versus magnetic
0 5 10 15 20 25 field H || c. Note the similar field dependence ®f and A, and
uH (T) their large discrepancy compared with If extrapolated by Eq4)

(dashed ling w has disappeared around 14.5 T, whereas 40T is

necessary to break up the ordered state and close the gap.
FIG. 2. Magnetoresistivity of URiSi, parallel to thea (upper

pane) andc (lower panel axes at T= 10 K (a), 12 K (b), 14 K (c), AH)=A[1- (H/Ho)z] 3)
16 K (d), 20 K (e), and 25 K(f). The break-up of the ordered phase '

is signalled by the minimum ihp for H || ¢, that has to be con- with Ay = 50.4(2) K and ugHy = 40.8(5) T. Note that this
trasted with the jumps associated with the field-induced transitiongs the same characteristic field as found TGy, suggesting

(Ref. 24 around 40 T. that Ty is determined by the magnitude of thiield-
dependentgap.
To(H)=TY1—(H/Hp)?], 2) We can now discuss the relation between this phase

boundary of URySi, and the field dependence of the or-
with T8 = 17.61) K and uoH, = 40.3% 1.0 T2 The value dgred mag.netic moment, measured by neutron diffracfion.
for Hy is close to the upper field-induced phase Figure 4 displays the phase bO‘H”O.'aW af‘d reduced gap pa-
transition?? The extrapolation involved prevents us from r@meter, plotted a8, [with the solid line a fit to Eq(2)] and
concluding whether the high-field phase is separate from th@/40 versusH || ¢, together with the reduced ordered no-
To(H) phase boundary or possibly degenerat® as 0. The ~ MeNt Kord kord(0). At 4.3 K, porg(H) follows the relation

fitted values for the spin-wave gap, obtained fapH _ V1= (HIH
< 16T, are also well described by a quadratic field depen- FordH) = porg( 0) V1= (H/H) ™, @
dence: with  uoq(0) = 0.04ug  and the characteristic field
moH: = 14.53) T. Figure 4 shows an anomalous relation be-
50 , . , tween the staggered moment and ThéH) phase transition.
URu,Si, Morg falls off much more rapidly with field thaiiy, indicat-

ing that the moment value does not determine the energy
scale for the transition af,. Combination of Eqs(2) and

(4) gives uoq = T8, which is close to the mean-field pre-
diction (uoq = To?), but the critical fields are vastly differ-
ent.

We believe these observations indicate the existence of
two distinct energy scales, which would imply that the zero-
field phase transition at 17.5 K involves two order param-
eters, which respond differently to an external magnetic field.
Direct proof of the existence of these two energy scales can

T (K) only be obtained by neutron scattering above 15 T. Unfortu-
nately, this field range is very difficult to access experimen-

FIG. 3. Magnetic phase diagram of UERSi, with field parallel tally, especially given th_e smal Siz? Of_ the_ St_aggergc_i mag-
to thea (open symbolsandc axes(closed symbols composed of netic moment. Pulsed—flelq magnetization is m_sensn.lve f_or
isothermal magnetization datdriangles and-+) taken at 1.3k, the same reason. The available data show that in a wide field
4.2 K, 12 and 16 K by Sugiyamet al. (Ref. 25, magnetoresistance 'ange aboveH, a phase transition occurs @p(H) with
data at 1.5 K(diamonds from de Visseret al. (Ref. 24, and our ~ energy gapA(H), whereas extrapolation of the ordered mo-
current data for both constant field and temperature. The lines dénent in that field suggests,q = 0. This is remarkable,
note fits to Eq(2). The superconductind, is shown in the lower ~ since the gap was thought to be associated with the doubling
left corner. of the unit cell due to the AF ordering. Therefore, an addi-

uoH (T)

5 10 15 20
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tional symmetry must be broken to explain the gap formatiorport the scenario put forth by Barzykin and Gor’kdvEu-
in high fields. A similar effect is seen in UPt where pres- ture experimental work should address the field dependence
sure reduces the ordered moment, without affecligg®’ of the spin-wave and conduction band gap. Further resistance
In conclusion, the magnetic field dependence of the resisand dilatation experiments are planned to complete the in-
tive transition in URYSi, shows that this transition involves triguing phase diagram of URSi,.
a Fermi surface reconstruction, with a field-dependent spin-
wave gapA, proportional to the ordering temperatufg,.
However, Ty has a field dependence significantly different
from that of the ordered magnetic moment and the high-field We acknowledge W. J. L. Buyers, H. Amitsuka, A. de
transitions that involve large uranium moments. This we beVisser, and K. Sugiyama for discussions and C. P. Adams for
lieve is evidence for th@onmagneticharacter of the order technical support. Part of this research was supported by the
parameter associated wify,, with the implication that the Canadian Institute for Advanced Research and the Natural
small ordered magnetic moment is only a by-product of thisSciences and Engineering Research Council of Canada, and
phase transition. How this can be realized theoretically igshe Large Installations Plan of the European Union, and the
still an open question, but in the above sense, our data suutch Foundation for Fundamental Research of Matter.
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