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Angular dependence of the magnetic susceptibility in the itinerant metamagnet SRu,0O
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We report the results of a study of the differential magnetic susceptibility §Ri50O; as a function of
temperature and magnetic fields applied at a series of angles tabti@ane. By analyzing the real and
imaginary parts of the susceptibility, we conclude that the field angle acts as a continuous tuning parameter for
the critical end point to a line of first-order metamagnetic phase transitions. The end pointsit2&tK for
fields applied in theb plane, and is depressed to below 50 mK when the field is aligned within 10° af the
axis.
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[. INTRODUCTION term was first used in the context of antiferromagnetic insu-
lators, for which the change in magnetization is due to field-
Understanding unusual behavior of itinerant carriers ininduced “spin-flip” or “spin-flop” transitions® A form of
correlated electron systems continues to be a major challengeetamagnetism more relevant to itinerant systems was first
of modern condensed-matter physics. One of the most prondescribed by Wohlfarth and Rhod®swho pointed out that
ising approaches is based on the concept of quantum criticastrongly enhanced paramagnets on the verge of ferromag-
ity, in which many of the metallic properties are dominatednetism might undergo a phase transition involving exchange
by fluctuations associated with the presence @f-a0 criti-  splitting of the Fermi surface at some finite applied magnetic
cal point!~® Usually, quantum critical points result from the field. A characteristic of such systems is a strongly enhanced
tuning of second-order phase transitions. Recently, howeveparamagnetic susceptibility with a pronounced maximum as
we have discussed the possibility that signatures of quantum function of temperature, indicating the presence of a peak
criticality observed in the bilayer ruthenate;Bu,O; are  in the density of states very near the Fermi level. In a mean-
associated with &—0 critical end point of a line of first- field description, the application of a field leads to the Stoner
order metamagnetic phase transitiSh$The data on which criterion for exchange splitting being satisfied, resulting in a
this analyzis was based were taken with the field alignednetamagnetic phase transition.
with the crystallographic axis, and it was argued that in this ~ An itinerant electron metamagnetic phase transition of the
circumstance the critical end point existed naturally at orkind described above is usually first order, because the pres-
very nearT=0. However, no explicit evidence had been ob-ence of the magnetic field prevents a symmetry change—the
tained for a key feature of the underlying picture, namely,Fermi surface becomes more polarized rather than spontane-
continuous tuning of a line of end points terminating a sur-ously polarized? These first-order transitions have been
face of first-order transitions. In this paper, we report a studyseen in a number of systems, as described in a recent review
of the angular dependence of the differential magnetic sudy Goto, Fukamichi, and Yamadd.In some casege.g.,
ceptibility, in which we demonstrate the existence of such &€0(S,_,Sg),, for x<0.1, and La(Fg_,Siy)3, for 0.11
surface. <x<0.14], the systems undergo first-order ferromagnetic
The most general definition of metamagnetism is a supermphase transitions below some temperatlige As the tem-
linear rise in magnetization over a narrow range of appliecberature is raised higher than,, the ferromagnetic transi-
magnetic field. This can occur in several circumstances. Théon at zero field is changed to a first-order metamagnetic
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transition. In otherde.g., Co($_,Sg),, for x=0.12], no  diagram contains a surface of first-order phase transitions in
ferromagnetism is seen, and first-order metamagnetic trans{H, T, #) space. The line of critical end points that termi-
tions are observed as— 0. In common with other first-order nates this surface is tuned continuously towards zero tem-
phase transitions, metamagnetic transitions change from b@erature as the field is rotated away from the plane, falling
ing first-order to being crossovers at sufficiently high tem-below 50 mK (the lowest temperature studjedhen the
perature, with a critical end point separating the two regimesangle is within 10° of the axis. We further demonstrate that
This end point occurs at fairly high temperatures in some ofven the relatively low frequency~80 Hz) employed for
the best-studied systerfis.g.,~ 80 K in Co(S_,Sg),, for ~ these ac measurements is not a good approximation to the
x=0.14, and~ 15 K in UCo0AI]. It can be forced down in static limit. Care must, therefore, be taken before drawing
temperature by the application of hydrostatic presstwe conclusions on the nature of the critical point from the field
below 10 K in UCoAI at 1.2GP&a"* but to our knowledge, it and temperature dependence of the susceptibility in its vicin-
has not been tuned to tfie—0 in any metamagnet studied ity
so far under pressure. However, any material has a natural
effective pressure related to its electronic structure. In some
materials, metamagnetic crossovers rather than phase transi-
tions are seen, even at low temperatdresyggesting that The experiments described here were performed in dilu-
chemical pressure is capable of depressing the end point t@n refrigerators at Cambridge and St. Andrews. The sample
“negative temperature.” studied was a small piece of approximate dimension (1
The above discussion raises the possibility that in some<1.1x0.6) mn? cut from a single crystal of SRu,O-,
circumstances, the chemical pressure of a material may bgrown in Kyoto whose residual resistivity had been mea-
suitable to tune a metamagnetic end point to, or very closgured to be 2.4Qcm. It was thermally grounded to the
to, T=0. On the basis of observations of transport propertiesmixing chamber by electrical coupling through gold and cop-
we have argued that $Ru,O; with the field aligned along per wires. In order to work at temperatures above 1.1 K, the
the c axis is an example of such a situation. If correct, thisnormal regime of operation of the dilution fridge was
analysis suggests that the material displays an unusual forshanged by varying théHe/*He mixture composition. The
of quantum criticality without a symmetry-broken phd$e. differential susceptibility was measured using a drive field of
This would be an important development in the ongoing3.3x 10 ° T rms, and counterwound pickup coils each con-
quest to understand quantum critical points, so it is importansisting of ~1000 turns of 12«m-diameter copper wire. For
to investigate the metamagnetism of;Bu,0; in more  most of the experiments, an excitation frequency of 79.96 Hz
depth. Of particular interest would be the identification of awas employed. Low-temperature transformers mounted on
tuning parameter that would allow the identification of first- the 1-K pot of the dilution refrigerators were used throughout
order transitions terminating in a finite-temperature criticalto provide an initial signal boost of approximately a factor of
point that could then be tuned smoothlyTe- 0. In the work  100. When the frequency dependence was studied during the
reported to date, the criticality has been ascribed to such kater stages of the project, the frequency dependence of the
nonsymmetry-breaking critical point, but because it alreadytransformer was explicitly calibrated rather than relying on
sits atT=0, no associated first-order transition has been exgeneric performance data. This ensures that we have confi-
plicitly seen. dence in the relative magnitude of the signals presented here.
Experience on other itinerant metamagnets shows that Direct measurement of the empty-coil signal as a function
pressure increases the characteristic field of the metamagf angle established that at all angles studied, the background
netic transition, while at the same time depressing the endsaried smoothly with field through the field region of interest
point temperatureT* (see Ref. 18 For the field aligned (between 4.5 and 8.5)TThe data shown in Figs. 1-3 were
parallel to thec axis of SERu,O,, pressure is therefore obtained by subtracting a second-order polynomial which
likely to favor a crossover rather than a first-order transitionmodeled the combination of the empty-coil background and
with a finite-temperature end point. However, the natural anthe weakly varying nonmetamagnetic susceptibility from the
isotropy of the metamagnetism suggests another route t@w signal. The data presented are, therefore, the extra sus-
achieving the desired tuning. The metamagnetic fields areeptibility due to the metamagnetism of;Ru,O.
slightly different for the two field orientation® T for H|ab The absolute magnitude was more difficult to measure
and 7.8 T forH|/c),® but this is not the only feature of the with high accuracy. It was calibrated by measuring the signal
anisotropy. The low-temperature magnetoresistance is qualwith and without the sample at fields between 1 and 3 T
tatively different for the two field orientations, giving rise to applied parallel to th@b plane. The direct background sub-
the suspicion that foH||ab, the transition may be first order traction gave the expected field-independent susceptibility in
at T=0. In a recent paper, Chiaet al'® have argued that this field range, and this was calibrated against the known
measurements of the differential magnetic susceptibility fovalue as measured using vibrating sample magnetofnetry
H|lab support the hypothesis of a first-order transition. or superconducting quantum interference  device
Here, we report the results of a detailed study of the dif-magnetometry’ The dilution refrigerator had to be removed
ferential magnetic susceptibility as a function of temperaturefrom and then replaced in the cryostat in order to perform the
magnetic field, and magnetic-field angle. We combine obserempty run. The accuracy of our absolute calibration depends
vations of the real and imaginary parts of the susceptibilityon the stability of the background signal throughout this pro-
and of hysteresis to present strong evidence that the phasess, and on the assumption that a measuremenBatHz

Il. EXPERIMENT
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FIG. 1. The real part of the differential magnetic susceptibility
through the metamagnetic transition i,Bu,0,. A small oscillat-
ing field (3.3x10°° T rms, 79.96 Hxis combined with a swept dc
field, applied in this case at 40° to tlab plane. The main peak 04
shows a pronounced maximum-atl K, falling away in magnitude
for temperatures higher or lower than this. All data were taken in an 4x107- T=100mK
increasing dc field at a sweep rate of 0.1 T/min. The data are quoted g A
as Ay because of the background subtraction procedure described S
in the text. S\E‘
= 2x107- 1
is equivalent to one at quasi-dc in this field range well away =
from the metamagnetic transition. However, we stress again
that these concerns do not apply to the relative signal mag- i\'
nitudes that we report. O N
5 6 7
lll. RESULTS KM T]

A representative sample of the large dataset acquired dur- FIG. 2. (Color onling The real part of the differential magnetic
ing the course of this work is shown in Fig. 1. The real partsuscgptlbll_lty as the dc field is swept through the metamagnetic
of the dynamic susceptibility is plotted as a function of atransition in SgRw,0; at 0.03 T/min. At 785 mK and 100 mK,
swept dc field applied at an angle of 40° to thie plane. At hysteresis is seen in the most prominent peak as the dc field, applied
this field angle, the data contain a main peak-&7 T, and at ~40° to theab plane, is increase¢black solid ling and de-

a much Weakér second peak 6.7 T. The secona peak creased(red dashed line At 1080 mK, the hysteresis has com-
washes out as the temperature i.s inéreased from 100 m letely disappeared. In each panel, the blue dot-dashed line gives

Thi d a furth . K exist when the field i i e difference between the results for the increasing and the de-
IS and a further minor peak exist when the Tieid 1s applie creasing field. In this case, the frequency of the oscillating field was

parallel to thegb plan_e, bL_'t both disappear rapidly with tem- 63.54 Hz. The data are quoted Ag because of the background
perature and increasing field angle. Here, we concentrate od[,ptraction procedure described in the text.

attention on the major peak. This pegiowsas the tempera-
ture is increased from 100 mK, reaching a pronounced maxief a first-order magnetic transition such as domain-wall
mum at~ 1 K before decreasing in magnitude at higher tem-movement, causing the susceptibility to decrease. Previous
peratures. The characteristic field of the maximum is alsavork on systems such as G&€H);NH]Cl; -2H,0] gives
weakly temperature dependent, decreasing~.05 T as  a precedent for this kind of behavior, and also indicates that
the temperature is raised from 100 mK to 1.4 K. nonzero frequency effects can play an important role even
The behavior of the real part of shown in Fig. 1 is for low excitation frequencies of the kind~80 Hz) em-
suggestive of a line of first-order transitions ending in a criti-ployed herée'®
cal point at a temperatur€* at which the susceptibility is The above argument suggests that the data in Fig. 1 are
maximized. The argument is as follows. At high tempera-consistent with the existence of a line of first-order transi-
tures, above that of the critical point, the susceptibility be-tions terminating in a critical pointfor this field angle at
haves like that of a crossover. As the temperature is de~1K, but they certainly cannot be regarded as proof of that
creased toward$*, the peak susceptibility increases before hypothesis. Firmer evidence comes from a study of hyster-
being cut off by finite frequency or finite-size effects. Below esis, shown in Fig. 2. If the ac response of the system is
T*, the dynamical response becomes sensitive to the physissudied while the main dc field is swept in opposite direc-
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FIG. 3. (Color online The real and imaginary partdf’ andAx”, respectively of the differential susceptibility of SRu,O; shown in
a three-dimensional format with amplitude plotted against temperature and magnetic field, at a series of field angles. In all cases, the
frequency of measurement was 79.96 Hz, and the data were taken in an increasing dc at 0.1 T/min field. An excellent correlation is seen
between the overall maximum in the real part of the susceptibility and the appearance at low temperatures of a peak in the imaginary part,
indicative of the onset of dissipation. For the field applied parallel tactaeis, the maximum is at the lowest temperature reached, and no
peak at all is seen in the imaginary component. The imaginary parts of the susceptibility are multiplied by a factor of 10=a60f ahe
real part by a factor 0.5.

tions, a clear hysteretic response in the magnitudexafbut  are shown for field angle§=0°, 40°, 60°, and 90° from
not in the value oH at the peak, is seen for temperatures lesghe ab plane. In each case, the plots were constructed using
than that at which the susceptibility is maximdiiThe ex-  field sweeps at discrete temperatures=dt00 mK intervals
istence of hysteresis for temperatures belbivis the first  from 100 mK to the highest temperature shown. The second
strong support provided by our data to the idea of a first-graph on the left of Fig. 3, therefore, includes the data shown
order metamagnetic transition in this range of temperaturesn Fig. 1 combined with the results of eight other field
A second and related piece of evidence comes from theweeps. The data for the real part pfshow a maximum
consideration of a dissipative component in the ac signasusceptibility T*, H*) for which T* drops andH* rises as
itself. A wider sample of our total dataset is shown in Fig. 3.4 increases. Fo#=80°, the highest observed valueTf is
In order to present the results of many field sweeps at eackeen at the lowest temperature studied. The most significant
angle in a single plot, we adopt a color-coded three-aspect of this form of data presentation is that it gives a good
dimensional format in which the magnitude of the dynamicalvisualization of the correlation between the behavior of the
susceptibility is plotted for an area of thel( T) plane. Data real part of the dynamical susceptibility and that of the
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FIG. 4. (Color onling The phase diagram inferred from the from Fig. 4 onto the temperature—angle plane. For angles above
whole body of susceptibility measurements reported in this paper=80°, the susceptibility is a monotonically increasing function to
The shaded region represents the locus of points at which the imagie lowest temperatures measui@ mK). The inset shows the
nary part of the susceptibility has a peak, while the solid line is thefield and temperature dependence at angles of 50° and 60° of the
locus of the overall maxima seen in the real part. Increasing’€ak in the imaginary part of, which we interpret as defining lines
magnetic-field sweeps through the metamagnetic transition wergf first-order transitiongsolid lines. The solid points are the posi-
taken at least every 100 mK, at a series of field angles as defined Bipn in temperature and field of the overall maximum of the real part
the discrete points in Fig. 5. of x at these angles.

imaginary part. Hysteresis of the kind shown in Fig. 2 wouldof the “line of critical points” onto the T, #) plane, show-

be expected to be accompanied by dissipation, and dissipgng how the characteristic temperat(ife is depressed as the
tion leads to the appearance of a feature in the imaginary pafield angle is changed. In the main part of Fig. 6, the line is
of an ac response. As can be seen from Fig. 3, we observepmojected onto theH, 6) plane, giving a representation of
direct correlation between the characteristic temperature ahe angle dependence of the critical metamagnetic field. The
the maximum in the real part of the dynamical susceptibilityinset to Fig. 5 shows that although the shaded surface in Fig.
and that below which a dissipation peak appears in the is almost vertical, the slight curvature that exists is convex.
Imaginary part. Here the points show theTt, H*) values of the overall

It'is hard to explain data of the kind shown in Fig. 3 maximum of the real part of at each of the two angles. The
without postulating the existence of a first-order metamagtines are two cuts from the plane at constantalues of 50°

netic transition below the empirically defined characteristicand 60°, so the inset confirms that, like the peak in the real
temperaturel™. Before discussing the meaning of the char-part of y (e.g., Fig. 1, the peak in the imaginary part falls to
acteristic temperature and field{, H*) further, we present  gjightly lower field as temperature increases. The inset to

some more empirical findings relating to their angle depenFig. 6 will be described in the following section.
dence. The data shown in Fig. 3 are again only a sample

from the complete dataset acquired during our experiment, in
which data were taken at a series of angles between 0° and
90° and at temperatures from 1400 mK to 50 mK. A three-
dimensional representation of the experimental phase dia-
gram is given in Fig. 4. In this figure, the shaded surface is

.Y

)
Ay X 10° [MYRu mol]

defined as the locus of points at which a peak is observed in E
the imaginary part of the dynamic susceptibility. Since this T
peak is linked to the dissipative response of the system, our * 6

interpretation of the shaded area is a surface of first-order
metamagnetic phase transitions in the three-dimensidhal (
T, 6) space. The solid line was obtained from the series of

points at which the real part of the susceptibility has its over- % : ; ; : ;
all maximum (clearly visible in each of the panels on the . . 40 5l il
left-hand side of Fig. B which we will argue below to be a Oldegrees]

line of metamagnetic critical points. ~ FIG. 6. The critical fieldH* (defined in the tejtas a function of
Figure 4 is useful as an overall summary of our mainangle. The data are a discrete projection of the solid line from Fig.
experimental findings, but it can be difficult to read off some4 onto the field—angle plane. The inset shows the frequency depen-
of the detailed information that has been obtained. For thigience of the peak in the real partpfor T* at a field angle of 56°.
reason, we present two projections from the figure in therhe maximum frequency was limited to 3 kHz to ensure that the
main parts of Figs. 5 and 6. In Fig. 5, we show the projectiorskin depth is always greater than any of the sample dimensions.
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IV. DISCUSSION such “antiferromagneticlike” fluctuations, and nesting-

The principal findings of our work, summarized in Figs. related short-wavelength fluctuations have been observed by

1—6, are twofold. First, we believe that our results give veryme'a‘c't.IC ne_utron scattering n 39 107,

. : . At first sight, our susceptibility data do not appear to fa-
good evidence for the existence of a surface of f|rst-orde\r/Or the simple long-wavelength pictufehecause although
metamagnetic phase transitions ibBu,O;. Varying the P g g p 9

L2 X : : 4 n overall maximum is observed in the real partyoht T*,
cgmbmatlon of field an*d f|e_|d arlgle t.ermmates this surface he divergence that such a model would predict is not seen.
different temperatures*, with T* falling from ~1.25 K for

In real systems, divergences near phase transitions are cut off
Hllab to less than our base temperature of 50 mK Hdlc. by finite-size effects, disorder aridear magnetic transitions
Second, the fact that field angle plays the role of a Cont'nudemagnetizatioﬁif We have made estimates of the magni-
ous tuning parameter for this system is a significant findingy,de of each of these effects, and have concluded that none
which should open the way to future experiments involvingof them would change a putative divergence to the much
fine adjustment of the balance between thermal and quantueaker feature shown in Fig. 3. However, we have discov-
fluctuations. One example of the effects of such a balancered that although low, the finite frequency of these differen-
seems already to be observable in the data. The fall in thgal susceptibility measurements has a much stronger effect
first-order metamagnetic transition field with increasing tem-than we had anticipated. In the inset to Fig. 6, we show the
perature(inset to Fig. 3 is in contrast with observations on frequency dependence of the peak in the real paxt af T*

other ferromagnetic itinerant metamagnets with higher criti{ ~700 mK) for a field angle of=~56°. The peak height is

cal temperaturés and with the predictions of a classical seen to be rising steeply through the frequency range includ-
model?° the disordering effect of thermal fluctuations would ing that (~80 Hz) of most of our measurements. Strong fre-
imply that higher fields are needed to reach the state of enquency dependences are also seen b&lbyalthough with a
hanced magnetization. This apparent paradox is no longetifferent functional form(data not shown Although the ori-
present when both thermal and quantum fluctuations argin is magnetic in both cases, there are differences. Below
taken into accourt.At very low temperatures, the latter T*, domain-wall motion plays a dominant role, whereas at
dominate and the tendency is reversed. and abover*, critical fluctuations are the main source. Al-

The basic conclusions reached here about the behavior tfiough the sample studied here is very pure in comparison to
T* are also consistent with previous work on this material.most metallic oxides, the disorder that does exist may be
For H||c, transport measurements show a steep increase pfaying a role in this unexpectedly strong frequency
the A coefficient which measures the strength of the quadependencé The critical slowing down expected in the vi-
dratic term in the resistivity. This suggests a diverging qua<inity of a critical point can be greatly enhanced by the pres-
siparticle mass as the metamagnetic field is approached anhce of disorder, with even very small quantities of it acting
low temperatures, as would be the case if there were a vergs “pinning centers” for fluctuations. This pinning is in turn
low- or zero-temperaturéquantum metamagnetic critical enhanced by thélow) scale of temperature at which the
point. transitions take place.

A puzzle from the transport study was the appearance of The strength of the frequency dependence shown in the
anomalous powers higher than 2 in fhelependent resistiv- inset to Fig. 6 means that detailed analyzes based on the field
ity in a very narrow range of fields near the metamagnetior temperature dependence of thenplitude of the data
field.” In the absence of other data, one possibility for thisshown in Figs. 1-3 must be done with great care. The data
anomalous behavior was that the system was entering a réhat we have presented are a fixed frequency snapshot of a
gion of first-order physics in this field rangé! The data more complicated overall situation, and that snapshot is not a
presented in Fig. 4 give no support to this idea. On the congood approximation to the zero-frequency limit. We, there-
trary, the unusual transport properties are seen in preciselyfare, believe that no firm conclusions can be drawn based on
region of the phase diagram where we see no susceptibilitthe weakness of the overall maximum seen in the real part of
evidence for first-order transitions. x- In particular, one certainly cannot rule out a genuine di-

The data discussed so far give convincing evidence that gergence in the long wavelength limit on the basis of a study
temperature, field, and field-angle-dependent critical poinsuch as this.
must exist in SRW,O,, because the surface of first-order  To our knowledge, previous studies of metamagnetism us-
transitions that has been identified must end in a line ofng finite frequency ac methods have been relatively rare.
critical points. Open questions remain, however, about thélost of the reports of susceptibility have been obtained from
precise nature of these critical points. A central issue conthe results of measurements of quasi-dc magnetizgtion
cerning metamagnetic criticality is whether a simple picturethese studies the sweep rate of the d.c. field determines the
based around long-wavelength “ferromagnetic” characteristic time constari*3The work reported here em-
fluctuation€?° gives an adequate description of the physics phasizes that ac methods are a very sensitive means of de-
For instance, it has been argued that even though a surface tefcting first-order behavior and its temperature depend&nce.
first-order transitions can be observed by a long-wavelengtfihey provide, in addition to the simplicity of their imple-
probe like the magnetic susceptibility employed here, it ismentation, a way to study dynamical properties of the sys-
possible that its end point might involve criticality of fluc- tem. It is clear that a more thorough study of frequency de-
tuations at a much shorter wavelenditiThe metamagnetic pendence would be desirable. Preliminary measurements
crossover in CeRiBi, has been argued to originate from have shown that the determination of itself has some
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frequency dependence, which must be taken into account §r,Ru,0,. Such effects are known to play an important role
elevated frequencies in the kHz range are employed. Below the metamagnetism of other materi#isf there is a non-
100 Hz, however, the effect is weak, so that we believe thafrivial angle-dependent magnetostriction associated with the
the phase diagram presented in Fig. 4 is a good approximanetamagnetic transition in §Ru,O,, there would be no rea-
tion to the results that would be obtained in the zero-son for the effects of a changing field angle to be felt only as
frequency limit. a projection. A puzzling feature of the magnetism of this

Inspection of Fig. 4 shows that the inferred line of critical material has been the fact that although there is some anisot-
points passes below 50 mK at an angle~e80°, with a  ropy of the metamagnetism, the low-temperature weak-field
gradient that suggests that it would reatk0 at ~85°  magnetic susceptibility is remarkably isotropicA scenario
rather than 90°. There is na priori reason to favor one in which the anisotropy of the metamagnetism is related to
angle over the other, or to assume that the critical point sits ahagnetostriction promoted by higher applied fields might
T=0 only at one angle and not at a range of angles. On thgive a natural explanation for these apparently contradictory
basis of the data presented here, we cannot draw a firm coabservations. A further appealing aspect of this picture is a
clusion either way. We also note that it may never be posnatural analogy between changing field angle and changing
sible to do so. If the anomalous transport behavior reporteg@ressure. In this sense, the empirically determined phase dia-
very nearH* for H|c is due to the system entering some gram shown in Fig. 4 would have a close relation to the
new state in the vicinity of the quantum critical point, the surface of pressure-induced metamagnetic phase transitions,
zero-temperature critical point itself may not prove to bewhich results from Ginzburg-Landau treatments of varying
experimentally accessible. We plan more work in this area.sophisticatiorf:*32°

All of the discussion so far has concentrated on the most
prominent peak seen in Figs. 1-3. No first-order behavior is V. CONCLUSIONS

associated with either of the smaller peaks seen at higher | h d s of the diff
fields for low 6. On the basis of the data presented here,. n summary, we have used measurements ot Ine ditteren-

there is no reason to state that either of these peaks corrg‘glI dynamic_susceptibility to demonstrate that changing

spond to magnetic quantum critical points. Rather, the rapim[agr}etlct-::eld artwgle reprte_sentsfa Cogmu_?_lds tunm_g_ palram-
disappearance witd makes interpretation in terms of cross- eter for the metamagnetism of s&u,0;. € empirica

overs more likely. However, a detailed study of the fre_phase diagram contains a surface of first-order metamagnetic

qguency dependence will be necessary to settle this issue ofgnsitions whosg end-point temperaturé can be tuned
way or the other. from 1.25 K for fields parallel to theab plane to below 50

Finally, we briefly raise the issue of therigin of the mK for fields applied parallel to the axis. These and previ-

angular dependence. So far, we have concentrated on estfs transport studies are consistent with the existence of a

lishing the empirical fact that field angle acts as a continuouduantum critical end point fqr_the latter field orientation. The

tuning parameter for the metamagnetism ofR&50; rather work shows that ac susceptibility can be a sensitive and pow-
7 - .

than discussing why that should be the case. Our result%rfUI probe of the classical-quantum crossover in metamag-

show that the metamagnetic transition presents both quanlrilet'sm' but that a fuller study of the frequency dependence is

tative and qualitative changes as a function of the field angleqes'rable'

which are not compatible with a simple projection of the
magnetic field into the principal axes. It is known that lattice
distortions have a pronounced effect on the magnetic prop- We are grateful to L. M. Galvin for contributions to the
erties of ruthenate®;?>’ and that, in particular, the metamag- early stages of this project, and to P. Coleman, E. M. Forgan,
netic transition in SRW,0; is strongly affected by the ap- G. G. Lonzarich, A. J. Millis, A. Rosch, P. Riedi, S. Sachdev,
plication of hydrostatic and uniaxial pressafé® All this and A. J. Schofield for useful discussions. We thank the Le-
points towards magnetostriction effects being an importanverhulme Trust, the UK EPSRC and the Royal Society for
factor in the mechanisms of the metamagnetic transition inheir support of the work.
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