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Abstract

The subtle interplay of randomness and quantum fluctuations at low temperatures gives rise to
a plethora of unconventional phenomena in systems ranging from quantum magnets and corre-
lated electron materials to ultracold atomic gases. Particularly strong disorder effects have been
predicted to occur at zero-temperature quantum phase transitions. Here, we demonstrate that the
composition-driven ferromagnetic-to-paramagnetic quantum phase transition in Sri_,Ca,RuOg is
completely destroyed by the disorder introduced via the different ionic radii of the randomly dis-
tributed Sr and Ca ions. Using a magneto-optical technique, we map the magnetic phase diagram
in the composition-temperature space. We find that the ferromagnetic phase is significantly ex-
tended by the disorder and develops a pronounced tail over a broad range of the composition .
These findings are explained by a microscopic model of smeared quantum phase transitions in
itinerant magnets. Moreover, our theoretical study implies that correlated disorder is even more

powerful in promoting ferromagnetism than random disorder.

PACS numbers: 75.30.Kz,64.70.Tg,75.40.-8,75.50.Lk



Classical or thermal phase transitions generally remain sharp in the presence of disorder,
though their critical behavior might be affected by the randomness. On the other hand, zero-
temperature quantum phase transitions [1-3] — which are induced by a control parameter
such as the pressure, chemical composition or magnetic field — are more susceptible to the
disorder. Nevertheless, most disordered quantum phase transitions have been found sharp
as the correlation length characterizing the spatial fluctuation of the neighboring phases
diverges at the transition point.

In recent years, it has become clear that the large spatial regions free of randomness,
which are rare in a strongly disordered material and hereafter referred to as rare regions, can
essentially change the physics of phase transitions [4]. Close to a magnetic transition, such
rare regions can be locally in the magnetically ordered phase — with slow fluctuations leading
to the famous Griffiths singularities [5] — even if the bulk system is still nonmagnetic. These
rare regions are extremely influential close to quantum phase transitions and expected to
dominate the thermodynamics. They give rise to the the so-called quantum Griffiths phases
[4, 6] as recently observed in magnetic semiconductors [7], heavy-fermion systems [8], and
transition metal alloys [9].

When the rare regions are embedded in a dissipative environment the disorder effects
are further enhanced. For example, in metallic magnets, the magnetization fluctuations
are coupled to electronic excitations having arbitrarily low energies. This leads to an over-
damped fluctuation dynamics. Sufficiently strong damping completely freezes the dynamics
of the locally ordered rare regions [10], allowing them to develop a static magnetic order.
It has been predicted [11] that this mechanism destroys the sharp magnetic quantum phase
transition in a disordered metal by rounding and a spatially inhomogeneous ferromagnetic
phase appears over a broad range of the control parameter.

The family of perovskite-type ARuOj3 ruthanates (with A an alkaline earth ion) offers
an ideal setting to test these predictions. SrRuOj is a ferromagnetic metal with a Curie
temperature of T = 165K. On the other hand, no long-range magnetic order develops
in CaRuOj3 and recent studies indicate paramagnetic behavior or the presence of short-
range antiferromagnetic correlations in the ground state [12]. It is demonstrated that tiny
Co doping can drive the system to a low-temperature spin-glass state [13], however, the
ground state of CaRuOjs is still under debate. Earlier studies of the transport, thermal

and magnetic properties of Sri_,Ca,RuOj3 solid solutions revealed that the composition x



is an efficient control parameter and the substitution of the Sr ions by the smaller Ca ions
gradually suppresses the ferromagnetic character and with it the Curie temperature [14—
17]. However, estimates of the critical Ca concentration at which 7 vanishes show large
variations depending on the way of the assignment, experimental methodology and sample
synthesis. In particular, the strain, induced by the lattice mismatch with the substrate,
is perhaps responsible for the suppression of the critical Ca concentration in thin films
as compared with bulk crystals. In addition, the random distribution of Sr and Ca ions
introduces strong disorder in the exchange interactions controlling the magnetic state.

To investigate the magnetic properties of Sri_,Ca,RuO3 with high accuracy, we have
grown a composition-spread epitaxial film of size 10 mm x4 mm and thickness 200 nm (~ 500
unit cells) on a SrTiO3 (001) substrate [18, 19] which sets the easy magnetization direction
normal to the film plane [20]. The Ca concentration changes linearly from x=0.13 to 0.53
along the long side of the sample, as shown in Fig. 1a. The large atomically-flat area observed
in the atomic force microscope image (Fig. 1a) demonstrates the high quality of this film.

The composition and temperature dependence of the magnetic properties of the
Sry_,Ca,RuOs3 film were probed by a home-built magneto-optical Kerr microscope equipped
with a He-flow optical cryostat. Its magneto-optical Kerr rotation for visible light is domi-
nated by the charge transfer excitations between the O 2p and Ru 4d ty, states [21]. The large
magnitude of the magneto-optical Kerr effect, being the consequence of strong spin-orbit cou-
pling in ruthenates [22], was found to be proportional to the magnetization measured by a
SQUID magnetometer on uniform thin films. We have performed all these experiments using
a red laser diode. The resulting precisions of the magnetization (M) and susceptibility ()
measurements were 6 - 1073 up per Ru atom and 8 - 1072 ugT~! per Ru atom, respectively.
Since the composition gradient of the sample is about 0.04mm™!, the spatial resolution,
0 < 20 pum, of our microscope corresponds to a resolution of dz =~ 0.001 in the composition,
allowing us to achieve an exceptionally fine mapping of the magnetization versus the control
parameter of the quantum phase transition. See Supplemental Material at [URL will be
inserted by publisher] for more details on the sample preparation, characterization, and on
the experimental methodology.

An overview of the results is given in Fig. 1b which shows a color contour map of the
remanent magnetization M as a function of the temperature 7" and the composition z. It

was obtained by interpolating a large collection of M(z) and M(T') curves measured at



constant temperatures and concentrations, respectively. The data clearly show that the
area of the ferromagnetic phase and the magnitude of the low-temperature magnetization
are gradually suppressed with increasing x. Figure 2 displays the temperature dependence
of the magnetization and susceptibility for selected compositions. With increasing z, the
upturn region in the magnetization curves significantly broadens and the width of the ac
susceptibility peaks increases. This already hints at an unconventional smearing of the
paramagnetic-to-ferromagnetic phase transition at higher values of the composition x. The
critical temperature, T(x) in Fig. 1b, separating the ferromagnetic and paramagnetic states
in the composition-temperature phase diagram was identified with the peak positions in the
susceptibility and in the first derivative of magnetization using both the temperature and
the concentration sweeps.

The T¢(z) line in Fig. 1b does not show a singular drop at any concentration, instead it
grows a tail extending beyond = = 0.52 where the zero-temperature magnetization is about
three orders of magnitude smaller than the saturation value for StTRuQOj3. Similar behavior is
also observed in the low-temperature magnetization M as a function of the composition, z,
as shown in Fig. 3a. (We found that all M (x) curves measured below T=6 K collapse onto
each other without any detectable temperature variation.) M (x) has an inflection point at
x =~ 0.44 followed by a pronounced tail region in which the magnetization decays slowly
towards larger x. The existence of an ordered ferromagnetic moment is further confirmed
by the hysteresis in the M(B) loops even at x = 0.52 (see the inset of Fig. 3a). Thus,
the evolution of both the magnetization and the critical temperature with x provide strong
evidence for the ferromagnetic-to-paramagnetic quantum phase transition being smeared.

How can the unconventional smearing of the quantum phase transition and the associated
tail in the magnetization be understood quantitatively? As the magnetization fluctuations
in a metallic ferromagnet are over-damped, sufficiently large Sr-rich rare regions can develop
true magnetic order (see Fig. 1c) even if the bulk system is paramagnetic [10, 11]. Macro-
scopic ferromagnetism arises because these rare regions are weakly coupled by an effective
long-range interaction [23, 24]. To model this situation, we observe that the probability for
finding Ng, strontium and Ng, calcium atoms in a region of N = Ng,+ N¢, unit cells (at aver-
age composition ) is given by the binomial distribution P(Ng,, Nc,) = (AZ,Z) (1 — x)NsrgNea,
Such a region orders magnetically if the local calcium concentration ), = Nga/N is below

some threshold z.. Actually, taking finite-size effects into account [25], the condition reads



Tloe < To— A/ L% r Where Lpp is the size of the rare region, and A is a non-universal constant.
To estimate the total magnetization in the tail of the transition (z > z.), one can simply
integrate the binomial distribution over all rare regions fulfilling this condition. This yields
[25], up to power-law prefactors,

2-d/2

(x — z.)
M xexp |-C (1=

(1)
where C'is a non-universal constant. This equation clearly illustrates the notion of “smeared”
quantum phase transition: the order parameter vanishes only at x = 1 and develops a long,
exponential tail upon approaching this point. As z. represents the composition where the
hypothetical homogeneous (clean) system having the average ion size would undergo the
quantum phase transition, the extension of the ferromagnetic phase beyond x. is an effect
of the disorder. Starting from atomic-scale disorder our theory is applicable as long as a
large number of clusters are probed within the experimental resolution, so that the measured
quantities represent an average over the random cluster distribution. The smooth depen-
dence of the magnetization on x together with the small spot size of the beam (<300 pm?)
verifies that this is indeed the case. Based on the given spot size the upper bound for the
typical cluster size is estimated to be 1-2 um? (see Supplemental Material).

As a direct test of our theory we fit the lowest-temperature M (z) data in the tail region
according to Eq. (1) with C' and z. as the only free parameters. We take the spatial di-
mensionality d = 3 due to the large thickness of the sample far beyond the spin correlation
length in the system [26]. As can be discerned in Fig. 3b, the magnetization data in the
tail (z 2 0.44) follow the theoretical curve over about 1.5 orders of magnitude down to the
resolution limit of the instrument. For the critical composition of the hypothetical clean
system, we obtain x. = 0.38, though the quality of the fit is not very sensitive to its precise
value because the drop in M occurs over a rather narrow x interval. The composition de-
pendence of the critical temperature T can be estimated along the same lines by comparing
the typical interaction energies between the rare regions with the temperature and the same
functional dependence on z was found [25]. The experimental data in the tail region follow
this prediction with the same z. = 0.38 value, as can be seen from the corresponding fit in
Fig. 3b.

Earlier works [14-17] on Sr;_,Ca,RuOj resulted in very different estimates (ranging from

x = 0.5to 1) for the presumed critical composition of the ferromagnetic quantum phase tran-
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sition. While this may partially stem from the differences between film and bulk material,
large variations remain present even within one class of samples. We emphasize that even
such large variations can be naturally explained within the smeared transition scenario as
being the result of correlations between the positions of the Sr and Ca atoms. If the occu-
pation of neighboring unit cells with the same type of atoms is preferred, the probability
for finding large Sr-rich regions will be greatly enhanced compared to the previous case of
independent random occupation of all cells. Therefore, the tail of the M(z) curve becomes
much more pronounced. To model this situation, we have generalized the mean-field model
of Ref. 25 to the case of correlated disorder. Figure 4 presents the zero-temperature M (x)
curves of several systems with different disorder correlations. We have assumed the oc-
cupations of the lattice sites with Sr or Ca atoms to have Gaussian correlation functions
with correlation lengths ranging from 0 to 2 lattice constants. The figure shows that even
short-range correlations have a dramatic effect; they shift the seeming critical composition
from about x = 0.5 to 1. To model and analyze the effects of correlations between the
positions of the Sr and Ca atoms, we have considered a (3+1)-dimensional Ising model. The
exchange interactions can take two values at random, corresponding to the occupation of
the lattice site with a Sr or Ca atom. To generate random variables with the desired spatial
correlations, we use the Fourier filtering method [27]. The Ising model is then solved within
a local mean-field theory which gives the local magnetization on each lattice site.

To summarize, we have studied the paramagnetic-to-ferromagnetic quantum phase tran-
sition of Sr;_,Ca,RuO3 by means of a composition-spread epitaxial film with x ranging
from 0.13 to 0.53. Using magneto-optical Kerr microscopy allowed us to achieve an excep-
tionally fine mapping of the magnetization and susceptibility as functions of composition
x and temperature. We found that the disorder significantly extends the ferromagnetic
phase. Moreover, the phase transition in this itinerant system does not exhibit any of the
singularities associated with a quantum critical point. Instead, both the magnetization and
critical temperature display pronounced tails towards the paramagnetic phase. The func-
tional forms of these tails agree well with the predictions of our theoretical model which is
based on the smeared quantum phase transition scenario [11]. Our calculations also show
that disorder, if correlated over a few unit cells, is even more powerful in promoting an
inhomogeneous ferromagnetic phase. We thus conclude that our results provide, to the best

of our knowledge, the first quantitative confirmation of a smeared quantum phase transition



in a disordered metal. We expect that this scenario applies to a broad class of itinerant
systems with quenched disorder.
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FIG. 1: (Color online) Morphology and magnetic characterization of the composition-spread
Sr;_,Ca,RuO3 epitaxial film. (a) Photographic image of the 10x4 mm? film with the local con-
centration, z, indicated along the composition-spread direction. The large terraces of mono-atomic
layers in the atomic force microscope image demonstrates the high quality of the film. (b) The
contour plot of the remanent magnetization (M) over the composition-temperature phase dia-
gram. The dotted mesh is the measured data set used for the interpolation of the surface. The
ferromagnetic-paramagnetic phase boundary, T¢(x), derived from the susceptibility and magneti-
zation data (see text for details) is also indicated by the black and grey symbols, respectively. (c)
Schematic of the magnetism in the tail of the smeared transition. The spins on Sr-rich rare regions
(bright islands) form locally ordered ”superspins”. Their dynamics freezes due to the coupling to
electronic excitations which also tends to align them giving rise to an inhomogeneous long-range

ferromagnetic order.

FIG. 2: (Color online) Temperature dependence of (a) the remanent magnetization M and (b)
ac susceptibility x for selected compositions, z. The main panel of (b) focuses on the region
x 2 0.4, and the inset displays representative susceptibility curves over the full range of z. Both
the magnetization and susceptibility curves show the continuous suppression of the ferromagnetic

phase with increasing x and the broadening of the transition.

FIG. 3: (Color online) The smearing of the quantum phase transition in Srj_,Ca,RuOs. (a) The
composition dependence of the remanent magnetization M at selected temperatures. The inset
shows that the hysteresis in the field loops at T=4.2 K gradually vanishes towards larger x but
still present even at z ~ 0.52. (b) Semilogarithmic plots of the magnetization and the transition
temperature T¢ as functions of the control parameter in the tail region. The symbols represent
the experimental data while solid lines correspond to the theory which predicts z. = 0.38 as the

location of the quantum phase transition in the (hypothetical) clean system.
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FIG. 4: (Color online) Model calculation of the magnetization-composition (M — x) curves in
presence of correlated disorder. M is the saturation magnetization and £ is the disorder correlation
length measured in lattice constants, i.e., it is the length scale over which the occupations of the

unit cells with Sr or Ca atoms are correlated.
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