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Quantum Phase Transition in FeyyyCr Multilayers Tuned by a Magnetic Field
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We report on the spin dependent electron transport near the transition from a ferromagnetic into an
antiferromagnetic (AFM) state. We find that in thefFeyCrg10 multilayers the resistivityrS associated
with the AFM scattering at4 , T , 100 K varies asrSsTd  rSs0d 2 ATa with 0.5 , asHd # 2.
As T ! 0 K, rS saturates except for a magnetic field region nearH  H0

S , which tunes the AFM
transition down to 0 K. For temperatures upwards from 20 mK withH  H0

S a crossover between two
linear in T dependences ofrS is observed, indicating a possible transition from the critical quantum to
the thermal spin fluctuations around 2–3 K. [S0031-9007(98)08049-1]

PACS numbers: 72.15.–v, 75.50.Ee, 75.70.Cn
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A quantum phase transition (QPT) [1] occurs at 0 K i
a quantum mechanical system due to variation of nonth
mal control parameters which fundamentally change t
ground state. The parameter used to tune QPT can be
chemical composition, pressure, or magnetic field [2–9
Recently QPT’s have attracted much interest because
their fascinating theoretical and experimental issues [7,1
Since QPT cannot be studied at 0 K, its identification relie
on finding the specific finite temperature scaling behavi
as a function of temperature itself, frequency, or amp
tude of various probes [7]. Quantum critical behavior ma
be different from the classical one since the ground sta
may be determined by quantum rather than thermal flu
tuations [7,10]. The important difference between QP
and the finite temperature transition is that quantum flu
tuations at QPT are present at all frequencies down
zero [7].

Study of the temperature scaling, especially in ele
tron transport, is shown to be particularly important t
identify QPT in nearly antiferromagnetic (AFM) metals
[2,4,11,12]. In all of these systems, the QPT into th
magnetically ordered phase occurs from the paramagne
state and, to our best knowledge, quantum critical beha
ior with AFM fluctuations developed from the ferromag
netic state has not yet been reported. Moreover, so
no clear evidence for the quantum-thermal crossover h
been observed, probably because of the difficulty to sep
rate magnetic interactions at high temperatures.

In this Letter, we present an experimental study o
the electron transport in a magnetic system in whic
the transition betweentwo magnetically different ground
statesis tuned by an external magnetic field. The syste
we used is the antiferromagnetically coupled magne
multilayer (MML) fFeyCrg10 which demonstrates giant
magnetoresistance effects (GMR) due to transition fro
AFM to ferromagnetic (FM) alignment of the Fe layers
induced by a magnetic field [13]. Our important finding
is that at sufficiently low temperatures the AFM/FM
transition in MML is strongly affected by quantum
fluctuations. Although our conclusions are based on
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on the study of the FeyCr system, we believe we have
observed a general property of AFM coupled MML o
other antiferromagnets with a well-defined characteris
field corresponding to the AFM/FM transition.

By using isothermal magnetoresistance (MR) measu
ments, we reconstructed the magnetic phase diagram
different orientations of the field with respect to the MML
plane. The temperature dependence of the resistivity m
sured at different magnetic fields enables us to determ
the spin dependent contributionrS due to AFM coupling
nearby and far away from the QPT point. We observe th
over a wide temperature range above 4 K the spin dep
dent contribution varies asrSsT d  rSs0d 2 ATa , where
a is a function of the magnetic field. On the other sid
for the temperatures below 2 K the spin dependent sc
tering saturates:DrSsT d  rSs0d 2 rSsT d , T2 except
when the QPT is tuned exactly. In this case,rS varies
linearly as a function of temperature between 20 mK a
120 K DrSsT d , bT with b changing around 2–3 K.
This change of the slopeb may be explained by a transi-
tion from the quantum to the thermal critical spin fluctu
ating regime.

The epitaxial fFes12 ÅdyCrs12 Ådg10 multilayers are
prepared in a molecular-beam epitaxy system on Mg
(100) substrates held at 50±C and covered by a 12 Å
thick Cr seed layer. The thickness of Cr film in th
multilayer corresponds to the first AFM peak in th
interlayer exchange coupling producing a maximum GM
in this system [14].In situ reflection high-energy electron
diffraction andex situx-ray diffraction measurements are
used to control the structural quality of the multilayers.
detailed description of sample preparation and structu
characterization has been reported elsewhere [15].
the transport measurements the films were pattern
by optical lithography. The electrical resistivity wa
measured by a standard four-probe ac method.

Figure 1a shows typical isothermal magnetoresistan
curves measured in magnetic fields parallelsHkd and per-
pendicular sH'd to the multilayer plane. The larges
part of parallel MR is linear:rs0d 2 rsHd , H; the
© 1998 The American Physical Society
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FIG. 1. (a) Isothermal magnetoresistance offFeyCrg10 in
magnetic fields parallelsHkd and perpendicularsH'd to the
MML plane at T  10 and 300 K. Also shown is the
normalized by saturation valueMS in-plane magnetizationM,
measured at 10 K for the magnetic field decreased betwe
2 and 0 T. (b) Magnetic phase diagram offFeyCrg10
multilayers in parallel (squares) and perpendicular (circle
magnetic fields. The arrows show critical fieldsH0

S which
correspond toTAFM  0 K. When the temperature decrease
along the dashed lines, a QPT is approached.

perpendicular MR can be fitted by a parabolic field depe
dencers0d 2 rsHd , H2. Similar rsHd dependences
have been reported for FeyCr MML [16]. The charac-
teristic saturation fieldHSk sHS'd is defined as the mag-
netic field which corresponds to the disappearance
the Néel vectorN  sM1 2 M2dy2M0 (M1 and M2 are
the magnetization vectors of the coupled Fe layers a
M0  jM1,2j), i.e., as the field where the deviation from
the linear (quadratic) decrease of MR starts (see Fig. 1
We note that in the studied FeyCr multilayers the hystere-
sis effects in MR and magnetization are very small an
do not affect the experimental data. Absence of low fie
saturation [17] of the in-plane magnetization (see Fig. 1a
which is characteristic for biquadratic exchange couplin
(BC), proves that the bilinear antiferromagnetic couplin
dominates over intrinsic BC or BC induced by spatial fluc
tuations of the Cr thickness [18].

Figure 1b shows theT -H phase diagrams clearly
indicating the transition between the AFM and FM state
as deduced from the curves shown in Fig. 1a. F
the in-plane configuration, measurements with the fie
en
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parallel or perpendicular to the measurement current g
almost identical results, indicating the domination o
the spin scattering effects over the anisotropic MR. B
linear extrapolation we find thatTAFM ø 0 K when
HSk  H0

Sk . 0.75 T and HS'  H0
S' . 2.7 T. At

H  0, the studied system is most probably a non
collinear antiferromagnet with a finite Néel vectorN , 1.
When temperature is decreased along the dashed li
indicated in Fig. 1b, aT  0 K phase transition from
a FM to an AFM state may be approached resultin
in a continuous enhancement of the effect of the AF
fluctuations. In our view, the FM state should be treate
as “clean” ferromagnetism which could, however, hav
some degree of nonthermal disorder caused by
unavoidable presence of fluctuations of the Cr spac
layer thickness. On the other hand, the AFM stat
which is approached along the above-mentioned line, i
noncollinear AFM with vanishing Néel vector.

Figure 2 shows total and spin dependent parts in ele
trical resistivity forT . 4 K at different magnetic fields.
Because of similarity, we present only the data obtain
for the perpendicular field orientation. ForHyH0

S' .

1.2, the rsT d data (Fig. 2a) are almost field indepen
dent because in that field range the electron spins p
allel to the Fe magnetic moment in the layers do n

FIG. 2. (a) Temperature dependence of resistivityrsT d for
different perpendicular magnetic field values (in unitsHyH0

S').
(b) Temperature dependences of the spin dependent contr
tion in resistivityrSsTd  rsT , Hd 2 rsT , 2H0

S'd.
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suffer magnetic scattering [13]. For magnetic fieldsH ,

1.2H0
S', one observes a low temperature upward sh

in rSsT d which at H , H0
S' transforms into an addi-

tional well-defined contribution. This MR was studied
so far only in the form of the difference betweenr in
the AFM (atH  0) and FMsH . H0

Sd states [19]. Fig-
ure 2b shows the spin dependent part in electrical resist
ity rS  rsT , H'd 2 rsT , 2H0

S'd at different magnetic
fields. We have found that for0 , H , H0

S the observed
variation of spin dependent contribution with temperatu
DrSsT d  rSsT d 2 rSs0d may be fitted to a power law:
DrS , Ta in a wide temperature range below 100 K
For H . H0

S, the temperature interval, where the powe
law may be obtained, is reduced. An important aspe
of these data is an apparent linear variation ofDrS , T
when temperature is varied by more than a decade in
vicinity of H  H0

S, i.e., when tuning of the phase transi
tion with TAFM  0 K takes place.

Figure 3 shows the dependence ofa on the normalized
field HyH0

S for parallel and perpendicular field orientation
for the field interval whererSsT d varies asDrS , Ta

within a temperature interval of more than one decad
We can observe three different regimes: (i) forH ø H0

S

we find a . 1; (ii) for H , 0.5H0
S the exponenta . 2;

and (iii) a . 1.7 for H . 0. We note that forH .

1.3H0
Sk s1.15H0

S'd one cannot determineasHd because the
data cannot be fitted by the power law. We believe th
deviation froma ø 2 for H , 0.1H0

S is mainly due to the
electron interaction with the AFM domain walls.

A peculiar character of the ground state realized
H  H0

S with a ø 1 is confirmed by the electrical re-

FIG. 3. The dependence ofa on the normalized magnetic
field HyH0

S determined for parallel (open diamonds) an
perpendicular (closed squares) field configurations. The dash
line corresponds toa  2, expected for the Fermi liquids. The
vertical dotted line marks QPT. The vertical bars indicate th
deviation in a which could be induced by variation inrS
determined asrS  rsT , Hd 2 rsT , 80 kGd and in parameter
rSs0d, or when employing anotherHS definition (i.e., as a cross
section between low field and high field asymptotics shown
Fig. 1).
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sistivity measurements down to 20 mK. Figure 4 show
the temperature variation ofrSsT d for Hk and close to
the point where fine-tuning of the QPT is obtained by a
plying a magnetic field. For all magnetic fields, exce
those corresponding toH ø H0

Sk, the spin dependent con
tribution to the resistivity saturates atT ! 0 K. Again,
as in the high temperature regimesT . 4 Kd, the rS

varies linearly with temperature when QPT is approache
rSsT d 2 rSs0d , bT . The slopeb at very low tem-
peratures is approximately half of the value observed
T . 4 K. This observation, together with completely dif
ferent scaling ofrSsT d with magnetic field nearH ø H0

S
whenT is above (Figs. 2 and 3) or below (Fig. 4) 2–3 K
indicates a possible fundamental change in the elect
scattering mechanism. For the perpendicular magne
fields, we observe similar behavior (see inset of Fig.
which is, however, complicated by the presence of relax
tion effects in the electron transport below 100 mK.

The influence of the temperature onr in the AFM and
FM states in FeyCr MML has been attributed to the varia
tion of the mean free path [20], local spin excitations [21
magnons [19], and random exchange potentials [22].
epitaxial FeyCr trilayers, the MR saturates at low tem
peratures and is linear as a function ofT above 70 K
[23]. These data, however, involve normalization ofrS

by the total resistivityr which itself is temperature depen
dent. In sputtered FeyCr superlattices belowT ø 100 K,

FIG. 4. Variation of the spin dependent contribution to re
sistivity, rSsTd 2 rSs0d, at temperatures between 20 mK an
1.3 K. This contribution is measured in the parallel magne
fields (in unitsHyH0

Sk) which provide fine-tuning of the quan-
tum magnetic phase transition. The inset shows the low te
perature part inrSsTd for H' . H0

S'.
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rSsT d 2 rSs0d , T2 [19]. We also note that critical be-
havior in divergent resistivity nearTN in Dy was found to
be described by a power law witha ø 0.7 [24].

Although a non-Fermi liquid (NFL) variation of the
electrical resistivity has been observed in some correlat
electron systems, a satisfactory theoretical explanation
lacking [25]. The nearly antiferromagnetic Fermi-liquid
model [26], which does not involve any quantum critica
point, predicts a transition from linear to quadratic tem
perature dependence in the resistivity. NearT  0 K,
magnetic phase transition spin-fluctuation theories [27
29] predict rSsT d 2 rSs0d , Tn with 4y3 , n , 5y3
determined by the type (ferro/antiferro) of paramagnon
and degree of disorder. Three-dimensional spin fluctu
tions in a heavy electron system near their AFM instab
ity should result inn  3y2 at very lowT followed by a
crossover to a certain range whererS varies almost lin-
early with temperature [30].

According to Hertz [1], a quantum mechanical syste
in d dimensions is similar to a classical system insd 1 zd
dimensions, wherez  1 or 2 [28] is the dynamic critical
exponent. If this statement is valid only forz  1
[31], the transition between two different linear versu
T dependences in spin dependent electron transport m
reflect a quantum-classical crossover [7,32] from
dominating one(two)-dimensional quantum to
two(three)-dimensional classical spin fluctuation. Qua
tum fluctuations in reduced dimensions [33] could develo
to prevent dissipation into a surrounding Fermi sea.

Finally, the narrow field range, where QPT is observe
is consistent with theoretical predictions [7] and contra
dicts an explanation in terms of a disorder induced NF
[34]. The nature of the ground state atHyH0

S ¿ 1, where
a spin gap could appear [7], as well as the limitHyH0

S ø 1
will be addressed in forthcoming publications.

In summary, we have demonstrated the importance
quantum effects for spin dependent electron transport
the vicinity of a FM/AFM transition suppressed by an
external field. In the AFM coupledfFeyCrg10 MML for
the interval of magnetic fields where formation of th
Néel vector atT  0 K is expected, we observe a linea
vs temperature variation of the spin dependent part
resistivity over almost two decades variation ofT above
20 mK. This behavior is followed by quantum-classi
crossover above 2–3 K and the extended temperat
region with also a linear dependenceDrS , T , which
could be due to electron scattering on critical thermal sp
fluctuations.
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