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Quantum Phase Transition in F&/Cr 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 tfiée/Cr];, multilayers the resistivitypgs associated
with the AFM scattering att < T < 100 K varies asps(T) = ps(0) — AT with 0.5 < a(H) < 2.
As T — 0 K, ps saturates except for a magnetic field region nHar= HY, which tunes the AFM
transition down to 0 K. For temperatures upwards from 20 mK \#th= H¢ a crossover between two
linear inT dependences Qs 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

A guantum phase transition (QPT) [1] occurs at 0 K inon the study of the F&Cr system, we believe we have
a quantum mechanical system due to variation of nonthemmbserved a general property of AFM coupled MML or
mal control parameters which fundamentally change thether antiferromagnets with a well-defined characteristic
ground state. The parameter used to tune QPT can be tfield corresponding to the AFM/FM transition.
chemical composition, pressure, or magnetic field [2—9]. By using isothermal magnetoresistance (MR) measure-
Recently QPT’s have attracted much interest because ofients, we reconstructed the magnetic phase diagram for
their fascinating theoretical and experimental issues [7,10Hifferent orientations of the field with respect to the MML
Since QPT cannot be studied at 0 K, its identification relieplane. The temperature dependence of the resistivity mea-
on finding the specific finite temperature scaling behaviosured at different magnetic fields enables us to determine
as a function of temperature itself, frequency, or ampli-the spin dependent contributigry due to AFM coupling
tude of various probes [7]. Quantum critical behavior maynearby and far away from the QPT point. We observe that
be different from the classical one since the ground statever a wide temperature range above 4 K the spin depen-
may be determined by quantum rather than thermal fluceent contribution varies gss(T) = ps(0) — AT%, where
tuations [7,10]. The important difference between QPTe« is a function of the magnetic field. On the other side,
and the finite temperature transition is that quantum flucfor the temperatures below 2 K the spin dependent scat-
tuations at QPT are present at all frequencies down teering saturatesA ps(T) = ps(0) — ps(T) ~ T? except
zero [7]. when the QPT is tuned exactly. In this cage, varies

Study of the temperature scaling, especially in eleclinearly as a function of temperature between 20 mK and
tron transport, is shown to be particularly important t0120 K Aps(T) ~ BT with 8 changing around 2-3 K.
identify QPT in nearly antiferromagnetic (AFM) metals This change of the slop8 may be explained by a transi-
[2,4,11,12]. In all of these systems, the QPT into thetion from the quantum to the thermal critical spin fluctu-
magnetically ordered phase occurs from the paramagnetating regime.
state and, to our best knowledge, quantum critical behav- The epitaxial [F&(12 A)/Cr(12 A)];, multilayers are
ior with AFM fluctuations developed from the ferromag- prepared in a molecular-beam epitaxy system on MgO
netic state has not yet been reported. Moreover, so fgfl00) substrates held at 30 and covered by a 12 A
no clear evidence for the quantum-thermal crossover hasick Cr seed layer. The thickness of Cr film in the
been observed, probably because of the difficulty to sepanultilayer corresponds to the first AFM peak in the
rate magnetic interactions at high temperatures. interlayer exchange coupling producing a maximum GMR

In this Letter, we present an experimental study ofin this system [14].In situ reflection high-energy electron
the electron transport in a magnetic system in whichdiffraction andex situx-ray diffraction measurements are
the transition betweetwo magnetically different ground used to control the structural quality of the multilayers. A
statesis tuned by an external magnetic field. The systendetailed description of sample preparation and structural
we used is the antiferromagnetically coupled magneticharacterization has been reported elsewhere [15]. For
multilayer (MML) [Fe/Cr];p which demonstrates giant the transport measurements the films were patterned
magnetoresistance effects (GMR) due to transition fronby optical lithography. The electrical resistivity was
AFM to ferromagnetic (FM) alignment of the Fe layers measured by a standard four-probe ac method.
induced by a magnetic field [13]. Our important finding Figure la shows typical isothermal magnetoresistance
is that at sufficiently low temperatures the AFM/FM curves measured in magnetic fields paralléj) and per-
transition in MML is strongly affected by quantum pendicular(H,) to the multilayer plane. The largest
fluctuations. Although our conclusions are based onlypart of parallel MR is linear:;p(0) — p(H) ~ H; the
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40 . . parallel or perpendicular to the measurement current give
(a) almost identical results, indicating the domination of
the spin scattering effects over the anisotropic MR. By
300K linear extrapolation we find thafagpm = 0 K when
Hs) = Hgy =075T and Hy, = Hg, =27T. At
H = 0, the studied system is most probably a non-
collinear antiferromagnet with a finite Néel vect¥r~ 1.
When temperature is decreased along the dashed lines
indicated in Fig. 1b, aI' = 0 K phase transition from
a FM to an AFM state may be approached resulting
H (T) in a continuous enhancement of the effect of the AFM
fluctuations. In our view, the FM state should be treated
. , , as “clean” ferromagnetism which could, however, have
300 FM o FM (b)| some degree of nonthermal disorder caused by the
\ unavoidable presence of fluctuations of the Cr spacer
layer thickness. On the other hand, the AFM state,
200 | s \3 ] St which is approached along the above-mentioned line, is a
o | AFM \ noncollinear AFM with vanishing Néel vector.
100 \ : | Figure 2 shows total and spin dependent parts in elec-
\i C{ ; trical resistivity for7T > 4 K at different magnetic fields.
E C?é Because of similarity, we present only the data obtained
for the perpendicular field orientation. Faéf/HY, >
1.2, the p(T) data (Fig. 2a) are almost field indepen-
Hs (M) dent because in that field range the electron spins par-
FIG. 1. (a) Isothermal magnetoresistance [#%e/Cr], in  allel to the Fe magnetic moment in the layers do not
magnetic fields paralle(H) and perpendiculakH,) to the
MML plane at T = 10 and 300 K. Also shown is the
normalized by saturation valud in-plane magnetizatioi,
measured at 10 K for the magnetic field decreased between
2 and 0 T. (b) Magnetic phase diagram @fFe/Cr]j,
multilayers in parallel (squares) and perpendicular (circles)
magnetic fields. The arrows show critical fields) which

correspond tdl'agm = 0 K. When the temperature decreases
along the dashed lines, a QPT is approached.
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perpendicular MR can be fitted by a parabolic field depen-
dencep(0) — p(H) ~ H?. Similar p(H) dependences
have been reported for F&r MML [16]. The charac-
teristic saturation fielddg (Hs,) is defined as the mag-
netic field which corresponds to the disappearance of
the Néel vectoN = (M; — M,)/2M, (M; andM, are

the magnetization vectors of the coupled Fe layers and
M, = |[M;;]), i.e., as the field where the deviation from
the linear (quadratic) decrease of MR starts (see Fig. 1a).
We note that in the studied F€r multilayers the hystere-
sis effects in MR and magnetization are very small and
do not affect the experimental data. Absence of low field
saturation [17] of the in-plane magnetization (see Fig. 1a),
which is characteristic for biquadratic exchange coupling 109 113 .
(BC), proves that the bilinear antiferromagnetic coupling 0 160 2(')0"

dominates over intrinsic BC or BC induced by spatial fluc-

tuations of the Cr thickness [18]. T(K)

, Elgure 1b ShOW,S, ther-H phase diagrams clearly g5 o (a) Temperature dependence of resistiyityf’) for
indicating the transition between the AFM and FM statesyifferent perpendicular magnetic field values (in uritgH?, ).

as deduced from the curves shown in Fig. 1a. Fo(b) Temperature dependences of the spin dependent contribu-
the in-plane configuration, measurements with the fieldion in resistivity ps(7) = p(T, H) — p(T,2HS, ).
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suffer magnetic scattering [13]. For magnetic fiekls<  sistivity measurements down to 20 mK. Figure 4 shows
1.2HY,, one observes a low temperature upward shifthe temperature variation gis(T) for H; and close to
in ps(T) which at H ~ HY, transforms into an addi- the point where fine-tuning of the QPT is obtained by ap-
tional well-defined contribution. This MR was studied plying a magnetic field. For all magnetic fields, except
so far only in the form of the difference betweenin  those corresponding t# =~ Hfg)”, the spin dependent con-
the AFM (atH = 0) and FM(H > HJ) states [19]. Fig- tribution to the resistivity saturates &— 0 K. Again,
ure 2b shows the spin dependent part in electrical resistivas in the high temperature regimi@ > 4 K), the pg
ity ps = p(T,H.) — p(T,2HY,) at different magnetic varies linearly with temperature when QPT is approached:
fields. We have found that fér < H ~ HJ the observed ps(T) — ps(0) ~ BT. The slopep at very low tem-
variation of spin dependent contribution with temperaturgderatures is approximately half of the value observed at
Aps(T) = ps(T) — ps(0) may be fitted to a power law: T > 4 K. This observation, together with completely dif-
Aps ~ T% in a wide temperature range below 100 K. ferent scaling ofps(7) with magnetic field neat =~ HY
For H > HY, the temperature interval, where the powerwhenT is above (Figs. 2 and 3) or below (Fig. 4) 2-3 K,
law may be obtained, is reduced. An important aspecindicates a possible fundamental change in the electron
of these data is an apparent linear variatiomfy ~ 7 scattering mechanism. For the perpendicular magnetic
when temperature is varied by more than a decade in thiéelds, we observe similar behavior (see inset of Fig. 4)
vicinity of H = HY, i.e., when tuning of the phase transi- which is, however, complicated by the presence of relaxa-
tion with Tapm = 0 K takes place. tion effects in the electron transport below 100 mK.
Figure 3 shows the dependencesobn the normalized ~ The influence of the temperature pnin the AFM and
field # /H? for parallel and perpendicular field orientations FM states in F£Cr MML has been attributed to the varia-
for the field interval whereps(T) varies asAps ~ T tion of the mean free path [20], local spin excitations [21],
within a temperature interval of more than one decademagnons [19], and random exchange potentials [22]. In

We can observe three different regimes: (i) fér= Hg epitaxial FegCr trilayers, the MR saturates at low tem-
we finda = 1; (ii) for H < 0.5HY the exponentx =~ 2;  Peratures and is linear as a function Bfabove 70 K

and (jii) @ = 1.7 for H = 0. We note that forq > [23]. These data, however, involve normalizationgf
1.3HY, (1.15HY, ) one cannot determine(H) because the PY the total resistivity, which itself is temperature depen-
data cannot be fitted by the power law. We believe thaflent. In sputtered F€r superlattices below ~ 100 K,
deviation froma = 2 for H < 0.1H¢ is mainly due to the
electron interaction with the AFM domain walls.

A peculiar character of the ground state realized at
H = HY with @ =~ 1 is confirmed by the electrical re-
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FIG. 3. The dependence af on the normalized magnetic
field H/HY determined for parallel (open diamonds) and
perpendicular (closed squares) field configurations. The dashed T (K)

line corresponds ta = 2, expected for the Fermi liquids. The o ] o

vertical dotted line marks QPT. The vertical bars indicate theFIG. 4. Variation of the spin dependent contribution to re-
deviation in @ which could be induced by variation ips  Sistivity, ps(T) — ps(0), at temperatures between 20 mK and
determined aps = p(T,H) — p(T,80 kG) and in parameter 1.3 K. This contribution is measured in the parallel magnetic
ps(0), or when employing anothé¥ definition (i.e., as a cross fields (in unitsH /H¢);) which provide fine-tuning of the quan-
section between low field and high field asymptotics shown intum magnetic phase transition. The inset shows the low tem-
Fig. 1). perature part irps(T) for H, = HY,.
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