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We have investigated the magnetic order in an �Fe2=�VHx�13� � 200 superlattice as a function of
temperature and hydrogen content in the vanadium layers. A J?-T magnetic phase diagram was
established where J? denotes the interlayer exchange coupling between adjacent Fe planes. We propose
that Fe=V superlattices, in which the ratio of interlayer to intralayer coupling can be tuned continuously
and reversibly via hydrogen in the nonmagnetic vanadium, offer a new approach for the study of low-
dimensional magnetism and crossover effects near the transition from ferromagnetic to antiferromag-
netic order.
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Fe layers [17]. Therefore, at a certain intermediate hydro- with kS 	 0:35 and for x � 0:1 [25].
The interlayer exchange coupling (IEC) has been ex-
plored for many systems since it was first discovered in
magnetic multilayers combining transition [1] or rare
earth [2,3] metals and nonmagnetic [4] or semiconduct-
ing [5] interlayers. In various systems the IEC was found
to be oscillatory, and both Ruderman-Kittel-Kasuya-
Yosida- (RKKY-)like models [6,7] and a quantum inter-
ference model [8,9] predict oscillations of the interlayer
exchange coupling J? with the Fermi wave vector kF and
the thickness of the nonmagnetic spacer layer, dS, follow-
ing J? / �2kFdS��2 sin�2kFdS�. While the influence of dS
on the IEC has been widely studied, the influence of kF is
more difficult to test experimentally. Some examples
exist, where the manipulation of the Fermi wave vector
was achieved through alloying of the spacer layers
[10–14]. Recently it was demonstrated for Fe=Nb
[15,16] and Fe=V [17] superlattices that hydrogen incor-
porated in the nonmagnetic interlayers effectively
changes kF and thus the IEC.

In this Letter, we present an experimental investigation
of the magnetic ordering in an �Fe2=�VHx�13� � 200
superlattice for hydrogen concentrations x < 0:05.
The subscripts denote the number of monatomic layers
and x is the hydrogen concentration defined as the
atomic ratio, x 	 hH=Vi.We propose that the investigated
system is highly relevant with respect to low-dimensional
magnetism because of the strongly reduced thickness of
the Fe films. Indeed the FM layers in the sample might
be taken as two-dimensional magnets. Within the plane
a ferromagnetic (FM) exchange coupling Jk arises
from the direct exchange interaction between the Fe
moments. The sign and strength of the out-of-plane
IEC J? determine the three-dimensional (3D) magnetic
structure of the sample.While the pristine Fe2=V13 super-
lattice shows antiferromagnetic (AFM) order due to a
negative J?, at higher hydrogen concentrations J? be-
comes positive leading to a FM alignment of adjacent
0031-9007=03=91(3)=037202(4)$20.00 
gen concentration, the IEC should vanish and the de-
coupled Fe2 layers display quasi-two-dimensional (2D)
magnetic order. Earlier work on quasi-2D systems was
based on the synthesis of layered ionic compounds
[18]. Only very recently, with the investigation of
Cr;Nb=�Tb0:27Dy0:73�0:32Fe0:68 multilayers [19] and a
Fe2=V5 superlattice [20], exchange coupled thin films
have been used to address questions in low-dimensional
magnetism. Here we use a new approach, namely, hydro-
gen in Fe=V�001� superlattices, and we report on
the J?�x�-T magnetic phase diagram of a Fe2=�VHx�13
superlattice.

Two hundred repetitions of 2 monolayers (ML) of Fe
and 13 ML of V were grown epitaxially by dc sputtering
in a standard fashion [21] on an MgO(001) substrate (2�
2 cm2 in size). The sample quality and the thicknesses of
the constituent layers were confirmed by x-ray character-
ization. Polarized and unpolarized neutrons were used to
investigate the temperature and concentration dependen-
ces of the AFM order. The experiments were performed
with the ADAM neutron reflectometer at the Institut
Laue-Langevin, Grenoble [22]. A closed-cycle refrigera-
tor (displex) was equipped with a closed container at the
sample position and connected to an outside H-handling
system. We loaded the sample by exposure to different
pressures of hydrogen [23] at 300 K before cooling the
sample to 10 K. During cooling, the hydrogen atmosphere
was removed by evacuating the chamber at 250 K. When
hydrogen enters theV layers an out-of-plane expansion of
theV layers occurs and thus an increase of the superlattice
period � 	 dFe 
 dVHx

is observed. This leads to a rela-
tive shift �Q=Q of the first-order superlattice peak to
smaller values. From this shift we can determine the
hydrogen concentration in the V layers via

�dV
dV

	 kSx; (1)
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Complementary measurements were performed using a
commercial SQUID (superconducting quantum interfer-
ence device) magnetometer (Quantum Design MPMS).
The SQUID setup does not allow an in situ exposure of
the sample to a hydrogen atmosphere or a direct determi-
nation of x. Thus, the sample was loaded externally in a
hydrogen atmosphere of 20 mbar, transferred to the
SQUID, and quenched to 4 K for magnetization measure-
ments. Some hydrogen was thereafter removed from the
sample by heating to 400 K at 10 K=min in the He flow of
the SQUID and cooling again at the same rate. After six
such cycles the sample had returned to its initial state
with all hydrogen removed. Comparing AFM transition
temperatures determined by neutron reflectivity (NR)
and the SQUID magnetization data (see below), we esti-
mated that the H concentration during each thermal cycle
decreases by about �x 	 0:0075.

Figure 1 shows NR curves taken with an unpolarized
beam at 300 K (curve A) and 15 K (curve C). In curve A, a
single peak is observed at q 	 0:270 �A�1, which corre-
sponds to the chemical superlattice period �. Curve B
shows a simulation obtained with values for the thick-
nesses of the various constituents of the superlattice de-
termined from the x-ray characterization and literature
values for the respective nuclear scattering length den-
sities. In curve C, taken at 15 K, another peak is observed
at a position that represents a modulation with a period of
2�. This peak arises from the AFM orientation of the
magnetic moments in adjacent Fe layers [26–29]. Using a
value of 0:37�B=Fe—obtained from SQUID magneto-
metry (see below)—for the absolute sublattice magneti-
zation M, a simulation was performed (curve D),
assuming perfect AFM order. We find that position,
width, and amplitude of the simulated AFM peak are
in excellent agreement with the experimental data, con-
FIG. 1. Unpolarized NR curve of the pristine Fe2=V13 super-
lattice taken above TC (300 K) and at 15 K (curves A and C,
respectively). Simulations (curves B and D) show that the
complete magnetization contributes to the AFM order of the
pristine sample. The inset shows data taken at 10 K with a
polarized beam and employing spin analysis. No splitting is
observed in the nonspin flip channels nor signal in the spin flip
channel at the position of the first oder peak, supporting the
notion of perfect AFM order in the pristine sample.

037202-2
firming that the complete magnetization contributes
to the AFM order. Polarized neutron reflectometry
measurements (inset in Fig. 1) further support the 180�

coupling in the pristine sample, since no magnetic con-
tribution to the intensity is observed at the first-order
position.

The AFM peak—its (integrated) intensity I is related
to M via I / jMj2—was investigated as a function of T
with an unpolarized incident neutron beam. We obtained
the magnetization curves, shown in Fig. 2, for the pristine
sample and for two different hydrogen concentrations in
the V layers. For the pristine superlattice, we find, in good
agreement with the literature [30], a critical temperature
TN � 92 K. Upon dissolving hydrogen in the V layers, TN
decreases to 77 K for j�Q=Qj 	 0:52% and 67 K for
j�Q=Qj 	 0:63%, respectively. This represents a reduc-
tion of TN by 30%. For j�Q=Qj 	 0:83%, which was the
next higher H concentration which we studied, the AFM
peak is absent for all temperatures, showing that a
transition to FM order has occurred. Using Eq. (1), we
find that j�Q=Qj 	 0:52%, j�Q=Qj 	 0:63%, and
j�Q=Qj 	 0:83% correspond to x 	 0:0173, x 	
0:0206, and x 	 0:0290, respectively. Thus the introduc-
tion of very small amounts of hydrogen suffices to
strongly affect the ordering temperature and eventually
change the sign of the interlayer exchange interaction.

We now turn to the discussion of the SQUID magneti-
zation study. Figure 3 shows typical magnetization curves
measured at 5 K and with the external field applied in the
sample plane. The magnetization curve for x 	 0 is that of
the pristine sample. The vanishing spontaneous magneti-
zation confirms the perfect AFM state of the sample
before exposure to hydrogen. Upon hydrogen exposure,
initially, AFM order is maintained (x 	 0:0075).
However, a change in the shape of the magnetization
curve is observed which arises from a reduced strength
of J?. The third curve (x 	 0:045) depicts a typical FM
magnetization curve with a large remanent magnetiza-
tion. We measured magnetic hysteresis loops between 5
and 120 K in order to investigate the magnetic ordering as
FIG. 2. Sublattice magnetization of the AFM coupled super-
lattice as a function of temperature for j�Q=Qj 	 0; 0:52%
and 0.63%.
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FIG. 3. In-plane magnetization curves for three different
hydrogen contents at T 	 5 K. Inset: susceptibility measure-
ments in the AFM regime yield TN at three different H
concentrations. See the text for details.
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a function of x. To determine TC in the FM regime, we
have plotted the squared remanent magnetization as a
function of T and extrapolated towards vanishing rema-
nence. The lowest observed value for TC is 64 K at x 	
0:0225; for higher concentrations TC increases up to 93 K
(see Table I). In the range of AFM order, at low x, we
measured hysteresis loops between 4 and 100 K. In the
inset in Fig. 3, we have plotted the susceptibility for the
field-down cycle in an external field of 100 Oe. We deter-
mined the Néel temperature from a kink in the ��T�
curve which mainly originates from the onset of a small
irreversibility near TN . The Néel temperature shifts to
higher values with decreasing hydrogen concentration
and in state 7 reaches again the Néel temperature of the
pristine state. Similarly, the AFM coupling field, defined
as the external field necessary to ferromagnetically satu-
rate the sample, coincides with that of the pristine sample
state. Also SQUID magnetometry allows the determina-
tion of the absolute magnetic moment of the sample when
a sufficiently high field is applied. Knowing the sample
dimensions, we can evaluate absolute values for the mag-
netization M given in the �B=Fe atom. In Table I, we list
the characteristics of the different sample states inves-
tigated in the SQUID study.
TABLE I. Parameters obtained from an ana
different hydrogen concentrations. In the SQU
deduced indirectly. (See the text.)

Magnetic TC;N j�Q
State Characterization order (K) (%

1 Pristine AFM 92 0
2 20 mbar H2 FM 86 1.
3 2� 400 K FM 74 1.
4 3� 400 K FM 64 0.
5 4� 400 K AFM 82 0.
6 5� 400 K AFM 88 0.
7 6� 400 K AFM 93 0
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In Fig. 4(a), we have combined the magnetic ordering
temperatures obtained from the neutron reflectivity study
and SQUID results in a magnetic phase diagram (x-T
diagram). The AFM-FM phase boundary is identified at
a critical concentration xc � 0:022. The transition tem-
perature develops a deep minimum at this concentration
with TC;N decreasing by about 30% from the FM and from
the AFM side. In Fig. 4(b) we have plotted the AFM
coupling field, i.e., J? in the AFM regime, as a function
of x. We find a monotonic and approximately linear
dependence of J? on x and the plot confirms that, as
expected, hydrogen can be used to vary the IEC in an
Fe=V superlattice. In the following we discuss the ob-
served phase diagram in view of classical theoretical
predictions. In the inset of Fig. 4(a) we reproduce a
schematic phase diagram (J?-T diagram [32]) presented
by Griffiths [31] for an Ising model on a cubic lattice with
a fixed, FM exchange Jk within one layer and a variable
exchange J? between spins in adjacent layers. It is such a
system that we endeavored to realize experimentally and
indeed our phase diagram reproduces well the main fea-
tures of the phase diagram predicted theoretically. For
vanishing IEC, a crossover from 3D to 2D magnetic order
should be expected, with a concomitant change of the
critical exponents. Rüdt et al. [20] have recently shown
for an �Fe2=V5� � 50 superlattice that Fe2 layers indeed
display a 2D-Ising-like critical susceptibility exponent,
� 	 1:72�8�, when J? vanishes [33].

In summary, we have shown that the magnetic phase
diagram of an �Fe2=�VHx�13� � 200 superlattice exhibits
a critical concentration xc � 0:022 at which the magnetic
order changes from AFM to FM. In the vicinity of xc the
transition temperature depends strongly on x and de-
creases continuously as xc is approached. The intuitive
concept that J? vanishes at xc is supported by an inves-
tigation of the AFM coupling field as a function of x. The
J?-T phase diagram we present is in agreement with a
theoretical, schematic phase diagram proposed for an
Ising model on a cubic lattice with fixed intralayer and
variable interlayer coupling. We propose that interlayer
exchange coupled metallic superlattices in which the
nonmagnetic spacer layers absorb hydrogen offer a
lysis of the SQUID magnetization data for
ID experiments x and j�Q=Qj have been

=Qj x AFM coupling M
) (%) field (kOe) (�B=Fe atom)

0 4.5(5) 0.37(1)
8 4.5 � � � 0.42(1)
2 3.0 � � � 0.36(1)
9 2.25 � � � 0.35(1)
6 1.5 2.5(3) 0.35(1)
3 0.75 2.8(4) 0.36(1)

0 4.3(5) 0.37(1)
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FIG. 4. (a) Magnetic phase diagram for an �Fe2=�VHx�13� �
200 superlattice determined by neutron reflectivity (open sym-
bols) and SQUID (solid symbols). Lines are guides to the eye.
Inset: phase diagram for a cubic Ising model with variable
interlayer and fixed ferromagnetic intralayer coupling [31]. (b)
Strength of the AFM coupling field as a function of x. The solid
line is a linear fit to the data. The AFM coupling field at x 	
0:0206 was determined by field-dependent NR.
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new approach for studying systems in which magnetic
order and dimensionality can be tuned continuously and
reversibly.
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B 65, 220404(R) (2002).

[21] P. Isberg, B. Hjörvarsson, R. Wäppling, E. B. Svedberg,
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