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We demonstrate the ability to control the magnetic phase diagram of Cr;_, V,(110) thin films grown on
a W(110) substrate. Using angle-resolved photoemission, we have mapped paramagnetic and commen-
surate and incommensurate antiferromagnetic phases as a function of temperature, film thickness, and
composition. We show that surface-localized electron states play a key role in the observed phase
behaviors and suggest from this that it might be possible to control the magnetic phase by applying an

external electric field.
DOI: 10.1103/PhysRevLett.99.147208

Electric field controlled magnetization in magnetic
semiconductors [1-3] will allow useful functionality to
be implemented in spintronic devices. Analogous control
in metallic films would have a similarly important impact,
but strong electrostatic screening severely limits the ability
to control a metal’s electron states and magnetization. An
alternative is to use an external field to modify the surface
electronic structure in a thin metal film. If the surface
electronic structure is coupled to the thin film magnetiza-
tion through its impact on the ground state magnetic peri-
odicity or the magnetic surface anisotropy, for example,
then external control might be achieved. We explore the
possibility of accomplishing this in a model system,
Cr;_,V,(110) thin films grown on a W(110) substrate.
These can adopt paramagnetic (P), commensurate (C)
antiferromagnetic, and incommensurate (IC) spin density
wave (SDW) ground states depending on film composition
(x), thickness (d), and temperature (7). Since the influence
of an electric field on the surface electronic structure is
likely to be small, it is important to tune the system so that
control over the magnetic state can be maximized. We have
measured part of the three dimensional (x, d, T) phase
diagram using angle-resolved photoemission spectroscopy
(ARPES). We find a significant change of the surface
electronic structure and an approximately uniform shift
of the magnetic phase diagram upon adsorbing a small
amount of hydrogen on the outer surface. The modest
change in the surface dipole layer associated with hydro-
gen adsorption suggests that similar control might be
achieved using a field-effect geometry.

Chromium metal displays rich and fascinating physics
when alloyed or confined to thin film structures [4—7]. This
richness derives from many low energy degrees of free-
dom—SDW phase and amplitude, incommensurability,
propagation direction, and spin orientation—that are dra-
matically impacted by confinement, strain, alloying, de-
fects, and interfacial exchange interactions. Most thin film
studies have probed (100)-oriented films in which quanti-
zation of the SDW across the film thickness affects the
SDW phase diagram [8—16]. Chromium films with a (110)
orientation have been less often studied but are potentially
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very interesting since interlayer magnetic exchange and
SDW quantization are not relevant [17-20]. Weaker ener-
getic interactions can then dominate phase behaviors, and
the potential for external control is enhanced. ARPES is
exquisitely sensitive to SDW periodicity and also probes
the Fermi surface nesting that is a key aspect of the SDW
energetics [21]. Using wedge-shaped thickness and alloy
composition profiles allows systematic variation of thermal
and nonthermal parameters, and the full (x, d, T) phase
diagram can be mapped.

ARPES experiments were performed on beam line 7.0.1
at the Advanced Light Source using procedures generally
described previously [21]. Cr;_,V, films were grown epi-
taxially on a W(110) substrate in the form of double
composition or thickness wedges [see Fig. 1(a)] by room
temperature coevaporation with a spatially-varying vana-
dium flux, followed by rapid annealing to ~800 K. We
assume that surface segregation is not a problem during the
room temperature evaporation. By measuring the V 3p and
Cr 3p core level intensities as a function of position on the

(b)

FIG. 1 (color online). (a) Schematic of the thickness-
composition double wedge used in these experiments.
(b) Calculated bulk chromium Fermi surface, showing the
I'-centered electron octahedron nested with the slightly larger
H-centered hole octahedron. (c) 3D ARPES band map in the
I'-N-P-H plane of the bulk Brillouin zone, showing the disper-
sion of the bands that form the nested electron and hole Fermi
surface octahedra.
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wedge, we were able to monitor any change in the alloy
composition after the annealing step. We found that this
post-annealing step did not lead to measurable surface
segregation of either alloy component, as long as the
annealing temperature does not exceed necessary mini-
mum value as judged from quality of photoemission spec-
tra. d and x varied linearly from 0.8 to 15 nm and from 0.00
to 0.10, respectively, over the 5 mm substrate plane in
orthogonal directions. We scanned the 50 um focus of
the soft x-ray photon beam along the film to study the x-
and d-dependence of the electronic structure. The base
pressure was 2 X 107! Torr, which increased to 2 X
107! Torr during evaporation. At a sample temperature
T = 2040 K, saturation hydrogen coverage could be
achieved by exposing the film to an H, partial pressure
of ~5 X 107° Torr for 400 sec. Films displayed both
strong surface states and quantization of those bulk states
having significant perpendicular dispersion, ensuring
cleanliness and atomic flatness of the interfaces.

Nesting along (001) directions between flat faces of the
I'-centered electron and H-centered hole octahedral Fermi
surface segments, shown by the dashed arrow in Fig. 1(b)
[22,23], stabilizes the IC SDW in bulk Cr [4-7].
Figure 1(c) shows a 3D band map of a thick chromium
film in the I'-H-P-N plane indicating the nesting that
produces a Fermi surface incommensurability Ogg =
0.05 £ 0.005, independent of d and T [21]. Hole doping
in Cr;_,V, alloys increases the size of the hole relative to
the electron Fermi surface octahedron and thereby also
increases Opg [5,24]. Figure 2(a) shows a 2D band map at
(x,d, T) = (0.00, 6 nm, 30 K) along a line directly through
the middle of the flat face of the electron octahedron
indicated by the white line in Fig. 1(c). The intense band
dispersing upward from the zone center (k = 0) would
form the electron octahedron if it were not back-folded
and split by the IC SDW [25-27]. Only the two lowest
order IC folded bands exhibit measurable photoemission
intensity [28,29]. This splitting, multiplied by a geometric
factor, allows direct determination of the actual SDW
commensurability dgpw [21]. In the limit probed in
Fig. 2(a), 6spw = Ogs. Upon increasing vanadium concen-
tration, the measured incommensurability increases until
(x, 8spw) ~ (0.035,0.09) where the Néel transition to the
paramagnetic phase is observed, as in Fig. 2(b). Our mea-
sured composition of the low temperature Néel transition
agrees well with many measurements of bulk Cr;_,V,
alloys [5,30]. dgpw depends in a complicated way on x,
d, and T and can depart significantly from 8gg. Figure 2(c),
for example, shows a band map for (x,d,T)=
(0.00, 3 nm, 30 K), where only a single back-folded band
is observed, corresponding to the C phase with dspw = 0
[21]. These data indicate that the IC phase is more stable in
the thick-film limit, but a surface energetic interaction
stabilizes the C phase in thinner films [21].

Ospw and the x-, d-, and T-induced transitions between
the C, IC, and P phases can be visualized using images
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FIG. 2 (color online). 2D ARPES band maps showing energy
band dispersion along a line directly through the face of the
electron octahedron. (a) Pure Cr film of thickness d = 6 nm at
T = 30 K showing two back-folded bands indicative of the IC
phase. (b) Alloy film with x = 0.06 and d = 6 nm, T = 30 K,
showing no back-folded band indicative of the P-phase. (c) Cr
film of thickness d = 3 nm at T = 30 K showing one back-
folded band indicative of the C phase. (d) Cr film of thickness
d =6 nm and T = 30 K with a monolayer of adsorbed hydro-
gen. The IC phase from panel (a) has transformed to the C phase,
and a diffuse surface band has split from the bulk band as shown.

composed of the momentum distribution curves (MDC’s).
Each MDC is a constant-energy slice, averaging the back-
folded region at a binding energy of 250 = 100 meV.
Figure 3(a) shows the smooth evolution of the splitting of
the back-folded bands as a function of thickness for x =
0.00, T =30 K. In thick films, the observed splitting
corresponds to the bulk incommensurability, but it evolves
smoothly to zero, corresponding to the C phase as the film
thickness is reduced [21]. The MDC maps in Figs. 3(b) and
3(c) show the positions of back-folded bands as a function
of vanadium concentration, for 7 = 15 Kand d = 2.5 nm
and 10 nm, respectively. The thin film [Fig. 3(b)] adopts the
C phase for x = 0, transforms to the IC phase at x slightly
above 0, and undergoes the Néel transition to the P phase at
still higher x where the back-folded intensity disappears.
The thicker film [Fig. 3(c)] starts IC at x = 0, becomes
more incommensurate as x increases, and then undergoes
the Néel transition. Assembling many MDC maps allows
us to probe the C/IC/P-phase behavior in (x, d, T)-space, as
shown by the dashed line in Fig. 4. The C-phase is favored
at small d and higher T, the P phase dominates at above
x ~ 0.035, and the IC phase is favored at low 7" and large d.
These data demonstrate how the magnetic phase in
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FIG. 3 (color online). MDC maps of the regions where the
back-folded bands exist. (a) Crat T = 30 K, as a function of film
thickness d. The C phase at small d transforms to the IC phase at
higher d. (b) and (c) Films at 7 = 15 K as a function of x, at
d = 2.5 nm and d = 10 nm, respectively. The thin film (panel b)
starts in the C phase and transforms quickly to the IC phase and
then the P-phase as x increases, while the thick film starts IC and
becomes more IC as the P phase is approached. Zero points on
the thickness or concentration axes in Fig. 3 (a—c) correspond to
beginning of wedges; below these points thickness/concentration
is constant and equal to zero value. (d) Cratd = 6 nm and T =
30 K as a function of hydrogen dose. The initially split back-
folded band (IC) merges to form a single back-folded band (C),
and over the same coverage regime a surface band splits from the
intense bulk band edge and enters a projected band gap.

Cr,_,V, thin films can be controlled with a static
perturbation.

Figure 4 suggests that modification of the surface elec-
tronic structure might be used to control the SDW in thin
films. An easy way to test this hypothesis is to study the
impact of surface modification via dissociative hydrogen
chemisorption. Figure 2(d) shows a band map at (x, d, T) =
(0.00, 6 nm, 30 K) after saturating the outer Cr surface
with a monolayer of hydrogen. Hydrogen adsorption re-
moves several surface states and resonances (not seen in
this figure), induces the emergence of a diffuse surface
band from the bulk band edge of the electron octahedron,
similar to previous results on W(110) and Mo(110) [31-
33], and induces a transition from IC to C phase. The
associated MDC map collected as a function of hydrogen
coverage in Fig. 3(d) shows more clearly the evolution of
the surface state and back-folded bulk bands. This phase
change can be reversed by gently annealing to remove the
adsorbed hydrogen. We also find that hydrogen adsorption
on the outer surface extends the regime of C phase stability
to thicker films, as shown by the solid line in Fig. 4. A small
hydrogen coverage, estimated to be ~0.1 monolayer, pro-
duces an approximately rigid shift of the phase lines to
larger d. The energetic interaction favoring C phase upon
H-adsorption is very robust; we observe the C phase at a
x ~ 0.08, about twice as high as where the bulk Néel
transition occurs. The basis of this interaction is certainly
surface-related and might be modification of the surface
magnetic anisotropy [21] and/or a change in surface state
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FIG. 4 (color online). Part of the low temperature 3D (x, d, T)
magnetic phase diagram of clean (dashed line) and partially H-
covered (solid line) Cr;_V, films as a function of x and d. Filled
circles are measured transition points, and the various lines are
guides to the eye. H-adsorption shifts the phase lines to higher
thickness, indicating a surface-related preference for the C
phase.

nesting [24]. We note that the surface band moves into the
band gap and thus becomes more surface-localized upon
hydrogen adsorption, thereby presumably increasing the
impact of the surface state. A recent paper suggests that
electron-magnon coupling might be strong on this surface,
though we are unable to reproduce those results in detail,
and the observed coupling was to the bulk electron octa-
hedron, not a surface state, in any case [34].

A concern is that we have used surface-sensitive photo-
emission experiments to draw conclusions about the mag-
netic phase of the entire film. Several observations justify
our conclusions. First, the back-folded states are truly bulk
states; the Fermi segments are those of the bulk Fermi
surface [21,31-33,35]. Bulk and thin film states propagate
to the surface, and it is common to make detailed conclu-
sions about these states using photoemission. In the present
case, Ogpw converges on the known bulk incommensur-
ability suggesting very strongly that we measure this pa-
rameter, not some surface-modified value. Moreover, the
results presented here for Cr;_,V, alloys determine a
composition-dependence of the incommensurability in
thick films that is similar to that in bulk alloys [S]. We do
not see evidence for SDW-related gaps of the surface
states, so there is no distinct surface magnetic periodicity.
Finally, we have reproduced these results at many equiva-
lent bulk Brillouin zones at photon energies from 21.2
through 500 eV and at various emission angles and a broad
range of sampling depths. To interpret all of these results in
terms of an exotic surface magnetic phase would be very
difficult. This result is not surprising since any incommen-
surate (100)-oriented SDW intersects a (110) interface with
a spin structure that is itself incommensurate [17,21]. That
will make the coupling between surface and bulk spin

147208-3



PRL 99, 147208 (2007)

PHYSICAL REVIEW LETTERS

week ending
5 OCTOBER 2007

structures very stiff since any change in spin structure near
the surface will require many unfavorable local exchange
interactions.

Therefore, our results prove that the electronic structure
at the Cr|_,V, surface can play a determining role in the
thin film C-IC energetics. This may be viewed as a two step
process: in the first step, magnetic structure of the surface
layers is modified via controllable modification of the
surface electronic structure, while in the second step, the
magnetic exchange between the surface layers and bulk
layers leads to modification of magnetic structure of the
entire film. While hydrogen adsorption is not suitable for
the dynamic control of the magnetic phase required for a
real device, this system can be considered as a model
demonstrating that control over the SDW is possible
through the systematic modification of the surface elec-
tronic structure that might also be induced by application
of an electric field in a field effect transistor (FET) geome-
try. Work function measurements suggest that each hydro-
gen atom induces a surface charge of order of 0.1 electron,
which is not much higher than is achieved in a typical
silicon FET.

An important technical advance in this work is the use of
the composition wedges, which renders alloy composition
a convenient nonthermal parameter that can be systemati-
cally varied in an experiment. Indeed, part of our motiva-
tion for pursuing the Cr;_,V, alloy system was a recent
discussion of non-Fermi-liquid (NFL) behavior near the
quantum critical point that occurs when the Neel tempera-
ture approaches 0 K [30,36—38]. Careful analysis of the
electron distribution at the Fermi level reveals no evidence
for the non-Fermi liquid behavior to an energy scale de-
fined by instrumental resolution in the present experiment
(AE ~ 30 meV) at T = 15 K. Although our results do not
support the assignment of non-Fermi liquid behavior, they
should be considered primarily as setting an upper limit for
the energy scale of interactions associated with the possible
quantum critical behavior. We see many other fruitful
applications for composition wedges in probing the prop-
erties of alloy thin films.
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