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The “invar effect” in FgNi,—, alloys occurs when the Fe content approaches 65%. At this point, the
magnetization falls to zero, and a martensitic structural transformation from a fcc to a bcc lattice occurs.
This paper addresses the question: “What happens if the structural transformation is suppressed in an
ultrathin alloy film?” We present results to this effect, showing the variation of the magnetization with
changing composition in ultrathin films grown on Cu(100). We find a new low-spin, ferromagnetic
phase of matter, which is a sensitive function of the atomic volume. [S0031-9007(97)04889-8]

PACS numbers: 75.70.Ak, 75.50.Bb, 79.60.Dp

Recent experimental results of the properties of fcc We performed extensive studies on the structural and
Fe/Cu(100) have stressed the importance of the correlanagnetic properties of EBbli;—,/Cu(100) alloys films,
tion between magnetic properties and the atomic volumevhich we found to grow layer by layer [8]. Details of
[1-4]. These moment-volume instabilities for fcc Fe hadthe apparatus can be found elsewhere [8]. The dichroism
been calculated a few years ago [5] and were the drivingxperiments were performed at the SpectroMicroscopy
force for many subsequent experiments. Moment-volumé&acility on Beamline 7 at the Advanced Light Source,
instabilities are also known in fcc Bdi;—, alloys. In  Berkeley [10]. The alloy films were grown &60 K and
the bulk, FgNi;—, alloys show anomalous behavior at athe concentration and thickness were determined using a
Fe content 0of~65%, which is usually referred to as the MgK, source. For photoemission of tB3g core levels
“invar effect” [6]. It has been observed that the structurewe utilized 190 eV photons p-polarized) and collected
changes from the fcc into the bcc phase as the Fe conteatectrons in normal emission with an angular resolution of
increases. Simultaneously the Curie temperafyrand  2°. The angle of incidence of the photon beam wa$ 60
the magnetic moment collapse [6]. The question arisewith respect to the surface normal and the magnetization
whether a moment collapse still takes place if the fcovas in the “transverse” geometry [11] which is sensitive
phase stability is extended beyond 65% Fe. This questioto an in-plane orientation of the magnetization. A field
has been theoretically answered by Abrikosval. [7].  pulse from a coil near the sample magnetized the sample
They find that a moment collapse still takes place at a Falong the{001} direction. Magnetization reversal could
content of 75%, which is accompanied by a reduction obe achieved by reversing the direction of the field pulse.
the atomic volume 0f-9%. Experimentally an extended SMOKE experiments have shown that.Rg, —, films with
regime of fcc stability can be achieved via epitaxy on athe magnetic field along th#01} direction have almost
Cu(100) substrate [8] which allows us to test the predicsquare loops. We performed two series of experiments:
tion of Abrikosovet al First we grew uniform films with a given thickness and

In this Letter we report on the concentration depen-concentration; then, in order to explore the thickness
dence of the magnetic dichroism of the Fe core dependence at a given concentration, we grew wedged
level in photoemission with linearly polarized light [x-ray samples with a gradient of2 ML /mm. The spot size
magnetic linear dichroism (XMLD)] for metastable fcc of the light was~100 wm which results in a thickness
Fe.Ni,;_, alloy films and the correlation to their atomic resolution of~0.2 ML (monolayers).
volume [9]. We have systematically changed the concentration of

We will show that a moment-volume instability exists, fcc FeNi;—, alloy films and measured the dichroism
but the atomic volume changes are significantly smalleof the Fe3p core level. In Fig. 1 the result for a
than predicted. We will also show that the moment7 ML Fes9Niy; film is shown in which we observe
stays finite since we observe a ferromagnetic response ttichroism in both the Ni and the By levels. Similar
the form of surface magneto-optic Kerr effect (SMOKE) spectra were obtained with the focus on the Fe-rich side.
hysteresis loops and XMLD. Moreover, our results stres§he results are displayed in the upper panel of Fig. 2
the importance of a changing atomic volume on the12]. The distinctive feature is a high asymmetry for
magnetic instability of fcc FeNi;—, alloys and indicate concentrations below60% followed by a transition into
the existence of magnetic phases not considered bg low asymmetry at higher Fe concentrations [13]. The
Abrikosovet al lower panel of Fig. 2 shows the concentration dependence
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gradual decrease of the in-plane lattice constant@f/ %

- 0 between 1-4 ML.
= =g We now want to discuss what we can learn from the
g . 3 variation of the atomic volume. First we extrapolate the
& Fe59N141/Cu(100) ) atomic volume for the pure Fe case and compare it with
5 g the results of a full LEED I-V analysis of F€u(100)
\j',_." g [1]. Miiller et al. found12.1 A3 for films up to 4 ML and
- o 11.4 A3 for the interior of thicker films [1]. Interestingly
our values derived from Fig. 2 (12.0 and.5 A3) are in
good agreement with Miillegt al. and show that our sim-
70 65 60 55 50 plified structural analysis is essentially correct. Inthe case
Binding Energy/eV of Fe/Cu(100) the two atomic volumes are representative

FIG. 1. Difference spectrum and single spectrum of a 7 MLfortWo different mag_netic phases; the larger volume refers
Fey,Ni,, alloy film taken at 300 K. Dichroism is also observed {0 @ ferromagnetic high spin (HS) state and the smaller to
for the Ni3p core level. an antiferromagnetic low spin (LS) state [3,4] in agreement
with theory [5]. We can immediately see that if Fe were
to stay in a HS state for all concentrations the atomic vol-
ume would follow the curve which extrapolatesith0 A3
for pure fcc Fe. Since the atomic volume curve deviates
towards smaller values we conclude that a ferromagnetic
state exists for concentrations beyor@0% Fe. It

of the atomic volume of6 ML thick alloy films as

determined by low-energy electron diffraction (LEED)
and reflection high-energy electron diffraction (RHEED).
The perpendicular lattice constant has been deduc

from the Bragg peaks of the0,0) LEED spot [14]. 44 be noted that we are able to observe hysteresis

This simple kinematic picture has been shown to bgq,,nq ang magnetic dichroism, so we can rule out a fully
sufficiently accurate for determining the perpendicular

latti f giff h in f antiferromagnetic phase. In fact, the results of Keavney
attice constant for two different phases in fc/E@I(100) ¢ 51 suggest that a coexistence of phases is a possibility.
[2]. The in-plane lattice constant was measured b

X ¥They observed that by increasing the lattice constant of the
the peak separation of thél,0) and (~1,0) RHEEE substrate the average moment increases {tbdr-2.0) up
beam [15]. We have observed that for up to 66% I:6[3,17]. However, they found that the hyperfine field is not
content, FeNi;_, alloys grow pseudomorphically on the

b . I h systematically dependent on the lattice constant. They de-
Cu(100) substrate [16]. But kgNix alloys show a  goijpeq this as a change in the population of two coexisting

phases. For Fe concentrations above 80% the atomic vol-
ume changes only very little due to the fact that the atomic

I T ]III volumes of Fe and Ni are now very similar. From the
= 10 | | atomic volume plot in Fig. 2 we can now derive a model
= _L for the Fe asymmetry. For concentrations up-t% Fe
E, | ) | we expect a constant value followed by a transition region
] 6 | | to smaller values. Finally, a regime at constant value starts
o | | at ~80% Fe content. The solid line in the upper panel of
= 2 | | Fig. 2 is a fit to the data by assuming two regimes of con-

1 stant asymmetry joined by an intermediate regime with lin-

"% 120 I " o0 A% early varying asymmetry [18].

> | |~ We can distinguish three regimes; for Ni-rich alloys we
E 118 P /| observe a high asymmetry of8% followed by a tran-

% | sition regime towards smaller values which finally stays
> 116 | constant at~1%. These regimes have been indicated in
o I 115 A° Fig. 2 as I-lll.

§ 114 ] We clearly observe a close connection between the
g | T | magnetic asymmetry and the atomic volume which shows
~ 11,9«) 5 i 6]0‘ s(l) in the transition interval a reduction by2%. This con-

Fe content/% firms the gxpected momgnt-volumg |n§tab!l|ty. However,
the variation of the atomic volume is significantly smaller

FIG. 2. The upper panel shows the concentration dependengfan predicted by Abrikosogt al. [7].

of the Fe3p asymmetry at300 K; the film thickness was In order to further explore the volume instability

5.5-9.0 ML. Solid line is a fit as explained in the text. The h - tiated the thick d d £ th
dashed vertical lines separate the different regimes labeled yve have investigate € thickness depenaence o e

I, and IIl. The lower panel shows the atomic volumeckL  asymmetry for concentrations near the boundary of
thick alloy films. regimes Il and 1ll. We were guided by ancillary SMOKE

5167



VOLUME 79, NUMBER 25 PHYSICAL REVIEW LETTERS 22 BCEMBER 1997

experiments on a FeNiys alloy which have shown a Fig. 3 the asymmetry increases by a factor~af when
change in the thickness dependence Tof at around reducing the thickness from7 to ~2 ML for Fe con-
4 ML [8]. In Fig.3 we show the results for two centrations of 72% and 80%, respectively. This factor
Fe concentrations of 72% and 80%, respectively. Iris more or less what Keavnest al. observe for the aver-
both cases we notice that by reducing the thicknessage moment (or magnetization) upon increasing the lattice
the asymmetry reaches a value 6f8%-10% which  constant [3]. We can make this point clearer by consider-
coincides with the value for Fe concentrations belowing the following. In the Ni-rich regime we can assume
60%; see Fig. 2. In other words the reduction of thethe value of~2.5up for Fe; this follows from Abrikosov
asymmetry is suppressed at a thickness of 2—3 MLet al. and the variation of the atomic volume shown in
If we indeed observe a moment-volume instability forFig. 2. With this “calibration” we get a value 6f0.4up
Fe,Ni;_, alloys, we have to expect an increase ofin the limit of pure F¢Cu(100). This is in fair agree-
the atomic volume if the thickness is decreased fronment with the result of Keavnest al. [3]. In other words,
~7 to ~2 ML. This is exactly what we have observed extrapolating the magnetic asymmetry signal towards the
and we compare in Fig. 4 the atomic volume for 2pure Fe case results in a variation which is strongly corre-
and 6 ML films [19]. We see that an increase of thelated to the magnetization.
atomic volume by~3%-4% is sufficient to result in an Although the available cooling was rather limited
increased asymmetry. As pointed out before these resul{250 K) we can rule out variations ifi, as the cause
are in agreement with the observation of Keavrety of the asymmetry behavior. Our SMOKE measurements
al. although they could not give a value of the change inhave shown thaf. increases only slowly with thickness
the atomic volume [3]. for FejsNios/Cu(100) (after a steep initial increase) and
Again we observe that the magnitude of the asymmetrys above 250 K for thicknesses larger thar2 ML [8].
depends in a very sensitive way on the atomic volumeln other words, there is no drop &f. as a function of
We therefore conclude that our data show the existence dhickness as is observed for Fau(100) [22].
two magnetic phases which are separated by a small varia- The question might arise as to whether the observation
tion of the atomic volumdg~3%). This is significantly of a reduced asymmetry is due to “magnetic live surface
smaller than the prediction of Abrikosat al. and also layers” as reported by Thomassehal. [22] rather than
smaller than the change observed foy €a(100) [1,2]. a “volume” effect. The thickness dependence of the
The observed close connection between the magnetesymmetry shown in Fig. 4 does not support this view.
asymmetry and atomic volume clearly suggests that th&Ve do see a continuous change rather than a jump at
element specific asymmetry tracks the average momena critical thickness, which is~4 ML for Fe/Cu(100).
In fact, we find that the element-specific asymmetry forThis is confirmed by our SMOKE measurements and
Co,Ni;_,/Cu(100) alloy films is independent of the con- similar results for fcc FgCo;—,/Cu(100) alloys [23],
centration. Recently it has been shown experimentallyvhich show that the sample is uniformly magnetized
that XMLD of the Fe3p core level probes the magneti- [8]. It turns out that a small amourit-20%) of Ni or
zation [11,20], which agrees with the findings of van derCo is sufficient to suppress the existence of magnetic
Laan [21], and the data shown in Fig. 2 would suggest dive surface layers. The existence of magnetic live
strong variation of the average Fe moment. As shown ittayers is closely connected to the structural instability of
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FIG. 3. Thickness dependence of the Fze asymmetry for FIG. 4. Comparison of the variation of the atomic volume of
wedge-shaped films of kglNiyy (squares) and FeNiog (circles) 2 ML (circles) and 6 ML (squares) thick alloy films near the
alloys taken at-250 K. critical invar concentration.
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fcc Fe/Cu(100) which results in reconstructions of the [4] R.D. Ellerbrocket al., Phys. Rev. Lett74, 3053 (1995).
surface as seen with LEED [1,22]. The lack of these [5] V.L. Moruzzi, P. M. Marcus, and J. Kubler, Phys. Rev. B

reconstructions for F&i;—,/Cu(100) are a manifestation 39, 6957 (1989). N
of a higher structural stability. From this point of view [6] E.F. Wassermann, innvar: Moment-Volume Instabili-
we do not expect magnetic live surface layers inNfig_, ties in Transition Metals and Alloysedited by K.H.J.

Buschow and E.P. Wohlfarth, Ferromagnetic Materials

alloys.
. . . (North-Holland, Amsterdam, 1990).
Also a rotation of the magnetization from in plane to [7] I.A. Abrikosov et al., Phys. Rev. B51, 1058 (1995).

out of plane is not responsible for the reduced3kpe [8] F.O. Schumantet al., Phys. Rev. B56, 2668 (1997).
asymmetry. This follows from our SMOKE experi- [9] A suppression of the martensitic transition is reported

ments in the longitudinal and polar geometry [8]. We =~ in G. Dumpichet al., Phys. Rev. B46, 9258 (1992);
also checked this point with the XMLD technique by Th. Kleemannet al., in Metallic Alloys: Experimental

employing a geometry which is sensitive to a perpen-  and Theoretical Perspectivesdited by J. S. Faulkner and
dicular magnetization orientation. A suppression of a  R.G. Jordan (Kluwer Academic Publishers, Dordrecht,
perpendicular magnetization has also been observed for 1994). However the variation of the atomic volume is
Fe.Co,_,/Cu(100) alloys upon alloying with a small not described.
amount of Co [23]. [10] J. G.. Toplnet al.,J. Appl. Phys.79, 5626 (1996).

The growth of FeNi;_,/Cu(100) alloys has been [11] F. Sirotti and G. ROS.SI, Phys.. Rev.4, 1.5 682 (1994).
thoroughly studied and we found good epitaxial growth[12] The Fe asymmetry is the ratio of the difference spectrum

- . - over twice the mean peak height. We cannot use the
[8]. In particular, we did not observe different growth expression(up) — I(down)/1(up) + I(down) due to the

regimes as it is known for H@u(lOQ) [_22]_. Therefc_)re concentration dependence of Bg height.

our measurements reflect the “true” intrinsic properties 0f13] For magnetization reversal the sample is moved into

Fe:Ni,—, alloys. a second position and then back to the measurement
We have shown that EBli;—, alloys can be stabilized position. The associated error is more significant than the

in the fcc phase on a Cu(100) substrate. Furthermore, statistical noise.

we observe a variation of the atomic volume with con-[14] J.B. PendryLow Energy Electron DiffractiorfAcademic
centration. We report on the first systematic study of  Press, London, New York, 1974).

the magnetic behavior of ultrathin alloy films utilizing [1°] J- Fassbendest al., Phys. Rev. Lett75, 4476 (1995).

the element specificity of core-level photoemission with(16! ggngaetinodnerelt-lo%e\?:rset;\f rﬁir;inﬁiﬂlaélgirr:c%festhaitﬁe?ﬁe
I!near polarized light. We have observed a Close' CONNEC- yalue of the Cu(100) substrate. This is also observed for
tion between the Fap asymmetry and the atomic vol- Fe.Ni,_, alloys up to 66% Fe content.

ume. The observed reduction of the atomic volume af17] They were not able to determine the perpendicular lattice
~60%—-80% Fe content is significantly smaller than pre- constant. Hence we do not know the atomic volume.
dicted by Abrikosovet al. [7]. Our results clearly show [18] Find that the Ni asymmetry stays constant for up to
that additional magnetic phases other than a nonmagnetic 60% Fe content. Because of the decreasing peak height
and high-spin ferromagnetic HS phases must exist for fcc  dichroism on the Ni site can no longer be detected for
Fe.Ni;_, alloys. We also conclude that XMLD measures _ higher Fe concentrations.
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